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ABSTRACT With the construction of 500kV grid, the 500/220kV electromagnetic looped grid of the
received power gird will make short current problems stand out. Effectively and economically, considering
the measure of the short current limitation, it is essential to decompose electromagnetic looped grid. Based
on grid characteristics, grid operation arrangement should be optimized by strategy. Hence, the aspects, such
as topological structure, security and stability, power supply reliability, operation economy and appropriate
planning should be considered in decomposing 500/220kV electromagnetic looped grid and establishing
evaluation index of the grid characteristics. With calculating constant weight by using maximizing deviation,
the incentive-type variable weight multi-attribute decision model is proposed according to variable weight
theory. This model guarantees objective analysis of the constant weight and extends discrimination
of different potential schemes, simultaneously, the decision model’s effect will be improved from two
perspectives of the index and the scheme. Last, based on evaluation index and decision model raised by
this article, the real 500/200kV received electromagnetic looped grid will be decomposed and analyzed
by different schemes, the accuracy and effectiveness of the conclusion obtained by incentive-type variable
weight multi-attribute decision model is verified.

INDEX TERMS Decomposing grid, evaluation index, grid operation arrangement, multi-attribute decision,
received electromagnetic looped grid, variable weight theory.

I. INTRODUCTION

With power generation increase in power base and load
increase of the load part, the ‘generated-received’ power grid
model is more and more obvious [1]. As 500kV grid con-
struction completed, the grid system impendence is decreased
by developed 500/220kV electromagnetic looped grid. Load
growth and extra high voltage system appearance will aggra-
vate the short current problems [2], [3]. Meanwhile, a large
number of power outage problems are caused by received
electromagnetic looped grid [4], [5]. Therefore, 500/220kV
received electromagnetic looped grid should be decomposed
to satisfy grid operation at the right time. In various decom-

The associate editor coordinating the review of this manuscript and

approving it for publication was Huai-Zhi Wang

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

posing schemes, the power grid operates differently, the key
research point is to choose the most suitable decomposed
received electromagnetic looped grid plan.

To establish the whole evaluation index system when ana-
lyzing decision target’s characteristics, it is an effective deci-
sion way to quantitatively evaluate in an appropriate decision
model [6]. In paper [7] by associate professor Jin, through
the failure characteristic by the electrical signal and frequency
signal of wind generator, the wind generator healthy situation
evaluation index was established. Based on relative dimen-
sion analysis, the evaluation model was raised, and the wind
generator healthy situation can be evaluated precisely. Whole
characteristics of the power grid are mainly expressed from
the aspects, such as power flow distribution, short current,
stability operation, reliable power supply [8]-[11], which are
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the main aim to establish grid operation evaluation index.
In grid topology analysis, complex network theory has been
widely applied. Modularity measure has been a measurement
standard for power grid judgement [12], In paper [13], [14],
the capabilities and requirements of the main received power
grid structure has been analyzed to adapt to the changes
in development and operation mode and to ensure the safe
and stable operation of the power grid. In paper [15], with
influence of equipment’s important difference to power grid
operation, applicability and rationality are strengthened by
setting correction factor.

The characteristics of the decision target reflected by the
evaluation index are different, and the weight of each index
needs to be calculated through the decision model to reflect
the role of various indexes in the decision-making process.
Usually, Delphi method [16], analytic hierarchy method [17],
principal component analysis method [18], coefficient of
variation method [19], and etc. are constant weight calcu-
lation methods. Those methods are just based on the same
index in various scheme to calculate weight. The influence
of index’s change trend in the same scheme is ignored on the
weight. So variable weight is applied in decision model [20].
In paper [21], to fulfill real engineering project and enhance
evaluation results, a method for evaluating the operation
status of transmission lines based on variable weight theory
and fuzzy comprehensive evaluation was proposed. In paper
[22], a transformer state evaluation model was constructed
based on association rules and variable weights, which can
more truly reflect the actual operating conditions of the
transformer.

Overall, in this article, the evaluation index of the
500/220kV received electromagnetic looped grid operation
after decomposed is reestablished from aspects such as power
grid topology, security stability operation, power supply reli-
ability, economy and planning adaption. Then the constant
weight of the index is calculated by maximizing the deviation,
which can distinguish the pros and cons of the schemes and
avoid the randomness of the weights. Based on the variable
weight theory, incentive-type variable weight multi-attribute
decision model is raised. In this article, evaluation index
system and decision model are put forward, which can solve
quantized evaluation problem of the decomposed received
electromagnetic looped grid, and provide a technical support
for power grid operation.

Il. EVALUATION INDEX OF OPEN LOOP OPERATION
MODE OF 500/200kV RECEIVED ELECTROMAGNETIC
LOOPED GRID

The open loop operation mode of electromagnetic loop
network changes the backbone network of power system.
Evaluation index is used for estimating its rationality from
network topology. Typically, power system needs to satisfy
the principle of security, stability, reliability and economy.
The rapid growth of receiving network load makes it nec-
essary to determine the operation mode of power system
to improve its adaptability to the power system planning as
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FIGURE 1. Evaluation index system of open loop operation mode of
500/200kV received electromagnetic looped grid.

much as possible. Based on those factors, this article has con-
structed the evaluation index system of open loop operation
mode of 500/200kV received electromagnetic looped grid, as
shown in Fig. 1.

A. INDEX OF THE COMMUNITY MODULARITY MEASURE

Complex community structure in networks refers to the for-
mation of multiple nodes, which have the characteristics of
close connections between the same community nodes and
loose connections between nodes. In open loop operation
mode of electromagnetic loop network, 220kV power system
in different districts could be seen as a community. The
more obvious the feature of the community structures that
the power system topology shows, the more reasonable the
open loop operation mode. In order to quantify the feature
of the community structure, Newman and Girvan have put
forward the concept of the community modularity measure
[12], which is defined as the expectation of the ratio of edges
connecting nodes within a community subtract edges con-
necting nodes of different communities. The mathematical

equation is:
1 n n
a2 2 (o

0
v=1 w=1

kykg,
2m

)8(6'\)’ Cw) e

1, node v and node w connect
Ay = { (2)

0, node v and node w disconnect

1, noed v and node w in same community
8 (cv, cp) =

0, noed v and node w in different community

3

In (1), n is the number of nodes in the network. m is the
number of total edges in the network. kv, kw are the number
of nodes connected to node v, node w respectively. The range
of Q1is [0, 1], which is closer to 1 as the community is divided
more reasonable.
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B. INDEX OF THE TRANSMISSION LINE POWER FLOW

By opening and closing 220kV transmission lines, different
open loop operation modes lead to the differences in
power flow. Therefore, load of transmission lines is unable
to keep in the ideal interval. If it is too low, there will be the
drawbacks of redundant transmission capacity and waste of
power grid construction investment. If it is too high, there will
be a risk of overload, which cannot guarantee the safe and
stable operation of the power grid. Considering those factors,
setting modifying coefficients for different load rate when
setting up 220kV lines index of power flow, so that the more
lines with load rates in the ideal range, the smaller the index
value. The calculation equation of 220kV transmission line
power flow index Ly is:

1 (& I 1 | & I
— 2 : i - 2 : _
Loy = nl ( o) ) + o (%7] <1 . >

Li v
-1 Ii,lim

n3

1 Iy
o > B €

Ijj lim

j=1
In (4), I is the value of current. I, is the limit value of ther-
mal stability. Iihr.min, lthr. max represent the minimum threshold
and maximum threshold of the current respectively. nj, ns,
n3 represent the number of lines over maximum threshold,
lower than minimum threshold, within the interval respec-
tively. o is the modifying coefficient when the thresholds
are exceeded, which equals to 0.7 if I/l }im < Ithrmin OT
I/1 lim > Iihr.max, Otherwise, equals to 0.3.

C. INDEX OF POWER FLOW EQUILIBRIUM
Power flow equilibrium is able to embody the validity of
power system supply, load distribution and equipment layout.
Under different open operation modes, although the load rate
of 500kV transformer can be kept in a reasonable interval
after expanding capacity, power flow equilibrium is of great
difference. According to the weighted entropy put forward
by the paper [23], index of power flow equilibrium is set up
combined with the supply mode that 220kV receiving grid is
energized by several 500kV transformers when 500/200kV
received electromagnetic looped grid is in open operation
mode.

Image the rated power of the transformer is S; i, actual
power is §;, and load rate ¢; is:

¥i S Q)
Under normal operating condition, the range of the load
rate is [0, 1], and the load rate of the interval k is (@x—1, @x]
when the interval is divided into 10 equal parts. Ty stands
for the number of transformers whose load rate is in the
interval k. P(k) is probability which transformer load rate is in
(¢k—1, ¢k ], and W (k) is average load rate which transformer
load rate is in (¢r—1, @k].

10
Pk)y=Ti [ > Tk 6)
k=1
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Tk
W) =Y ¢i/Ti )
i=1

According to the definition of weighted entropy, (6), and
(7), define Ht, the index of power flow equilibrium as:
10
Hr = — Z W (k)P (k) In P (k) )
k=1

D. INDEX OF SHORT CIRCUIT CURRENT
The open loop operation mode of electromagnetic loop net-
work can solve the problem that electrical connection is
excessively tight essentially, thereby limiting the short circuit
current. To embody the influence of short circuit current on
security margin, 220kV bus short circuit current is divided
into different intervals by the value according to the actual
short circuit current, and different modifying coefficients are
set for different levels. Therefore, establish /g, the index of
short circuit current:
N 8i
IEDY O > . ©))

g I
i=1 8i =1 kN

In (9), N is the number of short circuit current intervals.
8;, gi are the modifying coefficient and the number of buses
respectively when the short circuit current is in the interval i.
I, Iy are short circuit current and cut-off current of 220kV
buses respectively.

E. INDEX OF STATIC VOLTAGE STABILITY MARGIN

The ever-growing load cause power system to its extreme
state and the problem of voltage stability has gradually
become the reason for the occurrence and development of
blackouts [24]. The distance of running point to instable point
is characterized by stable voltage margin, in order to judge the
state of power system. The equation is:

Pmax_P

K, = L 100% (10)

max
In (10), Pmax is the load of maximum transport state and P;
is the load of current state.

F. INDEX OF LINES OVERLOAD UNDER POWER SYSTEM
FAULTS

In the open loop operation mode of electromagnetic loop
network, under normal or 500kV main transformer main-
tenance condition, N-1 or N-2 fault of 220kV transmission
lines may cause overload and different faults will lead to
different risks. The evaluation of probability reliability [11]
has considered the possibility and seriousness of accident
occurrence to establish quantifying index. The equation is:

ng nj
I
i

Ri=Y"Y" hiy

i=1 j=1

-D (11)

Iij. 1im

In (11), nfp is the number of all faults. 4; is the probability
of the fault i, which is defined as the ratio of annual fault-
lasting time and annual utilization hours. [;; is the current of
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line j when fault i happens. j; jin, is the limit value of thermal
stability of line j. If any line is overload when fault i happens,
yij =1, otherwise, y;; =0.

G. INDEX OF LOAD SHIFT
When the fault of critical lines happens or fault happens under
maintenance condition, supply ability may not satisfy the load
demand limited by thermal stability of equipment. In order to
avoid severe overload, load shift measure is needed to lower
the load rate of equipment. The calculation equation of load
shift index is:

nF

Z hiP int .i

i=1
R2 P load (12)
In (12), ng is the number of all faults. P;,;; is the value
of load shift when fault i happens. Pjoaq is load of power
system.

H. INDEX OF POWER LOSS
Power loss is a common economy index to assess the
operation status of power system. Define Pqss, the power loss,

» AP
Pioss = ——— > — (13)
APloss + Pload

where APjogs is power loss. Plgaq is load of power system.

I. INDEX OF LOAD DENSITY

Load density is an average value of power used per square
kilometer to characterize the density of load distribution. The
area, load and power plant distribution within the district
of 220kV regional power system after open loop of receiv-
ing electromagnetic loop network vary along with the open
loop operation mode, thus, define index of load density P,
as

Pioadgi — Pai
P =§ e 14
r N Acri ( )
i€eB

where B is the set of 220kV regional power system. Pjyqqi,
Pgi, Aqi are the load, plants’ power and area of the 220kV
regional power system.

J. INDEX OF POWER TRANSMITTING RAGE OF
TRANSMISSION SECTION

The transmission section is a set of 220kV outgoing lines of
receiving power system’s S00kV substations, which supplies
power to load. The transmitting power of the transmission
section has a great sensitivity to the change of load. The
sensitivity of transmitting power is influenced by network
parameters, topology structure and the variety of power flow,
which are settled if the operation mode of power system
is settled and make the sensitivity of transmitting power be
a fixed value [25]. Therefore, power sensitivity could be
calculated by the rate of power variation under different open
loop modes:

_ APy
APioad

Gi (15)
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In (15), Gy is the power sensitivity of the line k in the
transmission section; APy is the power variation of the line
k; APjyaq is the variation of load.

Under different open loop modes, network parameters,
topology structure and the variety of power flow will change,
leading to the change of the power sensitivity of transmis-
sion section. Define the index of power transmitting rate of
transmission section as the ratio of total power sensitivity
and power transmitting margin. When the load growth is
same, the lower the index is, the lower the possibility of
the transmission section overload under a specific open loop
operation mode is and the better to meet the load growth. The
calculation equation is:

<Z Gk> Ps max

keD

T, =
Ps max — Ps

(16)

In (16), D is the set of lines of the transmission section.
Psmax 18 the power transmitting limit of the transmis-
sion section. Ps is the actual transmitting power of the
transmission section.

IIl. APPROACH OF DETERMINING CONSTANT WIGHET
OF INDEX

A. CONSISTENT PROCESSING OF INDEX

In the evaluation index of open loop operation mode of
500/200kV received electromagnetic looped grid, the larger
of the index value of the community modularity measure and
the static voltage stability margin are, the better operation of
the power grid will be. This type of index is called ‘‘benefit
type index”’. On the contrary, the smaller the index value
of eight indexes including the line power flow, power flow
equilibrium, short circuit current, ef al. are, the better the
operation of the power grid will be. Such indexes are called
“cost type index”. In order to make the decision effect have
consistent correlation with the value of each index, indexes
need to be processed as the same property. Simultaneously,
it is also necessary to avoid the change in the distribution
law of the indicators caused by the same property processing,
which affects the accuracy of the decision results. This article
uses the method of differential inverse transformation on the
“benefit type index” to process the index consistently:

1 —x;, x;is “benefit type index”

7)

xj = . o
Xij» x;j is ““cost type index

In (17), x;; is the original index value, X ij is the index
value after the consistent processing. In case, there are
p schemes to be decided and g evaluation indexes, then,
i =1, 2,...,p,j =I, 2,..., q. After the consistent pro-
cessing, the evaluation index vector of the scheme i to be
decided is X'; =[x;1,x2,...,x'ig], and the evaluation matrix is
X =[X1,X2,..X;.. .X’p]T =(xij)pxq- In this article, there
are 10 evaluation indexes, so ¢ = 10, which corresponding
to the community modularity measure, the transmission line
power flow, power flow equilibrium, short circuit current,
static voltage stability margin, lines overload under power

VOLUME 8, 2020



H. Wang et al.: Application of Incentive-Type Variable Weight

IEEE Access

system faults, load shift, power loss, load density and power
transmitting rate of transmission section.

B. IMPROVED MAXIMUM DEVIATION WEIGHTING
METHOD
For an index, if its values have small difference in differ-
ent schemes, the index’s degree of influence on the scheme
assessing will be less. On the contrary, if the difference
between index values are obvious, the index’s degree of
influence will be heavier. In order to improve the level of dis-
tinction between the schemes which to be decided, the indica-
tors with obvious differences should be given bigger weight.
Although the constant weight calculated by the maximum
deviation weighting method in reference [26] satisfies the
above requirements, the normalized attribute of the weight
is not considered when constructing the objective function.
In this regard, this article improves the weighting method
based on the idea of maximizing deviation. The calculation
steps are as follows:

(1) Standardization of index

The evaluation matrix X’ which was obtained by consistent
processing is standardized according to (18), and becomes

standard evaluation matrix X" = (x/)pxg-

’
" X

Xj=— (=129 (18)

’
X:
J

M~

‘=

In (18), x’;; is the index value after the consistent
processing.

(2) Calculate index deviation

For the evaluation index j, its deviation is calculated by

(19):
P
V=22

i=1 k=1

xj =] (19)

In (19), xlfjf and x,’{} are the index values of the scheme i and
the scheme k after the standardization.

(3) Calculate the constant weight

For maximizing deviation, if the deviation of an evaluation
index increase, its wight will increase. So, the constant weight
of an evaluation index j is the deviation of the index divided
by the sum of the deviations of all indexes:

(20)

It can be verified that the index constant weights sat-
isfy normalization and their value range is in the range of
0 to 1. The constant weight is determined completely based
on objective data and mathematical methods, which avoiding
the subjective preference and randomness of the weight.

IV. INCENTIVE-TYPE VARIABLE WEIGHT
MULTI-ATTRIBUTE DECISION MODEL

Constant weight only reflects the importance of indexes in
the decision-making process through the difference of index
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values in different schemes which to be decided, without
considering the impact of each index value’s change trend
in the same scheme on the decision results. For complex
problems, the decision conclusions will be on the contrary
to the actual situation. In order to avoid conclusion errors,
an incentive-type variable weight multi-attribute decision
model is established according to the variable weight theory.
Incentive variable weight is a mapping, that is, through the
variable weight function, each index value has its unique
corresponding weight. Compared with the constant weight,
the weight of each index in every scheme is no longer
fixed. So, this kind of weight is called variable weight. This
mapping needs to meet the following three principles [27]:

1) The sum of the variable weights of each index in every
scheme is 1;

2) The constructed variable weight function is a continuous
function;

3) The constructed variable weight function is monotonous
and monotonously increasing.

According to the definition and principles of the
incentive-type variable weight, the second power variable
weight function is constructed as shown in (21):

"

;) @i

@ij = q—2
I
Z wjxij
J=1

2L

In (21), o ij 1s the variable weight, w; is the constant
weight obtained by (20); x{; is the index value in the standard
evaluation matrix.

The comprehensive score E(i) of each scheme to be
decided can be calculated according to (22).

q
E()=) o} xx; (22)
j=1

In this article, the evaluation index of open loop operation
mode of 500/200kV received electromagnetic looped grid has
been processed consistently as ““cost type index”’. Therefore,
the open loop scheme with the smallest score has the best
operating status.

V. EXAMPLE ANALYSIS

The open loop schemes of actual 500/200kV received
electromagnetic looped grid are compared and analyzed
based on the evaluation index system and the incentive-type
variable weight multi-attribute decision model. Fig. 2 shows
the network structure of the actual power grid. In the
receiving-end power grid, there are four 500kV substations
A-D, and eight 500kV transformers in these substations.
There are twenty-six 220kV substations S1-S26 and 5 power
plants whose installed capacity is 2415MW.The total load of
the received power grid is 5372MW.

After the 500kV network is completed and put into oper-
ation, the 500/200kV electromagnetic looped grid formed
during the construction process has seriously restricted the
safe and stable operation of the grid. In order to realize the
decomposing operation and ensure the reliable power supply
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FIGURE 2. Network structure of the actual power grid.

FIGURE 3. Network structure of open loop scheme I.

of the load, at this stage, two open loop schemes can be
implemented by breaking transmission line which connects
substation 10 and substation 13 or the transmission line
which connects substation 13 and substation 21. The network
structure after open loop is shown in fig. 3 and fig. 4.

The power grid is divided into two different 220kV
regional power grids when the loop is opened, and their
topological structures are different. According to the defi-
nition of evaluation indexes, set Ithy min and Iirmax are set
to 25% and 75% respectively in this example. The inter-
rupting current of 220kV circuit breaker is 50 kA, so the
short circuit current is divided into three sections: (45,50),
(40,45] and (0,40), and the correction coefficients are 0.6,
0.4, 0.2 respectively. Set the operating condition of the power
grid to summer heavy load and full power generation of
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FIGURE 4. Network structure of open loop scheme Il

the power plant, power system analysis software tools (PSD
Power Tools) are used to simulate the power grid operation.
Evaluation index values are calculated by (1)-(16), and then
the standard evaluation matrix X' ,, is formed by consistent
and standardized processing:

X310 =10.5247 0.4902 0.6056 0.6098  0.5069
0.3839 0.5160 0.4824 0.5529 0.4672;
0.4753 05098 0.3944 0.3902  0.4931
0.6161 0.4840 0.5176 0.4471 0.5328]

Calculate the constant weight Wy of indexes by (19) and

(20):
W1 =1[0.050 0.020 0.215
0.236 0.032 0.036

0.223
0.107

0.014
0.067]

Bring standardized index values and constant weights into
(21) to obtain the incentive-type variable weight W»:

W, =1[0.049 0.017 0.278 0.293  0.013
0.123 0.031 0.029 0.116 0.051;
0.048 0.022 0.142 0.145 0.015
0.382 0.032 0.041 0.092 0.081]

It can be seen that each index value has a unique weight
to correspond. Substituting the index values and variable
weights into (22), the comprehensive score of the open loop
scheme I is 0.553, and the comprehensive score of the open
loop scheme II is 0.510. Therefore, the whole characteristic
of the 500/220kV received electromagnetic looped grid after
decomposing is better in open loop scheme II than that in
open loop scheme I.

The Delphi method and the coefficient of variation method
are used to evaluate the two open loop schemes to demon-
strate the accuracy and effectiveness of the conclusions which
are obtained by incentive-type variable weight multi-attribute
decision model. The results are shown in tab. 1.

The comprehensive scores of two open loop schemes
obtained according to the Delphi method are almost the same,
so the accurate decision results cannot be made. That is
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TABLE 1. Index weights and scheme scores of different decision methods.

index eight

decision method

score

0 Lew Hr Isc K, R, R; Plogs P, Tr
Scheme I 0.504
Delphi method ——— 0.048 0.152 0.098 0.106 0.084 0.166 0.148 0.099 0.047 0.052 ——
Scheme 11 0.496
coefficient of Scheme I 0.511
variation — 0.071 0.032 0.172 0.176 0.016 0.264 0.040 0.032 0.109 0.088
method Scheme II 0.489

incentive-type

Schemel  0.049 0.017 0.278 0.293

0.013 0.123 0.031 0.029 0.116 0.051 0.553

variable
weight

Scheme II  0.048 0.022 0.142 0.145

0.015 0382 0.032 0.041 0.092 0.081 0.510

because the Delphi method is completely based on subjec-
tive willingness to assign weights to the index. When there
are various evaluation indexes, it is impossible to calculate
the weights by referring to the change law of the index
values, which bring errors to decision conclusions. Both
the coefficient of variation method and the incentive-type
variable weight multi-attribute decision model can ensure
the objectivity of the weights and the decision conclusions
are consistent, scheme II is better than scheme 1. However,
the incentive-type variable weight multi-attribute decision
model further highlights the advantages and disadvantages of
the schemes by adjusting the constant weights, and achieves
a more accurate decision conclusion.

Through the simulation, the highest bus short circuit cur-
rentis 45.083 kA in the scheme I, and 44.078 kA in scheme I,
and the whole short circuit current level of the scheme II is
lower than that of scheme I. When the power grid is operating
in the scheme II, the load rate of eight 500 kV transformers is
concentrated between 40%-50%. While the load rate of eight
500 kV transformers is 63.3% at the highest and 30.8% at
the lowest in scheme I, the load rate of scheme 1 is more
discrete. After changing the weights, the index weights of
the power flow equilibrium and short circuit current in the
scheme I are changed from 0.215 and 0.223 to 0.278 and
0.293 respectively, which increases the comprehensive score
of this scheme. It is obvious that incentive-type variable
weight multi-attribute decision model avoids the problem of
decision failure and improves the accuracy and effectiveness
of decision conclusions.

VI. CONCLUSION

The decomposed 500/220kV received -electromagnetic
looped grid evaluation index established in this article,
which comprehensively considering topology structure,
power grid operation security, power supply reliability, econ-
omy and planning adaptability, can quantitatively describe
the overall characteristics of the power grid. In terms of
constant weight decision shortage, incentive-type variable
weight multi-attribute decision model is raised by vari-
ous weight theory. The accuracy and effectiveness of the
conclusion obtained by this decision model is verified
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by real decomposed 500/220kV electromagnetic looped
grid case. Consequently, the proposed evaluation index
and decision model can provide technology reference and
enhance efficiency when electromagnetic looped grid has
to decompose. Meanwhile, incentive-type variable weight
multi-attribute decision model proposed in this article can
avoid decision failure, and finally promote decision effect,
which can be applied in different engineering complex
decision problem domain.
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