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In order to save resources and reduce air pollution, human beings have begun to pay attention to the production and use of photovoltaic, wind power and other green power. Due to the difficulty of direct transaction between green power producers and power users, a park-level energy Internet has been proposed and used to connect all kinds of green electricity with power users. Then park users can effectively buy and use green electricity. Taking the park-level energy Internet as the scenario, this paper constructs a transaction model between green power operators and green power producers. The model is a dynamic game of complete and perfect information. The dynamic characteristics of this game model are analyzed by using semi-tensor product method, and corresponding strategies are provided for all players. From the results obtained, it is easy to find that in many cases, the strategy profile of all participants are constantly changing to obtain more profits, rather than stable at some traditional Nash equilibrium.
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1 INTRODUCTION
Because of the limited resources and the increasingly serious environmental pollution, in recent years, many countries in the world have paid much attention to the production and consumption of renewable energy. For example, China has issued many policy documents on renewable resources, which promoted the rapid development of China’s renewable resources. More and more households are trying to produce and use green power, such as photovoltaic and wind power. These households may sell their excess electricity to the grid company or directly to other customers. In the future, the power grid company may be more responsible for power grid operation, maintenance, power transmission, system upgrade and capacity expansion. For both sides of the direct transaction of green power, the power grid company charges an appropriate network fees to ensure sufficient communication capability between the power management system and scheduling agencies (Deng et al., 2019).
On the other hand, since green power transactions involve many technical issues in data processing, security and so on, a kind of energy Internet appears, called park-level energy Internet. Through interconnection of multiple types of distributed energy sources, multiple types of loads, energy storage and information flow, etc., park-level energy Internets can promote a large proportion of renewable energy access and green power market transaction (Huang et al., 2020). And in order to realize the continuous power supply to the users in the park, the park-level energy Internet is connected to the external power grid, which plays a unified role in the allocation of power resources and acts as a backup power source through the dual-main line configuration (Zhang and Tong, 2022).
However, there are various difficulties in the process of direct transaction between green power producers (GPPs) and power users. The current direct trade rules can not guarantee the interests of all parties directly related to the transaction. Therefore, there is usually a green power operator (GPO) in the park. The GPO purchases power from traditional energy generators, renewable energy generators and external grids. And it determines a price at which the GPO sells green electricity to users by referring to the traditional electricity price and the history of transactions.
Many excellent researchers have considered the transaction model between GPOs and park users and have given some results (Sun and Nie, 2015; Pineda and Bock, 2016; Tai et al., 2016; Zhang and Tong, 2022). But they all emphasize the application of block chain technology in energy trading. For example, Zhang used block chain technology to build a bargaining game model of power transaction between GPOs and power users (Zhang and Tong, 2022). However, there is little discussion on how to determine a price at which small-scale GPPs sell green power to GPOs. Taking the park as the application background, we try to model and analyze the transaction process of GPOs and GPPs.
2 PRELIMINARIES
For the sake of simplicity, we introduce some notations.
• [image: image]: the ith column of the n × n identity matrix;
• [image: image], namely Δn denotes the set of all columns of n × n identity matrix;
• [image: image], called logical matrix;
• [image: image]: the set of m × n logical matrices;
• [image: image]: the set of all m × n real matrices;
• [image: image]: the set of all n-dimensional real vectors;
• Coli(M) (Rowi(M)): the ith column (row) of a matrix M.
The green power trading model we will establish later is a game model, so we need to give a proper strategic updating rule and analyze its characteristics. The following are two basic concepts of game theory.
Definition 1 [(Cheng et al., 2015; Robert, 1999)]. A normal game consists of three factors:
1) n players N = {1, 2, … , n};
2) Player i has the strategy set Si = {1, 2, … , ki}, i = 1, 2, … , n, and [image: image] is the set of profiles;
3) Payoff functions [image: image].
Definition 2 [(Robert, 1999)]. In the n-player normal game G = {S1, … , Sn; c1, … , cn}, the strategies [image: image] are a Nash equilibrium if, for each player [image: image] is player i′s best response to the strategies specified for the n − 1 other players [image: image]:
[image: image]
For a dynamical game, it has been proved in (Cheng et al., 2015) that the game can be determined as a logical dynamic system, as long as its strategy updating rule is assigned. By using a new mathematical tool, called semi-tensor product of matrices (STP), we are able to convert a logical system into its algebraic form (Cheng and Qi, 2009; Cheng and Qi, 2010). Then it is convenient to study logical system under an algebraic framework. In the following, we recall STP and some basic results.
Definition 3 [(Cheng and Qi, 2010)]. Let [image: image], and denote the least common multiplier of n and p by l = l cm (n, p). Then the STP of A and B is defined as
[image: image]
where Ik is the k × k identity matrix, ⊗ is the Kronecker product of matrices.
Remark 1. STP is a natural generalization of the traditional matrix product, since all fundamental properties of the traditional matrix product are retained. Especially, STP coincides with the traditional matrix product when n = p. So the matrix products used in this paper can be thought of as STP and the symbol ⋉ is usually omitted. Some important properties of STP are listed in the following. We refer to (Cheng et al., 2011) for more details.
1) A mn × mn matrix
[image: image]
is called swap matrix. For any two column vectors [image: image] and [image: image], we have
[image: image]
2) A 22n × 2n logical matrix Φn is defined as
[image: image]
For any [image: image], we have [image: image].
Example 1.
1) Let [image: image], [image: image]. According to Definition 3, we have
[image: image]
2) Let [image: image], [image: image]. Then
[image: image]
3 MODEL
3.1 Problem analysis
Normally, a small-scale GPP can only sell its green electricity to GPOs, but a GPO may choose to buy traditional electricity outside the park when the electricity price of surrounding GPPs is too high. A GPO usually has multiple GPPs as its neighborhoods. Similarly, each GPP often has multiple GPOs nearby to trade with. Therefore, there is not only competition among operators, but also among nearby GPOs, and none of them can dominate the market alone. To sum up, when the traditional electricity price is lower than the green electricity price, the green power acquisition transaction is regarded as a game model, where the neighbors of a GPP are only GPOs, and the GPO’s neighbor has only GPPs, too.
The GPO usually exists in the form of a company or enterprise, and the majority of GPPs are households. So GPPs have no opportunity to bargain directly with GPOs. The transaction process of GPOs and GPPs is roughly as follows:
• Step1. It is required by the third-party platform that all GPPs participating in trading activities, must give their quoted price before the official quotation of the GPO on the same day.
• Step2. The GPO quotes once a day based on the current market conditions.
• Step3. If a GPP agrees to the quotation, then a green electricity transaction between them takes place. Otherwise, the transaction fails and they look forward to next deal.
It is noted that in Step 1, no GPO knows these prices before its quotation. In other words, only after the GPO makes a quotation can it learn of the price of each GPP from the third-party platform, and use it as the reference data for its next quotation. GPOs will make appropriate strategic adjustments according to the previous historical transaction data. Roughly speaking, when the previous transaction price is low, the quotation is still not high and then many GPPs are reluctant to sell green electricity to GPOs. When the transaction volume decreases to a certain extent, or even threatens to be insufficient to maintain the green power supply of GPOs to park users, the quoted price is raised but still not higher than the traditional electricity price.
Similar to the study of general game problems, we assume that.
1) All players are rational and choose the appropriate decisions in order to make more profits every time;
2) GPOs cannot make profits in partnership and must quote independently, and the same to GPPs;
3) GPPs can only sell green power to GPOs nearby, and any one of GPOs has the ability to accept all the renewable electricity in the vicinity.
3.2 Strategy updating rule
As analyzed in Section 3.1, the transaction process of GPOs and GPPs is regarded as a game. We adopt Unconditional Imitation (Nowak and May 1992) as the strategy updating rule. Precisely speaking, if
[image: image]
then
[image: image]
where [image: image], xi(t) is the strategy of player i at time t, U(i) is the neighborhood of player i (here, meaning those players that can trade with player i).
When there are two different subscripts [image: image] and [image: image], satisfying
[image: image]
We describe the strategy in two cases. One is that when the player i is GPP, we set
[image: image]
Another is that when the player i is GPO, we choose
[image: image]
3.3 Payoff Bi-matrix
The traditional electricity price of the external network is used as a reference of GPOs. The general cost Cg of a GPO includes two parts: the cost C1 of purchasing green power from GPPs, the cost C2 of operation and maintenance of the GPO, namely
[image: image]
According to Assumption 1, only when the green electricity price sold to park users is not higher than the traditional electricity price outside the park, these users are willing to buy green electricity instead of traditional electricity. Therefore, in order to retain these users, the price Pusers at which GPO sells green power to users, should be less than the traditional electricity price Ptraditional, namely
[image: image]
For any GPO, the following inequality holds to ensure the investment profit in green power
[image: image]
where Pquotation is GPO’s quotation for green electricity from GPPs; Poperation is the cost price of GPO′ operation and maintenance, i.e., the average operating cost of GPO.
Combing (Eqs. 9, 10), we have
[image: image]
Hence we get
[image: image]
That is, when purchasing green power from GPPs, GPO’s quotation should not be higher than the difference between the traditional electricity price and the cost price of GPO′ operation and maintenance.
For any GPP, it is also necessary to ensure its profit, so that the GPP is willing to make a green electricity deal with a GPO. Therefore, Pquotation should not be lower than the cost price Pproduce of the GPP.
[image: image]
From (Eqs. 11–13), we have
[image: image]
Let Pproduce = A and Ptraditional − Poperation = B. We divide interval [A, B] into n + 2 grades: A, [image: image] and B. From Assumption 1, no player (i.e. GPO and GPP) wants to choose extreme strategy A or strategy B. Assume that there are m GPPs and GPOs. We set
[image: image]
We simply denote [image: image] as i, i = 1, 2, … , n. Using Unconditional Imitation as the strategy updating rule, we get the payoff bi-matrix as in Table 1.
TABLE 1 | Payoff bi-matrix.
[image: Table 1]Remark 2.
1) The profit of green power is divided into n + 1 shares on average. The number of shares to win, except for extreme strategies, is considered as a strategy for each player to act in our model.
2) From Table 1, it is easy to find that the payoff bi-matrix is an asymmetry and upper triangular matrix. This characteristic is determined by the transaction process of GPOs and GPPs, which is shown in Section 3.1.
According to Theorem 3.1 of (Cheng et al., 2015), the strategy dynamics of each player can be expressed as a n-valued logical dynamic system. Now we identify [image: image] with k, k = 1, 2, … , m, then each strategy profile [image: image] is equivalent to [image: image], where
[image: image]
Namely,
[image: image]
We use xi(t) to express the strategy of player i at time step t. Define [image: image]. Then based on STP (Cheng and Qi, 2010), enable us to equivalently transform the above green power transaction model into a linear form as in (Eq. 15).
[image: image]
where [image: image] is called the structure matrix of system.
Theorem 1. Assume that there are m1 GPOs and m2 GPPs nearby, and denote m = m1 + m2. For the green power transaction model provided above, a strategy profile [image: image] is a Nash equilibrium, if and only if Rowr (Colr(M)) = 1, where [image: image].
Froof. For a strategy profile [image: image], if Rowr (Colr(M)) = 1, where [image: image], then [image: image] is a fixed point of system (15), since it satisfies [image: image]. According to the strategy updating rule, each player adopt the best strategy from his neighborhoods. So the fixed point shows that player i still choose the same strategy as before, as long as the strategies of all other players remain unchanged. From Definition 2, [image: image] is a Nash equilibrium. The above analysis process can be deduced backwards. Therefore, the proof is completed.
4 ILLUSTRATIVE EXAMPLE
For the convenience of showing the method itself, we assume that there are two GPOs and two GPPs nearby. The topology diagram is given as in Figure 1.
[image: F1]FIGURE1 | The topology diagram of two GPOs and two GPPs.
Set n = 2 and divide interval [A, B] into 4 grades: A, A+ (B− A)/3, A+ 2(B− A)/3 and B. According to the above analysis, four players consisting of two GPPs and two GPOs, definitely not choose extreme strategies A or B. We denote A+ (B− A)/3 and A+ 2(B− A)/3 by 1 and 2, respectively. From Table 1, the payoff bi-matrix is given as in Table 2.
TABLE 2 | Payoff bi-matrix for the case of n = 2.
[image: Table 2]In the following, we illustrate how to use the payoff bi-matrix and the strategy updating rule, introduced above, to establish the dynamic characteristics for each player. For example, let x1(t) = x4(t) = 2, x2(t) = x3(t) = 1. For GPP1, it has two neighborhoods: GPO 1 and GPO 2. Then we get
[image: image]
We use the same argument for each profile [image: image], and can compute next action for each player as in Table 3.
TABLE 3 | Strategy updating for the case of two GPOs and two GPPs.
[image: Table 3]Identify action k with [image: image]. From Table 3, it is verified for each player’ strategy that its dynamic characteristics is
[image: image]
where [image: image], and
[image: image]
By using properties of STP, we obtain
[image: image]
where
[image: image]
It is easy to find two elements on the diagonal of matrix M. So there are only two equilibrium points in this game: [image: image] and [image: image], namely Nash equilibriums. In addition, by a simple computation we get a limit cycle [image: image]. And their attraction domains are
[image: image]
The state transition diagram of system 16) is given in Figure 2. From Figure 2 and Theorem 1, we know that only when the initial state is taken from [image: image] and [image: image], system (16) will be stable at the Nash equilibrium [image: image] (meaning strategy profile (1, 1, 1, 1)) and [image: image] (meaning strategy profile (2, 2, 2, 2)), respectively.
[image: Figure 2]FIGURE 2 | The state transition diagram of system (16).
Remark 3. The results obtained above show that the strategy profile depends on its initial state, and finally be stable at one of three attractors. We explain it in three cases.
• If player i chooses an initial strategy profile from {(1, 1, 1, 1), (1, 1, 2, 1), (2, 1, 1, 1)}, then the strategy profile will reach (1, 1, 1, 1) and be stable at this point in order to make as much profit as possible.
• If the player adopts an initial strategy profile from {(2, 1, 2, 2), (2, 2, 2, 1), (2, 2, 2, 2)}, then the strategy profile will be stable at (2, 2, 2, 2).
• For other initial strategy profiles, they change every time. That is, they are unstable.
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