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RESUMEN

e La planificacion de redes se ha convertido en un método
nuevo e importante. En el proceso de implementacion de
la planificacion de redes para una red de distribucion, la
evaluacion precisa del rendimiento y las ventajas de cada red
y la identificacion de sus debilidades son requisitos previos
para una planificacion de redes cientifica, razonable y practica.
Por lo tanto, este estudio introduce un enfoque de evaluacion
para la construccion de una red de distribucion con el fin de
realizar una planificacion de inversiones precisa para la misma.
En primer lugar, se establecié un sistema de indices de una red
de distribucion. En segundo lugar, se introdujeron el método
de ponderacion antientropia (a-EWM) y el método mejor-peor
(BWM) para calcular las ponderaciones subjetivas y objetivas,

respectivamente, y se obtuvieron las ponderaciones combinadas

utilizando la teoria de juegos. Por ultimo, se modificd la
técnica del método de orden de preferencia por similitud a la
solucion ideal (TOPSIS) utilizando la similitud del coseno y el
analisis relacional gris (GRA). Los resultados indican que (1) los
indices de primer nivel en el sistema de indices de evaluacion
aqui pueden utilizarse para reflejar la situacion general de
construccion de cada cuadricula, y los indices de sequndo nivel
pueden emplearse para representar las debilidades dentro de
cada cuadricula. (2) EI método de ponderacion combinada
basado en la teoria de juegos puede combinar las ventajas de
los métodos de ponderacion subjetiva y objetiva y reflejar con

precision la importancia de varios indices de evaluacion. (3) Los

inconvenientes del método TOPSIS tradicional, en el que no se
puede considerar la correlacion de los indices y solo se calcula
la distancia relativa, lo que da lugar a una evaluacion inexacta,
pueden evitarse mediante el método TOPSIS modificado, en el
que se adoptan la similitud del coseno y el andlisis relacional
gris. Por lo tanto, el uso de la ponderacién combinada vy el
método TOPSIS modificado pueden hacer mas practico el valor
de evaluacion integral de una red de distribucion. El método
aqui puede utilizarse para demostrar el statu quo general y las
demandas de desarrollo futuro de las redes de distribucion y
compensar los defectos del método de evaluacion tradicional.

e Palabras clave: Red de distribucion, Evaluacion integral,
Ponderacion combinada, TOPSIS.
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ABSTRACT

Grid planning has become a new and important method. In
the process of implementing the grid planning for a distribution
network, accurately evaluating the performance and advantages
of each grid and identifying its weaknesses are prerequisites for
a scientific, reasonable, and practical grid planning. Hence, this
study introduces an evaluation approach for the construction of
a distribution grid to make a pointed investment planning for
it. First, an index system of a distribution grid was established.
Second, the anti-entropy weight method (a-EWM) and the best-
worst method (BWM) were introduced to compute the subjective
and objective weights, respectively, and the combination weights
were obtained using game theory. Finally, the technique for or-
der preference by similarity to ideal solution (TOPSIS) method was
modified using cosine similarity and gray relational analysis (GRA).
Results indicate that, (1) The first-level indexes in the evaluation
index system here can be used to reflect the overall construction
situation of each grid, and the second-level indexes can be emplo-
yed to represent the weaknesses within each grid. (2) The combi-
nation weighting method based on game theory can combine the
advantages of subjective and objective weighting methods and
reflect the importance of various evaluation indexes accurately.
(3) The drawbacks of the traditional TOPSIS method, where in-
dex correlation cannot be considered and only relative distance is
calculated, resulting in inaccurate evaluation, can be avoided by
the modified TOPSIS method, in which cosine similarity and gray
relational analysis are adopted. Therefore, the use of combination
weighting and the modified TOPSIS method can make the com-
prehensive evaluation value of a distribution grid more practical.
The method here can be utilized to demonstrate the overall status
quo and future development demands of distribution grids and
compensate for the defects of the traditional evaluation method.

Keywords: Distribution grid, Comprehensive evaluation, Com-
bination weighting, TOPSIS.

1. INTRODUCTION

As the construction of new power systems advances and the
energy structure transforms in China, distribution networks are
facing a series of new development requirements, such as enhanc-
ing their reliability, flexibility, level of intelligence, and proportion
of green energy consumption, in order to adapt to the diversified
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demands of future power markets. In the context of the “dual car-
bon" targets, distribution networks must support the low-carbon
transition and accelerate the application of green energy. With the
rapid development of distributed renewable energy, distribution
networks need to possess greater carrying capacity to meet the
demands of large-scale renewable energy integration and con-
sumption. At the same time, distribution networks must fully sup-
port the construction of electric vehicle charging infrastructure
and promote the diversified development of new energy storage to
comprehensively advance the green and low-carbon transforma-
tion of energy. Additionally, distribution networks must enhance
their level of intelligence and achieve digital transformation. In
this context, grid segmentation of distribution networks has be-
come an important solution.

The development of grid in distribution networks stems from
the pursuit of refined management of power systems. By dividing
a vast distribution network into several relatively independent and
easily managed grids, precise division and efficient management
of power supply areas can be achieved. This division method not
only helps optimize the allocation of power resources and improve
energy utilization efficiency, but also effectively addresses the
challenges posed by load growth and the integration of distrib-
uted energy.

In the context of grid in distribution networks, the evaluation
of distribution grids becomes particularly important. Evaluation
work is not only a test of the implementation effects of existing
grid plans, but also a guide for the future development direction
of distribution networks. Through comprehensive and objective
evaluations of distribution grids, existing problems and deficien-
cies can be promptly identified, providing a basis for subsequent
improvements and optimizations. At the same time, the evaluation
of distribution grids is also an important means to promote energy
transformation and green development. Through evaluation work,
distribution networks can be guided to develop in a more intel-
ligent and green direction, contributing to the construction of a
clean, low-carbon, safe, and efficient energy system.

In summary, the development of grids in distribution networks
reflects the inevitable and new trend of modernized management
in power systems, so the evaluation of distribution grids is an im-
portant guarantee to ensure the smooth advancement of this trend.

Present studies of assessing distribution grids focus primarily
on the evaluation index system and the approach for comprehen-
sive evaluation. The number of first-level indexes in most evalu-
ation systems, such as grid power supply reliability [1], operating
efficiency [2], power supply capacity [3], economy [4], or power
quality [5], is less than 3 and is obviously too limited to show
the overall situation of distribution grids. Studies of the compre-
hensive evaluation of grids rely mainly on traditional evaluation
methods for distribution networks, including the technique for
order preference by similarity to ideal solution (TOPSIS) method
[6] and the fuzzy evaluation method [7]-[9]. Although the rough
situation of power grids can be reflected using these methods, ac-
curate evaluation of distribution grids and identification of their
weaknesses cannot be realized. Simultaneously, the current evalu-
ation methods focus only on a single distribution grid and can-
not take into account the overall planning of multiple distribution
grids, resulting in insufficient consideration of the balance of their
overall development.

In order to address the aforementioned issues, this study intro-
duces a comprehensive evaluation method for distribution grids
on the basis of combination weighting and the modified TOPSIS
method. In accordance with operational guidelines and experts'
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experiences, an index system is established, game theory is used
for combination weighting, and cosine similarity and gray relation
are adopted to modify the TOPSIS method to realize a comprehen-
sive evaluation of distribution grids, identify the weaknesses of
distribution grids, guide the follow-up investment accurately, and
enhance the investment efficiency.

2. STATE OF THE ART

A comprehensive evaluation of grids mainly includes an evalu-
ation system, index weighting, and an evaluation method [10]-
[12]. Wang et al. [13] created an index system from the perspec-
tives of reliability, economy, adaptability, and cleanness. Niu et al.
[14] created an index system for assessing investment benefit of
distribution networks by finding the influencing factors of each
effect index using the fish bone method. The study of comprehen-
sive evaluation index systems for distribution networks encom-
passes economic operation, smart development, and investment
benefit [15]-[17]. Few studies exist on the establishment of com-
prehensive evaluation index systems with a distribution grid as an
evaluation object. The methods for index weighting mainly com-
prise subjective, objective, and combination methods. In the first
method, such as the analytic hierarchy process (AHP) [18]-[19],
sequential relationship analysis, and Delphi methods, the calcula-
tion of index weights primarily depends on the decision-makers'
subjective attention to the indexes. Rezaei [20] put forward the
the best-worst method (BWM), by which the number of compari-
sons between indexes could be effectively reduced to simplify the
comparison process considerably. However, judgments are made
by decision-makers based on their experiences, which causes
strong subjective randomness easily. In objective weighting meth-
ods, including entropy weight [21]-[22], critical and standard de-
viation methods, index weights are calculated using a mathemati-
cal approach, considering the correlation between the original and
objective data of indexes. Majumder et al. [23] determined the
objective weights of indexes in a low-carbon operation evaluation
index system for distribution networks through the anti-entropy
weight method (a-EWM). In fact, the results of this method often
deviate from actual situations because decision-makers' subjec-
tive intentions and wishes are not considered. In combination
weighting methods, the information of objective data is fully
utilized, and the subjective opinions of decision-makers can be
considered. Wang et al. [24] and Lu et al. [25] discussed the appli-
cations of game theory to combination weighting in detail. Jia et
al. [26] used game theory to combine the weights obtained from
AHP and EWM.

Gray relational analysis (GRA) [27]-[28] and TOPSIS [29]-[31]
are widely applied to evaluation. Zhao et al. [32] used GRA in TOP-
SIS, and evaluated power quality using a modified gray-Euclidean
distance measure, however, they didn't consider the problem that
the calculation results were biased when the indexes were cor-
related. Zhang et al. [33] used a distance measure in TOPSIS based
on cosine similarity, and developed an algorithm.

On the basis of the related studies, this study used distribu-
tion grids as evaluation objects to establish an index system. A
combination weighting approach for calculating the combination
weights of indexes by using a-EWM, BWM, and game theory was
presented. Moreover, a modified TOPSIS based on cosine similarity
and GRA for carrying out the comprehensive evaluation of distri-
bution grids was proposed.

The remainder of this paper is outlined below: The third part
presents the approach for developing a comprehensive evaluation
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index system and gives the approach for calculating combination
weights and modifying the traditional TOPSIS. The fourth part
analyzes the application of combination weights and the modi-
fied TOPSIS to the comprehensive evaluation of distribution grids
through numerical examples, and the practicality of the method
here is verified. The fifth part summarizes the results and presents
the corresponding conclusions.

3. METHODOLOGY

3.1. COMPREHENSIVE EVALUATION INDEX SYSTEM

Distribution grids are the smallest units for distribution net-
work planning, project management, and operation and mainte-
nance. Therefore, accurate evaluation of their operation condi-
tion is necessary to provide auxiliary support for the meticulous
planning and precise investment of distribution networks. The
traditional evaluation indexes for distribution networks only fo-
cus on power supply reliability, grid structure, and other aspects,
while the distribution grid under the new power system not only
needs to ensure power supply reliability, but also needs to have a
certain level of intelligence and digitization, while ensuring the
economic operation of the power grid. All of these require fur-
ther improvement of the grid based evaluation index system. The
evaluation indexs for the distribution grid under the new power
system proposed in this paper contain a wider range of content
and involve some new indexs and concepts compared to tradi-
tional distribution network evaluation indexs. To achieve compre-
hensive and refined decision-making for distribution networks,
this study uses distribution grids as evaluation units and selects
key indexes on the basis of relevant guidelines and expert judg-
ments to build an index system. The second-level indexes of the
system include power supply capacity, grid structure, equipment
level, service level, smartness and friendliness, and economic op-
eration. A total of 24 third-level indexes are mainly used to reflect
the reliability and cost-effectiveness of the distribution grids. The
index system is elucidated in Table 1. The power supply capacity
reflects distribution networks' capacity for bearing electrical loads
and meeting the needs of users under the premise of safe opera-
tion, and it can be analyzed from the average power outage time
for users, average distribution transformer capacity per household,
and heavy load. The grid structure reflects the grid of distribution

Table 1. Index system for distribution grids

articulo de investigacion [ research article

networks and can be analyzed from the standardized connection
for lines, power radius, and line contact. The equipment level is
used to evaluate the service life of equipment and line insulation.
The service level is used to evaluate the capacity for serving users
from the aspects of users' complaints, faults, and emergency re-
pairs. Smartness and friendliness are used to evaluate distribution
automation construction and its practicability. Economic opera-
tion is used to assess the financial returns, including the passing
rate of integrated voltage, the proportion of low-voltage users,
and combined line loss rate.

3.2. WEIGHTING METHOD

(1) A-EWM

The objective weights are often determined by the EWM. The
principle of the EWM is based on the concept of information en-
tropy, which is used to measure the uncertainty or degree of dis-
persion of information. In the EWM, if the data of a certain index
has large variations, indicating a high degree of dispersion in in-
formation distribution, then this index provides more information
and its weight is correspondingly higher; conversely, if the data
of an index has small variations, indicating a more concentrated
information distribution, then this indicator provides less infor-
mation and its weight is lower. Therefore, the EWM determines
the weights of indexes by calculating their information entropy,
achieving objective weighting. This method avoids the interfer-
ence of subjective factors and can more scientifically reflect the
impact of data on evaluation results. However, extreme weights
may come from the ENM because of its high sensitivity to the de-
gree of disorder of indexes. In the a-EWM, an index with a higher
anti-entropy indicates a greater degree of disorder, which in turn
results in a more pronounced effect on the final evaluation result.
Accordingly, the index should be assigned a greater weight. The
detailed procedures for the a-EWM are outlined below:

1) Preprocessing index data

Given that the dimensions of each index are not consistent,
the index data cannot be directly used for analysis and compari-
son. Thus, they need to be preprocessed by using Egs. (1), (2), and
(3). The index system in this study includes benefit-, cost-, and in-
terval-oriented indexes. The benefit-oriented index indicates that

Power supply capacity (B1)

average power outage time for users (C1), average distribution transformer capacity per
household (C2), heavy load rate for a line (C3), heavy load rate for a distribution transformer (C4)

Grid structure (B2)

passing rate of line N-1 (C5), standardized connection rate (C6), passing rate of power radius (C7),
line connection rate (C8)

Equipment level (B3)

average service life of a line (C9), average service life of a distribution transformer (C10), line
insulation rate (C11)

Comprehensive

evaluation .
vaiuati Service level (B4)

complaint rate of 10,000 households (C12), line failure outage rate (C13), outage rate of a
distribution transformer (C14), average repair time of distribution network fault (C15),

Smartness and friendliness (B5)

effective coverage of line distribution automation (C16), intelligent fusion terminal coverage
(C17), participation rate of FA failure handling (C18)

Economic operation (B6)

passing rate of integrated voltage (C19), proportion of low-voltage users (C20), combined line loss
rate (C21), unit investment to increase power supply (C22)
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a larger value is more favorable; the cost-oriented index suggests
that a smaller value is more advantageous; the interval-oriented
index implies that the optimal value lies within a specific range.

The benefit-oriented index data that need to be made dimen-
sionless are calculated as:

¥y =g =) [ =) (0

where x; is the jth index data of the jth object; Xmm and
x> are the minimum and maximum values of the jth index,
respectlvely. The cost-oriented index data that need to be made
dimensionless are calculated as:

p =1 ) o) @

The interval-oriented index data that need to be made dimen-
sionless are calculated as:

0 h™ > x;
1— (hlbest _ X,]- )/(h;zest _ h;nin) h;nin < x,'l' < h;)esf
yi' - st max esi max
L0 =hE /P R < <] (3)
0 ™ <x,

where h™, h'™ and h** are the lower and upper boundary
of the interval value, as well as the optimal value of the jth index,
respectively.

2) Determining the anti-entropy of indexes

Due to the fact that entropy directly reflects the amount of
information contained in an index, the larger the entropy and the
more information it contains, the greater the importance of the
index. The anti-entropy e of the jthindex data that have been
preprocessed is computed as:

e;=—> p;In(1—p;)
(4)

where m represents the quantity of objects, and p, is calcu-
lated as:

P=Y;/ DV, (5)
i=1

3) Determining the objective weights of indexes
Normalizing the anti-entropy e, yields the weight Wob/ of the
jth index, that is:

W = Ze (6)

where N represents the quantity of indexes.

(2) BWM

The BWM is a method used to determine weights in multi-
criteria decision-making. The core idea of this method is based on
comparisons between the “best” and "worst" factors. Firstly, deci-
sion-makers select the best and worst indexes from the evaluation
criteria, and then compare the best index with all other indexes
to construct a comparison vector for the best index. Similarly, the
worst index is compared with all other indexes to construct a com-
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parison vector for the worst index. Finally, through mathematical
programming, the weights of each index are obtained. The num-
ber of comparisons between indexes is effectively reduced, the
comparison process is simplified, the mistakes in decision-making
made by experts when dealing with large volumes of data are
reduced, and thus, more reliable subjective weights are obtained.
The detailed procedures of BWM are outlined below:

1) Selecting the best and worst indexes

The best and worst indexes are chosen in accordance with the
subjective opinions of experts, and the bth and wth indexes are
considered the best and worst indexes, respectively.

2) Constructing a comparison vector

A comparison is made between the best index and other index-
es, and the best comparison vector C,=(C,.Cp,L ij,L .C, )
constructed from the scores of the degree of importance of other
indexes relative to the best one, which are given by experts us-
ing a 1-9 scale. A score of 1 signifies that the best index holds
equal importance compared to the index, whereas a score of
9 denotes that the best index is of utmost importance in rela-
tion to the index. Similarly, a comparison is made between other
indexes and the worst index, and the worst comparison vector
c,=(C,.C,L .C,L .C,) isconstructed.

3) Solving for the subjective weights of indexes

The planning model for the subjective weights
Wsub _ (qub sub L Wsub L Wsub) of indexes is:

B sub sub sub sub
mlnm?x{wb Jw® —C,Llwe® jwi* —C,, }
n
st. wa”” =1 (7
=]
Wsub > 0

J

where wi* and w3 are the weights assigned to the best and
worst indexes, respectwely. j=12L ,n.
For the convenience of solution, letting

k= max{ sub Wsub sub WSUb—C- }’ Eq (7] is Changed
into: J /v s s ’W|
min k
st Wy fw ~Cyl <k, |we* fwit —C,,| <k
ZW;Ub:1 (8]
=1
w >0

J

4) Conducting consistency testing

After the subjective weights of indexes are obtained, the con-
sistency ratio CR should be calculated to test the consistency
between the best and worst comparison vectors. CR is calculated
as:

CR=k*/Cl (9)

where k" is the optimal value of k from Eq. (8), and Cl is
the value determined by C,, as shown in Table 2. A lower val-
ue of CR signifies a higher degree of consistency, In this study,
CR < 0.1 means that consistency testing is passed.
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Table 2. Cl values

cl 0 0.44 | 1.00 | 1.63 | 2.30 | 3.00 | 3.73 | 4.47 | 5.23

(3) Combination weighting method

The objective and subjective weights of indexes here are cal-
culated using the a-EWM and BWM, respectively. The former in-
cludes the information of index data themselves, and the latter in-
corporates the subjective judgments of experts. Calculating com-
bination weights containing subjective and objective information
is necessary to make the weights in this study more reliable and
reasonable.

With the Nash equilibrium as the optimization objective to
coordinate the subjective and objective weights, this study intro-
duces game theory into comprehensive evaluation to solve for the
combination weights of indexes. The idea of this method is that an
equilibrium point between the objective and subjective weights is
found to reduce the discrepancy between the combined weights
and the two weights; thus, relatively reasonable and equilibrious
combination weights can be obtained. The detailed procedures are
outlined below:

1) Determining the combination weight vector

This study assumes that | weighting methods are used in
evaluation. A set of basic weight vector (g,,g,L ,g,L ,g,) is es-
tablished, where g,(j=12L ,/) is the weight vector of the jth
weighting method, and the combination weight vector is:

1
g=>1n9,
=1

(10)

where ¢; is the linear combination coefficient of the jth basic
weight.

2) Calculating the optimal linear combination coefficient

For determining the optimal combination weight vector g*
» the linear combination coefficient ¢, is optimized using game
theory, The optimization model is deduced as:

] !
min 21 Zn,g, _g,-
i= Jj=

(1)

(=12 1)
2

Essentially, Eq. (11) is a planning model for crossing combina-
tions of multiple weight vectors, and its first-order derivative con-
dition for optimization is derived from matrix differential proper-
ties as:

99, - 919, [m] | 979,

: : N (12)
9/9, - 9/9,)ln] |99

Normalizing the solution 7; from Eq. (12) yields the optimal
linear combination coefficient 77] that is:

I
n; =n,-/2n,- (j=12:-1) (13)
j=1
3) Determining the combination weight
The optimal vector g* is calculated as:
I
g=>ng, (14)
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Because the two basic weights in this study are from the a-
EWM and BWM, | =2.

3.3. MODIFIED TOPSIS AND A COMPREHENSIVE
EVALUATION METHOD

TOPSIS is a multi-attribute decision-making method aimed at
selecting the best decision by calculating the similarity of alter-
natives to the ideal solution. Its basic principle involves ranking
evaluation objects based on their distances to the optimal solution
and the worst solution. Specifically, this method first determines
the positive ideal solution and the negative ideal solution, which
represent the best and worst solutions, respectively. Then, by cal-
culating the distance of each alternative to these two solutions,
the closeness of each alternative is obtained. Finally, sorting is
done based on the closeness to determine the best decision.

TOPSIS has two main problems: 1) The relative distance is cal-
culated, but the curve trend is ignored, making the final evalua-
tion results different from the actual situations. 2) If a correlation
exists between the indexes, then the Euclidean distance may lead
to deviations in calculation results. Therefore, GRA and cosine
similarity are used to modify TOPSIS to Improve the precision of
the evaluation approach presented in this study.

(1) GRA and cosine similarity

1) GRA

In GRA, the relation and order of the objects to be evaluated
are well described by the gray relational degree. The relations be-
tween sequence curves are measured by comparing their geomet-
ric shape similarity. The gray relational coefficient g is calculated
as:

minminlz .—z..|+ maxmax|z .—z..‘
il M (19

g,j:
_Z:i|

|Zo,- —z,].|+pm’axmlax‘zol.

where Z,; is the jth value of the reference sequence, z, is
the jth value of the jth comparison sequence, and pe[0,1] is the
identification coefficient.

The gray relational degree can be obtained by calculating the
mean of the relational coefficients for each point. For GRA, sample
size does not need to be required strictly, and the proximity be-
tween different objects can be reflected by the similarity of curve
shapes. Therefore, the problem of not reflecting the reality accu-
rately enough in TOPSIS caused by ignoring the trends of curves
is solved.

2) Cosine similarity

The basic content of cosine similarity is that the cosine of the
angle included between two vectors is calculated to evaluate the
similarity between them. With the cosine similarity applied to
TOPSIS, the smaller the included angle between two vectors, the
greater the similarity, and the nearer the distance between them.
Likewise, the closer the object being evaluated is to the ideal solu-
tion, the smaller the distance between them. [34].

The cosine similarity between 0=(0,,0,L ,0,) and
Q=(q,,9,L ,q,) is calculated as:
0. xq.
cos(6) = sim(0,Q) = 0-Q Z -
' (16)

0 Q = n n
[olflel \/Z(O,-)zx \/Z(‘W

i=1 i=1
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For cosine similarity to be applied to TOPSIS and for the dif-
ference in relative closeness between objects to be evaluated to
be better shown to obtain more accurate evaluation results, the
cosine similarity needs to be modified to develop the expression
for distance calculation based on it [14]. The distance based on
cosine similarity is calculated as:

D= |Ogo.s(w) (1 7]

The value of distance obtained from Eq. (17) is positive; the
smaller the similarity, the farther the distance. In addition, the
difference between objects to be evaluated is enlarged.

(2) Evaluation method based on the modified TOPSIS

The modified TOPSIS based on GRA and cosine similarity can
cure some defects in TOPSIS, such as the biased calculation results
in case of the correlation of indexes. The evaluation method here
involves the following procedures:

1) Developing a weighted and standardized matrix

The quantity of evaluation objects and indexes is assumed to
be M and N, respectively. The index data are preprocessed using
Egs. (1)-(3) to obtain a standardized matrix, then the data in the
standardized matrix are assigned weights by using the optimal
cor_nbination weight vef:tor 9 =(9.9.L ’g;L £ g ) to develop a
weighted and standardized matrix as:

Zy Z, 4,

7- Zy Zy Iy,
’ (18)

Zm1 Zm2 o Zmn

where the jth index data % for the it object are calculated
as:

Z =Yy *g; (19)
2) Determining the positive and negative ideal solutions
Using the data from the weighted and standardized matrix Z,

this study calculates the positive ideal solution vector z+ and neg-

ative ideal solution vector Z~ as:

2t =(z,z, -2}

1 e,2,y) =(max{z,},max{z,},--,max{z;},---, max{z,}) (20)

Z =(z7,z,,.Z;

--,2,) = (min{z,},min{z,},--- min{z,},--- min{z,}) (21)

where Z; is a column vector representing the value of the m
objects under the jth index, i.e. z, :[Z1i’22i""’zii""=zny'] max {} ;
max {-} and min {-} are respectively represented as the maximum
and minimum values in the column vector.

3) Calculating the distance based on cosine similarity

Given that the angle included between two vectors may be
smaller, the distance of the object to be evaluated from the posi-
tive and negative ideal solutions is closer, and the comparative
proximity or similarity degree is lower, an average is subtracted
from the values in all dimensions to enlarge the differences in the
degrees of closeness. The distances of cosine similarity of the jth
object to be evaluated from positive and negative ideal solutions
are calculated as:
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. __7awg 7+ _ 7ayg
D,.*:Iogos(S’m(Z" 2% 7" -7 )+1) (22)
' 2
i __gag 7- _ 7ayg
D,.’:Iogos(S’m(Z" %7 -7 )+1) (23)
' 2
where:
(z; =2]°)x(z] —Z}"%)
sim(Z,~2™,2" ~Z"%) = —-. = (24)
JZ(zﬁ -2y x\/Zu; -7°f
i=1 i=1
Z(z,].—zl‘f“’g)x(zl’ z}")
sim(Z,—Z°°,2 —7°")= S (25)

Ji(za- -7y JZ( -2y

i=1

where 2% =(2%,2)% -+, 2% ---,2}%), 279 =05x(z +7}).

4) Calculating gray relational coefficients

The gray relational coefficients g; and g; relating the jth in-
dex data z; for the jth object to be evaluated to the positive ideal
solution z; and the negative ideal solution Z; are calculated as:

H : + +

. ml_lnml_ln‘z,]. —Z]. +pm?xm?x|z,]. _Zi
g9 = (26)
) + +
|Zi1' —Zl. +pm?xm?x‘zy —Z].

ml_lnmjln‘z,]. —Z]. |+pm?xm?x|z,]. _Zl' |

g9; = - - (27)
|z,.l. -z |+pm?xm?x‘zﬁ -z |
where p=0.5 in this study.
5) Calculating gray relational degree
The gray relational degrees R and R are calculated as:
1 n
Ri=—> 9/ 28
n;g, (28)
(29)

LI
Ri :;;g,,

The greater the gray correlation between the evaluation object
and the positive ideal solution, and the greater the cosine similar-
ity with the negative ideal solution, the closer it is to the optimal
object.

6) Performing dimensionless processing
The calculation formulas for dimensionless processing are as
follows:
d"=D'/maxD’,d- =D, /maxD,
1 I/ i 1 1 I/ i 1 (30)
=R’ [maxR} 1" =R, /maxR;

7) Establishing the gray relation—cosine similarity distance

Combining the gray relation degree and the distance based on
cosine similarity yields the gray relation-cosine similarity distance
S/ and S, as shown below:
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Cod.

S =6d; +(1-o) (31)

S =o6d +(1-0)r (32)

where § represents the degree of preference, that is, 6=0.5
here. The greater d; and r", the shorter the distance of the gray
relation degree-cosine similarity of the object to be evaluated
from the positive ideal solution; the greater d;" and r;", the longer
the distance of the gray relation degree-cosine similarity of each
evaluation object from the positive ideal solution.

8) Calculating the comprehensive evaluation value
The evaluation value of the jth object is computed as:
C, =S /(S +S) (33)
In summary, the process of the comprehensive evaluation

method for the distribution grid constructed in this paper is shown
in Fig. 1 (see section: supplementary material).

4. RESULT ANALYSIS AND DISCUSSION

Five grids in a regional distribution network in China are used
to verify the efficacy of the method suggested in this study. An
evaluation of them is carried out on the basis of the evaluation
index system for grids in Table 1.

The data under each index are preprocessed, then the objec-
tive and subjective weights of the index data are computed using
the a-EWM and BWM, respectively. The combination weights of
the index data are determined via the combination weighting ap-
proach based on game theory, as shown in Table 3.

Table 3. Objective, subjective and combination weights of 22 indexes.

C1 0.0438 0.2051 0.1879
C2 0.0397 0.1192 0.1107
C3 0.0556 0.0341 0.0364
C4 0.0538 0.0191 0.0228
C5 0.0399 0.1381 0.1277
Ceé 0.0372 0.0239 0.0253
Cc7 0.0463 0.0121 0.0157
(] 0.0378 0.0557 0.0538
C9 0.0339 0.0025 0.0058
c10 0.0455 0.0042 0.0086
N 0.0565 0.0261 0.0293
C12 0.0570 0.0710 0.0695
C13 0.0419 0.0207 0.0230
C14 0.0404 0.0166 0.0191
C15 0.0474 0.0066 0.0109
C16 0.0472 0.0664 0.0644
Cc17 0.0533 0.0061 0.0111
Cc18 0.0472 0.0194 0.0224
C19 0.0370 0.0914 0.0856
C20 0.0351 0.0355 0.0355
C21 0.0413 0.0178 0.0203
C22 0.0623 0.0085 0.0142
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Table 4. Values ofSi+ , S; , and ;i of the five grids.

S’ 1.000 0.985 0.941 0.939 0917
S 0.621 0.574 0.951 0.609 0.836
C, 0.617 0.632 0.497 0.607 0.523

The assessment values under the first-level index can reflect
the overall construction situation of each grid, and they can be
used to make a comparison between grids.

The data under 22 third-level indexes are standardized and
assigned the weights to obtain a 5x22 weighted and standardized
matrix. The positive and negative ideal solutions are identified us-
ing Egs. (20) and (21), the gray relation-cosine similarity distance
S; and S;are obtained using Egs. (22)-(32), and the assessment
values under the first-level index of the five grids are acquired us-
ing Eq. (33), as shown in Table 4.

The assessment values under the first-level index are shown
in Fig. 2. The evaluation values of distribution grids C and E are
obviously smaller than those of other distribution grids. This result
shows that the general situation of these two grids is relatively
bad. Additional investment should be allocated to them, rather
than to other distribution grids, to improve the development bal-
ance of the overall distribution network.

The assessment values under the second-level indexes of the
five grids can reflect the weaknesses in each grid and can be cal-
culated using the comprehensive evaluation method here. The
calculation under power supply capacity is taken as an example.

The data under the four third-level indexes C£ C,mC,, and
C, are standardized and assigned the weights to obtain a 5x4
weighted and standardized matrix. In accordance with the proce-
dure in 4.1, the evaluation values under the index power supply
capacity of the five grids are obtained using Egs. (20)-(33), as
shown in Fig. 3. The power supply capacity of grid D is greater
than those of other distribution grids. In terms of power supply
capacity, the performance of grids B and C is poor, much lower
than that of other distribution grids. Therefore, more investment
amount should be allocated to them to improve their power sup-
ply capacities.

Similarly, the assessment values under the remaining five sec-
ond-level indexes of the five grids are obtained. The evaluation
values under all second-level indexes are shown in Table 5.

The assessment values under the first-level and the six second-
level indexes of the five grids are illustrated in Fig. 4. A compari-
son of the construction situation under the second-level indexes
of the same grid can be made to identify the weaknesses in the
development of each grid, make clear investment emphases, and
improve the follow-up investment benefits.

E 0.523
D 0.607
C 0.497
B 0.632
A 0.617
0.0 0.2 0.4 06 08

Comprehensive evaluation values
Fig. 2. Assessment values of the five grids.
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E 0.5946
D 0.6299
C
B
A 0.5370
00 02 04 06 08

Comprehensive evaluation values

Fig. 3. The assessment values of the five grids under the index power supply
capacity.

Table 5. Assessment values under all the second-level indexes of the five grids.

B1 0.537 0.492 0.488 0.630 0.595
B2 0.756 0.695 0.470 0.643 0.518
B3 0.751 0.533 0.477 0.446 0.557
B4 0.621 0.771 0.722 0.543 0.443
B5 0.782 0.742 0.690 0.484 0.438
B6 0.707 0.769 0.584 0.679 0.445

From Fig. 4, owing to its relatively serious problems with line
overload and distribution transformer overload, the development
in power supply capacity of grid A lags slightly behind. Hence,
the construction emphasis should be placed on the improvement
of equipment loads. Nevertheless, the development in other as-
pects of grid A is good, relatively balanced, and reasonable, with
its comprehensive evaluation values in the second place among
the five grids. The power supply capability and equipment level
of grid B lag relatively behind, but there is still much room for
improvement. The construction emphasis should be placed on im-
proving the line insulation rate and reducing the average lifespan
of equipment. Nevertheless, the overall status quo of grid B is
relatively better, with its comprehensive evaluation score in the
first place among the five grids. The balance of development of
grid C is poor, that is, the service level, smartness and friendliness,
and economic operation are better, but the power supply capacity,
grid structure, and equipment level are not good enough. The main
reason is that the lines are severely overloaded, and the principle
N-1 is not well met. Consequently, the construction emphasis
should be placed on raising the N-1 passing rate and reducing line
load rate to improve the safety and reliability. Grid D is weak in
equipment level and smartness and friendliness. The main problem

Economical Overall

operation siuation

Smartness and
— Senvice level  mmm— —
friendliness

Powersuply  __ Gid sinucture s
= capacily

Equiprent

A B i D E

Grids
Fig. 4. Assessment values under the first-level and the six second-level indexes
of the five grids.
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is the high proportion of old equipment and insufficient automa-
tion construction, so the construction emphasis should be placed
on enhancing the smart automation level. The general develop-
ment of grid E lags behind in comparison with that of other grids,
but the power supply capability is great owing to the better situ-
ation of the lines and distribution transformer loads in this region.
To illustrate the implementation process, accuracy, and uni-
versality of the method proposed in this paper, a representative
distribution grid from a typical region was selected as the analysis.
Therefore, the applicability of the method presented here is not
limited and possesses certain generalizability. The specific rea-
sons are as follows: 1) A combination weighting method based
on game theory is adopted, which can avoid subjective biases in
the evaluation process due to experts' differences in familiarity
with distribution grids in different regions, making the evalua-
tion results more accurate and objective. 2) The limitations of the
traditional TOPSIS method are further overcome, thereby prevent-
ing issues that information redundancy among the selected in-
dex attributes can affect the accuracy of evaluation results when
the distribution grids of different regions are evaluated. Because
of these improvements, the evaluation method proposed in this
paper is highly suitable for the application to distribution grids
of different regions. When applying it to the distribution grids in
some special regions, only minor adjustments to the data types
and variables are needed based on their specific characteristics.

5. CONCLUSIONS

This study develops a systematic evaluation index system for
distribution grids, which is used to reflect their overall status quo
and development needs. The evaluation approach here compen-
sates for the defects of the TOPSIS method and improves the cal-
culation precision. The key findings are summarized as follows:

1) Selecting the indexes from as many aspects as possible,
such as power supply capacity, grid structure, equipment level,
service level, smartness and friendliness, and economic operation,
can establish a scientific, reasonable, practical, and comprehen-
sive evaluation index system for a distribution grid.

2) The combination weighting approach based on game theory
can combine the advantages of subjective and objective weighting
methods and remedy the defects of traditional weighting meth-
ods. The use of cosine similarity can avoid potential bias in cal-
culation results when indexes are correlated, and the use of GRA
can offset the deficiency of the TOPSIS method in ignoring curve
trends. The use of the combination weighting method and the im-
proved TOPSIS method can make the comprehensive evaluation
values of distribution grids more accurate and practical.

3) With a horizontal comparison between different distribution
grids and a vertical comparison between various indexes within
a single grid, identifying relatively lagging distribution grids and
their own weaknesses and assigning a priority in investment are
feasible.

This study establishes an evaluation index system for distri-
bution grids and proposes an evaluation approach for them, but
it still lacks a connection with the future development goals of
distribution grids. The follow-up study will focus on the correla-
tion analysis between investment projects and distribution grid
indexes, determine the investment strategies for distribution grids,
and achieve the expected goals of distribution grid construction.
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