Feb. 2017

Transactions of Nanjing University of Aeronautics and Astronautics

Location of Electric Vehicle Charging Station Based on Spatial
Clustering and Multi-hierarchical Fuzzy Evaluation

Wang Meng , Liu Kai*
School of Traffic and Transportation, Beijing Jiaotong University, Beijing 100044, P. R. China
(Received 12 June 2016; revised 26 October 2016; accepted 28 October 2016)

Abstract: For the charging station construction of electric vehicle, location selecting is a key issue. There are two
problems in location selection of the electric vehicle charging station. One is determining the location of charging
station; the other is evaluating the location of charging station. To determine the charging station location, an spa-
tial clustering algorithm is proposed and programmed. The example simulation shows the effectiveness of the spa-
tial clustering algorithm. To evaluate the charging station location, a multi-hierarchical fuzzy method is proposed.
Based on the location factors of electric vehicle charging station, the hierarchical evaluation structure of electric ve-
hicle charging station location is constructed, including three levels, 4 first-class factors and 14 second-class fac-
tors. The fuzzy multi-hierarchical evaluation model and algorithm are built. The analysis results show that the
multi-hierarchical fuzzy method can reasonably complete the electric vehicle charging station location evaluation.
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0 Introduction

The industrialization process of electric vehi-
cles depends largely on a reasonable solution of
battery charging "*'. In addition to the battery
charging technology of electric vehicle, the con-
struction of related facilities must be considered
in advance. For the construction of charging sta-
tions, location problem should be solved firstly.
Only appropriate station location can facilitate the
use of charging station and promote the sales of e-
lectric vehicles, thus improving theutilization rate
of charging station. It is also important for the
investment in infrastructure, charging station’s
quality, safety and economy.

Despite its early stages of development the
electric vehicle industry is developing rapidly. Re-
search in the layout and location of charging sta-
tion is still in the exploratory stage. Although
there are a lot of studies on the theory of networ-

king facility location, few studies have been re-
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ported on the location of quantitative modeling lo-
cation, especially for the location of new service
facility of electric vehicle charging station.

Two classical issues about location selecting
proposed by Hakimi for the first time were P-

5

median and P-center . The purpose of P-median
was to minimize the total weighted distance from
all the demand point to the facility shortest,
while the purpose of P-center was to site the lim-
ited number of service facilities, to minimize the
maximum distance from each demand point to its
nearest facility. Toregas was the first one to put
forward the concept of set covering location model
(SCLM)™, whose aim was to minimize the cost
and the quantity of the service facilities, for meet-
ing the constraint of all the requirements. Church
et al. proposed the maximum covering location
model ( MCLM)'! firstly, aiming to maximize
the demands covering, with a limited number of

facilities. In order to solve the multi-objective lo-
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cation of the service facility location problem,
Current et al. proposed the maximum covering
and shortest path problem (MCSPP)™ firstly,
aiming at maximum covering of the demanding
point and shortest path. In the study of gas char-
ging station location, Bapna et al. expanded MC-
SPP into the maximum covering/shortest span-
ning subgraph problem (MC3SP)™', to satisly
the filling service in short-range within the cities
and the long distance running in big cities. The
objective was to minimize the initial cost of con-
struction and vehicle users filling cost, and to
maximize the covering of demand point.
Actually, the requirement of the service fa-
cility (such as oil charging station, gas charging
station, and electric vehicle charging station) ,
includes not only the demand points (group).,
which can be converged to one point, also inclu-
ding the demand (demand flow) passing in the
daily line. Goodchild et al. first integrated the
two demands (fixed demand point and passing de-
mand flow)™, maximized the market share of
the enterprise in the building of the oil station
site, and established the model considering two
kinds of demand accordingly. Hodgson proposed
the throttling problems based on flow capturing
location models (FCLMS)!'", and studied how to
locate in network, in order to maximize the total
quantity of the demand passing by the service fa-
cility, in the certain requirement route and traffic
under the restriction of quantity of the service fa-
cility. Hodgson and Rosing extended FCLM to a

02} which com-

mixed goal programming model
bines the throttling problems and P-median. Tak-
ing the vehicle range into account, Kuby and Lim
extended FCLM to flow refueling location model
(FRLM)™, which considers that the demand
flow in the network can be served by multiple
service stations (station assembly) in the shortest
path.

1) established an optimal cost

Kou et al.
model of the location and capacity of the electric

charging stations. This model simulates the

amount of the electrical car with the distribution
of resident, and give the candidate site weight co-
efficient with analytic hierarchy process. Under
the constraint of the candidate site and the dis-
tance of the substation, the installation cost of
the electric vehicle charging station, the quantity
of electric cars and other conditions, the objective
function also joined the charging station running
costs and network loss costs and charging station
distribution transformer investment.

Zhou"'™ proposed the game theory to evalu-
ate electric vehicle charging station layout
scheme, and showed the optimization model and
algorithm. To find the optimal planning, some
exmples were finally analyzed. The conclusion
was that this model can improve the level of
quantification of charging station’s location.

The idea of dynamic traffic network was in-
troduced in Ref. [16 ], for the establishment of
charging station layout based on hard time win-
dow constraints and the optimal size of multi-ob-
jective optimization model. This model aimed to
minimize recharging cost and charging station
cost, and presented the two-phase heuristic algo-
rithm to solve the model.

Morrow et al. "' analyzed the demands of
charging facility in three different areas, and eval-
uated and compared the different charging sta-
tions construction cost.

Wang et al. '® established a multi-objective
programming mode, considering the factors of

charging station, charging user characteristics,

grid layout, urban planning and so on.

1 Model for selecting charging sta-

tion location

1.1 Problem description

There is a district of one city existing n users
who have purchased the electric vehicle, and need
to construct m charging stations ( m < n ). For
the location of the charging stations, the goal is
to minimize the distance from the residence of ev-

ery user of electric vehicles to the nearest char-
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ging station. The location problem can be defined
as "the smallest distance” problem.

The problem is described as

Jd = Ed
i=1
k
Lz,. = > da;.s)

i=1

@)

where d is the summed distance from all users
residence who have purchased electric vehicle to
the nearest charging station; d; the summed dis-
tance from the ith charging station to all £ users
who are the nearest users to this charging station;
a; the location of the jth user residence, j =1,2,
--=,n; and s; the location of the ith charging sta-
tion, i=1,2,,m.

The charging station location selecting prob-
lem is to find s5;(: = 1,2,++,m ) for obtaining
Min(d). A spatial clustering algorithm is used to
solve the problem. Spatial clustering is one of the
main methods for spatial data mining, and for
searching the larger clusters or dense region in a
big multidimensional data set based on measuring

distancel'? 2!,

1.2 Charging station location evaluation

When a region in a city needs to build a char-
ging station, the charging station location can be
obtained by some optimization methods available.
The optimized location may be subjected to con-
straints with comprehensive restrictions, such as
the immovable old block, the well-planned city
green space etc.

Many factors influence the choice of the char-
ging station location, such as government plan-
ning, distribution of electric vehicles around,
land use situation, traffic condition, weather con-
dition, fire and explosion prevention condition,
station harmonic pollution problem, electricity
grid situation, total investment cost, annual op-
erating cost and so on. Among them, several fac-
tors are difficult to be mathematically defined.
Traditional modeling methods cannot effectively
solve the optimization problem of charging station

location. A multi-hierarchical fuzzy method is

presented to tackle the problem.

2 Spatial Clustering Algorithm for
Selecting Electric Vehicle Char-
ging Station

2.1 Traditional spatial clustering algorithm

Based on the above description of charging
station location problem, the problem can be
solved by the clustering algorithm. The specific
algorithm is as follows

(D) Input

A={ai,as+"sa,) (2)
where A is the user settlements, n the number of
user settlements, and ¢ the number of cycles.

(2) Output

S={s1,5255,} (3)
where S is the charging station address and m the
number of charging station to be constructed
(m<<n).

(3) Objective function
Min(d)

d:id,-

i=1

’ k
di=>d;

j=1
d,_, :d(a_z 25:)

where d; = d(a;,s;) is the distance from the ith

4

charging station to the jth user's settlement.

(4) The algorithm flow

(DSelecting m user settlements (a’; sa’s s+,
a’) from A as the clustering center at random.

@ Calculating the distance d; from every a; of
A to every clustering center «; in turn, d; =

(a, —a,)*+ (a;, —a’,)? . The a; with which

Min( d; ) is obtained should be divided into the

clustering center.

@ Calculating the coordinate mean of all a; of
every clustering center, and the distance all a; to
the coordinate mean. Then selecting the coordi-

. /
nate mean as a new clustering center aj.

m k
@ Calculating d = Zd,,d,- = Zd,j s dy =
i=1 =1

d(a;,s;) ; and repeating steps @, @ in the loop

until the iteration number ¢ is obtained.
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2.2 Example analysis

Taking a city as an example, the city has 15
districts, and each district has the same number
of electric car users. It is supposed that three
charging stations for electric vehicles are to be
built in the city. The geographical coordinates of

15 districts are shown in Table 1.

Table 1 Coordinates of 15 districts

District North latitude East longitude
1 40, 477 115. 965
2 40. 467 115.979
3 40. 459 115. 985
4 40. 451 115.995
5 40. 453 115. 985
6 40. 459 115.975
7 40. 466 115.975
8 40. 465 115.965
9 40. 474 115. 986
10 40. 459 115.999
11 40. 466 115.975
12 40. 465 116. 000
13 40. 471 115.968
14 40. 456 115.993
15 40. 462 115.975

The spatial clustering result of the location of
electric vehicle charging stations is shown in
Fig. 1, where dark triangles represent the 15 dis-
tricts, and the circles mark the location of char-
ging stations meeting the clustering requirments.
Moreover, three coordinates locating the electric

vehicle charging stations are listed in Table 2.
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Fig.1 Location of charging stations for electric vehicle

Table 2 Geographical coordinates of 3 charging station for

electric vehicles

Residential area North latitude East longitude

1 40. 456 7 115.994 3
2 40,464 6 115.978 9
3 40.470 8 115. 966 2

3 Evaluation of Electric Vehicle

Charging Station Location

Analytic hierarchy process (AHP) was de-
veloped by the American scholar Thomas L. Saa-
ty, which is a multi-criteria decision-making
method in system analysis. It arranges the differ-
ent indexes involved in a problem according to
their types to form a hierarchical structure mod-
el, and finally turns into the relative weight de-
termine of the lowest level to the highest level in
the model™. The concrete steps on decision of
charging station location with fuzzy AHP decision
are as follows:

(1) Building the fuzzy AHP decision model
that describes the charging station location;

(2) Constructing the weight judgment ma-
trix;

(3)Solving the weight judgment matrix, ver-
ifying the consistency of each matrix, and calcu-
lating the combinational weight of the bottom in-
dexes.

(4) Establishing the membership function of
the bottom evaluation indexes and calculating the
degree of membership;

(5) Evaluating the comprehensive evaluation
value of charging station location decision accord-

ing to the degree of membership.

3.1 Construction of hierarchy for charging station

location and rating experts

As mentioned above, it is judged by four as-
pects, i. e. , natural factors, management envi-
ronment, public facilities and economic factors.
Natural factors are evaluated by four aspects in-
cluding the weather, geological, hydrological,
and topographic conditions. The management en-
vironment factors are evaluated by five aspects in-
cluding government planning, policy environ-
ment, distribution of electric vehicles around,
traffic conditions, and land-using conditions. The
public facilities factors involve three aspects, in-

cluding electricity grid situation, station harmonic

pollution problem, and fire and explosion preven-
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tion. The economic factors are evaluated by two
aspects, that is, total investment cost and annual
operating cost. The rating hierarchy is construc-
ted, as shown in Fig. 2, and divided into three
levels, including four first-class factors of evalua-

tion and 14 second-class factors of evaluation.

Weather
conditions (u,,)

Geological
conditions (u,,)

Nature
factors (u,)

Hydrological
conditions (u,,)

Topographic
conditions (u,,)

Government
planning ()  |—

Policy
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Distribution of electric
vehicles around (u,,)

Management | |
environment (u,)

Traffic conditions (u,,) I_ Charging station

— for electric

Land use —
conditions (u,;)

vehicles

Electricity grid
situation (u,,)

Station harmonic Public
pollution problem (us,) facilities (u,)

Fire and explosion
prevention (u,)

Total investment
cost (u,,)

Economic
factors (u,)

Annual operating
cost (u,,)

Fig. 2 Evaluation model with fuzzy AHP for charging

station location

Suppose that a city needs to build a charging
station for electric vehicles and three candidate
sites are determined after the preliminary investi-
gation. Now nine experts are invited to organize a
board for grading the three sites. Since expert
rating is subjective, fixing the evaluation measure
can reduce the difference of expert rating. The
expert rating uses a 10-point scale, in which 10
represents the highest level, while 1 the lowest
level, which means it does not meet the perform-
ance requirement at all. Here, 5 is the dividing
line. The results of expert rating are listed in
Table 3.

Table 3  Average of expert scores for electric vehicle char-

ging station location

Factor Average of
expert score

Weather condition 7.6

Nature Geological condition 6.
factor Hydrologic condition 7.2
Hydrologic condition 6.5
Government planning 8.0
Policy environment 8.0

Management Distribution of electric
factor vehicles around 8.3
Traffic condition 6.0
Land-using condition 4.8
Electricity grid 6.5
situation

Public facilities Station harmonic _
factor pollution problem o0
Fire and explosion 71

prevention

Economics Total investment cost 6.8
factor Annual operating cost 8.7

3.2 Charging station location with fuzzy AHP

3.2.1 Establishment of evaluation factors set
The calculation process of AHP is expanded
around the hierarchy diagram. The purpose is to
work out the relative importance score of various
sub-factors to the overall target, namely, com-
prehensive weight. But the local weight in the hi-
erarchy need to be solved first, namely the rela-

tive importance of this level to the upper level.
Given the indexes set in the evaluation model
U={usuys=su,} (5)
According to the four evaluation content, the set
is divided into four indexes, i. e. , nature, man-
agement environment, public facilities, and eco-

nomic factors. The corresponding sub-sets are

wr = {ugy stz styz sy ) (6)
ty = {Uz1 s Usz s Uzs s Uy » Uss | (7
ws = {us1 s sz sUsz | (8
wy = {wy suss ) D)

To reduce the influence of large individual
difference introduced by subjective evaluation,
the evaluation value is treated with discrete analy-
sis first. When check an expert rating, it is on
the basis of the difference between the value given
by the expert and the average value to judge if the

expert judgment is far away from the average
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evaluation value. Two expert rating data are ex-

cluded at most.

3.2.2 Determination of weight of each index
Each U; is a part of U, standing for one

characteristic of U . In accordance with their im-

portance, the weight distribution is given.

W ={w, ,ws,swyn} (10)
So the weight distribution of U, is
Wi:{wﬂ?u'iZ?'"’wz/e} (1D

b
where 0 < w;; << 1, Zw,] =1.
i=1

On the basis of the 1—9 proportion quotient
proposed in Ref. [23], the judgment matrix is es-
tablished to quantify the evaluation as follows
1 1/2 1/2 1
2 1 1 2
2 1 1 2
1 1/2 1/2 1

1/5 1
1

1 1/2
5
P,= 11 1/5
1
2

1/2
1/2
1/2

o

1

DO = = U1
DO = = e

1 1/2 1/2
P, = |2 1 1/2
2

1/2
1/2
1

—
~
Do
— =N
o= = DN

1 2

After establishing the judgment matrixes,

consistency should be checked™®!. If the consis-

tency is poor, it is necessary to adjust the matri-

Xes to attain a satisfactory consistency. The con-

sistency index of the judgment matrixes( P, ,P,,
P,,P,,P) are

/\,,,*71:4—4

(/Im:nj E:O<O.1XO.9

Clp, =An =7 501875 _( 519 < 0.1x1.12
n—1 5—1

Clpy = An =7 3.0936 =3 _ 5 968 0.1 % 0,58
n—1 3—1

Clp =27 _272_ 0. 1x%x0

n—1 2—1

g _Aw—n_4—4
Cl, =" —F = —7=0<0.1x0.9

As Clp s Clpy, Clpy, Clp,, CIp all satisfy
the standard, the inconsistency is acceptable.

For each type indexes i, the weight of each
index is determined with AHP, according to the
degree of importance for each index in the specific

program, as shown in Table 4.

Table 4 Weight of evaluation index

Weight Value
W, [0.167,0.333,0.333,0.167]
w, [0.143,0.221,0.143,0.165,0.329]
W, [0.196,0.311,0.493]
W, [0.333,0.667]
w [0.333,0.167,0.167,0. 333

According to the requirements of the com-
prehensive evaluation objectives and reviews, as
well as characteristics of the evaluation indexes.,
the membership functions of all indexes can be di-
vided into two types: large type and moderate
type. For example, the precision of steering, dif-
ficulty level of corner correction, performance of
steering wheel return ability and driver fatigue all
belong to the large membership function. While
steering effort, sensibility, roll feeling and steer-
ing response belong to the moderate type. For
large type index u;, with scope of variable x;,
when the reviews of worst, worse, medium, bet-
ter, best have the membership functions u; »u;;
Ui suy s »  respectively, triangle membership
function is used, as shown in Fig. 3. The center

values of variable x to each membership function

are rp)— X .

u(x)
‘Worst Worse Medium Better Best

Fig. 3 Triangle membership function

Then the evaluation matrixes of single index

R, (i=1, 2, 3, 4) are obtained.



No. 1 Wang Meng, et al. Location of Electric Vehicle Charging Station Based on Spatial--- 95

00 0 0.7 0.3
R 0 0 0.45 0.55 0
00 0 0.9 0.1
0 0 0.25 0.75 0

0 0 0 0.5 0.5]

0 0 0 0.5 0.5
R,=|0 0.85 0.15 0 0
0 0 0.5 0.5 0

0 0.1 09 0 0|

0 0 0.25 0.75 0

R, = {o 0.75 0.25 0
0 0  0.95 0.05

0 0 0.1 0.9 0
B {o 0 0 0.15 0. 85}

o O O O

!

3.2.3 Comprehensive evaluation with fuzzy
AHP

With fuzzy synthetic W; o R; , the first com-

prehensive matrix B, (b, sb5 20,5 ,b;) is obtained,

with which the total evaluation matrix R is con-

structed.
B, W, - R,
B, W, o R,
R= — —

B, W, - R;

B, W, - R,
0 0 0.1920 0.7250 0.083 3
0 0.1545 0.4001 0.2645 0.1820
0 0 0.2248 0.7506 0.0247
0 0 0.0333 0.8667 0.1001

After synthesizing, the W< R, the second
comprehensive evaluation matrix can be expressed
as B=W-:R=1[10 0,025 8 0.1794 0.699 6
0.095 6.

According to the principle of maximal mem-
bership, the rating grade of the electric vehicle

charging station would be regarded as “better”.

4 Conclusions

For the charging station, the location should
serve the goal of keeping the distance from the
residence of every user of electric vehicles to the
nearest charging station distance minimum. The
location problem can be defined as ”the smallest
distance” problem. The spatial clustering algo-

rithm can resolve the charging station location

problem effectively.

Charging station location for electric vehicle
involves many factors, which brings forth some
With fuzzy
AHP, the fuzzy evaluation model for charging

difficulty in location evaluation.

station location is established, which includes all
indexes affecting the total performance. The eval-
uation results are obtained and compared with
each other when different spots are chosen for
electric vehicle charging station.

Fuzzy AHP takes the influence of all factor
into account and keeps all information of every
evaluation level. By assigning different weight co-
efficient to each index, important evaluation pro-
grams are enhanced, and the result can be easily
converted into a specific score when needed. So
the proposed method provides a convenient ap-

proach to comparing different programs.
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