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Abstract: In order to reduce the load peak valley difference of a charging
station and improve the stability of load operation, a load coordination control
method of new energy vehicle charging station based on Markov chain was
proposed. The Markov chain theory is applied to determine the state transition
form of the new energy vehicle charging load, and the required charging time is
calculated. The least square method and inverse linear regression equation are
used to predict the output load of new energy vehicle charging station. The load
objective function and constraint conditions of the charging station are
constructed, and the load coordination control objective is determined to
achieve accurate control of the charging load. The experimental results show
that after using this method, while meeting the charging demand, the peak to
valley load difference can only reach 1.70 kW. This shows that the method can
ensure the operation stability of a charging station.
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1 Introduction

With the increasingly serious energy crisis and ecosystem problems, new energy vehicles
have gradually become the main trend of energy structure optimisation and vehicle
development in the future. New energy vehicles are the main development direction of
the current and future automotive industry. The research and development of new energy
vehicles have a significant impact on ensuring China’s energy security and sustainable
development of the ecosystem. When a large number of new energy vehicles are charged
at the same time, it may affect the stability of the local power grid operation, increase the
load capacity of the original power system, generate load peaks, and bring new
challenges to the local power grid load carrying capacity. At the same time, it is also
necessary to consider the optimisation and improvement of the current power grid (Yu
et al., 2022; Suvvala and Kumar, 2023; Rubino et al., 2023). A large number of literature
research results show that the increasing number of new energy vehicles leads to serious
load superposition problems in the charging pile, which threatens the energy supply
quality of the local power grid. Therefore, it is urgent for the development of new energy
vehicles to reduce the adverse impact of charging pile load on the local power grid to the
greatest extent and improve the charging efficiency of charging devices under the
existing power grid structure.

In previous studies, some experts and scholars proposed a series of load coordination
control methods for new energy vehicle charging pile, and there are corresponding
problems in the application of these methods. For example, Wu et al. (2022) proposed a
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hybrid network electric vehicle charging pile operation state prediction method based on
convolutional neural network and long short-term memory network. This method can
achieve coordinated load control of charging pile to a certain extent, but the control effect
is different from the expected effect. Liang et al. (2022) proposed an optimisation method
for the charging scheme of electric vehicles in residential areas with balanced load time
distribution under the shared charging pile. This method can realise the load within the
specified time, but it cannot be applied all day. Mi et al. (2021) proposed a frequency
coordinated control method for new energy power systems based on model-free
algorithms and electric vehicle assisted regulation, which can be applied in environments
with fewer vehicles. However, after applying the above method, it was found that the
number of new energy vehicles increased exponentially.

The performance of traditional methods in reducing the load peak valley difference of
charging pile and improving the stability of load operation is cross. This research takes
this opportunity to propose a more advanced load coordination control method for new
energy vehicle charging pile based on the current grid structure and Markov chain. The
innovative technical route of this method is as follows:

1 Determine the state transition form of new energy vehicle charging load: firstly, use
Markov chain theory to analyse the state transition law of new energy vehicle
charging load. Determine the transition probability between different charging states
through statistical analysis of historical data, and establish relevant state transition
models.

2 Predicting the output load of charging piles: based on the historical load data of
charging piles, the least squares method and linear regression inverse equation
method are applied to predict and estimate the future load demand of new energy
vehicle charging piles. Accurately predict the load curve of the charging station by
establishing a prediction model that is suitable for the actual situation.

3 Construct load coordination control objectives and constraints: based on predicted
results and actual demand, construct a new energy vehicle charging pile load
objective function and constraints. Considering factors such as the available capacity
and power supply capacity of the charging station, determine the goal of load
coordination control to achieve precise control of the charging load.

4 Implement load coordination control: based on the load control objectives and
constraints, take corresponding scheduling measures, such as flexibly adjusting the
power supply capacity of the charging station, optimising the charging duration, etc.,
to achieve load coordination control. By real-time monitoring and feedback control,
the load of the charging station is accurately controlled, enabling it to maintain stable
load operation while fully meeting the charging needs of new energy vehicles.

This method combines Markov chain theory, predictive models, and load control
methods to achieve precise control of the load of new energy vehicle charging stations,
effectively reducing the peak valley difference of load, and improving the smoothness of
load operation. The experimental results show that this method has excellent load control
ability, can maintain the stability of the charging pile load, and meet the charging needs
of new energy vehicles to the greatest extent.
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2 Determine the conversion form of charging load state for new energy
vehicles

The idea of load prediction for new energy vehicle charging stations is to establish
appropriate prediction models, combine historical data and various influencing factors,
and accurately predict future load demand. Its expected goals include high prediction
accuracy, short-term and long-term prediction ability, comprehensive consideration of
multiple factors, and real-time requirements. This can improve the efficiency of charging
facilities, optimise resource allocation, enhance user experience, and enhance the stability
of the power system. In order to propose a more reasonable and advanced load
coordination control method for new energy vehicles charging pile, it is necessary to first
analyse the current state of new energy vehicle charging load. When charging new energy
vehicles, they generally go through four stages: trickle, constant current, constant voltage,
and float charging (Mi et al., 2021; Ding et al., 2023). The first two stages take relatively
short time and the overall voltage change is not significant, which can be considered as a
constant power charging stage. In this study, the charging characteristics of new energy
vehicles are determined according to the state of charge (soc), as follows:

socz%XlOO% )

where 4¢ represents the remaining power of the battery of new energy vehicles; 4 refers
to the rated power of new energy vehicles. Integrate this charging feature with Markov
chain to analyse the SOC state transition of new energy vehicle charging.

According to previous literature research results, Markov chains are a model that
describes stochastic dynamic systems and can be applied to determine the state transition
of new energy vehicles in subsequent time periods. Set the current charging state of the
new energy vehicle to b, and the next charging state to b,. At this time, the charging state
of the new energy vehicle can be represented by a Markov chain as:

P(bl %bz):P(bl|b2):Plz )

According to Markov theory (Dong et al., 2022; He et al., 2021), the content in formula
(2) is displayed using Markov chain images. To better draw this image, new energy
vehicles are divided into two types: private cars and public cars. The specific changes in
charging state can be represented in the form of Figure 1.

In Figure 1, ¢; = —1 indicates that the new energy vehicle is in a driving state, ¢; = 1+
indicates that the new energy vehicle is in a slow charging state, ¢; = 1++ indicates that
the new energy vehicle is in a fast charging state, and ¢; = 0 indicates that the vehicle is
stationary, neither charging nor driving. In order to meet the use needs of different new
energy vehicle users, the charging pile needs to judge the user’s charging needs according
to the Markov state transition analysis results.
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Figure 1 Schematic diagram of Markov transformation of charging load state for new energy
vehicles, (a) private car (b) bus

(@)

666@0
(b)

At the same time, this study will also use user driving habits as one of the reference
conditions. According to the fitting results of users’ vehicle habits, the remaining
electricity of new energy vehicles is predicted. The remaining power of the vehicle is
closely related to the travel kilometres of the user on that day, and also determines the
charging time of new energy vehicles (Usatenko et al., 2022; Liu et al., 2021b). Through
analysis, it can be found that the fitting result of daily mileage data of new energy
vehicles conforms to the law of Normal distribution, so its probability density formula
can be written as follows:

(lnx—r;)z}

U { 2

Sfi(l) =

1
2 )

N 2mu;

According to this formula, the initial battery charge of new energy vehicles is calculated
as follows:

soc; ;= (soc,»,u - ijx 100% 4)

m

Among them, soc;, represents the charging capacity of the new energy vehicle after
charging is completed; L; represents the daily kilometres travelled by the user; L,
represents the mileage that can be driven when the battery is fully charged. According to
this formula, the charging duration of new energy vehicles can be preliminarily
determined:
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=

%
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Among them, D; represents the battery capacity of new energy vehicles; p; represents the
charging power of new energy vehicles; o represents to the charging efficiency of new
energy vehicles.

Through the above calculation, the charging habits of new energy vehicle users and
the required charging time for new energy vehicles can be determined. By integrating and
analysing the content obtained from formula (2), a complete process of charging load
state transition for new energy vehicles can be obtained.

3 Load prediction of new energy vehicle charging pile

The main advantages of load forecasting for the new energy vehicle charging station
model include improving the utilisation efficiency of charging facilities, ensuring the
stability of the power system, alleviating charging pressure, and promoting the
development of new energy vehicles. Among them, the initial contribution was the
development of prediction algorithms based on Markov chains. Markov chain utilises
historical data to establish accurate state transition models, helping to predict the
transition patterns of charging pile loads and providing reliable theoretical basis for
charging management. Through this method, new energy vehicle charging stations can
more effectively allocate and dispatch resources, improve the utilisation rate of power
supply capacity, ensure the stability of the power system, alleviate charging pressure,
improve user experience, and promote the development and popularisation of new energy
vehicles. The above analysis of the charging habits of users of new energy vehicles,
based on some requirements in this study, makes assumptions about the charging and
discharging process of new energy vehicles:

a the user’s charging goal is until the battery is fully charged

b the new energy vehicle adopts the conventional charging mode, and the charging
efficiency is set to 0.9

¢ new energy vehicles are charged and discharged once a day, and can be charged in
various areas.

With the increasing number of new energy vehicle charging pile, the energy load of each
substation gradually increases. Under the premise of the existing power supply capacity,
the charging of new energy vehicles has seriously affected the safe operation of the
power grid (Su et al., 2021; Liu et al., 2021a; Li et al., 2021). Therefore, it is necessary to
propose a more reasonable load coordination control method for charging pile of new
energy vehicles.

In this study, Markov chain is used to analyse the charging state and charging
conversion process of vehicles in detail, and to predict the current load status of charging
pile of new energy vehicles based on it. Use the obtained historical load data of charging
pile, apply the least square method to carry out linear regression, and then predict the
load of new energy vehicle charging pile according to the derivative result of the
regression equation.
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The load problem of charging pile is regarded as a linear regression problem, which
can be expressed as:

E =minzn (y, _yig)z (6)

i=1

Among them, y; represents the obtained historical data; y;. represents the estimated value
obtained after applying the least squares method. The specific estimation process is set as
follows:

y=00+01x O]

Among them, o) represents the regression variable in the regression equation; oy
represents the constant term in the regression equation. Substituting formula (7) into
formula (6) yields:

E:minz’il(yi +0'0—0'1x)2 ®)

To take the derivative of this formula, if the extreme point of this function is set to the
point where the partial function is equal to 0, then:

eE n
—=23" (yi+0y-01x)(-1)=0
&0y = (9)
ek n
—=2 i +op—ox;)(—x;)=0
o Zizl(y 0 =01 ) (=x:)
Integrating the above formulas and using Cramer’s rule, the process is as follows:
PEPREIRDINE
gy = 5
ny x*—(» x
> (3] “

o1 = ”inzzyf _inzyi
an,-z —(Zx,-)z

Among them, oy and o) are the calculation coefficients of the regression equation,
respectively (Kim et al., 2022).

Use the above process to make real-time predictions for power generation and
consumption units as well as load consumption units. On the basis of the above
prediction results, adjust the charging time and charging load of new energy vehicles, and
integrate them with the calculation value of formula (15) to obtain the predicted load that
may be required to be output by the charging pile.

4 Load coordination control of new energy vehicle charging pile

4.1 Construction of load objective function of new energy vehicle charging pile

According to the above research results, the load of the new energy vehicle charging pile
is coordinated and controlled. In the process of load coordination control, it is not only
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necessary to meet the charging demand of new energy vehicles, but also to ensure the
economy of the charging pile and the bearing capacity of the regional power grid.
Therefore, the objective function of total load operation cost of charging pile in the study
area is set as follows:

min § = W x| (g g+ gy )| L) (a1
(1+h)" -1

where m; represents the number of existing fast charging pile in the study area; w
represents the operating load of the fast charging pile; my; represents the number of
existing slow charging piles in the study area; r represents the operating load of slow
charging pile; gi is the operating load of the charging pile foundation in the study area; Ao
is the bank rate; o represents the operating load fluctuation value of charging pile; W,™

is the charging probability of the charging pile. To ensure that the calculation results of
this objective function meet the current requirements, the charging power constraint
function is set as follows:

Zj= MiZMi (Oy cos py; +VysINu; )

(12)

Oy = MiZMj (Qi/‘ COS fy; — Vi/'SINﬂii)
where Z; represents the active power injection of the charging pile, and is the difference
between the input power of the charging pile generator and the load; Oj represents
reactive power injection of charging pile; M, is the voltage amplitude of charging pile; Oy
is the real part of the admittance matrix (Mi et al., 2021; Oladigbolu et al., 2022) of the
charging pile; V; represents the imaginary part of the admittance matrix of the charging
pile; w; represents the phase angle difference between different nodes. On the basis of this
constraint, the constraint conditions of voltage amplitude of charging pile are proposed as
follows:

MM < M; < Mmax (13)

Among them, M; represents the rated voltage amplitude of the power grid in this region;
MM represents the lowest voltage amplitude value of the charging pile in this area;

M represents the highest rated voltage amplitude of the power grid in this region.

After sorting out the above contents, the capacity constraints of the charging pile access
point are obtained. The specific calculation process is set as follows:

EC,_/'/( < Ej,max (14)

where Ec i represents the charging power of the charging pile connected to the grid node;
E; max represents the maximum injection power that the power grid nodes in the study area
can undertake.

Using the above constraints, complete the overall operation process of the objective
function and use it as the basis for load coordination control.
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4.2 Load coordination control of new energy vehicle charging pile

Using the objective function preset in the above process, the load coordination control
process of the charging pile is planned on the premise that the charging pile has the
ability of automatic decision-making.

Suppose that when the charging pile is charging the new energy vehicle, the current
state of charge of the charging pile is Fi, and the departure time is #4p;. The initial state
of charge and battery capacity can be obtained from the charging pile management
system, and the single charging cycle of the charging pile can be obtained under normal
conditions:

(Fde,i - F}ni,i )tdep,i
’
ZVCU,'

]7/:

15

where w; represents the charging efficiency of charging pile; Z, represents the power of

charging pile to charge new energy vehicles.

If the new energy vehicle needs a large amount of electricity, the Charge cycle can be
appropriately increased to achieve the vehicle charging goal. In order to achieve the goal
of balancing the load of charging pile in the study area, according to the preset
decision-making parameter table of charging pile, the grid load capacity in each period is
divided into the charging probability distribution of charging pile, and according to this
distribution and the calculation result of formula (15), the total load margin Uy, of

charging pile in this area is determined:
Ul =2, . Ut (16)

Among them, 6, represents the markers for each time period. On this basis, calculate the
working probability of different charging pile in the specified time period:

T,
e (17)

E Ui,
ey S

where W,™ represents the charging probability of the charging pile (Yang and Li, 2022;

Liet al., 2022).

Use this formula to determine the daily operation state of the charging pile, and bring
the calculation result of this formula into the load objective function of the new energy
vehicle charging pile. If the calculation result meets the constraint conditions of the
objective function, use this calculation result to control the operation state of the charging
pile. If the calculation results cannot adapt to the constraint conditions of the objective
function, the second calculation shall be carried out, and other charging pile shall be
selected to complete the charging process to avoid the problem of overload.

The design content in this paper is introduced into the local controller of the charging
pile system, and the control method is realised through voltage regulation and current
regulation. After sorting out the above contents, the design of load coordination control
method for new energy vehicle charging pile based on Markov chain has been completed.
The innovative points of the load coordination control method for new energy vehicle
charging stations based on Markov chain are concentrated in the following aspects.
Firstly, using Markov chain theory to determine the state transition form of charging
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loads helps to accurately grasp the transition probability between charging states and
establish a state transition model for charging loads. Secondly, by calculating and
predicting the charging duration of new energy vehicles, it can better meet the charging
needs of vehicles and provide reliable power supply. Thirdly, use the least squares
method and linear regression inverse equation to predict the required output load of the
charging station, establish a prediction model suitable for practical situations, and provide
accurate reference basis for load coordination control. Finally, by constructing a load
objective function and constraint conditions, the goal of load coordination control is
determined, and precise control of charging load is achieved to improve grid stability and
charging facility utilisation efficiency.

5 Experimental analysis

5.1 Experimental preparation

The experiment was completed in the form of example test, taking a residential area in
the city as the research object. This residential area has an independent three-phase power
grid, the grid bus is the balance node of the overall power grid, and the voltage is set at
1.50 p.u. Fifty public new energy vehicle charging pile are set in the residential area, and
the power of each phase of each charging pile is the same.

During the experiment, it is assumed that the owners of new energy vehicles are
willing to participate in charging activities, and the charging time is from 7:00 a.m. on the
same day to 7:00 a.m. on the next day, and they are all in constant power charging mode.
To reduce the impact of the experiment, the above data is imported into the simulation
calculation software, and the relevant functions in MATLAB software are used to
construct the experimental environment with the experimental data. At the same time, the
Monte Carlo method is used to randomly generate the access input of electric vehicles.
This part of data includes the initial power, charging time and final power. To ensure that
this experimental environment has high computing power, the running time of the
calculation section is set to 1.821 seconds, and the data processing time is set to
2.215 seconds. Integrate the above content and complete the experimental preparation
phase.

5.2 Experimental indicator setting

The index is set as two parts in the experiment, which are the fluctuation of load curve
after the application of different control methods and the load peak valley difference of
charging pile. Among them:

1 The load curve fluctuation can preliminarily analyse the load balance control effect
of different control methods, and determine the load change of each charging pile in
the experimental area during the experimental cycle.

2 The load peak valley difference can be used to calculate the specific load of the
charging pile after the application of different control methods, and obtain more
accurate experimental results. The calculation formula for this experimental indicator
can be expressed as:
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T = Emax — €min (18)

where emax represents the maximum load of the charging pile; emin represents the
minimum load of the charging pile.

Organise the above indicators and analyse the control performance of this method and the
other two methods.

5.3  Experimental plan design

According to the preset experimental plan and comparison indicators, it is assumed that
50, 100, and 300 vehicles will participate in the experiment. The load variance of
different numbers of new energy vehicles in this experimental area is obtained through
numerical simulation. The specific data is shown in Table 1.

Table 1 Variance of new energy vehicle load with different quantities in the experimental area
No. Number of new energy vehicles Load variance (kW?)
Zx-01 50 0.85 x 103
Zx-02 100 8.74 x 107
7Zx-03 300 6.10 x 10°

Analysing the data in Table 1, it can be found that when a large number of new energy
vehicles are charged, the load connected to the experimental area will increase and then
decrease, which has a negative impact on the stability of the power grid operation in the
experimental area. Therefore, it is necessary to control the load of 50 charging pile in this
area. In order to determine the corresponding application value of method of this paper,
method of Wu et al. (2022) and method of Liang et al. (2022) are selected for
comparative analysis, and the load conditions of each charging pile under different
vehicle conditions after the application of the three methods are analysed.

5.4 Analysis of experimental results

5.4.1 Analysis of load curve fluctuation of charging pile

To reduce the difficulty of the experiment, only the load situation in the conventional
charging mode was imaged in this experiment, as shown in Figure 2.

It can be seen from the analysis of Figure 2 that when the number of new energy
vehicles is 50, the image drawn by the method of this paper is relatively close to that
drawn by the other two methods. Under this number of vehicles, the load of the charging
pile fluctuates slightly and is relatively stable as a whole. When the number of new
energy vehicles is 100, the image drawn by the method of this paper and the other two
methods changes. Under this number of vehicles, the load of the charging pile fluctuates
significantly, but the image drawn by the method of this paper fluctuates slightly. When
there are 300 new energy vehicles, the load of the charging pile drawn by the method of
this paper fluctuates slightly, and the images drawn by the other two methods also show a
decline. This image has roughly the same trend as the load variance of different numbers
of new energy vehicles in the experimental area, which confirms the scientificity of the
three methods in the experiment. On the whole, however, after the application of method
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of this paper, the load curve of the charging pile fluctuates slightly, indicating that the
load control capability of method of this paper is relatively high.

Figure 2 Load curve of charging pile, (a) 50 new energy vehicles (b) 100 new energy vehicles
(c) 300 new energy vehicles (see online version for colours)

Load/kW

Load/kW

Method of this paper
Method of Wu et al. (2022)
Method of Liang et al. (2022)

400

3500)

3000

2500

2000

150

100!

Time/s

(a)
Method of this paper
Method of Wu et al. (2022)
Method of Liang et al. (2022)

400!

3500

3000

2500

2000

150

1000




Load coordination control method of new energy vehicle charging pile 117

Figure 2 Load curve of charging pile, (a) 50 new energy vehicles (b) 100 new energy vehicles
(c) 300 new energy vehicles (continued) (see online version for colours)
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5.4.2 Analysis of load peak valley difference experimental results

On the basis of the load curve of the charging pile, use formula (18) to calculate the load
peak valley difference. The specific experimental results are shown in Table 2.

Table 2 Peak valley difference of different quantities of new energy vehicles in the
experimental area (kW)

No. Number of new Method of this Method of Wu Method of Liang
energy vehicles paper etal. (2022) etal. (2022)
Zx-01 50 1.50 1.56 1.57
7Zx-02 100 1.65 3.15 2.62
7Zx-03 300 1.70 4.85 4.50

Analysis of the data in Table 2 shows that the method of this paper and the other two
methods can control the load of the charging pile after application, but there are great
differences between the three methods. After the method of this paper is applied, the load
peak valley difference between charging pile is low, and the maximum load peak valley
difference is only 1.70 kW, which indicates that the load of charging pile is relatively
stable, and it is not easy to affect the power grid in this area. After applying two reference
methods, the load peak valley difference between charging pile is relatively poor, and the
load peak valley difference of method of Wu et al. (2022) is far more than that of method
of Liang et al. (2022) and method of this paper. By organising the above experimental
results, it can be determined that the application effect of method of this paper is superior
to the other two methods.
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6 Conclusions

The load coordination control method of new energy vehicle charging pile based on
Markov chain has achieved remarkable results in reducing the load peak valley difference
and improving the stability of load operation. Through the application of Markov chain
theory, the state transition form of charging load of new energy vehicles is determined,
and the charging duration of new energy vehicles is calculated. With the help of the least
square method and the inverse linear regression equation, the load that the new energy
vehicle charging pile needs to output is predicted. By constructing a load objective
function and constraint conditions, precise control of charging load was successfully
achieved. The experimental results validate the superiority of this method in load control.
After the application of this method, the fluctuation of the load curve of the charging pile
is significantly reduced. On the premise of meeting the charging demand, the peak to
valley load difference can only reach 1.70 kW. This shows that the method can
effectively ensure the operation stability of the charging pile, and provides a feasible
solution for the reliable operation of the charging pile. In conclusion, the load
coordination control method of new energy vehicle charging pile based on Markov chain
shows obvious advantages in reducing the load peak valley difference and improving the
stability of load operation. This method has good load control ability, and provides
important reference and guidance for the operation management of new energy vehicle
charging pile and power grid load regulation. Further research can further optimise this
method and promote and apply it in practical applications.
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