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Abstract: A reasonable plan for charging stations is critical to the widespread use of electric vehicles.
In this paper, we propose an optimal planning method for electric vehicle charging stations. First of
all, we put forward a forecasting method for the distribution of electric vehicle fast charging demand
in urban areas. Next, a new mathematical model that considers the mutual benefit of electric vehicle
users and the power grid is set up, aiming to minimize the social cost of charging stations. Then, the
model is solved by the Voronoi diagram combined with improved particle swarm optimization. In
the end, the proposed method is applied to an urban area, simulation results demonstrate that the
proposed method can yield optimal location and capacity of each charging station. A contrasting
case is carried out to verify that improved particle swarm optimization is more effective in finding
the global optimal solution than particle swarm optimization.

Keywords: electric vehicle charging station; optimal planning; Voronoi diagram; improved particle
swarm optimization

1. Introduction

As an essential part of the electric vehicle (EV) industry, charging stations have a great
influence on the users’ tendency to use EVs [1]. A well-chosen location and capacity plan
for charging stations can not only lower the cost of investment and reduce the risks of
power grid, but also provide EV users with convenient charging services [2].

Recently, research on the planning of EV charging stations are growing rapidly. The
objectives of these studies can be gathered into two groups: (i) minimization of planning
costs; (ii) meeting charging demands. With the objective of minimizing planning costs, [3,4]
mainly considered the construction cost of charging station and put forward a location and
capacity planning strategy of charging station. Reference [5] set up an optimal planning
model of charging station to minimize the sum of construction cost and network loss cost.
Reference [6] addressed an integrated planning model for the optimal sizing and allocation
of the fast charging stations to minimize the annual investment cost. Based on the theory of
life cycle cost, [7] established a minimum life cycle cost model which included investment
cost, operation cost, maintenance cost, failure cost, and scrap cost of charging stations.
However, the studies mentioned above have not considered the benefits of users. As for
the researches focusing on meeting charging demands, [8] determined the optimal layout
for charging infrastructures by considering actual vehicle usage data and the estimated
charging demand of different areas. Reference [9] established a double-layer location
choosing model by taking EV users’ charging demand into account. References [10,11]
investigated EV users’ charging characters to find out the optimal charging station con-
struction plan. Reference [12] considered the incentive-based charging demand response
procedure and introduced the reward and punishment mechanism into the research of

World Electr. Veh. ]. 2021, 12, 244. https:/ /doi.org/10.3390/ wevj12040244

https://www.mdpi.com/journal /wevj


https://www.mdpi.com/journal/wevj
https://www.mdpi.com
https://orcid.org/0000-0003-1384-5515
https://orcid.org/0000-0002-9626-0813
https://doi.org/10.3390/wevj12040244
https://doi.org/10.3390/wevj12040244
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/wevj12040244
https://www.mdpi.com/journal/wevj
https://www.mdpi.com/article/10.3390/wevj12040244?type=check_update&version=2

World Electr. Veh. ]. 2021, 12, 244

20f 10

location and capacity selection of charging stations. However, the division of charging
stations’ service areas has not been well studied in these studies.

To sum up, most of the existing studies on planning of electric vehicle charging stations
have ignored the benefits of users and the division of charging station’s service area. In
addition, these studies mainly use particle swarm optimization (PSO) to solve the model,
but PSO is not so effective in finding the global optimal solution [13]. Compared with the
existing works, the main contributions of this paper can be summarized as follows:

(1) An optimal electric vehicle charging station location and capacity model is proposed,
which considers the mutual benefit of users and the power grid.

(2) Based on the Voronoi diagram and improved particle swarm optimization (IPSO),
a solution model is developed to determine location, capacity, and service area of
each charging station. The remainder of this paper is organized as follows. Section 2
presents the forecasting model of EV’s fast charging demand. Section 3 presents the
location and capacity model of EV charging stations. Section 4 gives the solution
method. Section 5 conducts case studies to verify the effectiveness of the proposed
method. Section 6 summarizes the paper.

2. Forecasting of EV’s Fast Charging Demand

Vehicles are mainly distributed in residential, commercial, and office areas in the city.
Daily power load can reflect the consumption level and the EV purchasing power of each
area to some degree [14]. Therefore, the number of EVs in each area can be forecasted
by the daily power load. It can be supposed that most EV users recharge their batteries
through slow charging piles, while a small proportion of EV users prefer fast charging
and need to go to the charging station. Set the geometric center point of each area as a
fast charging demand point. The total number of EVs in the planning area is n,, then the
number of EVs at fast charging demand point j [15] is

[ - ] €] M
nj= |&5"Ma|] € JCN
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where 7; is the number of EVs at fast charging demand point j. a is the ratio of fast charging.
P; is the power load of fast charging demand point j. Py is the total power load in the
planning area. Jcy is the set of fast charging demand points.

3. Location and Capacity Model

Based on the prediction of EV fast charging demand distribution, we propose a
location and capacity model of EV charging station.

3.1. Location Model

This paper aims at minimizing the sum of the construction and operation cost of
charging station, the loss cost of EV users on the way to the charging station, the network
loss cost of power grid [16,17]. The objective function is
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where Fos; is the annual social cost of the charging station. Fj is the annual construction
and operation cost of the charging station. F; is the annual loss cost of EV users on the way
to the charging station. F; is the annual network loss cost of power grid. Jcs is the set of
charging stations. fcs(N;) is the construction cost function of charging station i. N; is the
number of chargers in the charging station i. ¢ is the discount rate. z is the depreciation
life of the charging station. ucg(N;) is the operation cost function of charging station i,
which can be valued according to a certain percentage of the construction cost. W is the
basic investment, which includes the initial construction cost and land purchase cost of
the charging station. g is the price of a charger. e is the auxiliary investment coefficient of
a charger. a is the amount of electricity consumed by EV to travel one kilometer. p is the
charging price of EV. Jcy; is the collection of fast charging demand points located in the
service area of charging station i. A;; is the zigzag coefficient of the road between charging
station 7 and fast charging demand point j. d;; is the linear space distance between charging
station i and fast charging demand point j. T is the daily work time of charging station.
M; is the number of transformers in charging station i. Cc,, and Cr, are copper loss and
iron loss converted to a transformer, respectively. C;, and Cyy are the line loss and charging
loss converted to a charger, respectively. Equation (7) is the constraint on the number of
chargers in charging station, Nj iy and Njmax are the minimum and maximum number of
chargers in charging station i, respectively. Equation (8) is the constraint on the maximum
distance between charging station and fast charging demand point. dmax is the maximum
distance between charging station and fast charging demand point. Equation (9) is the
constraint on the minimum distance between charging stations. D;; is the linear distance
between charging station i and j. Dpin is the minimum distance between charging stations.

3.2. Capacity Model

The number of chargers in the charging station is not only related to the number of the
EVs with fast charging demand in charging station’s service area, but also to the number of
the EVs in a queue that users can accept when they are waiting in the charging station [15].
The number of chargers in the charging station can be calculated as

Hi L. onj
j€Jeni
ns

N; = i€ Jcs (10)

where y; is the probability of EV users arriving at the charging station 7 at the same time.
1s is the number of EVs in a queue that can be accepted by EV users.

4. Solution of Model

Considering that the EV charging station location and capacity model contains many
variables such as the location of charging station, the distance between the fast charging
demand points and the charging station, and the number of chargers in the charging station,
among others. It is difficult to solve the model by using conventional methods. Therefore,
we use IPSO [18] combined with Voronoi diagram [19] to solve the model. The solving
process is shown in Figure 1.
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Figure 1. Integrated solution combining Voronoi diagram with IPSO.

The solving process is mainly divided into the following steps:

Step 1: Forecast the number of EVs at each fast charging demand point according to (1).
Step 2: Randomly generate n. charging stations’ locations in the planning area, and use the
locations of charging stations as the positions of particles.

Step 3: Taking the position of particle as the growing point, then use Voronoi diagram
to divide the service area of each charging station. Use (10) to determine the capacity of
charging station.

Step 4: Calculate the annual construction and operation cost of charging station, the annual
loss cost of users on the way to the charging station, and the annual network loss cost
of power grid respectively according to (3), (4), (5), and (6). Then use (2) to calculate the
annual social cost of charging station and take it as the value of particle. Finally, find
the individual optimal value Py.s; and the global optimal value Gy,s; and use the penalty
function to deal with the particles that do not meet the constraints.

Step 5: Determine whether reach the maximum number of iterations. If not, go to step 6,
otherwise go to step 7.

Step 6: Update the speed and position of particles, go to step 3 and the number of iterations
plus one.

Step 7: Output each charging station’s optimal location and its service area, the planning
costs, and the number of chargers in each charging station.

5. Case Study and Discussion

The proposed model is tested on an urban area which consists of 34 functional areas.
We have used MATLAB R2016a to formulate the desired model, the simulation is carried
out on a PC with Intel Core i5-6200 @ 2.30 GHz processor and 8 GB RAM.
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5.1. Case Description

The total area of the planning area is 8.2 km?, six charging stations are planned
to be built in the planning area. The forecasting value of power load in this area is
177.52 MW [15], and each functional area’s power load is shown in Figure 2.
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Figure 2. Power load in each area.

The number of EVs in the planning area is 4500, and the proportion of EVs with fast
charging demand is 10% [15], so the number of EVs with fast charging demand is 450.
According to (1), the distribution of EVs with fast charging demand is shown in Figure 3,
where the black dot represents the fast-charging demand point, and the number beside the
dot represents the number of EVs with fast charging demand.
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Figure 3. Distribution of EVs with fast charging demand.

According to [16,17], the basic investment of charging station is 200 x 10* ¥. The price
of a charger is 5 x 10* ¥. The auxiliary investment coefficient of a charger is 1.5 x 10* ¥.
The depreciation life of charging station is 20 years, and the discount rate is 0.08. The
operation cost is 15% of the construction cost. EV’s battery consumption is 0.3 kWh/km.
The charging price of EV is 1 ¥/kWh. The zigzag coefficient of road is 1.2. The daily work
time of a charging station is 20 h a day. The copper loss and iron loss of the transformer is
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0.04 ¥/kWHh, the line loss and charging loss of charger is 0.05 ¥/kWh. The simultaneous
arrival rate of EVs is 0.6, and the number of EVs in a queue that can be accepted by EV
users is 3. The minimum number of chargers in the charging station is 10 and the maximum
is 20. The maximum distance between fast charging demand point and charging station is
1.5 km. The minimum distance between charging stations is 0.5 km.

5.2. Simulation Analysis and Discussion

We suppose that the number of particle swarm is 20 and the maximum number of
iterations is 300. The simulation results are shown in Figure 4. The minimum annual social
cost of charging station is 441.59 x 10* ¥, the costs and the number of chargers in each
charging station are shown in Table 1.
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Figure 4. Charging stations’ locations and their service areas obtained by IPSO and Voronoi diagram.

Table 1. Optimal planning result of charging stations.

Annual Loss Cost

Annual Network

Charging Number of Number of EVs in Annual Construction and of Users Loss Cost
. . . 4
Station No. Chargers Its Service Area Operation Cost (x10* ¥) (x10% ¥) (x10* ¥)
1 19 97 97.98 0.45 1.74
2 14 70 66.07 041 1.31
3 16 79 77.77 0.58 1.46
4 14 71 66.07 0.38 1.31
5 11 57 51.13 0.32 1.04
6 15 77 71.74 0.46 1.39

In Figure 4, the blue triangles represent EV charging stations, and the red number
next to the triangle is the serial number of the charging station. The black dots represent
the fast-charging demand points, and the blue numbers beside the dots represent the serial
number of the charging station to which the fast-charging demand point belongs. Each
charging station’s service area is divided by the blue line. The specific service results of each
charging station are as follows: No.1 charging station serves four fast charging demand
points; No.2 charging station serves four fast charging demand points; No.3 charging
station serves seven fast charging demand points; No.4 charging station serves seven fast
charging demand points; No.5 charging station serves five fast charging demand points;
No.6 charging station serves seven fast charging demand points. As shown in Figure 4,
charging stations are evenly distributed in the planning area and their service areas are
clearly divided. Each charging station is close to the center of gravity of fast charging
demand points so that users can get convenient charging services. As can be seen from
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Table 1, 89 chargers need to be equipped in the planning area. Each charging station’s
construction and operation cost, loss cost of users, and network loss cost are different.
Among them, the construction and operation cost play a major role in the total cost, which
is proportional to the number of chargers. The number of chargers is determined by the
number of EVs in charging station’s service area, so the charging station which serves more
EVs has higher construction and operation cost. Although the loss cost of users is relatively
low, it reflects users’ satisfaction during the charging process.

In order to verify that IPSO has better global optimization ability, we use PSO com-
bined with Voronoi diagram to solve the model. The simulation results are shown in
Figure 5 and Table 2. The iterative process is shown in Figure 6.

e
" ® fast charging demand point
wolesman A charging station

2l ! +g
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Figure 5. Charging stations’ locations and their service areas obtained by PSO and Voronoi diagram.

Table 2. Comparison of simulation results.

Number of Chargers . Annual Construction Annual Network
Algorithm in Each Annu(a >l< igf 1¥a)1 Cost and Operation Anlr}z::sl“(():si (ﬁo;)t of Loss Cost
Charging Station Cost (x10* ¥ (x10%* ¥
PSO 13’14;’11’ 446.93 436.08 2.48 8.38
IPSO e 44159 430.75 259 825

In Figure 5, the specific planning results of each charging station are as follows: No.1
charging station serves five fast charging demand points; No.2 charging station serves four
fast charging demand points; No. 3 charging station serves seven fast charging demand
points; No.4 charging station serves four fast charging demand points; No. 5 charging
station serves nine fast charging demand points; No.6 charging station serves five fast
charging demand points. Charging stations are evenly distributed in the planning area and
they are close to the center of gravity of fast charging demand points.
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Figure 6. The iterative process.

As can be seen from Table 2, the planning results obtained by IPSO have a lower
annual social cost. The planning results obtained by PSO show that 90 chargers need to
be equipped in the planning area, which leads to an increase in the annual construction
and operation cost and the annual network loss cost. From Figure 6, we can see that IPSO
finds the optimal solution after about 85 iterations, while PSO finds the optimal solution
after about 190 iterations, which means IPSO is more effective in finding the global optimal
solution than PSO.

5.3. Comparison of Different Method

To prove the advancement of the proposed method, the planning results of the pro-
posed method and method in [3,20] are compared in Table 3.

Table 3. Comparison of different methods.

Method 1 Method 2

Methods Proposed Method
[3] [20] P
— Construction cost + power loss cost Construction cost + Construction and operation
Objectives . : . ) . cost + loss cost of users
of vehicle + time loss cost of driver operating profit
+ network loss cost
Algorithm . . . Genetic algorithm s
/Platform Universal simulation platform /MATLAB IPSO + Voronoi diagram /MATLAB
Results Optimal location and size of Optimal location and size of Optimal location, capacity, and
charging station charging station service area of charging station

The results show that [3] has also considered the benefits of users and establishes a
universal simulation platform to get the optimal location and size of charging stations, but
the service areas of the charging stations have not been divided. In [20], objective function
has been improved to take into account the profit of charging stations. However, genetic
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algorithm is used to solve the model, the efficiency of genetic algorithm is lower than other
optimization algorithms.

The comparison results show that the proposed method comprehensively consid-
ers the interests of charging station, users, and the power grid, and it can get not only
the optimal location and capacity of a charging station, but also the service area of that
charging station.

6. Conclusions

With the increasing penetration of EVs, charging infrastructure planning should be
more scientific and rational. This paper proposes an optimal charging station location and
capacity model which considers mutual benefit of users and the power grid. The model
is solved by Voronoi diagram combined with IPSO to determine location, capacity, and
service area of each charging station. The simulation results show that charging stations
are evenly distributed in the planning area and are close to fast charging demand points,
users can get convenient charging services. In addition, IPSO can get a better planning
scheme with lower costs and fewer iterations compared to PSO.
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