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Abstract—With the development of distributed trading 
mechanism, using Peer-to-Peer (P2P) to realize fair and developed 
transactions becomes a reality. P2P method is used to schedule the 
charging behavior of electric vehicles, which can not only achieve 
the function of peak clipping and valley filling, but also alleviate the 
influence of three-phase imbalance. This paper proposes an energy 
transaction model which consists of two parts. The first part is a new 
auction in which participants can look at historical data to see how 
competitive they are. The second part is the interaction between the 
charging station operator and the participants who are not matched 
in the first part. Case study shows the effectiveness of this distributed 
trading mechanism. 

Keywords—Blockchain, Energy match model, Electricity 
market, Three-phase imbalance 

NOMENCLATURE 
Variables and Functions: 

𝑎𝑎, 𝑏𝑏 Rank expectation of buyer  
𝐸𝐸𝐸𝐸𝑖𝑖𝑏𝑏 Evaluation price of buyer i  
𝑏𝑏𝐸𝐸𝑏𝑏𝑖𝑖  Bidding price of buyer i  
𝐵𝐵𝐵𝐵𝑖𝑖𝑏𝑏 Bidding quantity of buyer i  
𝑃𝑃 Probability function 
𝑓𝑓 Bidding strategy function 

𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖,𝑡𝑡𝑏𝑏  Possibility of EV buyers working with charging 
system operator (CSO) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖,𝑡𝑡𝑏𝑏  Possibility of EV sellers working with CSO 
𝐸𝐸𝑏𝑏 Mathematical expectation of the transaction 

volume when participants are partially matched 
in double auction 

𝐹𝐹𝑜𝑜𝑏𝑏𝑜𝑜 The objective function of CSO  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 The cost function of CSO  
η𝑠𝑠𝑠𝑠𝑡𝑡 The social welfare function of CSO 
η𝑖𝑖𝑖𝑖𝑏𝑏  Three-phase imbalance penalty function 

𝑇𝑇𝑇𝑇𝑖𝑖,𝑡𝑡
𝑏𝑏,𝐶𝐶𝐶𝐶𝐶𝐶 The transaction amount that CSO trade with the 

buyers 
𝑇𝑇𝑇𝑇𝑜𝑜,𝑡𝑡

𝑠𝑠,𝐶𝐶𝐶𝐶𝐶𝐶 The transaction amount that CSO trade with the 
sellers 

𝑚𝑚𝐴𝐴,𝑛𝑛𝐴𝐴,𝑚𝑚𝐵𝐵 , 
𝑛𝑛𝐵𝐵 ,𝑚𝑚𝐶𝐶 ,𝑛𝑛𝐶𝐶   Auxiliary variable 

Constants and Sets: 
𝑂𝑂 Breakpoint in double auction mechanism 
𝑜𝑜 The value of the breakpoint a  on the x axis 

𝑏𝑏𝐸𝐸𝑏𝑏𝐶𝐶𝐶𝐶𝐶𝐶 Price of CSO for trading with buyers 
𝑏𝑏𝐸𝐸𝑏𝑏𝐶𝐶𝐶𝐶𝐶𝐶  Price of CSO for trading with sellers 

λ𝐺𝐺 Cost of purchasing electricity from the grid for 
the CSO 

𝐵𝐵𝑂𝑂𝐵𝐵 Number of buyers 
𝐵𝐵𝑂𝑂𝑁𝑁 Number of sellers 
𝐵𝐵𝑂𝑂𝑇𝑇 Number of time slot 
𝑤𝑤 Weight value in objective function  
α Responsibility allocation coefficient 

I . INTRODUCTION 

As distributed trading matures, this approach could be 
applied to the scheduling of electric car charging. Because large-
scale electric vehicle charging can have a big negative impact 
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on the grid [1]. The charging of electric vehicles is characterized 
by randomness and high charging power. In order to cope with 
the impact of the above characteristics of electric vehicle (EV) 
charging on the power grid, the time of use (TOU) electricity 
price was proposed to control the charging time of EV by 
referring to reference [2]. With the addition of electric buses, 
although the charging regularity of electric buses is obvious, it 
will still pose risks to the safe and stable operation of the 
distribution network. Reference [3] proposed a reasonable 
planning of quick charging stations to reduce the pressure of 
electric bus charging on the power grid. After the control, the 
impact of EV load on the power grid was reduced. Disordered 
charging will have a negative impact on the distribution 
network. In reference [4], dispatching load from the demand side 
can respond well to the operating pressure of distribution 
network. Through reasonable dispatching, the effect of peak 
clipping and valley filling can be realized, the uncertainty of 
power network can be reduced and the influence of three-phase 
balance can be alleviated [5]-[7]. Although the above methods 
can improve the operation stability of the power grid, they are 
all centralized management and lack of detailed models for 
individuals. 

Peer-to-peer (P2P) may be the solution to the above 
problems. In reference [8], the role of blockchain technology is 
introduced in detail. Each individual plays a game with each 
other to get a state most suitable for their own interests. This 
method can effectively coordinate the transaction between 
individuals. In reference [9], P2P method is used to schedule 
charging of vehicle-to-vehicle (V2V), which plays the role of 
peak shaving and valley filling, and the charging cost of electric 
vehicles is reduced. There are N buyers and M sellers in a P2P 
trading mechanism. Auctions reflect participants' valuations, 
electricity consumption and other factors. Electric vehicles can 
be used as buyers of electric energy to participate in P2P 
transactions to get good charging costs. In reference [10], a 
vehicle-to-grid (V2G) energy trading system using blockchain 
was proposed. Reference [11] solved demand response by an 
online double auction, which is also effective in protecting 
participants' privacy. The above research had achieved good 
results, but the balance of social interests and the use of 
resources were not considered. 

Previous work considered the feasibility between blockchain 
and EVs transactions and an energy transaction mechanism on 
the basis of blockchain was proposed [12]. Different to previous 
work, this paper presents an energy match model, considering 
the interaction between EVs transactions and load imbalance. In 
[13], a modified decentralized finite control set model predictive 
control (FCS-MPC) scheme for the distributed energy resources 
(DERs) was proposed to improve the power management 
quality of the prosumers integrated with microgrids under the 
condition of harmonic and unbalance loads. Three-phase 
unbalance is a very important factor when considering the safety 
and stable operation of distribution network. The main 
contributions of this paper are: (a) This paper proposes an energy 
transaction mechanism, which includes energy transaction 
between EVs and dispatch of the charging system operator 
(CSO). (b) In the dispatch of CSO, a penalty item is added to 
avoid too dispersed charging strategy of EVs. Moreover, the 

penalty term of three-phase load imbalance is added. (c) The 
paper linearizes the scheduling problem in the second stage. 

The rest of this paper is as follows. In Section II, the energy 
match model is proposed concerning double auction and 
intelligent match. Section III describes how the model is 
linearized. Section IV demonstrates the validity of the model. 
Sections V gives the conclusion and future work. 

II. PROBLEM IN MODEING
In the previous auction research, the reuse of energy in the 

auction was often neglected. This section will describe how to 
form a double auction of energy match and an intelligent match 
model that takes into account the optimization of the three-phase 
imbalance. 

A. The auction
There are two stages in an auction. In the first stage, electric

vehicles can be plugged into an energy-match system on 
demand. In an energy-match system, buyers and sellers bid 
according to their own demand or supply. Buyers and sellers 
cannot get all the information, which is an incomplete 
information game. This requires the use of blockchain 
technology, which makes the data of transactions public. In this 
way, participants in the energy match system can make 
decisions based on current and historical data to improve their 
own interests. 

This auction mechanism is shown in Fig.1. Buyers are 
ranked from highest to lowest according to demand and bidding 
price. On the other hand, sellers follow the opposite. 
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Buyers: ranked according to their price from highest to lowest
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Fig.1. Schematic diagram of double auction 

As shown in Fig. 1, buyer decides the bidding price 
according to his emergency demand for power supply. For 
buyers, the higher the bid price, the higher the probability of a 
successful match. The relationship between ranking and 
valuation can be expressed by the following equation. 

𝑎𝑎�𝐸𝐸𝐸𝐸𝑖𝑖𝑏𝑏� =  � 𝑃𝑃(𝑏𝑏𝐸𝐸𝑏𝑏𝑘𝑘 − 𝑏𝑏𝐸𝐸𝑏𝑏𝑖𝑖) ∙
𝑁𝑁𝐶𝐶𝐵𝐵

𝑘𝑘=1,𝑘𝑘≠𝑖𝑖

𝐵𝐵𝐵𝐵𝑘𝑘𝑏𝑏 −
1
2
∙ 𝐵𝐵𝐵𝐵𝑘𝑘𝑏𝑏 (1)
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𝑏𝑏�𝐸𝐸𝐸𝐸𝑖𝑖𝑏𝑏� =  � 𝑃𝑃(𝑏𝑏𝐸𝐸𝑏𝑏𝑘𝑘 − 𝑏𝑏𝐸𝐸𝑏𝑏𝑖𝑖) ∙
𝑁𝑁𝐶𝐶𝐵𝐵

𝑘𝑘=1,𝑘𝑘≠𝑖𝑖

𝐵𝐵𝐵𝐵𝑘𝑘𝑏𝑏 +
1
2
∙ 𝐵𝐵𝐵𝐵𝑘𝑘𝑏𝑏 (2)

Set the dotted line as the auction break point. The projection 
of dotted line O onto the X-axis is equal to o. By comparing the 
values 𝑎𝑎𝑖𝑖,𝑏𝑏𝑖𝑖 and o, participants can estimate their auction status 
(success or failure). Blockchain technology can provide 
participants with more historical data that they can analyze to 
make a reasonable bid. We can obtain the buyer's optimal 
bidding strategy by maximizing the buyer's revenue expectation. 

𝑏𝑏𝐸𝐸𝑏𝑏𝑖𝑖∗ = 𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎 �
𝑃𝑃�𝑏𝑏�𝐸𝐸𝐸𝐸𝑖𝑖𝑏𝑏� < 𝑜𝑜� ∙ 𝐵𝐵𝐵𝐵𝑘𝑘𝑏𝑏 ∙ �𝐸𝐸𝐸𝐸𝑖𝑖𝑏𝑏 − 𝑏𝑏𝐸𝐸𝑏𝑏𝑖𝑖�

+𝑃𝑃�𝑎𝑎�𝐸𝐸𝐸𝐸𝑖𝑖𝑏𝑏� < 𝑜𝑜 < 𝑏𝑏�𝐸𝐸𝐸𝐸𝑖𝑖𝑏𝑏��
∙ 𝐵𝐵𝐵𝐵𝑖𝑖𝑏𝑏 ∙ �𝐸𝐸𝐸𝐸𝑖𝑖𝑏𝑏 − 𝑏𝑏𝐸𝐸𝑏𝑏𝑖𝑖�

� (3) 

The seller's best bidding strategy can be obtained using the 
same method. Each participant submits his or her best bid as a 
buyer or seller. 

B. Smat match
Fig. 1 shows that the transaction will be close after o point.

At this time, CSO proposes a price which is better than the 
market clearing price, and the EV that fails to match will be 
willing to trade with CSO. After the deal, the central power 
company can store or sell the excess power to other grids. 

The second stage of the auction begins after the o point, and 
the CSO proposes the appropriate strategy to complete the match 
of EVs that have not been successfully matched in the first stage. 

After collecting information on participants who is willing 
to join the second stage, the mathematical model of CSO can be 
established. The objective function of CSO includes three parts, 
namely cost, social welfare and three-phase balance factor. The 
objective function is shown below. 

min𝐹𝐹𝑜𝑜𝑏𝑏𝑜𝑜 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑤𝑤1η𝑠𝑠𝑠𝑠𝑡𝑡 + 𝑤𝑤2η𝑖𝑖𝑖𝑖𝑏𝑏 (4) 

The cost part is divided into two parts, namely, the cost of 
procuring the copy and the cost of charging and discharging as 
follows: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = ���𝑇𝑇𝑇𝑇𝑜𝑜,𝑡𝑡
𝑠𝑠,𝐶𝐶𝐶𝐶𝐶𝐶 ∙

𝑁𝑁𝐶𝐶𝐶𝐶

𝑜𝑜=1

𝑏𝑏𝐸𝐸𝑏𝑏𝐶𝐶𝐶𝐶𝐶𝐶 − � 𝑇𝑇𝑇𝑇𝑖𝑖,𝑡𝑡
𝑏𝑏,𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑏𝑏𝐸𝐸𝑏𝑏𝐶𝐶𝐶𝐶𝐶𝐶

𝑁𝑁𝐶𝐶𝐵𝐵

𝑖𝑖=1

�
𝑁𝑁𝐶𝐶𝑁𝑁

𝑡𝑡=1

+ � λ𝐺𝐺 �� 𝑇𝑇𝑇𝑇𝑖𝑖,𝑡𝑡
𝑏𝑏,𝐶𝐶𝐶𝐶𝐶𝐶

𝑁𝑁𝐶𝐶𝐵𝐵

𝑖𝑖=1

−�𝑇𝑇𝑇𝑇𝑜𝑜,𝑡𝑡
𝑠𝑠,𝐶𝐶𝐶𝐶𝐶𝐶

𝑁𝑁𝐶𝐶𝐶𝐶

𝑜𝑜=1

�
𝑁𝑁𝐶𝐶𝑁𝑁

𝑖𝑖=1

(5)

In order to make EV charging more satisfactory and try to 
make the charging time after CSO scheduling more concentrated, 
the satisfaction function is expressed as follows: 

η𝑠𝑠𝑠𝑠𝑡𝑡 = ����𝑦𝑦𝑖𝑖,𝑡𝑡𝑏𝑏 − 𝑧𝑧𝑖𝑖,𝑡𝑡𝑏𝑏 � + ��𝑦𝑦𝑜𝑜,𝑡𝑡
𝑠𝑠 + 𝑧𝑧𝑜𝑜,𝑡𝑡

𝑠𝑠 �
𝑁𝑁𝐶𝐶𝐶𝐶

𝑜𝑜=1

𝑁𝑁𝐶𝐶𝐵𝐵

𝑖𝑖=1

�
𝑁𝑁𝐶𝐶𝑁𝑁

𝑖𝑖=1

(6) 

The penalty function for three-phase imbalance is shown 
below: 

η𝑖𝑖𝑖𝑖𝑏𝑏 = � � �𝑃𝑃𝑡𝑡𝑥𝑥 −
1
3

(𝑃𝑃𝑡𝑡𝐴𝐴 + 𝑃𝑃𝑡𝑡𝐵𝐵 + 𝑃𝑃𝑡𝑡𝐶𝐶)�
𝑋𝑋∈[𝐴𝐴,𝐵𝐵,𝐶𝐶]

𝑁𝑁𝐶𝐶𝑁𝑁

𝑖𝑖=1

(7) 

Where, ,0 , ,
, ,

1 1

NOB NOS
A A A b CSO A s CSO

t t i i t j j t
i j

P P TA TAα β
= =

= + −∑ ∑ (8) 

B,0 , ,
, ,

1 1

NOB NOS
B B b CSO B s CSO

t t i i t j j t
i j

P P TA TAα β
= =

= + −∑ ∑  

C,0 , ,
, ,

1 1

NOB NOS
C C b CSO C s CSO

t t i i t j j t
i j

P P TA TAα β
= =

= + −∑ ∑  

The constraints are shown below. 

(1) Constraints on which phase the EVS is assigned to charge 
or discharge. 

α𝑖𝑖𝐴𝐴 + α𝑖𝑖𝐵𝐵 + α𝑖𝑖𝐶𝐶 = α𝑖𝑖 (9) 

β𝑜𝑜
𝐴𝐴 + β𝑜𝑜

𝐵𝐵 + β𝑜𝑜
𝐶𝐶 = β𝑜𝑜 (10) 

(2) Constraints reflecting charging and discharging times in
(6) is as follows:

𝑦𝑦𝑖𝑖,𝑡𝑡𝑏𝑏 − 𝑧𝑧𝑖𝑖,𝑡𝑡𝑏𝑏 = 𝐼𝐼𝑖𝑖,𝑡𝑡𝑏𝑏 − 𝐼𝐼𝑖𝑖−1,𝑡𝑡
𝑏𝑏 (11) 

𝑦𝑦𝑖𝑖 ,𝑡𝑡𝑏𝑏 + 𝑧𝑧𝑖𝑖,𝑡𝑡𝑏𝑏 ≤ 1 (12) 

𝑦𝑦𝑖𝑖 ,𝑡𝑡𝑏𝑏 , 𝑧𝑧𝑖𝑖,𝑡𝑡𝑏𝑏 ∈[0,1] (13) 

(3) Other constraints: Limit of demand balance. Constraint
between dispatch variable ,

b
i tI , iα  and ,

,
b CSO
i tTA . 

III. MODEL LINEARIZATION
In Section II, there are nonlinear items in the scheduling 

scheme, which will affect the computational efficiency. In some 
cases, the absolute value can be converted to a linear form, as 
shown in [10]. 

A. The linearized model for the absolute value part
The absolute value part of Equation (8) can be linearized in

the following way. To solve this problem, auxiliary variables 
, , , , ,A A B B C Cm n m n m n are introduced. 

Equation (8) can be rewritten as follows: 

1 [ , , ]

( )

. .

3

3

3
,

NOT
X X
t t

t X A B C

A B C
A A At t t

t t t

A B C
B B Bt t t

t t t

A B C
C C Ct t t

t t t

X X
t t

m n

s t

P P P
P m n

P P P
P m n

P P P
P m n

m n

= ∈

+

+ +
− = −

+ +
− = −

+ +
− = −

≥

∑ ∑

0     [
 in

,
t

,
 

]
Other const

C
ra

X A B
s

∈
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 (14) 

B. The linearized model of the product of variables
Equation (14) can be replaced as follows:

𝑃𝑃𝑡𝑡𝐴𝐴 = 𝑃𝑃𝑡𝑡
𝐴𝐴,𝐶𝐶 + � ∆𝑃𝑃𝑖𝑖,𝑡𝑡

𝐴𝐴,𝑏𝑏
𝑁𝑁𝐶𝐶𝐵𝐵

𝑖𝑖=1

−� ∆𝑃𝑃𝑜𝑜,𝑡𝑡
𝐴𝐴,𝑠𝑠

𝑁𝑁𝐶𝐶𝐶𝐶

𝑜𝑜=1

(15) 

  With constraints and M is a big enough number. 
, ,

, ,
,

,

(1 ) (1 )
0

A A b b CSO A
i i t i t i

A b A
i t i

M P W M
P M

α α
α

− − ⋅ ≤ ∆ − ≤ − ⋅
≤ ∆ ≤ ⋅

           (16)

IV. CASE STUDY
In the above trading mechanism, EVs explore auction 

information more deeply, improving the probability of 
successful transactions and pursues higher profits. CSO not only 
considers the demand/supply match problem of EVs, but also 
aims to alleviate the load imbalance of nearby users. This case 
adopts EVs behavior data  and three-phase load as in [11] and 
[12] respectively, and EVs data includes the
charging/discharging amount and time of 150 buyers and 120
sellers.

A. The transaction results of participants
In this part, we will compare the experimental results

whether EVs participate or not in the proposed trading 
mechanism. Table 1 shows the transaction results of EVs when 
they participate this transaction or not. 

Table 1: Cost (Revenue) of participants whether to participate 
or not in the proposed transaction mechanism 

Participant Buyer Seller 
Total cost/benefit in 

double auction ($) 103.63 103.63 

Total cost/benefit in 
smart match ($) 37.65 101.36 

Total cost/benefit in 
energy match process ($) 271.73 206.16 

Total cost/benefit 
without  participation ($) 284.11 188.24 

From the comparison of the experimental results, we can 
conclude that participating in this transaction mechanism is 
profitable for the participants. The average buyer's cost declines 
from $1.89 to $1.81, and the average seller's benefit rises from 
$1.57 to $1.72, which greatly encourages EVs to participate in 
this mechanism. 

B. The influence on three-phase load
Another important point is that the electricity traded from the 

EVs will be transferred to nearby buildings to alleviate the three-
phase load imbalance. Fig. 2 shows the three-phase load of 
nearby building, and Fig. 3 shows the three-phase load after 
smart match. 

Fig.2. Three-phase load of nearby building 

Fig. 3. Three-phase load after smart match 

From Figs. 2 and 3, it can be sent that smart match is 
effective for the elimination of load imbalance. imbη , which 
reflects the three-phase imbalance, is as high as 319.33 kWh in 
Fig. 2, and this number is reduced to 47.2 kWh in Fig. 3. 
Therefore, it is feasible to take EVs energy transaction into 
account to eliminate load imbalance. 

V. CONCLUSION
A new energy match mechanism is proposed in this paper 

for mitigating three-phase imbalance by scheduling electric 
vehicle charging. The mechanism iincludes two-way auction 
and smart match. This paper presents a new incomplete 
information game in two-way auction. The approach proposed 
in this paper is more effective when more transparent historical 
information is available. Using blockchain technology, 
participants have access to open historical data. The main benefit 
for the buyer was the reduction in the buyer's cost from $1.8941 
to $1.5084. Different from the traditional auction mechanism, 
this auction mechanism increases the intelligent match, which is 
useful to the energy recovery and utilization of electric vehicles. 
From the point of view of power grid, this energy management 
mechanism can play the role of peak clipping and valley filling. 
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Moreover, the objective function considers the optimization of 
three-phase imbalance of the power grid. The system using this 
method reduces the three phase imbalance from the original 
319.33 kWh to 47.2 kWh. 

Future work can take into account the voltage offset of the 
grid nodes. Electric vehicles can be used as a mobile energy 
storage system for reasonable dispatching to achieve economic 
and stable power grid operation. 
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