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Abstract: Performance status evaluation is essential for the safe running of electric vehicle (EV)
charging infrastructure. With the development of the EV industry, the EV charging infrastructure
industry has advanced considerably. Safe and reliable operation of the charging infrastructure is
important for the development of EVs. As such, we propose a comprehensive evaluation method
to assess the performance condition of an EV charging infrastructure. First, based on the analysis
of the existing EV charging principles, we established an evaluation index system for EV charging
infrastructure. Second, the subjective weight, objective weight, and comprehensive weight of the
index system were determined through analytic hierarchy processes (AHP) and the entropy weight
method. Then, we used fuzzy comprehensive evaluation to appraise the performance of the charging
infrastructure through expert investigation. Finally, based on the actual data from an EV charger,
the performance conditions of the EV charging infrastructure were evaluated to demonstrate the
feasibility of the method and the reliability of the index system.

Keywords: electric vehicle charging infrastructure; fuzzy comprehensive evaluation; performance
evaluation

1. Introduction

With the intensification of the fossil energy crisis and the deteriorating ecological environment,
it is necessary to replace fuel-based vehicles with alternative energy sources to reduce air pollution.
Electric vehicles (EVs) convert electrical energy into mechanical energy, which achieved zero emissions
of automobile exhaust. EVs have become a new generation of transportation tools for many people.
The EV development prospects are broad and a trend in replacing fuel-based vehicles has been observed.
Anincrease in the number of EVs requires an increase in the number of EV charging stations and greater
EV charging infrastructure. Statistics show that the number of alternative energy vehicles in China
reached 2.61 million as of 2018. According to the Chinese Electric Vehicle Charging Infrastructure
Promotion Alliance, as of January 2019, the cumulative number of electric vehicle charging stations in
the country is 0.853 million. Following the standard of “one car and one pile”, much room remains
for the development of the number of charging piles (stations) for EVs [1]. Therefore, a safe, reliable,
and convenient operation mode for EVs would form the basis for maintaining their sustainable
development [2,3]. Knowing the fault characteristics and having a protection control strategy for

World Electric Vehicle Journal 2019, 10, 35; doi:10.3390/wevj10020035 www.mdpi.com/journal/wevj


http://www.mdpi.com/journal/wevj
http://www.mdpi.com
http://www.mdpi.com/2032-6653/10/2/35?type=check_update&version=1
http://dx.doi.org/10.3390/wevj10020035
http://www.mdpi.com/journal/wevj

World Electric Vehicle Journal 2019, 10, 35 20f12

EV charging would be important for the safe operation of the distribution network of the charging
equipment [4].

Faced with a rapid growth in the number of EVs, the development level of fault assessment and
diagnostic technology for EV charging facilities in China is still low. As a result, a few safety-related EV
charging accidents have occurred. The safety of the charging equipment is related to the promotion of
EVs, which might lead to major accidents involving personal safety and property damage. Therefore,
research on the performance evaluation and safety warnings for the charging equipment is necessary [5].

Some work has been completed on the safety of charging equipment. In Bouabana et al. [6],
a testing device was developed that could analyze a new charging station by means of a power test and
a security test. Li et al. [7] designed an early warning model for EV charging security to decrease the
safety-related accidents involving EV charging. Kim et al. [8] studied the methodological evaluation
and testing standards for on-board chargers and provided some suggestions for the test method.

Constructing an effective evaluation index system and improving the evaluation efficiency of the
operating charger are some of the basic aspects necessary to ensure the safe and reliable operation of
an EV charger. A study established a performance evaluation system for the drive motor and verified
the integrity and operability of the system [9]. The authors showed that it is necessary to construct an
evaluation system for the evaluation of the equipment. Another study focused on EV charging safety
and analyzed the factors affecting the charging safety of EVs with regards to the insulation level of the
charging equipment, the charging environment, and the protection measures of the charging facilities.
The authors enumerated the common charging safety hazards [10]. In Ye et al. [11], an evaluation index
model of the charger was built, considering both the electrical and safety performance, to evaluate the
performance of the charger. In Wang et al. [12], by analyzing the electrical performance and safety
performance of the EV chargers, the electrical and safety performance of the charger was studied using
the fuzzy analytic hierarchy process (AHP). As the current development of the charging equipment
industry is still immature, regional differences exist in standards, which complicates establishing
procedures for unified management and evaluation of the charging equipment.

In this paper, based on the actual operation and maintenance of the site, the system indicating the
characteristics of the charger was divided into three parts: General performance, electrical performance,
and safety performance.

Selecting a reasonable and efficient evaluation method can help with the timely identification
of faults in a charger and can increase the accuracy and efficiency of the infrastructure operation
and maintenance. An appropriate evaluation method, one of the basic methods used to ensure the
safe and reliable operation of the charging facility system. Another study [11] used fuzzy AHP to
evaluate the electrical and safety performance of a charger. The characteristics of AHP are simple
and systematic, but subjective, and the evaluation results lack objectivity. It is more reasonable to
use the combined weights of AHP and entropy weight to calculate comprehensive weights [13,14].
The entropy weight method is an objective weighting method that is not influenced by the subjective
random error of expert judgment on the weight result and can be combined with the analytic hierarchy
method. The determined comprehensive weight obtained is also more reliable [13,14]. Another
study [15] combined the entropy weight method with the AHP to determine the comprehensive weight.
In Liu et al. [16], the analytic hierarchy process and the entropy weight method were used to combine
subjective and objective evaluation methods to evaluate the operation of the distribution network and
verify the rationality of the algorithm. In Yang et al. [17], the AHP and the entropy weight method
were combined for the evaluation of the operating state of the charger. Other studies [18,19] combined
the AHP and the entropy weight method to determine the combined weights, and then evaluated the
objects to be evaluated.

In this study, we evaluated the safety level of the charging facility performance. Firstly, 18 indicators
from three aspects were selected to construct an evaluation system for the health status of EV chargers
based on the analysis of existing EV charging standards. Secondly, the analytic hierarchy process
and entropy weight method were combined to determine the comprehensive weight of the index.
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Then, the theory of fuzzy comprehensive evaluation was used to evaluate the performance of the
charger. Finally, the above indicator system and evaluation method were used to evaluate a charger,
demonstrating the effectiveness of the indicator system and the applicability of the evaluation method.
According to the evaluation results, operation, and maintenance personnel can accurately and quickly
diagnose and correct abnormal states or fault states of various charging piles to prevent or eliminate
malfunction. Our method can provide necessary guidance for the operation of the equipment to
improve the reliability, safety, and effectiveness of the equipment’s’ operation, and reduce the property
loss to a minimum, which indirectly improves the performance of electric vehicles.

The contents of this paper are structured as follows: In Section 2, the evaluation index system
is constructed; the processing methods of quantitative and qualitative index evaluation values are
explained in Section 3. In Section 4, the theory and method of the comprehensive decision scoring
applied are explained, including the analytic hierarchy process, entropy weight method, and fuzzy
comprehensive evaluation theory. Section 5 provides an analysis of actual cases and describes the
rationality and feasibility of verification methods. In Section 6, related analysis results of this work
are presented.

2. Construction of the Index System

The construction of the electric vehicle charger index system is crucial for the efficient and
reasonable evaluation of the state of the charger. The evaluation indicators of EV chargers mostly
involve electrical performance, safety performance, and pile condition. For the evaluation of the
state of EV chargers, there is no specific indicator system standard that can be referenced in China.
As such, considering the impact on the safe and reliable operation of the charger, we included the
principles of objectivity, system completeness, independence, and operability with the current charger
test standard [20-22]. Considering the three reference planes of general performance, electrical
performance, and safety performance, an index system suitable for the state evaluation of EV chargers
was constructed, as outlined in Table 1.

Table 1. Performance status evaluation index system of electric vehicle (EV) charging infrastructure.

Goal Layer Criterion Layer Index Layer
Appearance performance (C11)
General Performance (B1) Ingress protection (IP) defense grade (C12)
Noise intensity (C13)

Stable voltage accuracy (C21)
Stable current accuracy (C22)
Output-voltage setting error (C23)

Electrical Performance (B2) Output-current setting error (C24)

) ) Ripple factor (C25)

Electric vehicle charger Efficiency (C26)
evaluation index system (A0) Power Factor (C27)

Input over-voltage protection (C31)

Input under-voltage protection (C32)
Output over-voltage protection (C33)
Output over-current protection (C34)
Over-voltage limitation characteristics (C35)
Over-current limitation characteristics (C36)
Security alarm (C37)

Insulation performance (C38)

Safety Performance (B3)

3. Method for Processing Indicator Evaluation Values

The performance indicators of the charger can be divided into a quantitative index and a qualitative
index. Because the unit of each state indicator quantity is inconsistent, the charger cannot be evaluated
using the original data, thus each indicator needs to be unified. In this paper, from the pros and
cons of the evaluation indicators, the evaluation value of the indicators is uniformly treated using the
percentage system. For the determination of the quantitative index scores, the score is constructed
using the piece-wise function; for the qualitative indicators, the merits and demerits of the charger
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indicators are scored according to the operation and maintenance personnel or expert experience.
The higher the score, the better the operating state of the charger [23,24].

3.1. Quantitative Index

According to the corresponding function relationship, the function relationship between the
precision value and the score value is established, and some index corresponding function relationships
are listed as follows.

3.1.1. Voltage Stability Accuracy

In the NB/T 33001 standard, the voltage stability accuracy of the charger is specified as +0.5%.
In this paper, the index score and the precision value satisfy the linear function relationship y = +40x +
100. When the voltage stability accuracy is +0.5%, the definition score is 80; when the voltage stability
accuracy is +1%, the definition score is 60.

3.1.2. Current Stability Accuracy

In the NB/T 33001 standard, the current stability accuracy of the charger is specified as +0.5%. In this
paper, the index score and the precision value satisfy the linear function relationship y = +20x + 100:
When the current stability accuracy is +1%, the definition score is 80; when the current stability accuracy
is 2%, the definition score is 60.

3.1.3. Ripple Coefficient

In the NB/T 33001 standard, the ripple coefficient of the charger is specified as +0.5%. In this
paper, the index score and the precision value satisfy the linear function relationship y = +40x + 100,
meaning when the ripple coefficient is +0.5%, the definition score is 80; when the ripple coefficient is
+1%, the definition score is 60.

3.1.4. Output Voltage Setting Error

In the NB/T 33001 standard, the output voltage setting error of the charger is specified as
+0.5%. In this paper, the index score and the precision value satisfy the linear function relationship
y = +40x + 100: When the output voltage setting error is +0.5%, the definition score is 80; when the
output voltage setting error is +1%, the definition score is 60.

3.1.5. Output Current Setting Error

In the NB/T 33001 standard, the output current setting error of the charger is specified as +0.1%. In
this paper, the index score and the precision value satisfy the linear function relationship y = +20x + 100.
When the output current setting error is +1%, the definition score is 80; when the output current setting
error is +2%, the definition score is 60.

3.2. Qualitative Indicators

Qualitative indicators were combined with the impact of indicators on the charger, using expert
experience to score. The higher the score, the more stable the performance of the indicator. The input
over-voltage protection performance score is as follows:

Input over-voltage protection:

(1) Actaccording to the specified protective conditions, score: 85;

(2) The protection action and the specified operating conditions are slightly deviated, or the action
time is slightly delayed, score: 75;

(3) Protection action and movement time are obviously abnormal, score: 65.
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4. Comprehensive Decision-Making Scoring Theory and Method

The abnormal operation state of an EV charger directly affects the power supply network,
the power storage battery, and the charger itself, thus it is necessary to establish an evaluation model
that can accurately and quickly find the charger problem. We considered the possible effects of various
indicators of the charger. The proposed evaluation model can be summarized into two steps. The first
step involves combining the AHP and entropy weight method to determine the comprehensive weight
of the indicator; the second step is to use the fuzzy comprehensive evaluation method to score the
charger [14].

4.1. Analytic Hierarchy Process

AHP is a decision analysis method for weight analysis of qualitative and quantitative indicators
proposed by Thomas L. Saaty in the early 1970s [13,14]. The method of determining the subjective
weight of the electric vehicle charger index by using the analytic hierarchy process is as follows:

(1) Determine the hierarchy model: In this paper, the evaluation index system constructed by the
charger was divided into 3 levels: Target layer A, criterion layer B, and indicator layer C. The quasi-side
layer contains B1, B2, and B3, and the index layer includes C11-C38.

(2) Structural judgment matrix: The judgment matrix was determined by the pairwise comparison
of the factors between the factors of each layer. The elements in the matrix were determined using the
1-9 scale method.

(3) Calculated weight vector: The maximum eigenvalue of the constructed judgment matrix and
the eigenvector corresponding to the largest eigenvalue were obtained, and then the weighted value of
the required corresponding index was obtained by normalizing the obtained eigenvector.

(4) Consistency check: The maximum eigenvalue of each judgment matrix and its corresponding
eigenvector were calculated, and the calculated consistency index, random consistency index,
and consistency ratio were checked for consistency. If the requirement was met, the normalized feature
vector was the weight vector. Otherwise, the elements in the judgment matrix needed to be adjusted,
the judgment matrix was reconstructed, and the above steps were repeated until satisfied.

4.2. Entropy Weight Method

AHP is a subjective empowerment decision-making method, which cannot comprehensively
consider objective factors. Conversely, the entropy weight method is an objective weighting method,
and the combination of the two can compensate for the subjective randomness of AHP [13,14]. The step
of determining the weight using the entropy weight method are as follows:

(1) Build the raw data matrix: Suppose there are m evaluation objects, n evaluation indicators,
and the evaluation value of the ith evaluation object Mi for the jth index Dj is recorded as x;;, and the
formed original data matrix can be expressed as:

X111 .- X1
X=| @ M

Xm1 *° Xmn

(2) Calculate the feature weight of the ith evaluation object under the jth index. The feature weight
of the ith evaluation object under the jth index is denoted as p;:

m
pij = Xij/Z Xjj (2)
i=1
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(3) Calculate the entropy weight w;.

m

ej = —kY_ p(xij) Inp(x;) )
i=1
wj=1-e;/) (1-¢j) 4)
=1

where k = 1/In(m), k>1,and 0 <e; < 1.
(4) Determine the comprehensive weight A of the indicator:

aj = 0g; + (1 - 06)w; (5)

where g; is the subjective weight of the evaluation index, w; is the objective weight of the evaluation
index, and 0 is the preference coefficient of the subjective weight of the evaluation index, and 0 <0 < 1.
According to the conclusion in the literature [23], the 6 value is 0.5: The comprehensive weight of
each indicator of the charger is the arithmetic mean of the objective weight and the subjective weight,
which ensures the accuracy and reliability of the weight.

4.3. Fuzzy Comprehensive Evaluation

Fuzzy comprehensive evaluation is an evaluation method based on the theory of fuzzy mathematics
and the comprehensive evaluation of the charger is achieved according to the principle of maximum
membership [14]. In this paper, the fuzzy theory method is combined with AHP and entropy weight
method to evaluate the state of the charger.

The specific evaluation steps are as follows:

(1) Determination of the comment set: We divided the comment set of the charger indicator
status into fault, abnormal, attention, normal, and good into five levels. The comment set V = {fault,
abnormal, attention, normal, good} = {v1, v2, v3, v4, v5}.

(2) Determination of membership function: According to the evaluation index system established
above, combined with the fuzzy set operation theory of the membership function in the literature [24,25],
we combined the fuzzy distribution of a triangle and trapezoid, and established the membership
function of the rating of the charger as follows:

1 x> 95
pulx)={ & x-85 85<x<9%5 (6)
0 x < 85
—5x+95  85<x<95
A(x)=1{ £x-75 75 < x <85 (7)
0 x <75
—5x+85  75<x<85
wx)={ £x-65 65<x <75 8)
0 x < 65
—5x+75  65<x<75
ut(x) ={ £x-55 55 < x < 65 )
0 x <55
1 13 x <50
wx)={ -%& x+= 50<x<65 (10)
0 x > 65
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where yk(x) means the membership function of the comment k; and k = {1, 2, 3, 4, 5}, respectively,
indicate the five levels of good, normal, attention, abnormal, and faulty. The score range of the comment
set with different indicators is: Fault: 0-60, abnormal: 60-70, attention: 70-80, normal: 80-90, and
good: 90-100.

(3) Determination of the scoring matrix R: After converting the raw data of each indicator into
corresponding scores, they were brought into the corresponding membership function to perform a
single factor evaluation, and a single factor evaluation set of corresponding indicators was obtained.
The matrix formed by the single factor evaluation of each indicator is recorded as the scoring matrix R.

(4) Fuzzy comprehensive evaluation: On the basis that the scoring matrix R and the comprehensive
weight A have been determined, the scoring matrix composed of each index was calculated by B=A X R,
and the fuzzy comprehensive evaluation result vector B of each index could be obtained. Similarly,
the total fuzzy comprehensive evaluation result vector of the charger was Br.

(5) Calculate comprehensive score: The fuzzy comprehensive evaluation result was brought
into the membership function for defuzzification calculation, and the score of the comment set was
Vr = (v1,v2,v3, v4, v5). Calculated using Equation (11), the comprehensive score F of the charger was
obtained, where F can be described as:

. Br xVr

Y. Br

F (11)

The basic process of performance evaluation of electric vehicle charger is shown in Figure 1.

Charging equipment performance status
evaluation

v

Determining evaluation indicators

v

Data collection

v

Index quantification
\ 4 \ 4
Determine Determine the
subjective weight Q objective weight W
\

Determine the
comprehensive
weight A

Determining the
indicator fuzzy
evaluation matrix R

Determine the fuzzy
evaluation result
B=A%R

\ 4
Calculated
comprehensive score

Figure 1. Charging infrastructure evaluation flow chart.
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5. Analysis of Examples

A charger made by a manufacturer in Shijiazhuang was selected and evaluated with the test data
of the charger test platform.

(1) Calculation of the subjective weight: Combining the characteristics of the work of the charger
and comprehensive expert opinions, the comprehensive weight of each indicator was obtained.

The judgment matrix and subjective weight of the criterion layer are shown in Table 2.
The maximum eigenvalue is 3.0246, and the random consistency ratio (CR) is 0.0236, which is
less than 0.1, which satisfies the requirement of consistency.

Table 2. Subjective weight of the rule hierarchy.

Index B1 B2 B3 Qo
B1 1 1/4 1/5 0.0974
B2 4 1 12 0.3331
B3 5 2 1 0.5695

The subjective weight judgment matrix of general performance is shown in Table 3, in which
the maximum eigenvalue is 3.0536, and the random CR is 0.0516 (<0.1), which satisfies the
consistency requirement.

Table 3. Subjective weight of the general performance.

Index C11 C12 C13 Q1
Cl11 1 12 12 0.1958
C12 2 1 12 0.3108
C13 2 2 1 0.4934

The subjective weight judgment matrix of electrical performance is shown in Table 4, in
which the maximum eigenvalue is 7.6051, and the random CR is 0.0742 (<0.1), which satisfies
the consistency requirement.

Table 4. Subjective weight of the electrical performance.

Index Cc21 Cc22 C23 C24 C25 C26 Cc27 Q2
c21 1 1 1/2 12 3 3 3 0.1351
c22 1 1 1/2 12 3 3 3 0.1351
Cc23 2 2 1 1 6 8 8 0.2865
C24 2 2 1 1 6 8 8 0.2865
C25 1/3 1/3 1/6 1/6 1 7 7 0.0943
C26 1/3 1/3 1/8 1/8 1/7 1 1 0.0313
c27 1/3 1/3 1/8 1/8 17 1 1 0.0313

The subjective judgment matrix of safety performance is shown in Table 5, where the maximum
eigenvalue is 8.5962, and the random CR is 0.0604 (<0.1), which satisfies the consistency requirement.

(2) The calculation of objective weights: The objective weights were calculated according to the
test data recorded by the test platform at different time periods, the field operation, maintenance
personnel, and expert experience, which is represented by W.

For the scores of general performance, electrical performance, and safety performance in the
criterion layer, the average score of each sub-indicator was taken and then the objective weight of the
index was obtained according to the entropy weight method as shown in Tables 6-8, respectively.
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Table 5. Subjective weight of the safety performance.

Index C31 C32 C33 C34 C35 C36 C37 C38 Q3
C31 1 1 1 1 1/3 1/3 2 1/4 0.0648
C32 1 1 1 1 1/3 1/3 2 1/4 0.0648
C33 1 1 1 1 1/3 1/3 2 1/4 0.0648
C34 1 1 1 1 1/3 1/3 2 1/4 0.0648
C35 3 3 3 3 1 1 3 1/4 0.1580
C36 3 3 3 3 3 1 3 1/4 0.1947
C37 1/2 1/2 1/2 1/2 1/3 1/3 1 1/3 0.0475
C38 4 4 4 4 4 4 3 1 0.3409

Table 6. Objective weight of the general performance.

Index C11 C12 C13
85 85 80
85 85 80
Score 85 85 80
85 85 80
85 85 80
w 0.3333 0.3333 0.3333

Table 7. Objective weight of the electrical performance.

Index C21 C22 C23 C24 C25 C26 C27
Standard limited value +0.5% +1% +1% +1% +1% 93 0.98

0.255/89.80  0.669/86.62 1.697/32.12  0.735/85.30  0.474/81.04  92.926/79.88 0.974/78.50
0.207/91.72  0.572/88.56  1.718/31.28 1.434/71.32 0.426/82.96  93.322/80.92 0.991/91.00
Measured values (%)/score 0.22/91.20  0.493/90.14 1.701/31.96  1.56/68.80  0.453/81.88  93.350/80.97 0.997/97.00
0.212/91.52  0.349/93.02  1.699/32.04 1.735/65.30 0.435/82.60 93.679/81.94 0.996/96.00
0.22/91.20  0.321/93.58 1.786/28.56 1.593/68.14  0.41/83.60  93.787/82.22 0.998/98.00

w 0.0029 0.0449 0.1008 0.4883 0.0061 0.0055 0.3515

Table 8. Objective weight of the safety performance.

Index C31 C32 C33 C34 C35 C36 C37 C38
85 85 85 85 85 85 85 80
85 85 85 85 85 85 85 80
Score 85 85 85 85 85 85 85 80
85 85 75 85 75 85 85 80
85 85 75 85 75 85 85 80
W 0.0000 0.0000 0.5000 0.0000 0.5000 0.0000 0.0000 0.0000

(3) Comprehensive weight calculation.

On the basis of calculating the objective weight ‘W’ and the subjective weight ‘Q’,
the comprehensive weight A is calculated according to the conclusion in the literature [23],
the comprehensive weight of each indicator of the charger is the arithmetic mean of the objective
weight and the subjective weight, which is shown in Table 9.

(4) Fuzzy Comprehensive Evaluation: Combine the B1, B2, and B3 obtained by obscuring the
general performance, electrical performance, and safety performance to form a matrix Rt of the fuzzy
evaluation of the total performance of the charger.

Use Bt = At X Rt = (0.0725 0.1152 0.2762 0.4810 0.0095) to derive the state of membership of
the charger, and then calculate the BT anti-fuzzification to obtain a review set Vr for the state of the
charger: Vr = (63.3665 56.7290 67.5810 78.8370 85.2145).



World Electric Vehicle Journal 2019, 10, 35 10 of 12

Table 9. Comprehensive weight of the indicators.

General Performance Criterion Layer
Weight\Index
C11 C12 C13 B1 B2 B3
W 0.3333  0.3333  0.3333 0.0000 0.2308 0.7692
Q 0.1958  0.3108 0.4934 0.0974 0.3331 0.5695
A 0.2646  0.3221 04134 0.0487 0.2819 0.6694
Electrical Performance
Weight\Index
C21 C22 C23 C24 C25 C26 c27
\ 0.0029  0.0449 0.1008 0.4883 0.0061 0.0055 0.3515
Q 0.1351  0.1351 0.2865 0.2865 0.0943 0.0312 0.0312
A 0.0690  0.0900 0.1936 0.3874 0.0502 0.0184 0.1914
Safety Performance
Weight\Index
C31 C32 C33 C34 C35 C36 C37 C38
w 0.0000  0.0000 0.5000 0.0000 0.5000 0.0000 0.0000 0.0000
Q 0.0648  0.0648 0.0648 0.0648 0.1579 0.1947 0.0475 0.3408
A 0.0324  0.0324 02824 0.0324 0.3290 0.0973  0.0237 0.1704

Finally, according to Equation (11), the charger state score, F = 71.09 points, was obtained. The state
of the charger was classified as "attention" and was close to the abnormal state. Combined with the
analysis of the original data, the index layer determines that the output voltage tuning error has
reached the fault value and the output current tuning error has reached an abnormal value, and other
straight indicators are normal. The test results of the abnormal indicators obtained using the test
platform based on Microsoft Visual Studio 2013 is shown in Figures 2 and 3.

18~
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Figure 2. Output voltage setting error test result diagram.

Figure 2 depicts the test result of the output voltage setting error when the input voltage and
input frequency were changed by the standard, which is obviously higher than +0.5% of the standard
limit value. Figure 3 shows the output current setting error. The test results when the standard
specified output voltage and output current range change are obviously higher than the standard
limit value by +1%. The above result shows that the obtained charger evaluation result is consistent
with the test report, which verifies the effectiveness of the evaluation model and the reliability of the
indicator system.
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Figure 3. Output current setting error test result diagram.

6. Conclusions

As charging accidents occur occasionally, the safety of EV charging equipment has become
increasingly important. We studied the evaluation of the performance of an EV charger. We selected
18 indicators from three aspects to form an evaluation index system for the performance status of EV
chargers. Based on these, a fuzzy comprehensive evaluation method was used to evaluate an electric
vehicle charger, which quantified the performance status of the charging device. With the detection of
EV chargers, the continuous improvement in safety standards, and the continuous accumulation of
on-site operation and maintenance data, a fault experience library can be formed, providing a basis
for the improvement of on-site operation and maintenance of EV chargers. Based on the evaluation
results, operation and maintenance personnel can have a comprehensive understanding of the health
of the tested charger. According to the evaluation results, operation and maintenance personnel can
quickly and accurately diagnose and correct the abnormal or fault states of various charging piles to
prevent or eliminate a malfunction. Our method can provide necessary guidance for the operation of
the equipment to improve its reliability, safety, and effectiveness, and reduce the property loss to a
minimum, which indirectly improves the performance of electric vehicles.

Author Contributions: Conceptualization, Q.L. and Y.X.; methodology, S.Z. and, X.Z.; software, Z.L. and L.W.;
validation, S.Z., X.Z., Z.L., and L.W.; formal analysis, X.Y.; investigation, Z.W. and X.Z.; data curation, S.Z.;
writing—original draft preparation, S.Z. and Y.W.; writing—review and editing, Q.L., Y.X., and X.Y.

Funding: This research was supported by the project “AC/DC charging interface interoperability testing and fault
characterization analysis technology for on-site inspection of electric vehicle charging facilities (9210118009)".

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the design, execution,
interpretation, or writing of the study.

References

1.  He, Y. “Building a pipe and paying attention” to better solve the difficulty of charging electric vehicles.
China Business News, 19 April 2019; p. 2.

2. Guo, W,; Yin, X,; Wang, J.; Zhu, Y.; Xu, S. Design of remote operation and maintenance system of charging
pile based on manhattan distance method. Power Syst. Prot. Control 2018, 13, 134-140.

3. Cheng, Y.; Zhang, C. Configuration and operation combined optimization for EV battery swapping station
considering PV consumption bundling. Prot. Control Mod. Power Syst. 2017, 2, 26. [CrossRef]


http://dx.doi.org/10.1186/s41601-017-0056-y

World Electric Vehicle Journal 2019, 10, 35 12 of 12

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Xu, G.; Xiao, S.; Cong, M. Analysis and protection of short circuit faults in electric vehicle charging and
discharging stations. Power Syst. Prot. Control 2018, 46, 150-156.

Lu, M.-H.; Jen, M.U. Safety design of electric vehicle charging equipment. World Electr. Veh. |. 2012, 5,
1017-1024. [CrossRef]

Bouabana, A.; Sourkounis, C. Development of a testing device for electric vehicles chargers. In Proceedings
of the 2015 International Conference on Renewable Energy Research and Applications (ICRERA), Palermo,
Italy, 22-25 November 2015; pp. 1174-1178.

Li, PC,; Zhao, Y.L.; Yang, J.; Xu, R.; Zhang, Q.Y.; Ying, L.Y. A design method of EV charging security
early warning model. In Proceedings of the 2017 36th Chinese Control Conference (CCC), Dalian, China,
26-28 July 2017; Volume 5.

Kim, K.; Lee, J.; Lee, S. A Study of Methodological Evaluating and Testing Standards for on-Board Charger.
In Proceedings of the 2018 21st International Conference on Electrical Machines and Systems (ICEMS), Jeju,
Korea, 7-10 October 2018; pp. 982-985. [CrossRef]

Wang, W.; Wang, Q.; Chu, L.; Dong, X. Study on Performance Evaluation System of Hybrid Electric Vehicle
Drive Motor. Trans. Chin. Soc. Agric. Mach. 2011, 42, 20-25.

He, C.; Chen, Z.; Feng, Y.; Yin, Q.; Li, X. Analysis and Solution of Electric Vehicle Charging Safety. Distribution
2017, 34, 12-18, 50.

Ye,J.; Dong, C.; Ma, Y.; Li, X,; Li, Y;; Zhu, X.; Wang, B. Study on Performance Evaluation Index System of
Electric Vehicle Charger. Electr. Meas. Instrum. 2015, 52, 91-96.

Wang, X.; Niu, L.-Y,; Huang, W,; Jiang, ]. Research on Electrical and Safety Performance Evaluation System
of Electric Vehicle Charger. Chin. J. Power Sources 2014, 38, 734-736, 744.

Xu, S. Principles of Analytic Hierarchy; Tianjin Peoples Publishing House: Tianjin, China, 1988.

He, F. Comprehensive Evaluation Method MATLAB Implementation; China Social Sciences Press: Beijing, China,
2010; Volume 12.

Chen, W.; Yang, B.; Zhang, Z.; Wen, M.; Cheng, X. Evaluation and Optimization of Distribution Capacity of
Distribution Network Considering Electric Vehicle Charging Station Access. Trans. China Electrotech. Soc.
2014, 29, 27-35, 45.

Liu, Y,; Liu, J. Grid Risk Assessment Based on AHP and Entropy Method. Electr. Power Sci. Eng. 2013, 29,
37-43.

Yang, Y.; Che, Y.; Yang, L. Comprehensive evaluation of multiple indicators of electric vehicle charger
operation status. Electr. Power Autom. Equip. 2018, 38, 72-79.

Ni, N.; Zhang, S.; Chen, X.; Zhang, X. Audit Risk Assessment Based on Entropy Weight Method and Fuzzy
Analytic Hierarchy Process. Software 2018, 39, 254-259.

Jia, L.; Yang, J. Evaluation of Energy Efficiency of Electric Vehicle Charging Station Based on AHP-Entropy
Weight Method. Electr. Power Constr. 2015, 36, 209-215.

Liu, X. Research on Comprehensive Evaluation Index System of Electric Vehicle Charging Equipment; Beijing Jiaotong
University: Beijing, China, 2012.

Wu, B; Li,, X,; Dong, X.; Ni, F; Li, C.; Han, H.; Zhang, J.; Li, Z.; Li, J.; Pan, J.; et al. Technical Requirements for
Non-Vehicle Conductive Chargers for Electric Vehicles; NB/T 33001-2018; China Social Sciences Press: Beijing,
China, 2018.

Li, Q.; Yang, Z.; Yang, X.; Wang, G.; Feng, Q.; Wang, F; Heng, Y.; Shi, G.; Xue, A.; Pan, ].; et al. General Technical
Conditions and Safety Requirements for DC Power Supply Equipment for Power Engineering; GB/T 19826-2014;
Standards Press of China: Beijing, China, 2014.

Song, H.; Wang, Z. The Tradeoff between Objective Weight and Subjective Weight. Technoecon. Manag. Res.
2003, 62-63.

Yang, D.; Fan, S.; Liu, Z; Lin, C,; Liang, H. Study on State Evaluation Method of Distribution Transformer
Based on Entropy Weighting Method. South. Power Syst. Technol. 2014, 8, 116-121.

He, Z. Fuzzy Mathematics and Its Application; Tianjin Science and Technology Press: Tianjin, China, 1983.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/wevj5041017
http://dx.doi.org/10.23919/ICEMS.2018.8549364
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Construction of the Index System 
	Method for Processing Indicator Evaluation Values 
	Quantitative Index 
	Voltage Stability Accuracy 
	Current Stability Accuracy 
	Ripple Coefficient 
	Output Voltage Setting Error 
	Output Current Setting Error 

	Qualitative Indicators 

	Comprehensive Decision-Making Scoring Theory and Method 
	Analytic Hierarchy Process 
	Entropy Weight Method 
	Fuzzy Comprehensive Evaluation 

	Analysis of Examples 
	Conclusions 
	References

