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ABSTRACT This paper introduces new theoretical insights into Nash equilibrium-based asymptotic
stability (NEAS) of two-group and three-group asymmetric evolutionary games in typical scenarios of
electricity market (EM). EM competition has become a complex dynamic evolution process accom-
plished by more complex characteristics of market economy behavior. Replicator dynamics in evolutionary
game theory, as well as Lyapunov stability theory, are employed to solve incomplete-information and
bounded-rationality game issues in EM, so as to overcome theoretical demerits of classical game theory
in solving multi-group games in EM. First, the NEAS of a unilateral two-group asymmetric evolutionary
game (AEQG) is investigated. Then, this is expanded to a complicated 2 x 2 x 2 trilateral multi-group AEG,
and the NEAS of it under different game situations in EM is thoroughly discussed. Finally, a practical case
study is conducted for verification. The case illustrates how the factors affect the payoff matrix which will
change ultimate evolutionary stable state of the multi-group AEG in EM. One main finding demonstrates
the complete dynamics behavior and multi-group evolutionary stable strategy (MESS) of the AEG system
in 3-D mixed strategy space. The other one reveals that EM policies formulated by government and other
factors can gradually influence the MESS via changing the payoff distribution matrix.

INDEX TERMS Electricity market, asymmetric evolutionary game, Nash equilibrium, multi-group

evolutionary stable strategy, asymptotic stability.

I. INTRODUCTION
With continuously increasing energy consumption world-
wide, future energy resource utilization will be confronted
with a tough challenge. Hence, J. Rifkin first propounded
Energy Internet [1], which involves the interconnection and
coordination of the power networks over a wide area, the
transformation and integration of multiple energy forms, the
interconnection and management of a massive distributed
power supply, and the use of energy related equipment based
on Internet technologies. Under this background, a huge
challenge is presented in optimal strategy determination for
each decision-making body so as to balance and optimize the
interests of all parties.

Moreover, with a very tight coupling between energy
Internet and various distributed forms of new energy, the
ever-growing electricity market (EM) is gradually opening to

participants for which energy trading is becoming increas-
ingly sophisticated. These include the original state grid
corporations (SGCs), the power suppliers, the electricity
consumer (EC), as well as a large number of emerging
stakeholders, e.g., distributed power supply, energy storage,
controllable loads, electric vehicle (EV) and new power
supply entity (NPSE). In China NPSE is mainly repre-
sented by electricity retailers in EM, who produce elec-
tricity from various electricity resources and then sell it
to customers [2]. Besides, they can provide value-added
services such as contract energy management, comprehen-
sive energy conservation and power utilization consulta-
tion. NPSEs are numerous in EM and mostly composed of
emerging electricity retailer and load aggregator (LA). Here,
LA is a new business model and firstly emerged in developed
countries as a specialized demand response provider [3]-[6].
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From above descriptions, it finds that the development
of EM is affected by these stakeholders in varying degrees,
which has directly led to a very complex and multifarious
electricity price trading behavior in EM.

To address this issue, game theory has been proposed
to solve the complex economic behavior issues of different
stakeholders [7]. Generally speaking, in the EM, game theory
is used to determine the bidding strategies for power suppliers
and build EM models. Based on documentary analysis and
survey research, the game models in EM are briefly summa-
rized as follows.

Apart from the supply function equilibrium model that
is widely used in the competitive EM, the other game
models that are widely applied in EM, particularly the
generation-side EM, can be divided into three major cate-
gories, i.e., the Cournot model [8], [9], the Bertrand
model [10], and the Stackelberg model [11], [12], which
are all geared to the field of classical game theory. Among
these models, the Cournot model, Bertrand model and
supply function equilibrium model are three main equi-
librium models that are widely used in an oligopolistic
EM. Some examples are as follows: Aliabadi et al. devel-
oped an agent-based simulation game model to simulate
GenCos behavior in EM under different market clearing
mechanisms [13]; Manbachi et al. [14] proposed a Monte-
Carlo simulation based dynamic game model in order to
achieve generation expansion planning of distributed gener-
ation sources in an energy market; an equilibrium game
model [15] has been applied in Polish wholesale EM for
estimating the impacts on electricity prices and generation
levels, and a Stackelberg game model [11] has been devel-
oped to investigate the transmission capacities and competi-
tion in Western European EM; in addition, the game theory
have been employed to investigate carbon emission trading
in EM [16], demonstrate usefulness and proficiency of EM
participants [17], coordinate generation and transmission
expansion planning in EM [18], and reveal multi-agent
competitive bidding strategies in EM [19], etc.

However, most of these investigations above are carried
out based on classical game theory, thus some theoretical
demerits are unavoidable in them, e.g., the perfect rationality
is a concept that is not strictly defined; the solution of the
Nash equilibrium (which is the key to solving a static game)
is a very challenging problem; the formulation of the Nash
equilibrium is not given, thus the issues of multiple equilib-
riums cannot be solved well.

In view of this situation, evolutionary game theory is
gradually concerned by scholars for solving incomplete-
information and bounded-rationality game issues, which
has been employed to simulate EM participant’s behavior
for determining their bidding strategies and to regulate the
market rules [20], or to achieve equilibrium calculations in
EM [21].

Evolutionary game theory is originally proposed by
Maynard Smith and Price [22]. Subsequently, a well-known
RD model [23] is put forward to investigate the evolution of
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ecologies, which has become an extensively used dynamic
equation for mechanism selection. After that, the concept of
evolutionary stable strategy (ESS) is proposed [24]. As stated
earlier, the players in classical game theory are perfect
rational, resulting in the game scenario to be inconsistent
with the actual situation and the solving of Nash equi-
librium is extremely challenging. To address it, we intro-
duce evolutionary game theory into multi-group games in
EM via investigating the Nash equilibrium-based asymp-
totic stability (NEAS) of unilateral two-group asymmetric
evolutionary game (UT-AEG) and trilateral multi-group AEG
(TM-AEG) based on the typical scenarios of generation-side
EM and demand-side EM, respectively.

We employ evolutionary game theory to discuss the games
in typical sentences of the EM. On one hand, this is because
evolutionary game theory is very suitable for addressing
the incomplete-information and bounded-rationality game
issues, which are accordance with actual situations of the EM.
On the other hand, the market competition involving multiple
interest groups, who belong to the same party/different
parties, in EM has become a complex process of dynamic
evolution accomplished by more complex characteristics
of market economy behavior. Therefore, it is essential
to combine the theoretical analysis of multi-group game
behavior with its complex dynamic evolution process based
on the evolutionary game theory, so that the game behavior
of unilateral/multilateral group stakeholders in electricity
pricing competition can be investigated in detail.

One of our main findings is that the payoff distribution
parameters evidently affect the number of Nash equilibrium
states in whatever UT-AEG and TM-AEG in the typical
scenarios of generation-side EM and demand-side EM. The
other one of our main findings is that the policies for the
EM issued by the government can, to some extent, affect the
NEAS of the multi-group AEG through changing distribution
parameters of the payoff matrix, thus effective interventions
implemented by the government can enhance electricity price
stability of the EM and promote the energy internetworking
to perform a more significant role in resource integration.

The major contribution of this paper can be summarized as
follows: the NEAS of the multi-group AEGs in the typical
scenarios of an ever-growing and open EM that possesses
characteristics of energy Internet are thoroughly investigated
based on the novel concept of Replicator Dynamics (RD) in
the evolutionary game theory, which can perfectly describe
how a population of pure strategies, or replicators, evolve
through time [25]-[27], as well as the Lyapunov stability
theory (LST), such that the dynamics behaviors and multi-
group evolutionary stable strategy (MESS) of the multi-
group AEG system are completely revealed and expanded
scope from a straightforward two-dimensional plane to an
enormously complex three-dimensional strategy combination
space.

This paper is structured as follows: we first briefly depict
related work in section II, and then we continue with
introducing essential evolutionary game theoretic concepts
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in section III. Subsequently, in section I'V, we present the main
contributions and we illustrate the strengths of the evolu-
tionary game theory by carrying out a concise two-group
evolutionary analysis and a thorough trilateral multi-group
evolutionary analysis on typical scenarios of electricity
trading in generation-side and demand-side EM, respectively.
Moreover, we demonstrate a practical application analysis
in order to verify the conclusions drawn in this paper in
section V. In section VI, we discuss the implications of EM
policy formulated by the government and provide a deeper
understanding of the theoretical results. Finally, section VII
concludes this paper.

Il. RELATED WORK

Evolutionary game theory is originated from biological
chemistry and initially employed to reveal the phenomenon
of competition in the process of biological evolution [22].
However, few investigations are conducted currently on
asymmetric game behavior characteristics of multi-group
stakeholders in EM trading, which, as previously noted,
is becoming more complex and diverse in the circumstances
of energy Internet. We deem that evolutionary game theory
is suitable for solving issues of dynamic game in complex
networks during the modelling. In net groups, dissemination
of information and strategy selecting in evolutionary game
can both be seen dynamics behavior that obeys some laws
in networks. Hence, how to reveal these dynamics behaviors
and find out mechanisms of them have been concerned by
scholars [20], [21], [28]-[32].

Currently, in the field of power system, investigations of
evolutionary game theory are mostly focused on [33]-[36]
behavioral analysis of games in EM, demand side manage-
ment, electricity pricing and investing, and other electric
power economy fields. We also find that some amalgamating
complex network theory and evolutionary game can solve
some engineering problems that are difficult to be solved
via many conventional analytical mathematical methods.
However, on the whole, current investigations are focused
much more on searching for appropriate evolution rules and
topological structure of networks in order to facilitate emer-
gence of collaboration. In addition, the game agents, gener-
ally, are simple bilateral game issues. On the contrast, more
and more complex agents will emerge, such as trilateral game
and even multiple gaming, in EM with dynamic evolution
game structure. Hence, their deep evolution game mecha-
nisms, paths and laws are extremely challenging.

The asymptotic stability investigation of this paper is
reflected in a deterministic evolutionary game, in which the
group game strategy is determined by the properties of an
individual, so that the dominant or successful strategy will
be spread throughout the population due to a high payoff of
it. In contrast with other stochastic processes which are used
to describe the update rules of individual strategy, such as
the Pairwise Comparison Process [37], Moran Process [38],
Fermi Process [39], and Wright-Fisher Process [40], the RD
equation has superior mathematical properties for solving the
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equilibrium strategy of a deterministic evolutionary game.
When the evolution of individual strategy occurs in the space,
the partial differential equations are used to describe the RD
model. Foster and Young [41] introduced randomness into the
RD model in 1990, in which a stochastic differential equation
is employed to describe the strategy evolution. Sequentially,
Cressman and Vickers [42] developed a partial differential
equation model in which a one-dimensional spatial vari-
able is adopted to model the ESS of a 2x2 symmetric
game. Subsequently, different forms of stochastic noises have
been introduced in various stochastic differential equation
based dynamic models [43]-[45]. In addition, other forms of
dynamics are gradually developed as the differential equation
based evolutionary mechanisms, e.g., Smith dynamics [46],
Best-response dynamics [47], Logit dynamics [48], and
Brown-von Neumann-Nash dynamics [49]. In fact, the theo-
retical growth of the proportion of players who select each
strategy of a group can be calculated via the RD equation.
Hence, the RD equation can be used to describe a deter-
ministic evolutionary game, in which the variation of the
share of each strategy with time in a population of infinite
size without obvious structures can be revealed. That is why
the RD equation model is appropriate to be chosen as a
mathematical tool for the NEAS analysis of the multi-group
AEG system in the typical scenarios of EM in this paper.

Our primary motivation is to enable RD theory in evolu-
tionary game and LST for bilateral asymmetric games.
However, we do this just in a two-dimensional strategy
plane which is relatively simple when the number of game
populations is two. Therefore, when the game populations
are expanded in categories in a competitive EM, the corre-
sponding strategy space will be expanded to an extremely
complex three-dimensional strategy space as well. The clas-
sical game theory cannot perfectly deal with such complex
strategy combination issues in evolutionary game situa-
tions. Consequently, we consider the original RD equations
as well as LST, and derive new strategy space mappings
for the complex electricity trading behaviors in the typical
scenarios of EM.

Ill. PRELIMINARIES AND METHODS

In this section we concisely outline evolutionary game
theoretic concepts which are necessary to understand the
remainder of the paper. We first briefly specify definitions
of solution concepts of normal-form game such as Nash
equilibrium. Then, we introduce the MESS, RD, and asymp-
totically stable equilibrium point (ASEP) for UT-AEG and
TM-AEG at full length, and moreover, we briefly discuss
the concept of evolutionary stable equilibrium (ESE). Finally,
we briefly introduce the LST that plays an important role in
asymmetrical stability analysis in this paper.

A. NASH EQUILIBRIUM OF NORMAL-FORM GAME

Nash equilibrium is the most important basic concept in
game theory. For a normal-form game I' =< N,S,U >,
composed of three basic elements [7]: a) the game player set
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N ={1, 2,---, N}, b) each player’s strategy S; and strategic
space S;, among which s; € §;,i =1,2,---, N, and c¢) each
player’s payoff function or utility function U;, namely Uj(s):
Si— R,i=1,2,---,N.Hence, anormal-form game is also
called a strategic-form game, which is generally described via
the matrix. According to this, the definition of Nash equilib-
rium is given as follows. We call a mixed strategy combina-
tion, v}, is a Nash equilibrium, when it meets the following
inequality constraints [7]: Uj(vf,v*) = Uis;, v*),
Vs; € S, Vi, where U;(v}, v*)) is the payoff function of
player i when it selects a mixed strategy v;* while others select
v*;. When this strategy v is a pure strategy, we call it is
a pure strategy Nash equilibrium v*. Obviously, the mixed
strategy Nash equilibrium is a more general definition, thus
we can treat the pure strategy as a particular form of mixed
strategy. The Nash equilibrium has properties of strategically
stable and self-reinforcement. In fact, according to the defini-
tion of Nash equilibrium, if each player in the game reaches a
Nash equilibrium, then any of the players has no motivation
to deviate from this equilibrium, thus one who unilaterally
selects any other strategy beyond Nash equilibrium cannot
get any extra benefit.

B. MESS

Suppose that the number of groups is n, and the strategies of
all the groups constitute a multi-group strategy combination
Qgroup in a multi-group AEG. Among these the strategy set
X = {X1,X3,---, Xy} € Qgroup 1s assumed as an evolu-
tionary stable strategy combination. Then if, any mutation
strategy combination Y = {Y1, Y2, --- , Yiu} € Qgroup meets
the condition Y # X, there is an w where 0 < w < 1, and
for any @ that meets 0 < @ < w, there is an S equal to
S =w@Y 4+ (1 — w)X, then the X is called a MESS if there
is a strategy X; that allows X to meet the inequality criteria
in (1) as follows:

EX;,S™H>EY,S™ i=1,2,--,n (D

where S~ is the strategy combination adopted by groups
other than group i and which meets S~ € S. Due to the
constraints on Y, w and @, it is obtained that VS~ #= X;
E(X;, S7') is the expected payoff for the group i that selects
strategy X;, meanwhile the other groups select S/, simultane-
ously, under the same condition, except that the group i selects
strategy Y, then the expected payoff for the group i is denoted
as E(Y;, S79).

C. RD

Replicator Dynamics (RD) is used to simulate the dynamic
adjustment process of the strategies to characterize the
response speed of the population in adjusting its size through
imitation and learning [25]-[27]. In this process, the effect
of selection is highlighted and the evolution law of the
number/proportion of the population can be revealed. In other
words, when the expected payoff or fitness of a pure
strategy X;, denoted by E(X;), is higher than the group average
payoff or fitness E(X;), even if it is not necessarily a global
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optimum, the growth rate of the proportion or share (denoted
as p;) of the individuals that select strategy X; in the popula-
tion will be increased. Hence, this scenario can be described
by a dynamic differential equation (i.e., % = 0) of the
probability/frequency (p;) of strategy X; being adopted in
population, called an RD equations, where - is proportional
to p;, as well as to the difference between E(X;) and E(X;),
thus the RD equation of the group i is described as
dpi -

i pilE(X;) — E(X)] 2
wherei =1, 2, ..., n, which means the number of the groups
in the population. The (2) shows the continuous case. For the
discrete case, the RD equation of the group i is described as

I+ EX)

il ) 1+E(X,')pl

(0 3)
D. ASEP

Suppose ¥, % € Qgroup (a strategy set) are mixed strategies
in an evolutionary game, where ©* is an ESS which meets
two conditions demonstrated in (4), i.e., 1) is an equilibrium
condition and ii) is a stability condition, thus the group
state p* = ©¥* is called an ASEP. The two conditions are
described as

i): E@W,0%) < E@*, 9%),
i) : E(0, 0) < E(W™, ¥),
E@,v*) =E@®*, 9%

Vi € Qgroup
Vi £ 0¥, 4

where E(¢, ©), E(¢, 0*), E(0*, ©) and E(J*, ©9*) are the
payoffs or fitness functions under different strategy combi-
nations or game situations.

E. ESE

The ASEP can be considered as an evolutionary equilib-
rium point of the RD equations shown in (2) or (3), which
corresponds to a mixed strategy of a specific population.
ESE can be used to describe such a type of strategy, under
which, the intrusion of any type of variation will be resisted,
i.e., no mutant strategies can invade such a population in
which each individual chooses an ESS. Hence, ESE is a
dynamic equilibrium under which no individual strategy
will be changed unilaterally. It further concludes that ESE
must be Nash equilibrium, but the converse is not neces-
sarily true, thus ESE is a type of refinement of Nash
equilibrium.

F. LST

LST is used to determine the asymptotic stability of the
equilibrium points which are solved via the RD equations.
In this paper, we assume that the number of RD equations
of an evolutionary game is nRrp, i.e., the number of popu-
lations involved in the evolutionary game system is nrp
(nrp = 2 or 3). We deem that when ngrp = 2, the game is a
UT-AEG; and nrp = 3 represents a TM-AEG. Then, for each
equilibrium point obtained via the RD equation in (2) or (3),

32067



IEEE Access

L. Cheng, T. Yu: NEAS Analysis of Multi-Group AEGs in Typical Scenario of EM

the corresponding Jacobian matrix of RD equation can be
obtained, which is an n-th-order square matrix, thus we can
obtain that the number of eigenvalues for this matrix is no
more than n, and they are denoted by A;, i = 1,2,---,n.
Then, the real part of the eigenvalue A; is represented by
Re;, where i = 1,2,---,n. Accordingly, the asymptotic
stability of system is determined via analyzing whether the
equilibrium point of RD equation is an unstable evolutionary
equilibrium point (UEEP) or an ASEP as follows:

an UEEP
an ASEP

if 3i, makingRe; >0 i=1,2,--- ,n )
if Vi, makingRe; <0 i=1,2,---,n

IV. EXPERIMENTAL ILLUSTRATION

In this section, based on the definitions and concepts intro-
duced preciously, a flow chart of the integration process
is given as graphically in Figure 1, in order to effec-
tively demonstrate the theoretical framework with NEAS
of multi-group AEG, including UT-AEG and TM-AEG,
proposed in section III. Based on this integration process,
we investigate the asymptotical stability of UT-AEG in a
typical scenario of the generation-side EM. Then, we expand
the strategy combination space from two-dimensional plane
to a complex three-dimensional space, where we investigate
the asymptotical stability of TM-AEG in a typical scenario of
the demand-side EM.

A. UT-AEG IN THE TYPICAL SCENARIO OF
GENERATION-SIDE EM

In the generation-side EM, the profit of each generation
corporation (GenCo) is not only determined by their own
quotations, but also the quotations from other generation
corporations (GenCos), thereby forming a multi-group game
issue. Hence, we consider generation-side electricity price
bidding as a typical scenario of EM. In this scenario,
the feasible pricing set of each GenCo is called a strategy set,
and the game can be divided into two categories, i.e., non-
cooperative bidding and cooperative bidding. The former
means that the quoted prices are offered independently by the
GenCos for maximizing their profits. The latter implies that
GenCos cooperate with each other to form a pricing alliance,
including differential price bidding and unified price bidding.

1) STRATEGY DESCRIPTION

We consider a typical scenario where multiple GenCos partic-
ipate in electricity price bidding in generation-side EM as
a UT-AEG model for NEAS analysis, in which situation
two types of GenCo groups are selected as game objects.
These are small-sized GenCo groups (SSGC) and large-sized
GenCo groups (LSGC). Each type of them is considered
to own two bidding strategies that can be implemented,
ie., a high quotation strategy Shignh, and a basic quota-
tion strategy Spasic Which is quoted in full accordance with
the production costs. In this typical scenario, the payoff
distribution of SSGC and LSGC under different strategy
combinations is shown in Table 1. These payoff distribution
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FIGURE 1. A flow chart of the integration process to effectively
demonstrate the proposed theoretical framework with NEAS of
multi-group AEG, including UT-AEG and TM-AEG.

TABLE 1. The payoff distribution of SSGC and LSGC in the assumed
typical scenario of UT-AEG in generation-side EM.

Strategy choice of the  Strategy Shig by Strategy Spasic bY
two types of GenCos LSGC LSGC
+paystpays, (payi-pays,
Strategy Sy by SSGC (PAYFPaY#tPays
SR pay>tpaystpays) pay>tpays)
Strategy Spasic by SSGC (pay tpays, pay,-pays)  (payi, payz)

parameters are chosen taking into consideration some
previous asymmetric evolutionary games.

The specific meaning of the payoff distribution parameters
shown in Table 1 is briefly interpreted as follows. Assume that
the quantity of power generation of individual i (i.e, the power
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generation enterprise i) in the SSGC and LSGC is ¢;. Then its
payoff function u;(g;) is defined as u;(¢;) = ¢i - f(Qtotal) —
Ci(qi), where f (Qiotal) i the power demand function of users,
i.e., the market-clearing price, which can be simplified as a
linear demand function, that is, f(Qiotal) = Pmax — KQ - Qtotal -
Among this function, Ppyaxis the electricity price cap. Hence,
if the power demand function is higher than Pp,x, then no
users will use the electricity. Here, Kq is a constant coeffi-
cient, and KQ = Pmax/Qtotal—max, Where Qotal and Ootal—max
are the sum of on-grid power generation of all generating
companies (i.e., the total quantity of power supply of the
market) and the sum of maximum power provided by all
power generating companies (i.e., the maximum total power
supply of the market).

Therefore, when Qyoar is reached to Qiotal—max, We obtain
f(Qtotal) = Pmax — (Pmax/Qtotal—max) - Qtotal—max = 0, which
indicates that the market-clearing price is zero. In the payoff
function, C;j(g;) is the actual power generation cost function
of generating company i, which is usually expressed as a
quadratic function of its power generation g;, i.e., Ci(q;) =
o + Bi-qi +0.5y - qiz, where «;, B; and yx; are the no-load
operating cost, the intercept of the marginal cost curve, and
the slope of the marginal cost curve, respectively. They are
all positive constants. For the power generating company 1,
its marginal cost curve and average cost curve are depicted as
MCi(gi) = Bi + xi - gi and ACi(q;) = a;/qi + Bi +0.5%; -
qi, respectively. The relationship between the two curves is
described as MC;(g;) = ACi(g;) + gi - %;q"). As a result,
for a single power generating unit, the minimum value of
its average cost curve MC;j(g;) can be taken at the point of
economic load.

Based on the above specific definition of the payoff distri-
bution parameters in Table 1, when the Spasic is selected by
SSGC and LSGC, their payoffs are pay; and pay, respec-
tively; when the Shigh and Spasic are adopted by SSGC and
LSGC respectively, LSGC’s revenue increased by pays, and
correspondingly SSGC’s revenue decreased by pays; in the
reverse case, when the Shigh and Spasic are implemented by
LSGC and SSGC respectively, SSGC’s revenue increased
by pays, and LSGC’s revenue decreased by pays; lastly,
when they both select Sgh, they can both earn an additional
profit of pays. Obviously, when they both chose Shigh, they
can maximize their benefits, as shown in Table 1. However,
whether they will both select the high quotation strategy,
i.e., whether this strategy combination {Shigh, Shigh} Will be
involved into a MESS in the actual bidding process needs to
be further discussed.

2) RD EQUATIONS

Assume that the Spigh is selected at ratios of p and ¢ in SSGC
and LSGC, respectively, and then the Spasic i selected at
ratios of 1 — p and 1 — g in SSGC and LSGC respectively.
Here,0 < p < 1and 0 < g < 1, thus the points of (p, q)
within the region [0,1]x[0,1] can be employed to describe
the evolutionary dynamics of the game system. Based on (2),
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we can obtain the RD equations and the corresponding Jaco-
bian matrix Jpq as presented in (6) and (7), respectively,

dp/dt = p(1 — p)(q - pay; + g - pays — pays)
dg/dr = q(1 — q)(p - pay, + p - pays — payy)
r d(dp/dt)  a(dp/dr)

(6)

ddgdn  adgldn
L dp aq

(1 - 2p)(q - pays
+q - pays — pays)

q(1 — g@)(pay, + pays)

p(1 — p)(pays + pays)

(I = 2¢)(p - pay,
+p - pays — pay,)
7

where dp/dt and dg/dr are the growth rates of the
ratio or frequency of selecting strategy Shigh in SSGC and
LSGC, respectively. Then, make dp/dt = 0 and dg/dt = 0
respectively, which obtains (p, ¢) = {(0, pays/(pays + pays)),
(1, pays/(pays3+pays))} and (p, ) = {(pay,/(pays+pays),0),
(paya/(pay4 + pays), 1)} respectively, representing the ratios
of selecting Spigh in SSGC and LSGC are asymptotically
stable, respectively.

Hence, a total of five equilibrium points for RD equations
in (6) can be solved, i.e., (p, q) = {(pay,/(pays + pays),
pays/(pays + pays)), (0, 0), (1, 0), (0, 1), (1, 1)}. As stated
earlier, the LST can be used to decide the MESS. Addressed
concretely, the five equilibrium points are sequentially substi-
tuted into the Jpq shown in (7), such that the real part of
the eigenvalues of Jpq can be determined, and the asymp-
totic stabilities of this UT-AEG system can be achieved,
which are shown in Table 2, where A = (,/pay; - pay, -
pays)/(\/pay3+pays - /pays+pays), and pay; > 0,J =
1,2, ---,5. Table 2 indicates that two ASEPs, two UEEPs,
and one saddle point (which is also regarded as an UEEP) are
obtained in this UT-AEG system.

3) NEAS ANALYSIS
Based on Table 2, the dynamic adjustment of strategy is
shown in Figure 2, where the blue point denotes an UEEP,

TABLE 2. The local asymptotic stabilities of SSGC and LSGC at all
equilibrium points.

Local Eigenvalue DOS'S'thl'S
equilibrium distribution s cquilibriiim
?)int/ of Jo / of Jpe/ point meet MESS
1 P tr(Jpq) asymptotic
®, 9) (41, 42) = s
i ’ stability
(pay4/(pays+pays), (A, -A) 0 No (asaddle  Non-
pays/(paystpays)) ? point, an UEEP) existence
0,0) (-pays, -pays) -(payytpays) Yes (an ASEP)  {Siusic, Sbasic}
Non-
1,0) (pays, pays) ~ paystpays  No(an UEEP) ...
Non-
o, 1) (pays, pays)  paystpays ~ No(an UEEP) .o
(1, 1) (-pays, -pays) -2pays Yes (an ASEP)  {Shigh, Shign}
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FIGURE 2. Dynamic adjustment process and evolution convergence direction of bidding strategy combination in SSGC and LSGC, where
(a), (b) and (c) demonstrate different sizes of domain of convergence SCD; and SCD, and different coordinates of the saddle point
(Psp: gsp), and (d) shows that only one ASEP obtained in (0, 0) and other three UEEPs obtained in (0, 1), (1, 1) and (1, 0).

the red point refers to an ASEP, the purple point represents a
saddle point (also an UEEP): (psp, gsp) = (pay,/(pays+pays,
pays/(paysz + pays)), the solid arrows in blue and purple
indicate the dynamic adjustment directions of strategy combi-
nation in the convergence domain, i.e., the trajectories of
system evolution, and the dashed arrows in green reflect the
dynamic adjustment direction of convergence domain.

As shown in Figure 2(a), the MESS is obtained at (0, 0)
and (1, 1), which means SSGC and LSGC will both select
Svasic and Shigh, respectively. In other words, the optimal
offers or bids at Nash equilibrium for generators can be
achieved at equilibrium points of (0, 0) and (1, 1). Hence,
when SSGC and LSGC select Shigh Or Spasic Simultaneously,
they will reach an evolutionary stable state and have Nash
equilibrium solutions. Moreover, Figure 2(b) and (c) show
that the position of the saddle point will be changed with pays,
pay4 and pays, however this will always be located in the
region [0,1]x[0,1]. In other words, the size of system conver-
gence domains which are constituted by regions (a) and (b),
expressed by SCDy, and regions (c) and (d), expressed by
SCD», respectively, will be changed. Hence, in a long-term
evolution, the probability of this UT-AEG system converging
to the two quite different asymptotically stable bidding
modes will be changed with the position of the saddle point
(Psp> gsp)- Among these, one is a reasonable quotation (Spasic)
that tends to be expected; the other is an unconventional
quotation (Spigh) that tends not to be seen. Nevertheless,
the two cases are both evolutionary stable states, which one
the system will be eventually converged to depends on the
initial conditions of the evolution (i.e., the conditions of
the payoff parameters pay;, J = 1,2,---,5) is located in
SCDj or SCDs».

Therefore, the payoff parameters pay;, such as pays, pays
and pays can be adjusted to change the position of the saddle
point shown in Figure 2, such that the convergence domains
SCD; and SCD; are manipulated to make the evolutionary
trajectory of the system tend to the desired reasonable equi-
librium point set. For example, change the parameter pays,
which means the additional profits of SSGC and LSGC
will be decreased when they both select Sign, such that the
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probability of selecting Spigh by both of them will be reduced
significantly; while and that of selecting Spasic is increased.
This parameter adjustment corresponds to the government
supervision of the bidding market, i.e., the government deter-
mines the upper and lower limits of the online electricity
price for the GenCos based on economic analysis. On one
hand to ensure that the GenCos have appropriate profits and
development opportunities. On the other hand, the profits
of the GenCos (especially the LSGC) are limited when
they adopt Shign. Therefore, through government supervision,
the appropriate adjustments to the payoff parameters pay;
J =1,2,---,5) can be implemented to change the payoff
matrix in the UT-AEG (see Table 1), so that the decision-
making of price bidding for all groups will be more rational
and in line with the actual demand of EM.

In addition, if the government, through its supervision,
stipulates that when the GenCos both take the high quota-
tion strategy Shigh Simultaneously, they not only cannot gain
additional profits pays, but are also given some penalties, that
means pays < 0, then the equilibrium point (1, 1) will be
transformed from an ASEP into an UEEP, such that an evolu-
tionary stable state cannot be achieved for the game system
at this point. Moreover, since pay; > 0, pays > 0, when
pays + pays < 0 or pays + pay; < 0, the saddle point (psp,
gsp) will disappear. Then the number of system equilibrium
points is decreased to 4 and the asymptotic stability can be
achieved for the system only if it evolves at (0, 0), as shown
in Figure 2(d). From this we draw a conclusion that only
when SSGC and LSGC both implement the basic quotation
strategy Spasic, can an evolutionary stable state be reached
and a MESS be formed for this UT-AEG system regardless
of the initial states, representing {Shigh, Shigh} i not a stable
strategy combination. Hence, the MESS has a strong feature
of expelling intruders, such that unstable strategies will be
expelled and eventually eliminated in the process of system
evolution. Hence, it can be seen that in the long-term evolu-
tion of the system, a more beneficial and rational online elec-
tricity price mechanism will tend to be formed for the GenCos
through the establishment of reasonable bidding rules that are
in line with the actual economic operation of the EM.
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B. TM-AEG IN THE TYPICAL SCENARIO

OF DEMAND-SIDE EM

Based on the NEAS analysis of the UT-AEG model in
a typical scenario of generation-side EM, the convergent
domain of the multi-group AEG system is extended from
a two-dimensional plane to a three-dimensional space.
Concretely speaking, we take the demand-side EM as a
typical scenario of gaming, where the aforementioned power
grid enterprise (PGE), new power supply entity (NPSE) and
electricity consumers (ECS) are treated as three parties of
game players participating in the game of time-of-use (TOU)
electricity pricing and electricity trading. In this typical
scenario, we thoroughly investigate the equilibrium stability
issues of a more complex TM-AEG as follows.

1) STRATEGY DESCRIPTION

For convenience, the groups of power grid enterprises, new
power supply entities and electricity consumers in the above
typical scenario are represented by PGE, NPSE and ECS,
respectively. Here, the number of individuals may be very
large. Suppose that all three parties have two pure strategies,
i.e., the executable strategies of PGE, NPSE and ECS are
{SpG1, Spg2}, {Snp1, Snp2} and {Skc1, Sec2}, respectively.

For the group of PGE, its strategy Spg1 chosen at a prob-
ability of x means that PGE cooperates with NPSE, and
provides a TOU price Proy; enabling NPSE to be more
profitable. Accordingly, Spgz (probability 1 — x) means that
PGE cooperates with ECS, and provides a TOU price Ptou2
to ECS for their own advantage.

For the group of NPSE, including all kinds of newly-
emerging small-scale electricity retailers, LAs, distributed
electricity suppliers, emerging production and marketing
collectives, and the direct electricity providers of large
GenCos, the strategy Snp; chosen at a probability of y indi-
cates cooperation with PGE, under which the electricity sales
of NPSE in valley of electricity consumption are reduced and
a TOU price Prous that benefits PGE more is provided to
encourage consumers to purchase more electricity prices of
PGE such that the valley can be filled. Correspondingly, Snp2
(probability 1 — y) means non-cooperation with PGE, under
which some measures will be taken to attract more ECS to
purchase electricity at peak times, so that electricity sales will
be increased and a TOU price Ptoua that benefits ECS more
is provided with a purpose of peak shaving.

For the group of ECS, represented by single-load user
groups, the strategy Sgc (chosen at a probability of z) indi-
cates that ECS select TOU prices (Ptou1 or Ptou2) provided
by PGE to arrange electricity use at different times in order
to maximize their interests based on actual demands. Sgco
(probability 1 — z) means choosing the TOU prices provided
by NPSE (Ptous or Ptous) at different times for the purpose
of maximizing the benefits.

Therefore, based on the strategy definitions for each stake-
holder, we can obtain a trilateral payoff distribution matrix is
shown in Table 3, where ax to hy in alphabetical order are
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TABLE 3. The payoff distribution of the TM-AEG for the PGE, NPSE and
ECS in the typical scenario of demand-side EM.

Strategy Skci Sec2
Soe Snei (a1, az, a3) (b1, by, b3)
Sxpa (c1, €2, ¢3) (dy, do, d3)
Soc SNp1 (e1, e, €3) (1. /2 55)
Sxpa (g1, &2 &3) (hy, ho, 113)

the payoff distribution parameters, and X’ = 1, 2, 3. These
payoff distribution parameters are chosen partially taking
into consideration some previous asymmetric evolutionary
games. An example is taken to elaborate the concrete mean-
ings of these parameters as follows.

For the group of ECS, the payment of them is the sum of
the product of the respective electricity consumption of all
types of electricity load in all electricity consumption periods
and the electricity price of the corresponding time period
during a certain electricity cycle (which can be assumed as
one day). We assume that the number of ECS is nec(nec > 1),
the electricity utilization cycle is one day which is divided
into 6 periods, thus the time interval is At = g — fg_1,
the electricity time set is T = {f1,t,---,}. The total
electricity consumption of all types of electricity loads own
by the kth consumer during the time period f#g is denoted
as Qp k. Here, k = {1,2,---, ne}. For example, for the
consumer numbered nec, its total electricity consumption is
represented as Qp nec. Hence, the electricity consumption
distribution matrix of the group of ECS can be obtained,
which is denoted by Qgers and it is a ngc X 6 matrix as

01,1 O - QOip

02,1 Q22 - Qa9
Qusers = . : . . >

Qnem] Qnemz Ql‘lec,g

where Q¢ refers to the total amount of electricity consump-
tion of the consumer numbered 7¢. during the th time period.

In addition, we assume that the electricity price of PGE
in each above time period constitutes a price vector as
Ppg = [Ppg—1, PpGg—2, -, Ppg_o]. We also assume that
the number of NPSE is npp(nnp > 1). Corresponding
to Ppg, the electricity price vector of the /th NPSE is
Pnp—; = [Pi—1,Pi—2, -+, Pi_g], for example, for the
NPSE numbered nyp, its electricity price vector is represented
as PNP—nnp = [Pnnp—l’ Pnnp—27 T 7Pnnp—0]s here | =
{1,2,---, nnp}. The group of ECS can select the NPSE based
on the NPSE’s electricity price vector and geographical loca-
tion. Thereby, we introduce AP; to represent the unit power
policy subsidy that is obtained by the group of ECS when
they select the /th NPSE. For example, the electricity price
selection of the consumer 7. in the 6th time period is denoted
as Dnec.0, Which is determined based on the level between
PpGg_p and Pppp_9 — APppp. If the former is larger, then
Unec,g = Pnnp—o, otherwise peco = Ppg—g. Here, Ppg—g
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and Ppp ¢ are the electricity prices provided by the groups
of PGE and NPSE during the fth time period, respectively.
Therefore, we can obtain the payoff of the consumer 7. in the
Oth time period, denoted by ®pec g, which is equal to the
selected electricity price of this time period multiplied by
the total electricity consumption during that period, namely
Dpec.o = Pnec.0 X Qp.nec. Moreover, we can obtain the total
payoff of this consumer in all time periods {#1, 12, --- , g}
as dpec, as well as the user utility Upec in an electricity
utilization cycle 7. Hence, we can use the payment to subtract
the utility to obtain this consumer’s total income Ry in that
time cycle T, namely Ryec = Unec — Pnec-

Based on the above description, for the group of PGE
(maybe we can assume that there is only one PGE), its
individual income includes electricity fee charged to the ECS
and a certain percentage of network transmission fees charged
to the NPSE. Therefore, based on the matrices of quantity
distribution and payoff distribution of the ECS described
above, we can easily obtain the income distribution matrix
of the PGE, ypg, which is an 1 x 6 matrix, namely ypg =
[ypG—1,YPG—2, - - - , YPG—o], thus the total income of the PGE
in all time periods is Ypg = ypG—1 + YpG—2 + - - - + YPG—0-
Meanwhile, the cost of PGE, Cpg, can be expressed as a
quadratic function of its power supply, i.e., Cpg = agp - Q12>G +
bo - Opg + co, where ag, by and cq are cost coefficients of
PGE after considering all the cost factors, and they are all
non-negative numbers. Hence, the difference between income
and cost in a time cycle T can be expressed as the profit of
PGE Rpg, namely Rpg = Ypg — CpgG-

Likewise, for the group of NPSE, we have assumed that
the number of NPSE is ny, and their incomes are mainly
electricity fees charged to the ECS. Hence, according to the
Qusers, We can obtain the income distribution matrix of all
NPSEs as Ynp = [Ynp—1 YNp—2 -+ YNp—nnplT, which can
be determined by using 3 matrix multiplications ¥Ynp =
AQ ersB, where A and B are npp X nec and 6 x 6 matrix,
respectively, and used to calculate the user payoff belonging
to NPSE; YNp_nnp is the income distribution vector of the
NPSE numbered npp; ¥YNp is a npp X 6 matrix, and the element
in it on row npp and column 6 represents the income of elec-
tricity fee of the NPSE numbered 7y, in the 6th time period.
Therefore, the total income of the NPSE numbered npp in
an electricity utilization cycle T is calculated as yNp—nnp =
Ynp—1 + Ynp—2 + * - - + Ynp—6-

However, the cost of NPSE is different from that of PGE,
and analogously, it can also be represented by a quadratic
function of its power supply. In other words, we assume that
the quantity of power provided by the NPSE numbered 7y
is Onnp, such that its cost Cpyp can be expressed as Cppp =
Qnnp* Qﬁnp +bunp - Onnp ~+Conp» Where annp, bnnp and cppp are all
non-negative numbers, and they are different from the related
parameters of PGE to some degrees. Therefore, we will
finally obtain the profit function of the NPSE numbered 7y,
denoted by Rnnp, which can be derived from income minus
cost, i.e., Rynp = YNP—mnp — Cunp-
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2) RD EQUATIONS AND ITS JACOBIAN MATRIX

For the groups of PGE, NPSE and ECS in the TM-AEG
system, it is assumed that the expected profits are obtained
EPG;, ENP; and EEC; when they execute the strategy
Spc1, Snp1 and Sgcp respectively. Simultaneously, when
they choose Spgz, Snp2 and Sgca, the expected profits are
expressed as EPG;, ENP; and EEC,, respectively. Besides,
the average expected profits of PGE, NPSE and ECS are
achieved as EPG,,, ENP,, and EEC,,, respectively. For
example, EPG,, here indicates that PGE select EPG at prob-
ability of x and EPG; at 1 — x. Then according to previous
investigation and based on Table 3, we can obtain these profits
described above as

EPG; = y[za1 + (1 — 2)b1] + (1 — y)[zc1 + (1 — z)d1]
EPG; = ylze; + (1 — 2)fi] + (1 — y)lzg1 + (1 — 2)hy]
ENP; = z[xaz + (1 — x)e2] + (1 — 2)[xbz + (1 — x)f2]
ENP; = z[xco + (1 — x)g2] + (1 — 2)[xdz + (1 — x)h3]
EEC) = x[ya3 + (1 — y)e3] + (1 — x)[yes + (1 — y)g3]
EEC; = x[yb3 + (1 — y)d3] + (1 — x)[yf3 + (1 — y)h3]
(3
EPG,, = x - EPG; + (1 — x) - EPG;
ENP, = y-ENP; + (I — y) - ENP, )
EEC,, = z- EEC;| 4+ (1 — z) - EEC,

The six equations described in (8) demonstrate the
expected profits of PGE, NPSE, and ECS when they select
the corresponding pure strategy. The three equations in (9)
indicate the average expected profits of PGE, NPSE and ECS,
namely the average expected profits of all the individuals in
the group of PGE, NPSE, and ECS, respectively.

Next, according to (2), a set of RD equations of the
TM-AEG system can be achieved. Hence, when the groups
PGE, NPSE, and ECS select the pure strategy Spg1, Snp1 and
Sgc1 at the probability of x, y, and z, respectively, the corre-
sponding rate-of-change of the proportion of individuals who
select a pure strategy with the time can be obtained, i.e., the
RD equation for the three parties in this TM-AEG system can
be obtained as follows:

Jfrg(x) = dx/dt = x - (EPG] — EPGyy)
Snp(y) = dy/dt =y - (ENP; — ENPyy) (10)
fec(z) = dz/dt = z- (EEC; — EECyy)

and then the equations (8) and (9) are substituted into (10),
after simplification, a set of new RD equations are obtained as

fra(x) = gpG1(x) - gpG2(y, 2)
Sap(y) = gnpi(p) - gnp2(z, x) (1D
fec(@) = gec1(@) - gec2(x, )

where gpgi(x), gnp1(y) and ggci(z) are demonstrated
in (12), and gpg2(y, 2), gnp2(z, x) and ggca(x, y) are
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presented in (13), namely

gpG1(x) = x(1 —x)

gnp1(y) = y(1 —y) (12)

gec1(@) =z(1—2)

grc2(y,2) = (a1—b1 —c1 +di —e1 +fi + g1—h1)yz
+ bi—di—fi+h)y+(c1 —di—gi+h)z+di—h

gnp2(z, X) = (@—by —co +dy —ex + o + g2—h)zx
+ (2—fa—g +h)z+ (br—do—fr+h)x +fo—ho

gec2(x,y) = (a3 —b3—c3 +d3 —e3 +f3 + g3—h3)xy
+ (3—d3—g3 + h3)x + (e3—f3—83 + h3)y + g3 —h3

(13)

The Jacobian matrix of the RD equations in (10) is called
JPG—NP—EC, Which is a 3x3 square matrix where its three
rows are the partial derivatives of fpg(x), fnp(y) and fgc(z) for
x, y and z, respectively. Obviously, Jpg_Np—Ec has no more
than three eigenvalues, which are called Ay, X’ = 1, 2, 3. For
simplicity, the transformations are implemented as follows:
ay—by—ci+di—e1+fi+g—h =r,bi—di—fi+h =
r, c1—di—gi+hy =r3, di—hy =r4,a0—br—cr+dr—ex+
Hhro—h=si,ea—fr—g+hh =s5.b—d—-fH+h=
s3,f2—hy =54,a3 —b3—c3+ds—es+f3+g3—h3 =
f,e3 —ds —g3+hy = f,e3 —f3 — g3+ h3 = 13, and
g3 — ha = t4. After that, the Jacobian matrix Jpg.Np-EC 1S
demonstrated as

JpG-NP-EC
mdfec(x)  dfec(x)  dfpc(x)
X ay 9z
| e AfNe()  Afne(n)
B ax Ay 0z
dfec(z)  fec(z)  Ifec(2)
L Ox ay 0z
(1-2x)01  x(I—=x)(riz+r2) x(1=x)(r1y+r3)
= [ y(I=y)siz+s2)  (1=2y)02  y(1—=y)(s1x+s3)
| z(0=2)(tr1y+13) z(1—2)(t1x+12) (1-22)03
(14)

where 01 = riyz+roy+riz+ra, 0o = S1X2+ 52X + 532+ 54,
03 = hxy + hy + t3x + I4.

3) NEAS ANALYSIS

According to the LST, the asymptotic stabilities of this
TM-AEG system at all the equilibrium points of the RD equa-
tions in (10), which constitute an equilibrium point set (EPS),
denoted by ®gps, can be found by analyzing the eigenvalues
of the Jacobian matrix Jpg_np—gc in (14). With the aim of
solving ®gpg, a total of four cases are discussed as follows.

Case 1: We make the factors including gpgi(x), gnp1(y)
and ggci(z) in (11) equal to 0, such that eight equilibrium
points for the RD equations can be obtained as $ppsy =
{(0,0,0), (1,0,0), (0,1,0), (0,0,1), (1,1,0), (1,0,1), (0,1,1),
(1,1,1)}. Then each point of ®gpgy is substituted into
JpG—NP—EC, thus the eigenvalues of it for each of the eight
equilibrium points can be solved, which are arranged in
a column of the eigenvalue matrix Ji;. Obviously, it is a
3x 8 matrix and described (15), as shown at the bottom of
this page.

It can be seen from the eigenvalue matrix Ji, in (15) that
the Jpg_Np—gc has three eigenvalues at each equilibrium
point of ®gpsg. Hence, when the real parts Rey (X' = 1,
2, 3) of all eigenvalues in a column of J, are negative,
the corresponding equilibrium point is an ASEP, otherwise
is an UEEP. At an ASEP, a MESS will be formed for the
three parties of PGE, NPSE and ECS, thus the TM-AEG
system can reach an evolutionary stable state after a long-term
evolution development, so that the Nash equilibrium can be
formed. While at an UEEP, MESS cannot be achieved, as well
as Nash equilibrium. The asymptotic stabilities of the game
system under the eight groups of equilibrium points in ®gpsg
are shown in Table 4.

TABLE 4. The asymptotic stability conditions of the each equilibrium
point in ®gpgq for the PGE, NPSE and ECS in the typical scenario of the
demand-side EM.

Equilibrium Asymptotic Equilibrium Asymptotic
points in ®gpsy stability conditions | points in ®gpgo stability conditions
(0,0,0) di<hy, foi<hy, g5<hs | (1,0, 0) hi<dy, by<d,, c3<ds

0, 1,0)
(1, 1,0)
0,1,1)

bi<fi, h<h, es<fs | (0,0, 1)
Ji<by, d:<bs, a3<b; | (1,0, 1)
(1,1, 1)

c1<g1, <@, h3<gs
gi1<c1, ax<cy, d3<c;

ai<e, g2<ey, f3<e; e1<ai, c2<ay, by<a;

Case 2: We make any two of gpg1(x), gnp1(y) and ggc1(z)
equal to zeros and simultaneously any one of gpga2(y, 2),
gnp2(z, x) and ggca(x, y) is made to equal to 0. This gives
three feasible sets of conditions, namely (i): gpg1(x) = 0,
gne1(y) = 0 and ggca(x, ) = 0, (ii): gpc1(x) = O,
gECl(Z) = 0 and ngz(Z, x) = 0, and (iii): ngl(y) = 0,
gec1(@) = 0 and gpga(y, z) = 0. Now the condition (i)
is taken for an example for NEAS analysis. Four groups of
solutions under this condition can be obtained, namely (x, y,
z2) = {(0,0,z1), (0, 1, z2), (1, 0, z3), (1, 1, z4)}, and then
which of them is substituted into the Jpg_np—gc in (14).
In turn combining with ggca(x, y) = 0, it is found that the
elements of the third column of Jpg_Np_gc are all zeros,
thus the real part of the eigenvalues of Jpg_Np—EC are not

©,0,00 (1,0,0) (0,1,0)

Iy = di—h mh—-di bi—fi ca-g
h—h b—-d h-fi -2
g —h c—-d3 es—f3 h3—g3
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0,0,1)

(1,1,00 (1,0,1) (0,1,1) (1,1,
fi—=b1 gi—ca ar—e e —a (15)
dy—by a—c g2—e oa-a
a3—by dy—c3 fz—e3 b3—a3
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all negative, which means that Jpg_Np—gc must have a zero
eigenvalue, such that the game system is not asymptotically
stable and has no ASEPs under this condition. In fact, the four
groups of solutions (x, y, z) are substituted into ggca(x, y)
sequentially, it obtains that ggco(x, y) is equal to g3 — hs,
c3 — d3, e3 — f3, and a3 — b3, respectively. Obviously, this
is contradictory to ggca(x, ¥) = 0, so that the RD equations
are unsolvable under condition (i). Similarly, for condition
(ii) and (iii), the RD equations are found to be still unsolvable.
Consequently, the RD equations have no solutions (x, y, 7) in
this case, which means that no ASEPs can be obtained for the
TM-AEG system.

Case 3: We make any one of gpgi(x), gnp1(y) and ggc1(z)
equal to 0 and meanwhile any two of gpg2 (v, 2), gnp2(z, x) and
gEC2(x, y) are made to equal to zeros. Hence three feasible
conditions can be obtained: (i): gpg1(x) = 0, gnp2(z, x) =0
and geca(x, y) = 0, (ii): gnp1(y) = 0, gpG2(y, 2) = 0 and
gec2(x, y) = 0 and (iii): gec1(z) = 0, gpc2(y, 2) = 0O
and gnpa2(z, x) = 0. Similarly, the condition (i) is taken
as an example for asymptotic stability analysis. Due to
grGg1(x) = 0, it obtains xp = 0 and x; = 1, under which,
the solutions (x, y, z) of the RD equations and its Jacobian
matrix Jxox1, and the corresponding eigenvalues and their real
parts can be solved, as shown in Table 5, where J11, J21, J23,
J31 and J33 are shown in (16), and Jy,, J3,, J35, J5, and J3,
are shown in (17) as follows.

Jin = ra — (r354/53) — (r2ta/12) + r1sats/s3t2

Jo1 = —14(ta/t2 + 1)(s2 — s154/53) /12
Joz = —satg(ta/2 + 1)/ (16)
J31 = —s4(sa/s3 + 1)tz — t1ta/12)/s3

J3o = —sata(sa/s3 + 1)/s3

where Ji1, Jo1, J23, J31 and J3» shown in (16) are the
elements that are not necessarily equal to zero in the Jacobian
matrix Jxox1, which is obtained when x = 0.

Ji, = [At1 + Aoty + Aztz + Agtg] [ [(s1 + 53)(t1+12)]
Jy = t314(s154 — $283)(t + 12 + 13 + 14)
/I(s1 + 53)(t1 + 12)*]
Jyy = —(s1+83)(t3 + )t + 1o + 13 + 14) /(112)?
J31 = (52 + s2)(t114 — 213)(s1 + 52 + 53 + 54)
/(1 + $3)* (1 + 12)]
Ty = —(s2 + sa)(t1 + 02)(s1 + 52 + 53 + 54)/(s1 + 53)°
(17)

where J{,,J},,J35. /3, and J5, shown in (17) are the elements
that are not necessarily equal to zero in the Jacobian matrix
Jxox1, which is obtained when x = 1; A; = r3sp — r451 +
7384 — 1483, Ay = r38) — 1481 + 1384 — 1453, A3 = 1281 —
risy — ris4 + rps3, and Ay = rps1 — ri84 + ros3 — ri8;.

In this case, when t, # 0,53 # 0,1 + t, # 0 and
s1+s3 # 0, we conclude from Table 5 that the RD equations
in (10) have the unique solution (x, y, z) for x = 0 and
x = 1, respectively. Addressed concretely, when x equals
0 or 1, the Jacobian matrix’s three eigenvalues (A1, A2, A3)
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TABLE 5. The equilibrium points of the TM-AEG system under the
conditions of x=0 and x=1.

Item x=0 x=1

(1, -(tHta)/ (1 +12),
~(s2+sa)/(s1+s3))

[/11', 0, 0], [121', 0, 23],

Equilibrium points (x, y, z) (0, ~t4/ty, -S4/s3)

First to third rows of Jacobian [Jy, 0, 0], [J21, 0, Ja3],

matrix Jyox [J31, J32, 0] [J31, 5", 0]
Eigenvalues of Jyox "

(A1, A2, A3) (i1, 22, -A2) V', Az, )
Real part of the eigenvalues Rey+Res=0 Re,+Res=0

Re;

equals (Ji1, v/J23 - J32, —+/J23 - J32) and (J{;, (/55 - T3y,

—\/J53 - J5,), respectively. Hence, A2 4+ A3 = 0 and Rep +
Re; = 0 in condition (i) are met, indicating that the three
eigenvalues’ real parts cannot be negative simultaneously.
Likewise, the same conclusion can be drawn for condition
(i1) and (iii). Therefore, the TM-AEG system has no ASEPs
in this case.

Case 4: We make gpg2(y, 2), gnp2(2, X) and geca(x, y) equal
to 0, which can make the three RD equations shown in (11)
be zero simultaneously, namely

grc2(v, ) =ryz+nrny+rz+rs=0
gnP2(z,x) = s1zx + 532+ s0x +54 =0 (18)

geC2(x,y) =thxy+nx+ny+ta=0
Assume that the solution of (18) is (xp, vo, zo0), here
z0 is used to denote xp and yo because the expression of
(x0, Y0, 2z0) is very complicated, thus it is obtained xo =
—(s4+5320)/ (52 +5120), Yo = —(ra +r320)/(r2+r120). Next,
(x0, Y0, z0) is substituted into (14) to obtain a new Jacobian
matrix, denoted by Jxoy020. Obviously, the diagonal elements

of Jxoy0z0 contain gpg2(y, 2), gNp2(z, x) and geca(x, y), respec-
tively, according to the structure of (14). Then, according
to (14) and (18), it obtains that these diagonal elements are
equal to 0, thus the Jacobian matrix Jxoyo.0 is obtained as

0 Jh i3
Jroyoo= [ J3 0 T3 (19)
o gm0
where the elements J{),, J{5, J}|, J35, J5; and J§, are as

J5 = xo(1 = x0)(r1zo + r2)
Ji5 = xo(1 — x0)(r1yo + 73)
J3 = yo(l — yo)(s120 + 52)
J35 = yo(1 — yo)(s1x0 + 53)
J§ = z0(1 — z0)(t1yo + 13)
Jih = 20(1 = z0)(t1x0 + 12)

Finally, it can be obtained Ay + A2 + X3 = 0+ 0 +
0 = 0 owing to the trace of Jxoyoz0 is equal to the sum
of its eigenvalues, thus their real parts cannot be negative

simultaneously, otherwise A1 + A2 + A3 = 0 cannot be met.
Therefore, no ASEPs can be obtained in this case.

(20)
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A Summary: We conclude from case 2 to case 4 that ASEPs
cannot be obtained in the three cases for this TM-AEG system
in the typical scenario of the demand-side EM. In other
words, combined equilibrium points cannot be generated in
the cube intersection of three-party strategy space, thus Nash
equilibriums or evolutionary stable states cannot be achieved
in the long-term evolution (i.e., no MESS’s are generated),
regardless of the strategies adopted by the parties. In addition,
in the case 1, we find that, for PGE, NPSE and ECS who
participate in electricity trading in the hypothetical typical
scenario of EM, only when the payoff distribution parameters
presented in Table 3 meet the conditions in Table 4, we can
achieve eight evolutionary stable states during the long-term
evolution process. That is, the Nash equilibrium can be
achieved in this gaming, and the number of ASEPs is 8 and
they are ®gpso = {(0,0,0), (1,0,0), (0,1,0), (0,0,1), (1,1,0),
(1,0,1), (0,1,1), (1,1,1)}, at each of them the MESS or ESE
can be formed. Apart from this, other equilibrium points are
revealed as UEEPs. Therefore, we can obtain a complete
summary of the NEAS for the four cases in this TM-AEG
in a typical scenario of the demand-side EM, as presented
in Table 6.

TABLE 6. A complete summary of the Nash equilibrium based asymptotic
stability analysis in the four cases in this TM-AEG.

Eigenvalues .—ll-;ggzi‘;rfl
Number of (41, Ao, 43) X Number
Cases equilibrium at each Rt Wigmlir - Nl of
ks equilibrium 20 Of ASEPs  of UEEPs  \jpggg
P o equilibrium
P point
Sum of each
Case Each co}lumn‘ column of a b
8 of matrix J, in . 0 8
1 (16) the matrix J,
in (16)
Case Non-existent ~ Non-existent 0 =
2 existent
11> oI5 s
- Sy Iy )
N @' Juordy' 0 2 0
V‘] zx’ -J. :zl 5
-/ zs’ . 32/ )
Depends on Depends on Equals to ‘
Case payoff number of
4 payoff 0 0 libri
parameters parameters equilibrium
(number <3) points

“*The numbers of ASEPs and MESS’s in Case 1 are both 8 on the
premise that the parametric conditions in Table IV are met.

Obviously, these eight ASEPs are not necessarily suitable
for the requirements of an actual demand-side EM. In fact,
we finally discovered that only one ASEP is what we want,
which is also commonly adopted by most individuals in each
part in the TM-AEG system. This only appropriate ASEP
is more in line with the healthy and orderly development of
an EM. The only suitable ASEPis (1, 1, 1), which means PGE
and NPSE choose to cooperate with each other and provide
TOU prices that are more beneficial to them. Meanwhile,
ECS regard the two parties as integrated power suppliers and
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carry out strategy Sgci to maximize their benefits. Hence,
the optimal offers or bids at Nash equilibrium for generators
and consumers can be achieved at this point. The param-
eter conditions required to obtain this unique ASEP will be
discussed in detail in section VII.

4) NEAS ANALYSIS FOR THE PGE GROUP
As one party of the stakeholders in the TM-AEG system,
the group of PGE is considered to be a dominant party. Now,
PGE is taken as an objective to discuss the dynamic trend
and stable process of ESS for this group in all circumstances,
in which complete system dynamics behavior characteristics
of PGE will be given.

First, the RD equation of PGE (i.e., the fitness function of
PGE) who execute strategy Spg; (proportion is x) is obtained
according to (8) ~ (13) as

fec(x) = dx/dt = x - (EPGy — EPGyy)
= x(1 —x)(q1yz — q2y — q32 + q4)
= gpG1(x) - gpG(y, 2) (21)

where gpG1(x) = x(1—x), gpc (¥, 2) = q1Y2—q2y—q32+q4 =
(12— g2y —(@32—q4),q1 = a1 — by —ci+d1 —e1 +f1 +
gil—h,gp=di+fi—h —b,q3=di+g —h —ci,
and g4 = di — hy. The RD equation in (21) indicates that the
rate of change of the proportion of the individuals who select
strategy Spgi in the group of PGE with time is proportional
tox, 1 — x, and gpg(y, 2).

Second, solve the (21) (i.e., fpg(x) = 0) to obtain the
equilibrium points of the RD equation, based on which,
the dynamic adjustment trajectory of strategy evolution for
PGE in all cases can be discussed, such that its complete
system dynamics behavior characteristics can be achieved.
Besides, according to the structure of gpgi(x) and gpg(y, 2),
on the premise that (g1z — g) # 0, and based on whether
grc(y, z) is equal to 0, there are a total of two situations that
need to be discussed as follows.

Situation 1: Since gpg(y, 2) = (q1z—q2)y — (32 —
q4) = 0, weobtainy = (q3z2—q4)/(q12 — q,) € [0, 1], where
z € [0, 1]. Hence, fpg(x) = dx/dt = x(1—x)-gpg(y,2) = O,
which indicates that for Vx € (0, 1), all the states of PGE
will remain stable, regardless of the probability x of selecting
Spg1 by the individuals in PGE, where the quotation of TOU
is provided as Ptoui, together with the probability (1 — x)
of selecting Spgz, where the quotation of TOU is provided
as Ptouz. Hence, for Vx € (0, 1), the expected payoff EPG;
of the individuals in PGE who select Spg; is exactly equal to
the group average payoff EPG,,. This means the proportion
of the individuals who choose Spg; or Spgy will remain
unchanged when the evolutionary strategy for PGE is asymp-
totically stable. This dynamic trend of strategy execution is
demonstrated in Figure 3.

Situation 2: Since gpg(y, z) # 0, we obtain y # (q3z —
q4)/(q1zq,), where y, z € [0, 1]. The equilibrium points
are obtained by solving fpg(x) = 0, namely x(1 — x) -
grG(y, 7) = 0, obviously, itobtains xo = O and x; = 1 dueto
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TABLE 7. Complete system dynamics behavioral characteristics analysis for the

PGE under the Situation 1 and Situation 2.

. 26V, 2) ASEP Ultimate trajectory of ~ Whether it is a Nash
i Case  Constraint s Seyy, P8 P8 yae  ESS for PGE eyl (o e i
q
. + (q2/q1, 1] - - + x=x0=0 —Spg2 (ESS) Yes (an ASEP)
@) q1>0, 92>0 _
- [0, g2/q1) + + - x=x=1 —Spa1 (ESS) Yes (an ASEP)
B + [0, qilq) - . +  x=x=0  —Spga (ESS) Yes (an ASEP)
Y<Velymm (1D ¢1<0, ¢2<0 7
= (q2/q91, 1] + + - x=x=1 —Sp1 (ESS) Yes (an ASEP)
(iii) ¢1<0, g:>0 - [0, 1] 1 + - x=x1=1 —Spa1 (ESS) Yes (an ASEP)
(iv) >0, ¢,<0 [0, 1] - - + x=x0=0 —Spa2 (ESS) Yes (an ASEP)
. (q2/q1, 1] + + = x=x=1 —Spc1 (ESS) Yes (an ASEP)
i) 71>0, >0
- [0, g2/q1) = - + x=xo=0 —Spa2 (ESS) Yes (an ASEP)
.. + [O, qz/l]l) + + = Fx1:1 —>Sp(31 (ESS) Yes (an ASEP)
Y>Vedym (i) q1<0, g2<0
. (g2/q1, 1] y y +  x=x=0  —Spga (ESS) Yes (an ASEP)
(iii) ¢1<0, g:>0 - [0, 1] - - x=x¢=0 —Spa2 (ESS) Yes (an ASEP)
(iv) q1>0, ¢2<0 + [0, 1] + + - x=x=1 —Spa1 (ESS) Yes (an ASEP)

AH”HHHIH

11
‘ tt 1,1,1)

ttt

W
HHHHHHHJH

Ultimate trend of ESS
for PGE: Spci/Spca
Vx, 0sx <1

Y=(q32-94)/(12-42)
0<y<1
0<z<1

FIGURE 3. Dynamic evolution trend and stabilization process of ESS for
PGE in Situation 1.

gprc(y, 7) # 0. This means the ESS for PGE only allows Spg
(when x = 1) or Spgz (When x = 0), and there are no other
mutations that enable the party PGE to reach an evolutionary
stable state. At this point, the RD equation fpg(x) in (21) is
differentiated in relation to the probability x of selecting Spg1,
namely dfpg(x)/dx = (1 — 2x) - gpg(y, 2). It is calculated
that pgo = {dfpc(x)/dx|x = xo,y € [0,1], z € [0,1]} =
(1 —=2x0)-gpc(y, 2 = gpc(y, 2),p81 = {dfe(x)/dx]|
x=x5,y€[0,1,z€ [0, 1]} =10 =2x1) gpG(y,2) =
—gprc(y, 2), thus pgo and pg; are opposites. For convenience,
it is denoted that g3z — g4 = yr, and 12— ¢q> = Yim,
then gpg(y, 2) = Yy — Yz Where z € [0, 1]. Owing to
y # (g32 — q4)/(q12 — gq3), there will be only two possible
cases, namely Condition 1: y < (g3z — q4)/(q1z2 — q,) and
Condition 2: y > (q3z — q4)/(q12 — q2), 1.., ¥ < Yf,/ytm and
Y > Viz/Yim, Where y, z € [0, 1]. Since yfm = q1z2—¢q2 # 0
is satisfied under the general constraints, the discussion just
needs to be focused on the positive (denoted with ‘+’) and
negative (denoted with ‘—’) of yg,. Owing to z € [0, 1], then
the sign of yg, (i.e., + or —) is only related to g1 and g.
Therefore, there are both four cases exist in Condition 1
and Condition 2 above, i.e., (i) g1 > 0, g2 > 0, (i1)) g1 < O,
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g2 < 0, (i) g1 < 0,92 > 0and (iv) g1 > 0, g2 < O.
For these cases, based on previous discussions, complete
system dynamics behavior of the PGE can be analyzed as
demonstrated in Table 7.

TABLE 8. Six representative game situations.

The sequence

TRl i The constraints of six representative game situations for PGE

game situations

shown in x z

Figure 4 ’ a o

() 1 [0, 1]N[0, (¢32-94)/(912-92)) [0, 1] (-0,0) (0, +o0)

(b) 0 [0, 1]N[0, (¢32-94)/(912-92)) [0, 1] (0,+0) (-0, 0)

(©) 0 [0, 1]N[0, (¢32-94)/(912-92)) [0, 11N(g2/g1, 11 (0, +0) (0, +o0)

) 1 [Os)l]ﬁ[O, 99000, @s2-4/@12 10 110[0, golgr) (0, +00) (0, +a0)
92 ’ e ’ ’

© 0 [Oa)l]ﬁ[O, 44/921N[0, (932-94)/(q12- [0, 1[0, galqr) (<0,0) (<o, 0)
92 ’ T ’ ’

(® 1 [0, 1]N[0, (¢32-94)/(912-92)) [0, 11N(g2/g1, 11 (-0, 0) (-0, 0)

Accordingly, Table 8 shows six representative game situ-
ations that are chosen from Table 7. Under these game situ-
ations, the dynamic trajectories of ESS in a long period of
systematic evolution and development for PGE are illustrated
in Figure 4, where the green surface is a spatial surface
collection of ESS that is obtained in Situation 1. Equally,
for the other two stakeholders, NPSE and ECS, similar phase
trajectory charts about the stabilization processes of ESS can
be achieved.

A Summary for All Situations: We find out from Table 7
that 12 cases can be obtained for the PGE to achieve an ESS in
Situation 2 on the premise that the payoff parameters meet the
corresponding conditions in this table. Among these cases,
the selection of the strategy Spg1 and Spgz accounts for half
of each. When Situation 1 is counted, there will be a total
of 13 cases where an ASEP for PGE can be obtained. At each
ASEP, an ESS can be formed and an evolutionary stable
state can be achieved for PGE after a long-term evolution.
Moreover, Figure 4 shows that at these ASEPs a strong
resistance to incursion of mutant strategies into PGE will be
formed and these ESS’s will lead to dynamic equilibriums
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FIGURE 4. Dynamic evolution trend and stabilization process of ESS for
PGE under six representative scenarios presented in Table 8 in

Situation 2, where (a) shows the ultimate trend of ESS for PGE is strategy
Spg1 (x=1), (b) shows the ultimate trend of ESS for PGE is strategy Spg,
(x=0), (c) shows the ultimate trend of ESS for PGE is strategy Spg, (x=0),
(d) shows the ultimate trend of ESS for PGE is strategy Spg; (x=1),

(e) shows the ultimate trend of ESS for PGE is strategy Spg, (x=0), and
(f) shows the ultimate trend of ESS for PGE is strategy Spg; (x=1).

in system. In these equilibrium states, no individuals will be
willing to change their strategies unilaterally. Hence, they are
absolutely evolutionary equilibriums.

V. AN ACTUAL CASE FOR VERIFICATION
In this section, taking new energy accommodation for
an example, we demonstrate a practical application anal-
ysis based on a TM-AEG in a typical scenario of the
generation-side EM, in order to verify the main findings we
have achieved in previous sections. In particular, we want to
verify a finding that no more than 8 ASEPs can be achieved
in the typical scenario of TM-AEG and the MESS obtained
in the gaming shows strong properties of expelling invaders
and resistance to any variation, and besides, the evolutionary
stable equilibriums obtained during the process of system
evolution are both strict Nash equilibriums.

In this case study, the game agents are three-party enter-
prises who participate in new energy accommodating in an
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ever-growing, opened and competitive generation-side EM,
and they are new energy generation enterprises (mainly wind
and photovoltaic power GenCos), traditional fossil energy
generation enterprises (mainly thermal power GenCos) and
the power grid enterprises. Here, they are denoted by NEGE,
TEGE and PGES respectively. On one hand the interests
of TEGE will be reduced when wind/photovoltaic power
(i.e. NEGE) integrated. On the other hand the safe and stable
operation of power system (i.e. PGES) will be influenced
by wind power due to its intermittency and randomness
in generation. As a result, PGES are not very positive to
participate in wind power accommodating, thus a conflict
of interest will be formed eventually between NEGE, TEGE
and PGES on the development and utilization of new
energy sources. Obviously, this is a representative multi-
group AEG issue, or called a wind/photovoltaic-thermal-
gird multi-gaming issue in detail, when the three parties are
seen as different stakeholders participating in exploration and
exploitation of new energy under which integrated.

A. STRATEGY DESCRIPTION
In this trilateral evolutionary game, two pure strategies are
formed in actual operation for each group as follows: NEGE
choose strategy SNEge1 at a proportion/probability # and
SNEGE2 at 1 — u, implying cooperation and non-cooperation
with TEGE, respectively, and correspondingly, the new
energy generation outputs (mainly photovoltaic and wind
power) are Wnggge1 and Wnggga, respectively. TEGE select
strategy STEGE! at a probability v and Stpgg2 at 1 —v,
implying cooperation and non-cooperation with NEGE,
respectively, and accordingly, the traditional fossil energy
generation outputs (mainly thermal power) are Wrggg; and
WrtEGE2, respectively. PGES implement strategy Spggs; at a
probability w and Spggs? at 1 —w, implying PGES positively
and negatively accommodate new energy generation, respec-
tively, and the accommodations are Wpggs; and Wpggs2,
respectively. Here, u, v, and w € [0, 1].

Hence, similar to Table 3, we can obtain the payoff distri-
bution matrix of this wind/photovoltaic-thermal-gird game (a
TM-AEG) system as

SNEGE1(#)  SNEGE2(1—1)
StEGEIMV)  ['(A1,A2,A3) (Bi, B2, B3)
Stece2(1—=V)| (Cy, Ca, C3) (D1, D2, D3)
(E1, Er, E3) (F1, F>, F3)
(G1, G2, G3) (Hy, Hy, H3)

SpGEs1 (W)

STEGE1 (V)

Spces2(1—w)
StEGE2(1—V)

(22)

where Ay, By, Cx, Dx, Ex, Fx, Gx and Hy are the payoff
parameters of the payoff matrix obtained in this TM-AEG
system, and X’ = 1, 2, 3. The (22) demonstrates a payoff
distribution matrix of this TM-AEG system, in which the
group of PGES implements strategy Spggs; at a probability
of w and Spggs» at 1 — w, the group of TEGE selects strategy
STEGE! at a probability of v and Stpggz at 1 — v, and the
group of NEGE chooses strategy SNgge1 at a probability
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of u and Snggez at 1 — u. Therefore, there are a total of
8 strategy combinations, and in each one the corresponding
payoff distribution parameters of the three parties are given.

Based on (22) and according to (8)~(14), the RD equations
of this TM-AEG system can be obtained as in (23), as shown
at the bottom of this page, and the corresponding Jacobian
matrix can also be calculated as in (24), which is denoted by
JNE—-TE—PG. as shown at the bottom of this page, where o4 =
Rivw + Rov + R3w + Ry, 05 = Q1wu + Oow + Qsu + QOa,
06 = Tiuv+ Tou+ T3v+ Ty4; and Ryy, Oy and Ty, (M =1,
2, 3, 4) are presented as

Ri Ry R3 R4

Or O O3 4
T T> T3 T4

A1—B1—C1+Dy B1—D; C1—Dy Di—H
—E\+F1+G—H, —Fi+H, —G+H, ' !
_|A2=B=CtDy  E—Fr- B-D>
T | —Ey+F4+Gy—Hy Ga+Hp —F>+H> 2 2
A3—B3—C3+D;3 C3—D3y— E3—F; G H
—E3s+F3+G3—Hy G3+Hy —Gi3+Hz > 3
(25)

Analogously, we can conclude that the RD equations
presented in (23) only have 8 possible asymptotical stable
equilibrium points (ASEPs): (u, v, w) = {(0, 0, 0), (1, 0, 0),
0, 1, 0), (0, 0, 1), (1, 1, 0), (1, 0, 1), (O, 1, 1), (1, 1, 1)}.
When these equilibrium points meet the conditions similar to
Table 4, they will make this TM-AEG system evolve into an
evolutionary stable state and achieve a Nash equilibrium.

B. SCENARIO DISCUSSION

Here, we consider two scenarios as follows: one is no policy
intervention on this gaming, and the other one is policies of
EM issued by government to intervene this gaming, demon-
strated as follows.

Scenario I): No policy intervention on this game. Obvi-
ously, PGES can execute Spggsi or Spges2 due to no policy
intervention, under which TEGE can adopt STEGE!1 Of STEGE?2,
at this moment NEGE will always select SNggg2 for gaining
more advantage while the payoffs of TEGE are decreased.

This demonstrates that NEGE choose not to cooperate with
TEGE no matter what strategy they adopt, from which it
obtains By > A3, A > By, D3 > C3 and Cp > D;. Besides,
analogous conclusions can be drawn from other cases. Hence,
the inequality constraints of the payoff parameters can be
obtained as shown by the right-hand big blue oval in Figure 5.

Moreover, owing to new energy integration, an addi-
tional cost is needed for PGES to maintain output, thus the
payoff will be increased when they choose strategy SpGes2,
compared to strategy Spggesi, from which it is obtained that
Ey > A,G, > C{,F| > By,and H; > Dy, as shown in the
left-hand small blue oval in Figure 5.

On the whole, when no policies are introduced, we find
that the payoff matrix will not be affected. Then, the MESS
that is beneficial to all parties will be achieved in such a
scenario where NEGE and TEGE are always uncoopera-
tive, while PGES perform renewable energy accommoda-
tion in a negative way, as illustrated in Figure 5, where the
up arrow (1) means the payoff is increased after choosing
the corresponding strategy, conversely, the down arrow ()
implies the payoff is decreased. In this scenario, the only
ASEP is obtained at (0, 0, 0), and the Nash equilib-
rium under the MESS {SneGE2, STEGE2, SpgEs2} will be
achieved.

Scenario II): Government intervention involved in the
game. In this scenario, the payoff parameters can be regu-
lated, thereby affecting the evolution stability of system,
i.e., the selection of ASEP and MESS. Here, the policy
interventions are conducted to promote the new energy enter-
prises to participate in trading. Under such circumstances,
the policy can affect the initial state of system, and conversely,
which will determine the eventual evolutionary stable state
of this gaming system. Therefore, under policy interventions,
in order to promote the development and utilization of new
energy resources and improve the grid-connection certainty,
this TM-AEG system is expected to achieve a unique MESS
at (1, 1, 1) finally, which means that NEGE cooperate with
TEGE to output generation of Wngge1 and Wrggg1, respec-
tively, together with PGES actively accommodate new energy
of Wpggsi. At this moment the parameters in (22) will be
changed into A’ to H,. alphabetically, where X' = 1, 2, 3.

INEGEW) = u(1 — u)(Ryvw + Rv + R3w + Ry)
SEGE(VY) = v(1 — v)(Q1wu + Qow + Q3u + Q4) (23)
SegesW) = w(l — w)(T1uv + Tou + T3v + Ty)

~ Ofnece(w)  OfNEGE(M)  OfNEGE(M)
0 0 0
; | Ofece)  dfmece()  ftecE(Y)
NETEPG = ou av ow
ofpgesw)  dfpges(W)  dfpGES(W)
- ou av ow
(1 —2u)oy u(l —uw)(Riw+Ry)  u(l —u)(Riv+ R3)
= | v(1 =v)( Q1w+ 03) (1 —2v)os v(1 —v)(Qiu+ Q2) (24)
| Wl =w)(T1v+T2)  wl —w)(Thu+T3) (I = 2w)os
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the game system.

Therefore, we find that only these changed payoff param-
eters meet five conditions simultaneously as follows, can the
above wish be achieved. They are presented as

i) E| <A}, C) <A, and B, < A};

ii) C} > GjorE; > G, or Hy > G5;
iii) B} > Fj or H) > F) or E} > F};
iv) H{ > D) or B}, > D) or Cj > Dj;
v) D} > Hj or F}, > H) or G > Hj.

Therefore, when meeting the above five conditions, an only
one MESS, namely {SNece1. STEGE1, SpGesi}, will be
formed via policy interventions in the gaming system, and
which will achieve an evolutionary stable state after a
long-term evolution and development. According to this
MESS, the government will be capable of formulating grid-
connection policies with lower costs for new energy enter-
prises to implement market intervention in EM, thus not only
the new energy generation enterprises (the NEGE) will be
motivated to participate in EM transaction in order to promote
their development, but also the capability of accommodating
their power generation will be improved, especially for the
photovoltaic and wind power. This also further verifies the
conclusion drawn from the analysis of multi-group AEG in
the typical scenarios of EM.

In this section, we select a representative three-party
game of photovoltaic/wind-thermal-grid as an actual case to
conduct a brief scenario discussion for verifying the main
findings made in this paper. From this case study we conclude
that the policy intervention on EM by government can regu-
late the payoff parameters of the gaming in this system, which
will finally affect the selection of ASEP and MESS, together
with the formation of Nash equilibrium and evolutionary
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stable state of the AEG system in the process of long-term
evolution and development.

VI. DISCUSSION

In this section, we discuss the factors that affect the asymp-
totical stability of the evolution gaming between PGE, NPSE
and ECS. In addition, we briefly discuss the Nash equilibrium
decomposition method when solving the Nash equilibrium
solution of the three-party game system. From the discussion
we can find that multiple factors can, to some extent, influ-
ence the ultimate evolutionary stable states, and the energy
Internet can play a better role in resource integration of the
EM. Moreover, we can obtain some relevant policy implica-
tions from the discussion, which can provide reference for the
government to make policies for the EM with characteristics
of energy Internet.

Firstly, we discuss the factors that affect the asymptotic
stability. In the TM-AEG system, PGE, NPSE and ECS try
to maximize their interests in electricity trading. For PGE,
its payoffs involve the electricity charged to NPSE when
providing electricity and a transaction fee charged to ECS.
For NPSE, the main means of competition is their price of
electricity changing along with the TOU prices announced
by PGE. Their income consists essentially of the electricity
charged to ECS and is constrained by its maximum power
supply. In addition, the total cost is relatively low. For ECS,
its benefits are user utility minus user spending. The former
is the utility of various loads, and the latter is the payment
for electricity. At ASEPs, for PGE and NPSE, the main
game strategy is the TOU prices. For ECS, it is the optimal
choice of TOU prices provided by PGE and NPSE based on
the electricity demands of each type of load. Hence, in an
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EM with features of energy Internet, the factors that may
affect the stable equilibrium states of the game system can
be summarized, including: the level of the transaction fee
between PGE and NPSE, the number of NPSEs, the capacity
limit and cost factor of each NPSE, the way to pay the fee,
the electricity trading rules, the possession of information on
transactions and the degree of user participation, etc. This
indicates the complexity and diversity of the marketization of
electricity trading under the background of energy Internet,
as shown in Figure 6. We find that these factors above can
change the payoff parameters, thus changing the ASEPs and
the convergence domains. Here, we give two examples as
follows.

‘When the installed capacity of PGE is sufficient, the valley
time price under the energy Internet usually arises near the
peak load, thus at peak times, PGE will be inclined to choose
strategy Spg2 so as not to cooperate with NPSE to provide
a TOU price which can make ECS more profitable. Mean-
while, NPSE select Snpa, which is uncooperative with PGE,
to provide a TOU price that enables ECS to gain more bene-
fits. At the same time ECS execute strategy Sgci or Sgca
according to the characteristics of their own electricity loads.
Hence, during the peak time, PGE and NPSE form an asym-
metric non-cooperative game relationship in which they both
try to attract more ECs to use electricity via competition
with the purpose of peak shaving. However, in an electricity
trough, PGE and NPSE are less involved in price competition,
thus PGE and NPSE collaborate with each other and execute
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strategy Spg1 and Snp; respectively to provide TOU prices
that benefit both parties. Meanwhile, ECS still implement
strategy Sgc1 or Sgca2 with the purpose of profit maximiza-
tion, so that the goal of valley filling may be accomplished.

When the number of NPSEs increases, obviously,
the impacts of the electricity price on peak shaving and
valley filling will be weakened. As a result, the fluctu-
ations in electricity price will be flattened. Hence, with
increasing numbers of ECS individuals, the electricity price
provided by each competitor at each time-period will be
fairer and more reasonable for consumers, as well as being
more stable (i.e., more closer to the rational price of this
period). Furthermore, with the increasingly opening up of
EM, the individual number and category of NPSE, especially
the addition of incremental distribution networks, will be
gradually increased. Consequently, within the larger energy
Internet, complementarity of resources and time will lead
to a more dramatic decline in electricity prices, which will
also become flatter in fluctuations. In other words, the energy
Internet will play a promising role in resource allocation of
new EM.

Secondly, we discuss the impact of policy interventions on
the TM-AEG. In order to guide the three parties, namely PGE,
NPSE, and ECS, to form an active and order participation
in the EM game, with the purpose of creating a more stable
electricity price, the PGE can be treated as one party of power
supply entities. Moreover, only one MESS, i.e., {Spg1, Snpi,
SEC1}, is expected to be achieved finally, under which PGE

VOLUME 6, 2018



L. Cheng, T. Yu: NEAS Analysis of Multi-Group AEGs in Typical Scenario of EM

IEEE Access

and NPSE choose to cooperate with each other and provide
TOU prices that are more beneficial to them. Meanwhile,
ECS regard the two parties as integrated power suppliers and
carry out strategy Sgc; to maximize their benefits.

Therefore, an only one ASEP {1, 1, 1} is required to be
obtained, while other ASEPs will disappear and eventually
be transformed into UEEPs during the system evolution.
This can be achieved via policy intervention implemented by
the government. Assume that the payoff parameters of the
TM-AEG in Table 3 will be changed into ay, by, ¢y, dy,
€y, fy, &5 and A, due to the government supervision and
intervention, where X' = 1, 2, 3. Hence, the new eigenvalue
matrix J {Z is obtained as (26), as shown at the bottom of this
page, where each column represents the whole eigenvalues of
an ASEP.

TABLE 9. The conditions for the elements to be satisfied in the new
system eigenvalue matrix J,.

Condition Distribution Retained Disappeared - .
number parameters ASEP ASEP Condition description
condition

(1, 1, 1) is still an ASEP,
while (0, 1, 1), (1, 0, 1) and
(1, 1, 0) are transformed into

,1,1),
(1,0, 1),
(1,1,0)

Condition e;'<ay’, ¢x'<ay’

1,1, 1
1 and b3'<as’ @10

UEEPs
gondition :r ’75;’ ;; e)'>gy' None 0,0, 1) g?; {)J,Elg ]i)s transformed into
glondition ﬁ; ’Z:;fo}ry h'>f' None ©,1,0) El(r)1 IIJ,EOg li)s transformed into
gondition g;’jja{;’;}r’ by'>dy' None (1,0,0) EL, IOJ,EO}%]i)s transformed into
(Siondition Z; Z:l/;l ’Zx:fz'>hz’ None (0,0,0) g:; S,EOI% Ii’s transformed into

Since {Spg1, SNp1, SEC1 } as the only MESS to be achieved
at (1, 1, 1), the eigenvalues in (26), will be required to meet
five conditions simultaneously, as shown in Table 9, thus
a trilateral Nash equilibrium can be achieved after a long
system evolution, and the pricing strategy of each party will
tend to be more reasonable. Moreover, EM policies issued
by the government will reduce electricity price fluctuation
and further promote market stability, and besides, the compe-
titions can be regulated more orderly and rational to all
parties. This indicates that effective supervision and control
via policy intervention contributes to form stable electricity
pricing mechanisms in EM trading, meanwhile the promotion
of peak shaving and valley filling for electric network and
resource allocation of EM can be achieved.

Lastly, we discuss a decomposition method for solution
of Nash equilibrium in practical cases. We have found that
the convergence domain of the TM-AEG in is a highly
complex three-dimensional space, which makes the Nash
equilibrium solutions are very difficult to be obtained directly.

Moreover, the electricity behaviors of ECS (e.g., the selec-
tion behavior of TOU prices and distribution of elec-
tricity consumption) are generally hard to obtain, and
sometimes even completely unknown. Hence, machine
learning approaches, such as emotional learning [50] and
reinforcement learning [51], can be introduced into the
grid-retailer-user game to simulate their trading behaviors
(i.e., the multi-agent dynamic game interactions) in order
to achieve the final optimal evolutionary stable equilib-
rium, also as Nash equilibrium, during the evolutionary
process of multi-group dynamic game in a competitive
EM. This involves game input/output, thus this grid-
retailer-user game can be decomposed into a two-layer
bilateral interactive game, i.e., PGE-NPSE game and
NPSE-ECS game, as shown in Figure 7, where the machine
learning approaches, such as the multi-agent reinforcement
learning algorithm, Q-learning, affective learning, belief-
based learning, and deep learning, can be used to search the
optimal Nash equilibrium, which is described in detail as
follows.

As illustrated in Figure 7, the groups of PGE, NPSE,
and ECS as three parties (i.e., Party-1, Party-2, and Party-
3) constitute a trilateral multi-group AEG, called grid-
retailer-user AEG, in which the system evolution stable
equilibrium can be achieved as the refinement of Nash equi-
librium. As stated earlier, it is very difficult to directly
address the issue of Nash equilibrium solving of this three-
party evolutionary game system. In Figure 7, we deem that
the reinforcement learning combining with depth percep-
tion and psychology can be employed to predict the
user’s electricity utilization behavior. This will facilitate
the demand side response. In addition, for an intelligent
community or demonstration area, since the user’s electricity
behavior is totally unknown, the machine learning methods
such as emotional learning and reinforcement learning can
be employed to simulate the electricity transaction behavior
of three parties, including grid, user, and retailer. This
behavioral process is a multi-party dynamic game interac-
tion process in the competitive circumstance of EM. There-
fore, we need to treat these three parties as different agents
and use the multi-agent reinforcement learning algorithm to
solve the optimal Nash equilibrium solution for the game
issue.

In Figure 7, we propose a scheme to decompose this grid-
retailer-user AEG into a two-layer two-two or bilateral inter-
active game in our next investigation plan. This two-layer
game can also be regarded as a Stackelberg game or a master-
slave game.

In particular, the PGE-NPSE game can be seen as a
master game or upper game, where the group of PGE is

dy—h  h—dp b—f ¢ —g
!
§—hy g—dy ex—f; h3—g;
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FIGURE 7. A Nash equilibrium decomposition scheme for the TM-AEG involving the PGE, NPSE and ECS who participate in the electricity

trading of EM.

seen as a special type of electricity retailer, thus the groups
of PGE and NPSE constitute the electricity suppliers and
service operators. In addition, the NPSE-ECS game can
be treated as a slave game or lower game, in which the
electricity consumption behavior of users, including indus-
trial/commercial/residential consumers, can be simulated via
an evolutionary game model containing personal privacy.
In the upper game, the price competition among the electricity
suppliers can be simulated through a non-cooperative game
model.

Taking the intelligent community for an example, under the
premise of considering the consumer’s power consumption
privacy behavior and price competition among suppliers,
we can establish a multi-supplier and multi-home user
based master-slave game model from the perspective
of the electricity retail market to investigate the issues
of electricity demand response in the future. In this
example, the demand-responsive behavior based on price
competition between suppliers and users is conducive to
achieving a balance between power supply and demand,
so as to maintain the safe operation of the power
systems.

In the future, we can investigate the interactive game
between multiple users and suppliers in different game
situations. Thereby, two situations are considered as
follows.

Situation 1: We do not consider the participation of elec-
tricity sellers. At this time, there is only a simple interaction
game between the grid side and the user side. At this point,
we need to investigate the inputs of the game issue, that
is, the value of the objective function of the grid side and
user side under the combination of incentive and electricity
consumption plans on the obtained Pareto frontier. We also
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need to investigate the outputs of the game issue, that is,
the optimal incentive pricing strategy and the electricity
consumption planning strategy in the situation where the grid
side and the user side meet the maximization of their expected
benefits.

Situation 2: We consider the participation of electricity
sellers, i.e., the new power supply entities (NPSEs). As shown
in Figure 7, NPSEs mainly include electricity retailer group
and load aggregator (LA) group. At this point, the TM-AEG
is divided into a two-layer bilateral interactive game, as illus-
trated in Figure 7. This two-layer bilateral interactive game
contains a PGE-NPSE game and a NPSE-ECS game, which
are introduced as follows.

« PGE-NPSE gaming: the game inputs are Pareto fron-
tier of objectives such as peak shaving and load
leveling on PGE side and electricity purchasing cost of
NPSE, together with their objective function value under
different action strategy combinations: {Spg;, Sxp; }; and
the game outputs are optimal Nash equilibrium solutions
of pure strategy, including optimal electricity purchasing
price strategy and optimal electricity purchasing plan
strategy for NPSE.

o NPSE-ECS gaming: the game inputs are Pareto fron-
tier of objectives such as profit of electricity selling on
NPSE side, as well as electricity gains (i.e., the utility
of electricity minus the payment of electricity) and elec-
tricity use comfort (for residential users only) on ECS
side, together with their objective function value under
different action strategy combinations: {Snp;, Sgc;}; and
the game outputs are optimal Nash equilibrium solutions
of pure strategy, including optimal electricity selling
strategy for NPSE and electricity use plan strategy
for ECS.

VOLUME 6, 2018



L. Cheng, T. Yu: NEAS Analysis of Multi-Group AEGs in Typical Scenario of EM

IEEE Access

VII. CONCLUSION

In this paper, we investigated the Nash-equilibrium based
asymptotic stability of multi-group AEG, including UT-AEG
and TM-AEG, based on Replicator Dynamics theory and LST
for some typical scenarios in an ever-growing and opened EM
with features of energy Internet. In addition, we discussed
the impacts of EM policies introduced by the government
on the asymptotical stability of multi-group AEG in typical
scenario of the EM. The main contributions are summarized
as follows:

1) A bilateral 2x2 AEG model (i.e., the UT-AEG model)
for electricity price bidding of generation-side EM is estab-
lished, as well as a trilateral 2x2x2 AEG model (i.e., the
TM-AEG model) for electricity trading of demand-side EM,
thus the phase trajectory of AEG has been extended from
a two-dimensional surface to a three-dimensional space,
which reveals more complex dynamic processes of strategy
adjustment and more diversified MESS selection behavior of
different stakeholders.

2) The TM-AEQG in the typical scenarios of EM shows that
the number of possible equilibrium states is only eight and
they are asymptotically stable when the payoff parameters
meet certain conditions. In these states, the MESS shows
strong properties of expelling invaders and resistance to any
variation, besides, the evolutionary stable equilibriums are
both strict Nash equilibriums.

3) EM policies issued by government can affect the NEAS
of multi-group AEG via changing the distribution parameters
of payoff matrix, thus effective interventions will improve the
stability of electricity prices and promote the energy Internet
to play a more significant role in resource allocation, which
means the complementarities between resources and time
flexibility will lead to a lower and stable electricity price.

Hence, we give the relevant policy implications as follows,
which may be helpful for EM policy formulating by the
relevant government departments.

« First, the policymakers should respect the interests of all
sides in the game, try to establish a reasonable profit
distribution mechanism, guide them to cooperate, and
jointly promote the healthy and orderly development of
the open and ever-growing EM.

o Second, in order to reduce the high profits from high
pricing by the GenCos, the government must take
measures to make reasonable bidding rules for the
on-grid competitive bidding of power GenCos. The goal
of government regulation is to make the power genera-
tion bid as close to its marginal cost as possible in order
to harmonize the benefits for power GenCos with the
social benefits, and finally form an efficient EM. This
principle should be reflected in the established bidding
rules.

o Third, in the TM-AEG involving the NEGE, TEGE and
PGES, especially the representative wind/photovoltaic-
thermal-gird game when considering new energy inte-
grated, if the government does not carry out policy
guidance to all parties involved in grid connection
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of wind power/photovoltaic, then they cannot develop
healthfully due to their lack of market competitiveness.
However, the government could introduce relevant poli-
cies for new energy (power, photovoltaic, etc.) integra-
tion, so as to change the trilateral payoffs, such that the
new energy industry can be guided to develop healthily,
but the policies need to meet certain conditions that
have been discussed in this paper, which is of theoretical
significance and practical value for ensuring the rational
development of new energy.

Finally, we have to recognize that the discussions in this
paper on Nash-equilibrium based asymptotic stability of
multi-group AEG in typical scenarios of generation-side and
demand-side EM are not very rigorous, and moreover, it is
still a huge challenge to apply evolutionary game theory to the
evolution study of practical engineering systems, especially
the establishment of simulation systems for analysis of actual
evolution processes, which will be next research direction
of the authors. Specifically, build an engineering feasible
simulation system for studying the characteristics and regu-
larities of equilibrium stability in a long-term evolution and
development of system.

APPENDIX
I'=<N,S8,U > a normal-form game
Si strategic space of paly i in a game
i the number of the players/groups/

strategies/individuals in a game
system or a population

R the real number field

Qgroup multi-group strategy
combination

X, Y strategy set

w, @ parameters and belong to (0, 1)

A strategy combination adopted by

groups other than group i
expected payoff for the group i
that selects strategy X;, mean-
while the other groups select S~
expected payoff for the group i
that selects strategy Y;, mean-
while the other groups select S~
expected payoff or fitness of a
pure strategy X;
E(X;) group average payoff or fitness
Pi growth rate of the
proportion or share of the
individuals that select strategy X;
in a population

EX;, S7)

E(Y;, S7)

E(Xi)

9, 0F mixed strategies in an evolu-
tionary game

E@®, 9), E(®, v*), payoffs or fitness functions

E@®*, 9), E@®*, 9*) under different strategy
combinations or game situations

NRD number of populations involved

in an evolutionary game system
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a high quotation strategy

a basic quotation strategy
payofts of SSGC and LSGC, J =
1,2,3,4,5

payoff function of the power
generation enterprise i

power demand function of
users or the market-clearing
price

electricity price cap

a constant coefficient

the sum of on-grid power genera-
tion of all generating companies

the sum of maximum power
provided by all power generating
companies

actual power generation cost
function of generating company i
the no-load operating cost,
the intercept of the marginal
cost curve, and the slope of the
marginal cost curve, respectively
marginal cost curve of the power
generating company i

average cost curve of the power
generating company i

trace of Jpq

size of system convergence
domains

a saddle point of the UT-AEG
system

the number of the payoff
distribution parameters or eigen-
values or real parts of an
eigenvalue in a TM-AEG, and
X=1,2,3

payoff parameters of the payoff
matrix obtained in a TM-AEG
system

number of ECS

number of time periods in an
electricity utilization cycle

time interval

time period

electricity time set

total quantity of electricity
consumption of the  kth
consumer’s all types of electricity
loads during the time period ¢
electricity consumption distribu-
tion matrix of the group of ECS
total electricity consumption of
the consumer numbered 7

total amount of electricity
consumed by the user ne; in the
0th time period

Ppg

Tnp
Pnp—g
PNP—nnp

l

AP
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electricity price vector of the
[th NPSE

electricity price vector of the
group of NPSE

the number set of the group of
NPSE

unit power policy subsidy
obtained by the ECS when
selecting the /th NPSE
electricity price selection of the
consumer 7. in the 6Oth time
period

electricity price provided by the
PGE and NPSE in the 0th time
period, respectively

payoff of the consumer 7. in the
Oth time period

total payoff of this consumer in
all time periods

user utility

consumer’s total income

income distribution matrix of the
PGE

total income of the PGE in all
time periods

cost of PGE in a time cycle T
cost coefficients of PGE after
considering all the cost factors
profit of PGE in a time cycle T
income distribution matrix of all
NPSEs

Tnp X e and 6 X 6 matrix, respec-
tively, used to calculate user
payoff belonging to the group of
NPSE

income distribution vector of the
NPSE numbered 7y,

total income of the NPSE
numbered 7y in a time cycle T
quantity of power provided by the
NPSE numbered 71y

cost of the NPSE numbered 7y
non-negative numbers

profit function of the NPSE
numbered 71y

equilibrium point set
equilibrium point set obtained in
Case 1

eigenvalue matrix

ratio or probability of choosing a

strategy
Jacobian matrices
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SpG1, SpG2

SNP1, SNP2

SEct1, SEC2

EPG,, ENP;, EEC;
EPG,, ENP;, EEC,
EPG,y, ENP,y,
EEC,y

frc(x), finp), fEc(2)
grg1(x),  gnp1(V),

gec1(@), g2y, 2)s
gnp2(z, X), geC2(x, y)
Ay

Rex

r17 r29 r3’ r4’ sl’ s2’

$3, 84, 11, 12, 13, I4
J11, J21, J23, J31, 32

’ / / / ’
11> 921> 923> 31> 732

Ay, Ap, Az, Ay

I VA VA VT ¥
}/2 >Y13° 7210723 V31
J32

grc1(x), gpG (Y, 2)

ng, pgl’ ny’ )’fm
SNEGEI> SNEGE2
STEGE1, STEGE2

SPGES1, SPGES2
WNEGE1> WNEGE2

WrEGE1> WTEGE2

WpGEs1, WpGEs2

NEGE(W),  frEGE(V),
frgEs(W)

04, 05, 06, Ry, Om,s
Ty
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the executable strategies of PG
the executable strategies of NP
the executable strategies of EC
expected profits

average expected profits

rate-of-change of the proportion
of individuals who select a pure
strategy in the group of PGE,
NPSE, and ECS with the time
multiplicative factor functions
in the RD equations of the
TM-AEG system

the eigenvalue numbered X

the real part of the eigenvalue
numbered X

intermediate parameters used for
simplicity

elements in the Jacobian matrix
Jxox1 which is obtained when
x=0

elements in the Jacobian matrix
Jxox1 which is obtained when
x=1

parameters used for a concise
description

elements in the Jacobian matrix
J x0y0z0

multiplicative factor functions in
the RD equation of the group of
PGE

parameters calculated in situa-
tions for the group of PGE

the executable strategies of
NEGE

the executable
TEGE

the executable strategies of PGES
new energy generation outputs
(mainly photovoltaic and wind
power)

traditional fossil energy gener-
ation outputs (mainly thermal
power)

accommodations of new energy
generation by the power grid
enterprises

rate-of-change of the proportion
of individuals who select a pure
strategy in the group of NEGE,
TEGE, and PGES with the time
intermediate parameters used for
simplicity

strategies  of

/ / / l4 / /
Ay, Dy, o dys €5 [y
/ / I / !
gx/w hx/" AZ/” B%" CA//"
Dy, Ey, Fy, Gy, Hy

new payoff parameters of the
payoff matrix obtained in a
TM-AEG system

NEAS Nash equilibrium-based asymp-
totic stability

AEGs asymmetric evolutionary games

EM electricity market

MESS multi-group evolutionary stable
strategy

SGCs state grid corporations

EC electricity consumer

EV electric vehicle

NPSE new power supply entity

PGE power grid enterprise

ECS electricity consumers

LA load aggregator

UT-AEG unilateral two-group asymmetric
evolutionary game

TM-AEG trilateral multi-group asymmetric
evolutionary game

RD replicator dynamics

LST Lyapunov stability theory

ASEP asymptotically  stable equil-
ibrium point

ESE evolutionary stable equilibrium

UEEP unstable evolutionary equili-
brium point

GenCo generation corporation

GenCos generation corporations

SSGC small-sized GenCo groups

LSGC large-sized GenCo groups

NEGE individual sets of new energy
generation enterprises

TEGE the individual sets of traditional
fossil energy generation
enterprises

PGES the individual sets of power grid
enterprises

ESS evolutionary stable strategy

TOU time-of-use

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

J. Rifkin, The Third Industrial Revolution: How Lateral Power is Trans-
forming Energy, the Economy, and the World. New York, NY, USA:
Palgrave Macmillan, 2011, pp. 10-12.

J. H. Feng, B. Zeng, D. Zhao, G. Wu, Z. Liu, and J. Zhang,
“Evaluating demand response impacts on capacity credit of renewable
distributed generation in smart distribution systems,”” IEEE Access, vol. 6,
pp. 14307-14317, Sep. 2017, doi: 10.1109/ACCESS.2017.2745198.

S. Mohagheghi, F. Yang, and B. Falahati, “Impact of demand
response on distribution system reliability,” in Proc. IEEE. Power
Energy Soc. Gen. Meeting, Detroit, MI, USA, Jul. 2011, pp. 1-7,
doi: 10.1109/PES.2011.6039365.

J. Ikdheimo, C. Evens, and S. Kirkkidinen, “DER aggregator business:
The finish case,” Intell. Customer Interface Project, VIT Techn. Res.
Centre Finland, Helsinki, Finland, Res. Rep. VTT-R-06961-09, 2010.
Process for Participating Load Program (Ancillary
Services/Supplementary Energy), California Independ. Syst. Oper.,
Folsom, CA, USA, 2008.

J. Eyer and G. Corey, “Energy storage for the electricity grid: Benefits
and market potential assessment guide: A study for the DOE energy
storage systems program,” Sandia Nat. Lab., Albuquerque, NM, USA,
Tech. Rep. SAND2010-0815, Feb. 2010.

32085


http://dx.doi.org/10.1109/ACCESS.2017.2745198
http://dx.doi.org/10.1109/PES.2011.6039365

IEEE Access

L. Cheng, T. Yu: NEAS Analysis of Multi-Group AEGs in Typical Scenario of EM

[71
[8]

[91
[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

D. Fudenberg and J. Tirole, Game Theory. Cambridge, MA, USA:
MIT Press, 1992, pp. 2-5.

J. Richter and J. Viehmann, “The value of information in explicit cross-
border capacity auction regimes in electricity markets,” Energy Policy,
vol. 70, pp. 74-84, Jul. 2014.

T. Eyland and G. Zaccour, “Carbon tariffs and cooperative outcomes,”
Energy Policy, vol. 65, pp. 718-728, Feb. 2014.

Q. G. Yiand X. J. Zeng, “Complex dynamics and chaos control of duopoly
Bertrand model in Chinese air-conditioning market,” Chaos Solitons Frac-
tals, vol. 76, pp. 231-237, Jul. 2015.

O. Spiridonova, “Transmission capacities and competition in Western
European electricity market,” Energy Policy, vol. 96, pp. 260-273,
Sep. 2016.

M.-C. Hu, C.-H. Lin, C.-A. Chou, S.-Y. Hsu, and T.-H. Wen,
“Analysis of biomass co-firing systems in Taiwan power markets
using linear complementarity models,” Energy Policy, vol. 39, no. 8,
pp. 4594-4600, Aug. 2011.

D. E. Aliabadi, M. Kaya, and G. Sahin, “An agent-based simulation of
power generation company behavior in electricity markets under different
market-clearing mechanisms,” Energy Policy, vol. 100, pp. 191-205,
Jan. 2017.

M. Manbachi, A. Parsaeifard, and M.-R. Haghifam, “Generation expan-
sion planning of distributed generation sources in an energy market based
on Monte—Carlo simulation and game theory,” Energy Sources, B, Econ.,
Planning, Policy, vol. 10, no. 2, pp. 139-147, Sep. 2015.

J. Kaminski, “A blocked takeover in the polish power sector: A model-
based analysis,” Energy Policy, vol. 66, pp. 42-52, Mar. 2014.

J. J. Jiang, B. Ye, and X. M. Ma, “The construction of Shenzhen’s carbon
emission trading scheme,” Energy Policy, vol. 75, pp. 17-21, Dec. 2014.
M. Shafie-khah and J. P. S. Cataldo, ““A stochastic multi-layer agent-based
model to study electricity market participants behavior,” IEEE Trans.
Power Syst., vol. 30, no. 2, pp. 867-881, Mar. 2015.

M. Jenabi, S. M. T. F. Ghomi, and Y. Smeers, “Bi-level game approaches
for coordination of generation and transmission expansion planning
within a market environment,” IEEE Trans. Power Syst., vol. 28, no. 3,
pp. 2639-2650, Aug. 2013.

N. Rashedi, M. A. Tajeddini, and H. Kebriaei, ‘“Markov game approach
for multi-agent competitive bidding strategies in electricity market,” IET
Gener. Transmiss. Distrib., vol. 10, no. 15, pp. 3756-3763, Nov. 2016.

D. Menniti, A. Pinnarelli, and N. Sorrentino, ‘““‘Simulation of producers
behaviour in the electricity market by evolutionary games,” Electr. Power
Syst. Res., vol. 78, no. 3, pp. 475483, Mar. 2008.

A. A. Ladjici, A. Tiguercha, and M. Boudour, “Equilibrium calculation in
electricity market modeled as a two-stage stochastic game using compet-
itive coevolutionary algorithms,” IFAC Proc. Volumes, vol. 45, no. 21,
pp. 524-529, Sep. 2012.

J. M. Smith and G. R. Price, “The logic of animal conflict,” Nature,
vol. 246, pp. 15-18, Nov. 1973.

P. D. Taylor and L. B. Jonker, “Evolutionary stable strategies and game
dynamics,” Math. Biosci., vol. 40, nos. 1-2, pp. 145-156, Jul. 1978.

J. M. Smith, Evolution and the Theory of Games. Cambridge, U.K.:
Cambridge Univ. Press, 1982, pp. 5-7.

K. Tuyls et al., “Symmetric decomposition of asymmetric games,”
Sci. Rep., vol. 8, Jan. 2018, Art. no. 1015, doi: 10.1038/s41598-
018-19194-4.

J. W. Weibull, Evolutionary Game Theory. Cambridge, MA, USA:
MIT Press, 1997, pp. 7-9.

H. Gintis, Game Theory Evolving. Princeton, NJ, USA: Princeton Univ.
Press, 2009, pp. 10-15.

Z. Huang, H. Tian, S. Fan, Z. Xing, and X. Zhang, “Social-aware
resource allocation for content dissemination networks: An evolutionary
game approach,” IEEE Access, vol. 5, pp. 9568-9579, Dec. 2016,
doi: 10.1109/ACCESS.2016.2643158.

J. Huang, H. Zhang, and J. Wang, “Markov evolutionary games for
network defense strategy selection,” IEEE Access, vol. 5, pp. 19505-
19516, Sep. 2017.

J. Wang, Z. Zhou, and A. Botterud, “An evolutionary game approach to
analyzing bidding strategies in electricity markets with elastic demand,”
Energy, vol. 36, no. 5, pp. 3459-3467, May 2011.

M. A. Shattal, A. Wisniewska, A. Al-Fuqaha, B. Khan, and
K. Dombrowski, “Evolutionary game theory perspective on dynamic
spectrum access etiquette,” IEEE Access, vol. 6, pp. 13142-13157, 2017.
B. Zhu, X. Xia, and Z. Wu, “Evolutionary game theoretic demand-side
management and control for a class of networked smart grid,” Automatica,
vol. 70, pp. 94-100, Apr. 2016.

H. Chen, K. P. Wong, D. H. M. Nguyen, and C. Y. Chung, “Analyzing
oligopolistic electricity market using coevolutionary computation,”
IEEE Trans. Power Syst., vol. 21, no. 1, pp. 143-152, Feb. 2006.

32086

(34]

(35]

[36]

(37]

(38]
(391

[40]

[41]
(42]
(43]

[44]

[45]

[46]

[47]
(48]

(49]

(50]

[51]

S. X. Zhang, C. Y. Chung, K. P. Wong, and H. Chen, “Analyzing two-
settlement electricity market equilibrium by coevolutionary computation
approach,” IEEE Trans. Power Syst., vol. 24, no. 3, pp. 1155-1164,
Aug. 2009.

A. A. Ladjici and M. Boudour, “Nash—Cournot equilibrium of a dereg-
ulated electricity market using competitive coevolutionary algorithms,”
Electr. Power Syst. Res., vol. 81, no. 4, pp. 958-966, Apr. 2011.

A. A. Ladjici, A. Tiguercha, and M. Boudour, “Nash equilibrium in a
two-settlement electricity market using competitive coevolutionary algo-
rithms,” Int. J. Elect. Power Energy Syst., vol. 57, pp. 148—155, May 2014.
A. Traulsen, J. C. Claussen, and C. Hauert, “Coevolutionary dynamics:
From finite to infinite populations,” Phys. Rev. Lett., vol. 95, p. 238701,
Dec. 2005, doi: 10.1103/PhysRevLett.95.238701.

M. A. Nowak and K. Sigmund, “Evolutionary dynamics of biological
games,” Science, vol. 303, no. 5659, pp. 793-799, Feb. 2004.

A. Traulsen, C. Hauert, and H. G. Schuster, Stochastic Evolutionary Game
Dynamics, vol. 2. Hoboken, NJ, USA: Wiley, 2009, pp. 219-232.

L. A. Imhof and M. A. Nowak, “Evolutionary game dynamics in a
Wright-Fisher process,” J. Math. Biol., vol. 52, no. 5, pp. 667-681,
May 2006.

D. Foster and P. Young, ““Stochastic evolutionary game dynamics,” Theor.
Population Biol., vol. 38, no. 2, pp. 219-232, Oct. 1990.

R. Cressman and G. T. Vickers, ““Spatial and density effects in evolutionary
game theory,” J. Theor. Biol., vol. 184, no. 4, pp. 359-369, Feb. 1997.

K. G. Binmore, L. Samuelson, and R. Vaughan, ‘Musical chairs: Modeling
noisy evolution,” Games Econ. Behav., vol. 11, no. 1, pp. 1-35, Oct. 1995.
V. Corradi and R. Sarin, “Continuous approximations of stochastic evolu-
tionary game dynamics,” J. Econ. Theory, vol. 94, no. 2, pp. 163-191,
Oct. 2000.

L. A. Imhof, “The long-run behavior of the stochastic replicator
dynamics,” Ann. Appl. Probab., vol. 15, no. 1B, pp. 1019-1045, Feb. 2005.
J. M. Smith, “The stability of a dynamic model of traffic assignment—
An application of a method of Lyapunov,” Transp. Sci., vol. 18, no. 3,
pp. 245-252, Aug. 1984.

1. Gilboa and A. Matsui, ““Social stability and equilibrium,” Econometrica,
vol. 59, no. 3, pp. 859-867, May 1991.

D. Fudenberg and D. Levineb, “Learning in games,” Eur. Econ. Rev.,
vol. 42, nos. 3-5, pp. 631-639, May 1998.

U. Berger and J. Hofbauer, “Irrational behavior in the
Brown-von Neumann—Nash dynamics,” Game. Econ. Behav., vol. 56,
no. 1, pp. 1-6, Jul. 2006.

R. Farhangi, M. Boroushaki, and S. H. Hosseini, ‘‘Load—frequency control
of interconnected power system using emotional learning-based intelligent
controller,” Int. J. Elect. Power, vol. 36, no. 1, pp. 76-83, Mar. 2012.

V. Nanduri and T. K. Das, “A reinforcement learning model to assess

market power under auction-based energy pricing,” IEEE Trans. Power
Syst., vol. 22, no. 1, pp. 85-95, Feb. 2007.

LEFENG CHENG (S’15) received the B.Eng.
degree in electrical engineering from Huagiao
University, Quanzhou, Fujian, China, in 2012.
He is currently pursuing the Ph.D. degree with the
School of Electric Power, South China University
of Technology, Guangzhou, Guangdong, China.
His major research interests include evolutionary
game theory and electricity market, multi-group
game and optimal theory, multi-agent systems,
and reinforcement learning in operation of power
systems.

TAO YU (M’11) received the B.Eng. degree in
electrical power system from Zhejiang University,
Hangzhou, China, in 1996, the M.Eng. degree
in hydroelectric engineering from Yunnan Poly-
technic University, Kunming, China, in 1999, and
the Ph.D. degree in electrical engineering from
Tsinghua University, Beijing, China, in 2003. He is
currently a Professor with the College of Elec-
tric Power, South China University of Technology,
Guangzhou, China. His special fields of interest

include nonlinear and coordinated control theory, artificial intelligence tech-
niques in planning, and operation of power systems.

VOLUME 6, 2018


http://dx.doi.org/10.1038/s41598-018-19194-4
http://dx.doi.org/10.1038/s41598-018-19194-4
http://dx.doi.org/10.1109/ACCESS.2016.2643158
http://dx.doi.org/10.1103/PhysRevLett.95.238701

	INTRODUCTION
	RELATED WORK
	PRELIMINARIES AND METHODS
	NASH EQUILIBRIUM OF NORMAL-FORM GAME
	MESS
	RD
	ASEP
	ESE
	LST

	EXPERIMENTAL ILLUSTRATION
	UT-AEG IN THE TYPICAL SCENARIO OF GENERATION-SIDE EM
	STRATEGY DESCRIPTION
	RD EQUATIONS
	NEAS ANALYSIS

	TM-AEG IN THE TYPICAL SCENARIO OF DEMAND-SIDE EM
	STRATEGY DESCRIPTION
	RD EQUATIONS AND ITS JACOBIAN MATRIX
	NEAS ANALYSIS
	NEAS ANALYSIS FOR THE PGE GROUP


	AN ACTUAL CASE FOR VERIFICATION
	STRATEGY DESCRIPTION
	SCENARIO DISCUSSION

	DISCUSSION
	CONCLUSION
	REFERENCES
	Biographies
	LEFENG CHENG
	TAO YU


