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Studying optimization and decision for opening electromagnetic loop networks plays an important role in planning and operation
of power grids. First, the basic principle of fuzzy analytic hierarchy process (FAHP) is introduced, and then an improved FAHP-
based scheme evaluation method is proposed for decoupling electromagnetic loop networks based on a set of indicators reflecting
the performance of the candidate schemes. The proposed method combines the advantages of analytic hierarchy process (AHP)
and fuzzy comprehensive evaluation. On the one hand, AHP effectively combines qualitative and quantitative analysis to ensure the
rationality of the evaluationmodel; on the other hand, the judgmentmatrix and qualitative indicators are expressedwith trapezoidal
fuzzy numbers to make decision-making more realistic. The effectiveness of the proposed method is validated by the application
results on the real power system of Liaoning province of China.

1. Introduction

Scheme evaluations for opening electromagnetic loop net-
works provide an important reference for the planning and
construction of power grids [1]. In recent years, with the rapid
development of power grids, the problem of electromagnetic
loop networks is becoming more and more serious in China.
The transmission power of urban power networks grows
rapidly with the development of power systems. In this
process, China’s power grids have two typical characteristics.
On the one hand, the problem of short-circuit current (SCC)
superscalar is serious; on the other hand, there are a lot of
electromagnetic loops, which lead to the limitations of power
transmission capacity.

In the early stage of high voltage power grid development,
the power flow of high-low loop network is little. In this
case, the electromagnetic loop networks can improve the
reliability and flexibility of power grids [2]. But with the
development of high-level voltage grid, the transmission
load is increasing, and the electromagnetic loops become
serious potential hazards [3]. The main hidden danger of
the electromagnetic loop network is that large amounts of
power flow pour into the lower voltage grid when the higher

voltage grid is cut off, which can easily cause serious problems
threatening the safe and stable operation of power systems.
This operation mode also leads to a lot of potential problems
in security and stability for power grids, such as overload, the
difficulty of controlling power flow, SCC superscalar issue,
complexity of protection setting, and even the destruction of
the system thermal stability. Therefore, the operation mode
of electromagnetic loop networks not only increases the
difficulty of power grid operation and management, but also
bringsmore uncertainty andmore potential serious accidents
[1].

An effective approach of eliminating the loop running
is electromagnetic loop rejection to achieve the partitioning
operation of power networks. Because of the complexity and
diversity of power system operation, multifaceted calculation
and analysis must be carried out before breaking up electro-
magnetic loop, comprising power flow calculation, stability
calculation, SCC calculation, and network loss calculation.
Moreover, other issues affecting the system operation should
also be comprehensively considered to make reasonable and
feasible decisions. Therefore, it is an important task to deter-
mine the optimal scheme for decoupling electromagnetic
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loop networks for the planning and construction of power
grids.

Some beneficial explorations have been carried out on the
issue of electromagnetic loop networks [4–9]. An approach
based on group decision-making theory is proposed for
accessing the different operation modes of electromagnetic
loop network in [4]. A flexible looped network controller
based on voltage source converter-high voltage direct current
(VSC-HVDC) technology is used to solve the problems
resulting from electromagnetic loop networks in [5]. In
view of this operation mode, power flow control schemes
for electromagnetic loop networks are studied in [6, 7]. A
fuzzy comprehensive evaluation (FCE) of opening schemes is
proposed for 500 kV–220 kV electromagnetic loop networks
in [8]. In [9], analytic hierarchy process (AHP) is employed
to solve the problem. Unfortunately, AHP is often influenced
by subjective factors of different experts when determining
the judgment matrix in different decision-making systems
[10, 11]. Meanwhile, FCE usually lacks systematicness and
generality when it is used to solve different evaluationmodels
[12]. Due to the complexity, ambiguity, and uncertainty of
scheme evaluation, there is an urgent need for developing
new approaches to solve this problem.

In the paper, a new multicriteria decision-making
(MCDM) method based on fuzzy AHP (FAHP) for determi-
nation of the optimal scheme for decoupling electromagnetic
loop networks is proposed. As awell-knownMCDMmethod,
AHP can effectively combine qualitative and quantitative
analysis to ensure the rationality of the evaluation model,
but it has some inherent disadvantages such as the above-
mentioned strong subjectivity, which restricts its further
application in practice [13]. Fortunately, fuzzy set theory
proposed by Zadeh in 1965 has proved to be an effective
method to cope with such problems [14]. As the extension
of AHP under fuzzy environments [15], FAHP has been
successfully used for solving various multiattribute decision-
making problems in the field of engineering [16–18]. In FAHP,
the judgment matrix and qualitative indicators are expressed
with trapezoidal fuzzy numbers to make decision-making
more realistic and more rational [19–22]. The contribution
of this paper can be divided into two aspects: on the one
hand, how FAHP is applied to scheme evaluation for opening
electromagnetic loop network in detail is demonstrated; on
the other hand, significant performance improvements from
applying the present approach to a real power system are
further demonstrated.

The rest of this paper is arranged as follows. Section 2
introduces all the related concepts necessary to understand
the proposal. Details of the present approach using FAHP
are shown in Section 3. In Section 4, the proposed method is
examined using a real test system, and finally the conclusions
are drawn in Section 5.

2. Related Concepts

In this section, all the concepts necessary to understand the
proposed approach are introduced. First of all, the definition
of electromagnetic loop networks is given. Next, causes of
electromagnetic loop networks are explained in brief. Then,
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Figure 1: Schematic of electromagnetic loop networks.

the main problems existing in the operation mode of elec-
tromagnetic loop networks are listed. And finally, the basic
principles and general steps of decoupling electromagnetic
loop networks are described, respectively.

2.1. Definition of Electromagnetic Loop Networks. Electro-
magnetic loop refers to the lines with different voltage levels
that are connected in parallel loop through the electromag-
netic circuit of the connected transformers [6], as shown in
Figure 1.

In Figure 1, the operating voltage 𝑈
1
of line 𝐿

1
is higher

than the operating voltage 𝑈
2
of line 𝐿

2
, 𝑇
1
and 𝑇

2
are trans-

formers, and lines 𝐿
1
and 𝐿

2
constitute an electromagnetic

loop through the magnetic circuits of 𝑇
1
and 𝑇

2
.

2.2. Causes of Electromagnetic Loop Networks. Electromag-
netic ring networks are the products of the process of
power grid construction. When the high-level grid is not
strong, there is certain rationality for its existence. But when
high-level grid development is more mature, it should be
considered to break up the electromagnetic ring network
to ensure the hierarchical partitioning operation of power
systems.

The main reasons why electromagnetic loop networks
appear are described as follows:

A Some planning managers of power grids think that
the use of electromagnetic loop network operation
mode can improve the reliability of the local power
supply, so that the power supply network can be
enhanced, and construction investment in power
networks can also be saved. They also think that
the shortcomings of this electromagnetic ring are
relatively minor.

B In the planning process, planners fail to conduct a
reasonable forecasting and analysis for supply net-
works, which leads to the fact that some lines cannot
meet the requirements for subsequent transmission
capacity. To solve this problem, new higher levels of
transmission lines are often added, eventually leading
to the formation of electromagnetic ring network.

C In the operation and management of power grids,
management is not concentrated enough due to the
presence of multiple subsystems operating indepen-
dently. Each subsystem makes construction of power
grids in accordance with its own ideas and habits,
which will inevitably lead to the parallel operation
situation of different voltage levels grids.
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2.3. Problems Existing in the Operation Mode of Electromag-
netic LoopNetworks. Theoperationmode of electromagnetic
loop networks brings troubles to the operation and manage-
ment of power grids, and at the same time it also greatly
increases uncertainties to the development of power grid.The
main problems in this operation mode are as follows:

(1) Due to the dense power load, short transmission
distance, and the integration of a lot of power supplies,
this operation model will result in serious short-
circuit current superscalar problem.

(2) The operation mode of the whole power system is not
unified because of the interaction of electromagnetic
loop networks with different voltage grades. This
makes it very difficult to control the power flows of
the system.

(3) There are unreasonable distributions of power flow. It
does not favour the economic operation of the power
system, since the distributions of power flow cannot
achieve the most economic levels.

(4) It might result in the serious security and stability
problems for power system operation.When the lines
in high voltage grades disconnect because ofmalfunc-
tion, the load-transfer problem will inevitably occur.

2.4. Basic Principles of Decoupling Electromagnetic Loop Net-
works. The basic principles of decoupling electromagnetic
loop networks are as follows:

(1) The loop rejection should result in more reasonable
flow distribution. Power flows should have more
flexible controllability and be able to adapt to the
changes in various operating modes. It should also
ensure that no element overloads.

(2) The loop rejection should be able to ensure the
security and stability of power systems. The stability
indexes should be compared before and after breaking
up the loops. If power flow transferring caused by
disconnecting the high voltage lines seriously affected
the stability of power systems, breaking up the elec-
tromagnetic loops is an urgent need.

(3) After breaking up the loops, the power networks
should have a larger antijamming capability to meet
the N-1 requirements.

(4) After breaking up the loops, power supplies should
be reasonably allocated among supply districts to
provide sufficient reactive power compensation.

(5) After breaking up the loops, each partition should
have sufficient connected aisles with reasonable dis-
tributions to timely transfer loads and avoid blackouts
when an accident occurs.

(6) The short-circuit current usually decreases after
breaking up the loops, and then it needs to determine
what kind of line operation mode is most effective in
reducing the short-circuit current.

(7) The network loss after breaking up the loops must
be calculated and be compared with the network loss
before breaking up the loops.

2.5. General Steps of Decoupling Electromagnetic Loop Net-
works. The general steps of decoupling electromagnetic loop
networks are as follows:

(1) Operation Analysis of Electromagnetic Loop Networks.
According to the current power network structure
and the future planning of the network frame, ana-
lyze the existing situation and potential problems
of electromagnetic loop networks under the typical
operation modes of power systems.

(2) Determination of the Original Candidate Schemes.
According to the above-mentioned basic decoupling
principles, choose several original schemes to be
evaluated through large amount of analysis and
calculation, such as power flow calculation, SCC
calculation, transient stability calculation, and static
security analysis.

(3) Scheme Evaluation and Decision-Making. In this step,
the main task is to determine the optimal opening
scheme from the original candidate schemes through
a comprehensive evaluation of all the candidate ones.
It is the key in the whole process of decoupling the
loop networks.

(4) Investment Estimation and Economic Comparison.
Through comparison of the change of the system net-
work loss and estimation of the required construction
investment, comprehensively compare the economic
benefits of decoupling the loop networks.

3. Scheme Evaluations Based on FAHP

In this section, the proposal is described as follows. First of
all, the principle of FAHP is shown; in the second place, the
improvement of FAHP is detailedly described; last but not the
least, the evaluation model based on IFAHP is proposed.

3.1. Principle of FAHP. As a decision-making tool com-
bining qualitative and quantitative analysis, AHP has been
developed rapidly over the past decade. It is a decision-
making method that refers to decomposing the relevant
elements of the decision-making issue into the level of
goals, guidelines, and programs.Thewhole process embodies
the basic characteristics of the human decision-making,
comprising decomposition, and judgment, comprehensive.
However, AHP has some inherent shortcomings, such as the
difficulty in checking and adjusting the consistency of the
fuzzy judgment matrix.

The FAHP used in this paper is the extension of AHP
under fuzzy environments, which employs AHP to build the
hierarchical model, and replaces the pairwise comparison
judgment matrix with a linguistic term set, such as “very
unimportant, unimportant, little unimportant, generally, lit-
tle important, important, very important” [23]. As shown in
Table 1, the qualitative evaluations in the form of linguistic
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Table 1: Corresponding chart of qualitative evaluation and trapez-
ium fuzzy numbers.

Qualitative attributes Fuzzy numbers
Very unimportant (0, 0, 0, 0.2)
Little important (0.6, 0.8, 0.8, 1)
Unimportant (0, 0, 0.1, 0.3)
Important (0.7, 0.9, 1, 1)
Little unimportant (0, 0.2, 0.2, 0.4)
Very important (0.8, 1, 1, 1)
Generally (0.3, 0.5, 0.5, 0.7)

information can be transformed into quantitative indicators
represented by trapezoidal fuzzy numbers by using bipolar
scaling proposed by MacCrimmon and Wehrung [24].

On the one hand, FAHP inherits the advantages of AHP,
which effectively combines qualitative analysis and quantita-
tive analysis to ensure the rationality and systematicness of
the evaluation model; on the other hand, FAHP fully takes
advantage of the fuzzy nature of fuzzy set theory, which
can handle experts’ knowledge more objective. Therefore,
this paper focuses on applications of FAHP to determine
the optimal scheme for decoupling electromagnetic loop
networks.

3.2. Improvement of FAHP. As previously mentioned, it is
a problem in checking and adjusting the consistency of the

fuzzy judgment matrix in AHP-based scheme evaluation
methods including FAHP [25]. In this section, a scheme for
improving the consistency of a fuzzy judgment matrix is
proposed.

Suppose there are 𝑛 (𝑛 > 2) attributes of decision-making
problems denoted by 𝑦

1
, 𝑦
2
, . . . , 𝑦

𝑛
; then, the attribute aggre-

gation is 𝑌 = {𝑦
𝑖
| 𝑖 ∈ 𝑁}, 𝑁 = {1, 2, . . . , 𝑛}.

Definition 1. Let R = (𝑟
𝑖𝑗
)
𝑛×𝑛

denote a trapezium fuzzy num-
ber complementary judgmentmatrix, if 𝑟

𝑖𝑗
= (𝑎
𝑖𝑗
, 𝑏
𝑖𝑗
, 𝑐
𝑖𝑗
, 𝑑
𝑖𝑗
) is

a trapezium fuzzy number, where 𝑎
𝑖𝑗

≤ 𝑏
𝑖𝑗

≤ 𝑐
𝑖𝑗

≤ 𝑑
𝑖𝑗
, 𝑖, 𝑗 ∈ 𝑁,

and the judgment matrix R satisfies

(I) 𝑎
𝑖𝑖

= 𝑏
𝑖𝑖

= 𝑐
𝑖𝑖

= 𝑑
𝑖𝑖

= 0.5, ∀𝑖 ∈ 𝑁;

(II) 𝑎
𝑖𝑗

+𝑑
𝑗𝑖

= 1, 𝑏
𝑖𝑗

+𝑐
𝑗𝑖

= 1, 𝑑
𝑖𝑗

+𝑎
𝑗𝑖

= 1, 𝑐
𝑖𝑗

+𝑏
𝑗𝑖

= 1; ∀𝑖, 𝑗 ∈

𝑁, 𝑖 ̸= 𝑗, where 𝑟
𝑖𝑗
describes the relative importance

of 𝑦
𝑖
compared to 𝑦

𝑗
.

The specific steps for improving the consistency of the
judgment matrix are listed as follows.

Step 1. Suppose that the initial fuzzy judgment matrix R in
the form of a linguistic term set and the critical value of the
consistency index 𝜀 are pregiven. Usually, 𝜀 is set to 0.2.

Step 2. Consistency check of the judgment matrix: the kernel
of trapezium fuzzy number 𝑟

𝑖𝑗
is

𝐾 (𝑟
𝑖𝑗
) =

{{{{

{{{{

{

𝑎
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, if 𝑎
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)
2
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)
2
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)
2

− (𝑏
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2
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𝑏
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3 (𝑐
𝑖𝑗

+ 𝑑
𝑖𝑗

− 𝑎
𝑖𝑗

− 𝑏
𝑖𝑗
)

, otherwise,
(1)

where the corresponding kernel matrix R̂ of the matrix R is
R̂ = (𝑟

𝑖𝑗
)
𝑛×𝑛

, 𝑟
𝑖𝑗

= 𝐾(𝑟
𝑖𝑗
).

Based on the theoremproposed in [26], the necessary and
sufficient condition that the kernel matrix R̂ is an additive
consistency of complementary judgment matrix is that the
additive consistency index 𝜌 is equal to 0, where 𝜌 is defined
as

𝜌

=
2

𝑛 (𝑛 − 1) (𝑛 − 2)

𝑛−1

∑

𝑖=1

𝑛

∑

𝑗=𝑖+1

𝑛

∑

𝑘=1

𝑘 ̸=𝑖,𝑗


𝑟
𝑖𝑗

− (𝑟
𝑖𝑘

+ 𝑟
𝑘𝑗

−
1

2
)


.
(2)

According to (2), calculate the consistency index 𝜌 of the
kernel matrix R̂. The greater the index 𝜌 is, the worse the
consistency of the judgment matrix is. If 𝜌 < 𝜀, then it is
considered that the consistency is met, and go to Step 7; else
adjust the elements in the judgment matrix given by experts
until the consistency is met.

Step 3. According to (3), calculate the priority weight vector
𝐻 = (𝐻

1
, 𝐻
2
, . . . , 𝐻

𝑛
)
𝑇,

𝐻
𝑖
=

1

𝑛
−

1

2𝛼
+

1

𝑛𝛼

𝑛

∑

𝑘=1

𝑟
𝑖𝑘

, (3)

where the parameter 𝛼 ≥ (𝑛 − 1)/2, and then obtain the
characteristic matrix R∗ = (𝑟

∗

𝑖𝑗
)
𝑛×𝑛

𝑟
∗

𝑖𝑗
= 𝛼 (𝐻

𝑖
− 𝐻
𝑗
) + 0.5. (4)

Step 4. The deviation matrix D = (𝑑
𝑖𝑗
)
𝑛×𝑛

= R̂ − R∗ is
calculated, and then |𝑑

𝑠𝑡
| = max{|𝑑

𝑖𝑗
| : 𝑖 < 𝑗, 𝑖, 𝑗 ∈ 𝑛} is

determined.

Step 5. Update the matrix R, and obtain the new fuzzy
judgment matrix R = (𝑟



𝑖𝑗
)
𝑛×𝑛

. If 𝑑
𝑠𝑡

> 0, then 𝑟
𝑠𝑡
and 𝑟
𝑡𝑠

are adjusted as follows: 𝑟


𝑠𝑡
= 𝑟
𝑠𝑡

− 𝜃, 𝑟


𝑡𝑠
= 𝑟
𝑡𝑠

+ 𝜃; otherwise,
𝑟


𝑠𝑡
= 𝑟
𝑠𝑡

+ 𝜃, 𝑟
𝑡𝑠

= 𝑟
𝑡𝑠

− 𝜃. Here, 𝜃 (0 < 𝜃 < 1) is the adjustment
quantity.
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Figure 2: Flowchart of consistency improvement for FAHP.

Step 6. Repeat Step 2 to Step 5.

Step 7. Output the fuzzy judgment matrix R, which meets
the consistency.

The flowchart of consistency improvement for FAHP is
shown in Figure 2.

3.3. Evaluation Model Based on IFAHP. The proposed
scheme evaluation method based on improved FAHP
(IFAHP) mainly includes the following steps: establishment
of the hierarchical structure model, construction of fuzzy
judgment matrices, normalization of the indexes, and com-
prehensive ranking of the schemes, as shown in Figure 3.

3.3.1. Construction of the Hierarchy Model. According to
the basic principles of decoupling electromagnetic loop
networks, the hierarchical structure model is established, as
shown in Figure 4.

In this hierarchy model, the goal layer A is the optimal
scheme sequence; the criterion layer consists of three parts:
the security criterion B

1
, the stability criterion B

2
, and the

economy criterion B
3
; the index layer is made up of the

𝑁-1 index C
1
, the average rate of line overloads index C

2
,

the average rate of transformer overloading index C
3
, the

average three-phase short-circuit current index C
4
, the aver-

age single-phase short-circuit current index C
5
, the critical

clearing time index C
6
, and the network loss index C

7
; the

scheme layer consists of all the candidate schemes. The main
indexes influencing the security criterion B

1
are C

1
, C
2
,

C
3
, C
4
, and C

5
; the main indexes influencing the stability

criterion B
2
are C
2
, C
3
, C
4
, C
5
, and C

6
; and the main index

influencing the security criterion B
3
is C
7
. The indexes are

defined as follows:

A N-1 indexC
1
: it refers to the total number of elements

which does not meet the N-1 criterion. The elements
that needed N-1 check consist of lines, transformers,
or main generators.

Construction of the hierarchy model

Construction of fuzzy judgment matrix and
weight calculation

Normalization of the indexes

Comprehensive ranking of the schemes

Start

End

Figure 3: Flowchart of the proposed scheme evaluation approach.

B The average overload rate of lines index C
2
is

C
2

=
∑
𝑚𝐿

𝑖=1
LR
𝑖

𝑚
𝐿

, (5)

where 𝑚
𝐿
is the total number of overload lines and

LR
𝑖
is the load rate of the 𝑖th overload line.

C The average overload rate of transformers index C
3
is

C
3

=
∑
𝑚𝑇

𝑖=1
𝑇
𝑖

𝑚
𝑇

, (6)

where 𝑚
𝑇
is the total number of overload trans-

formers and 𝑇
𝑖
is the load rate of the 𝑖th overload

transformer.
D The average three-phase short-circuit current index

C
4
is

C
4

=
∑
𝑚3𝑃

𝑖=1
SA
𝑖

𝑚
3𝑃

, (7)

where 𝑚
3𝑃

is the number of buses whose three-phase
short-circuit currents exceed the rated value and SA

𝑖

is the overcurrent rate of the corresponding bus.
E The average single-phase short-circuit current index

C
5
is

C
5

=
∑
𝑚1𝑃

𝑖=1
DA
𝑖

𝑚
1𝑃

, (8)

where𝑚
1𝑃

is the number of buses whose single-phase
short-circuit currents exceed the rated value and DA

𝑖

is the overcurrent rate of the corresponding bus.
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Scheme sequence A

Goal layer Criterion layer Index layer

The network loss C7

The critical clearing time index C6

The average single-phase short-circuit current index C5

The average three-phase short-circuit current index C4

The average rate of transformer overloading index C3

The average rate of line overloads index C2

N-1 index C1

Economy criterion B3

Stability criterion B2

Security criterion B1

Figure 4: Hierarchical structure model of scheme evaluation.

F The critical clearing time index C
6
: C
6
refers to the

critical clearing time when the three-phase short-
circuit fault occurs.

G The network loss index C
7
: C
7
is the active power

losses of a power grid.

3.3.2. Construction of the Fuzzy Judgment Matrix and Weight
Calculation. The complementary judgment matrix using
trapezium fuzzy numbers is built according to each layer’s
relative importance to the top layer. In order to check the
judgment matrix’s consistency, its kernel matrix is calculated;
then, the judgment matrix’s consistency is checked through
checking its kernelmatrix’s consistency; after that, fuzzy eval-
uation of estimate and expectations is calculated, and weight
coefficient of each layer is obtained through normalizing the
expectations [27].

Step 1. Construction of the initial fuzzy judgment matrix:
assuming 𝐿 (𝐿 ≥ 2) experts at the equal status are
employed simultaneously to build the complementary pair-
wise comparison judgment matrix in the forms of qualitative
evaluations by comparing the importances of all related
attributes including B

1
∼B
3
in the criterion layer, then, the

judgment matrix of the 𝑘th expert is described as R(𝑘) =

(𝑟
(𝑘)

𝑖𝑗
)
𝑛×𝑛

, where 𝑟
(𝑘)

𝑖𝑗
= (𝑎
(𝑘)

𝑖𝑗
, 𝑏
(𝑘)

𝑖𝑗
, 𝑐
(𝑘)

𝑖𝑗
, 𝑑
(𝑘)

𝑖𝑗
), 𝑘 ∈ {1, 2, . . . , 𝐿};

𝑖, 𝑗 ∈ 𝑁.

Step 2. According to the proposed scheme in Section 3.2,
check and adjust the consistency of the judgment matrix R(𝑘)
until its consistency is met.

Step 3. Integrate the preference information of the experts
according to

𝑟
𝑖𝑗

= (𝑎
𝑖𝑗
, 𝑏
𝑖𝑗
, 𝑐
𝑖𝑗
, 𝑑
𝑖𝑗
)

= (
1

𝐿

𝐿

∑

𝑘=1

𝑎
(𝑘)

𝑖𝑗
,

1

𝐿

𝐿

∑

𝑘=1

𝑏
(𝑘)

𝑖𝑗
,

1

𝐿

𝐿

∑

𝑘=1

𝑐
(𝑘)

𝑖𝑗
,

1

𝐿

𝐿

∑

𝑘=1

𝑑
(𝑘)

𝑖𝑗
) ,

(9)

where the comprehensive fuzzy number complementary
judgment matrix R = (𝑟

𝑖𝑗
)
𝑛×𝑛

.

Step 4. Calculate the weights between the layers. Calculate
the fuzzy evaluation value of 𝑦

𝑖
by

V
𝑖
(𝑎
𝑖
, 𝑏
𝑖
, 𝑐
𝑖
, 𝑑
𝑖
) = (

∑
𝑛

𝑗=1
𝑎
𝑖𝑗

∑
𝑛

𝑖=1
∑
𝑛

𝑗=1
𝑑
𝑖𝑗

,

∑
𝑛

𝑗=1
𝑏
𝑖𝑗

∑
𝑛

𝑖=1
∑
𝑛

𝑗=1
𝑐
𝑖𝑗

,

∑
𝑛

𝑗=1
𝑐
𝑖𝑗

∑
𝑛

𝑖=1
∑
𝑛

𝑗=1
𝑏
𝑖𝑗

,

∑
𝑛

𝑗=1
𝑑
𝑖𝑗

∑
𝑛

𝑖=1
∑
𝑛

𝑗=1
𝑎
𝑖𝑗

) .

(10)

Step 5. Supposing that the decision-makers are risk neutral,
then calculate the expectation of 𝑦

𝑖
’s fuzzy evaluation value

by

𝐼 (V
𝑖
) =

𝑎
𝑖
+ 𝑏
𝑖
+ 𝑐
𝑖
+ 𝑑
𝑖

4
. (11)

Step 6. According to (11), calculate the weight coefficient of 𝑦
𝑖

by normalizing the expectations to get weight coefficient by

𝑤
𝑖
=

𝐼 (V
𝑖
)

∑
𝑛

𝑖=1
𝐼 (V
𝑖
)
, 𝑖 ∈ 𝑁, (12)

where 𝑤
𝑖
is the weight coefficient of 𝑦

𝑖
.
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3.3.3. Normalization of the Indexes. In AHP decision-making
method, the index values of all schemes should be nor-
malized. Then, the scheme that has the maximal weight
comprehensive evaluation value is the best scheme.

First, N-1 index (C
1
) is normalized as

𝑥
𝑖𝑗

=

(1 − 𝑧
𝑖𝑗
/𝑁threshold)

∑
𝑚𝑆

𝑖=1
(1 − 𝑧

𝑖𝑗
/𝑁threshold)

(𝑗 = 1) , (13)

where 𝑧
𝑖𝑗
denotes the C

𝑗
index value of scheme 𝑆

𝑖
, 𝑥
𝑖𝑗
is

the normalized value of the index C
𝑗
corresponding to the

scheme 𝑆
𝑖
, 𝑚
𝑆
is the total number of alternative schemes to

be evaluated, 𝑖 ∈ 𝑀, 𝑀 = {1, 2, . . . , 𝑚
𝑆
}, 𝑗 ∈ {1, 2, . . . , 7},

and 𝑁threshold is the threshold value of N-1 index, which is
predefined based on experts’ knowledge. Specifically, if the
N-1 index of a scheme exceeds the corresponding 𝑁threshold,
the scheme will not be considered as an alternative one. In
this work, 𝑁threshold is set to 10.

The indexes C
2
, C
3
, C
4
, C
5
, and C

7
are normalized by

𝑥
𝑖𝑗

=

1/𝑧
𝑖𝑗

∑
𝑚𝑆

𝑖=1
(1/𝑧
𝑖𝑗
)

(𝑗 = 2, 3, 4, 5, 7) . (14)

The index C
6
is normalized by

𝑥
𝑖𝑗

=

𝑧
𝑖𝑗

∑
𝑚𝑆

𝑖=1
𝑧
𝑖𝑗

(𝑗 = 6) . (15)

3.3.4. Comprehensive Ranking of the Schemes. By the pre-
viously mentioned method, the weight vector 𝑊

𝐴
of the

criterion layer relative to the goal layer can be obtained. And
then, by using the same principle, the weight vector𝑊

𝐵
of the

index layer relative to the criterion layer can also be obtained.
The normalized indexes value is represented by 𝑋, and then
the comprehensive evaluation value of each scheme can be
obtained: F = 𝑋 ∗ 𝑊

𝐵
∗ 𝑊
𝐴
. Finally, the scheme with the

maximum comprehensive evaluation value is determined as
the optimal scheme.

4. Case Study

This section is organized as follows. First, the situation of
Liaoning power gird in China is depicted; then, five original
schemes to be evaluated are listed; next, the test results using
the proposal are shown in detail; finally, comparison tests
between the proposal and other evaluation models such as
FCE andAHP are carried out, and thereby the corresponding
discussions are carried out accordingly.

4.1. Situation of Liaoning Power Gird. The power system
considered is the power system of Liaoning province of China
consisting of all elements from 10 kV to 500 kV. The system
covering an area of 148,000 square kilometers is a highly
interconnected grid with an approximate installed capacity of
39657.2MW. The system comprises 91 generators and a total
of 750 major buses. The system has some series compensated
lines and SVCs. Liaoning Power Electric Network has formed
5 connected channels with the external network through 10

500 kV AC tie lines, a 1 ± 500 kV DC line, and 1 500 kV DC
back-to-back converter station.

In recent years, with the growing strength of grid struc-
tures, the north-central grid of Liaoning has formed three-
dimensional electromagnetic loop networks, which mainly
involve voltage grades from 220 kV and 500 kV, and the prob-
lems of short-circuit current superscalar are serious. Hence,
there is an urgent need for decoupling electromagnetic loop
networks.

In order to conveniently demonstrate the proposed
method, the network diagram of the north-central grid of the
power system of Liaoning province is shown in Figure 5.

In Figure 5, the red area represents the existing 500 kV
network frame, the green area represents the existing 220 kV
network frame, the blue area represents the 220 kV network
frame under construction, and the pink area represents the
500 kV network frame under construction.

It can be observed from Figure 5 that the network
structure in this area is very dense.With a series of important
power transmission and transformation projects comprising
Tangjia station andXihai station, the power supply ability will
be greatly increased in this region. But at the same time, the
overall short-circuit current level will rise greatly, which may
lead to the serious short-circuit current superscalar problem.

4.2. Determination of the Original Schemes. Through large
amount of analysis and calculation, five original schemes to
be evaluated are listed as follows.

Scheme 1. Disconnect the single loop between Qiangang
station and Caohekou station and the single loop between
Bohai station and Nanhai station.

Scheme 2. Disconnect the single loop between Bohai station
andNanhai station, the single loop betweenBohai station and
Xiongyue station, and the double loop between Chengang
station and Hongqibao station.

Scheme 3. Disconnect the double loop between Anshan sta-
tion and Liuerbao station, the double loop between Anshan
station and Chengang station, and the double loop between
Niuzhuang station and Dongchang station.

Scheme 4. Disconnect the double loop between Anshan
station andWangtie station, the double loop betweenAnshan
station and Chengang station, and the single loop between
Qiangang station and Caohekou station.

Scheme 5. Disconnect the single loop between Qiangang
station and Caohekou station and the double loop between
Anshan station and Liuerbao station.

4.3. Results and Discussion. The actual index values of related
schemes are given in Table 2, where 𝑆

𝑖
denotes the 𝑖th scheme.

In Table 2, all the proposed indexes are better if they
are smaller except for C

6
. The indexes have different units,

dimensions, and magnitudes, which will affect the decision
results, and even cause poor decisions.The normalized index
values of related schemes are shown in Table 3.
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Figure 5: Network diagram of the north-central grid of the power system of Liaoning province.

Table 2: The actual index values of related schemes.

Index 𝑆
1

𝑆
2

𝑆
3

𝑆
4

𝑆
5

C
1

5 3 0 2 0
C
2
(%) 93.6 84.6 86.3 82.3 82.7

C
3
(%) 86.7 90.1 83.5 86.7 80.8

C
4

0.063 0.061 0.062 0.064 0.066
C
5

0.178 0.167 0.141 0.158 0.161
C
6
(s) 0.11 0.10 0.12 0.11 0.10

C
7
(MW) 295.71 235.54 241.56 308.56 286.56

Table 3: The normalized index values of related schemes.

Index 𝑆
1

𝑆
2

𝑆
3

𝑆
4

𝑆
5

C
1

0.125 0.175 0.250 0.200 0.250
C
2
(%) 0.183 0.203 0.199 0.208 0.207

C
3
(%) 0.197 0.190 0.205 0.197 0.212

C
4

0.201 0.207 0.204 0.197 0.191
C
5

0.180 0.192 0.227 0.203 0.199
C
6
(s) 0.204 0.185 0.222 0.204 0.185

C
7
(MW) 0.183 0.230 0.224 0.175 0.189

Three experts are engaged to build the complementary
pairwise comparison judgment matrices by comparing the

Table 4: Judgment matrices of criterion layers using qualitative
evaluation by the 1st expert.

Security B
1

Stability B
2

Economy B
3

Security B
1

\ Generally Important
Stability B

2
Generally \ Little important

Economy B
3
Unimportant Little unimportant \

Table 5: Judgment matrices of criterion layers using qualitative
evaluation by the 2nd expert.

Security B
1

Stability B
2

Economy B
3

Security B
1 \ Generally Very

important

Stability B
2 Generally \

Little
important

Economy B
3

Very
unimportant

Little
unimportant \

importances of all related attributes in the criterion layer,
and the judgmentmatrices using qualitative evaluation by the
experts are, respectively, shown in Tables 4∼6.
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Table 6: Judgment matrices of criterion layers using qualitative
evaluation by the 3rd expert.

Security B
1

Stability B
2

Economy B
3

Security B
1

\ Generally Very important
Stability B

2
Generally \ Important

Economy B
3
Very unimportant Unimportant \

And then, based on the judgment matrices using quali-
tative evaluation, the trapezoidal fuzzy number complemen-
tary judgment matrices R(1)∼R(3) are obtained according to
Table 1:

R(1)

=
[
[

[

[0.5, 0.5, 0.5, 0.5] [0.3, 0.5, 0.5, 0.7] [0.7, 0.9, 1.0, 1.0]

[0.3, 0.5, 0.5, 0.7] [0.5, 0.5, 0.5, 0.5] [0.6, 0.8, 0.8, 1.0]

[0.0, 0.0, 0.1, 0.3] [0.0, 0.2, 0.2, 0.4] [0.5, 0.5, 0.5, 0.5]

]
]

]

,

R(2)

=
[
[

[

[0.5, 0.5, 0.5, 0.5] [0.3, 0.5, 0.5, 0.7] [0.8, 1.0, 1.0, 1.0]

[0.3, 0.5, 0.5, 0.7] [0.5, 0.5, 0.5, 0.5] [0.6, 0.8, 0.8, 1.0]

[0.0, 0.0, 0.0, 0.2] [0.0, 0.2, 0.2, 0.4] [0.5, 0.5, 0.5, 0.5]

]
]

]

,

R(3)

=
[
[

[

[0.5, 0.5, 0.5, 0.5] [0.3, 0.5, 0.5, 0.7] [0.8, 1.0, 1.0, 1.0]

[0.3, 0.5, 0.5, 0.7] [0.5, 0.5, 0.5, 0.5] [0.7, 0.9, 1.0, 1.0]

[0.0, 0.0, 0.0, 0.2] [0.0, 0.0, 0.1, 0.3] [0.5, 0.5, 0.5, 0.5]

]
]

]

.

(16)

The consistency indexes of the complementary judgment
matrices are 𝜌

1
= 0.0917, 𝜌

2
= 0.1333, and 𝜌

3
= 0.0417,

respectively. Note that all the consistency indexes meet the
requirements of consistency since they are all smaller than the
threshold 0.2. By using the weighted average expert advice,
the trapezoidal fuzzy judgmentmatrixR of the criterion layer
relative to the goal layer is

R =
[
[

[

(0.50, 0.50, 0.50, 0.50) (0.30, 0.50, 0.50, 0.70) (0.77, 0.97, 1.00, 1.00)

(0.30, 0.50, 0.50, 0.70) (0.50, 0.50, 0.50, 0.50) (0.63, 0.83, 0.87, 1.00)

(0.00, 0.00, 0.03, 0.23) (0.00, 0.13, 0.17, 0.37) (0.50, 0.50, 0.50, 0.50)

]
]

]

. (17)

The weight vector of the criterion layers is 𝑊
𝐴

=

[0.4009 0.4168 0.1824]
𝑇.

By using the samemethod, the weight vector of the index
layer of C

1
, C
2
, C
3
, C
4
, and C

5
relative to the criterion

layer B
1
is 𝑊
𝐵1

= [0.250 0.034 0.066 0.350 0.267 0 0]
𝑇;

the weight vector of the index layer of C
1
, C
2
, C
3
, C
4
,

C
5
, and C

6
relative to the criterion layer B

2
is 𝑊
𝐵2

=

[0 0.017 0.090 0.277 0.243 0.370 0]
𝑇; the weight vector

of the index layer of C
7
relative to the criterion layer 𝐵

3
is

𝑊
𝐵3

= [0 0 0 0 0 0 1]
𝑇. And then, the weight vector

𝑊
𝐵
of the index layer relative to the criterion layer can be

obtained:

𝑊
𝐵

= [𝑊
𝐵1

, 𝑊
𝐵2

, 𝑊
𝐵3

] =

[
[
[
[
[
[
[
[
[
[
[
[
[
[

[

0.250 0 0

0.034 0.017 0

0.066 0.090 0

0.350 0.277 0

0.267 0.243 0

0 0.370 0

0 0 1

]
]
]
]
]
]
]
]
]
]
]
]
]
]

]

. (18)

The comprehensive evaluation values of the candi-
date schemes are F = 𝑋 ∗ 𝑊

𝐵
∗ 𝑊
𝐴

= [0.1824, 0.1972,
0.2167, 0.1930, 0.1962]

𝑇. Consequently, the comprehensive
ranking of the schemes is 𝑆

3
> 𝑆
2

> 𝑆
5

> 𝑆
4

> 𝑆
1
. Therefore,

the conclusion can be drawn that 𝑆
3
is the optimal scheme,

and 𝑆
1
is the worst scheme.

From the above results, the scheme 𝑆
3
has the best values

of C
1
, C
5
, and C

6
; meanwhile, all the other indexes of the

scheme are pretty good. On the contrary, the scheme 𝑆
1
has

the worst values ofC
1
,C
2
, andC

5
; all the other indexes of the

scheme are almost the worst. Consequently, the scheme 𝑆
3
is

suitable to be used as the final opening scheme in this work,
which can effectively give consideration to all factors relating
to the problem of determination of optimal opening scheme.

4.4. Test Results of Other Evaluation Models. In order to
further verify the superiority of the proposed method to the
traditional AHP method, comparison tests are, respectively,
carried out by using FCE [12] and AHP [9, 11], and the results
comprising priorities and sequences are shown in Table 7.

From the results in Table 7, it can be seen that the ranking
results by using the proposedmethod and FCE are consistent.
Specifically, the scheme 𝑆

3
is the optimal decoupling scheme

and the scheme 𝑆
1
is the worst one. This evaluation result

is also in line with the actual analysis and judgments of
the power system planning and design personnel, which
demonstrates that the proposed approach is feasible and has
a certain practical value.

At the same time, Table 7 also shows the result using AHP
is different from the proposed method. More specifically, the
scheme 𝑆

2
is superior to 𝑆

3
when using AHP, while the result

is just the opposite when using the proposal. The reason
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Table 7: The evaluation results of other related schemes.

Evaluation model 𝑆
1

𝑆
2

𝑆
3

𝑆
4

𝑆
5

FCE Priority 0.286 0.316 0.326 0.296 0.309
Sequence 5 2 1 4 3

AHP Priority 0.199 0.239 0.229 0.205 0.219
Sequence 5 1 2 4 3

IFAHP Priority 0.182 0.197 0.217 0.193 0.196
Sequence 5 2 1 4 3

for this is that there is strong subjectivity when using AHP-
based decision-makingmodel, which needs experts with rich
experience to pairwise compare the importances of all related
attributes in the criterion layer when building the judgment
matrices. If there are many indexes to be compared like
the case in this paper while at the same time the engaged
experts’ knowledge is inadequate, the judgment bias problem
will inevitably occur. It is just because of this reason that
the ranking results of the proposed approach and AHP are
different.Therefore, the conclusion can be drawn on the basis
of the evidence that, compared with the conventional AHP,
the ranking results by using the proposal are more scientific,
reasonable, and objective, and thereby the superiority of the
proposal is verified.

5. Conclusions and Future Research

In this paper, an IFAHP-based MCDM method is proposed
for determination of optimal opening scheme for electromag-
netic loop networks. The proposed approach is examined on
a real power system—the power system of Liaoning province.
The main lessons learnt from the proposed method are as
follows:

(1) The proposed approach combines the advantages of
AHP and fuzzy theory, and it effectively overcomes
the limitations of AHP when dealing with subjective
factors of different experts.

(2) The presented method can comprehensively, objec-
tively, and scientifically evaluate the pros and cons
of different schemes and provides an important ref-
erence for the planning and construction of power
grids.

(3) The effectiveness of the proposed method is validated
by the application results on the real power system.
Furthermore, it may be applied to similar MCDM
problems in engineering field.

The contribution of this paper can be divided into two
aspects: on the one hand, how IFAHP, a newMCDMmethod,
is improved and applied to solve the problem of deter-
mination of optimal opening scheme for electromagnetic
loop networks in detail is demonstrated; on the other hand,
significant performance improvements from applying the
present approach to test systems are further demonstrated.

Compared to other MCDM methods, the proposed
approach can combine the advantages of AHP and fuzzy set
theory. On the one hand, AHP guarantees the systematicness

and rationality of the decision-making model by combining
qualitative analysis with quantitative analysis effectively; on
the other hand, due to fully considering the fuzzy nature of
experts’ knowledge, fuzzy set theory contributes to ensure
the objectivity of experts’ knowledge by representing the
elements of the judgment matrix in the form of a linguistic
term set. In addition, compared to FAHP, it overcomes the
inherent defects of FAHP in checking and adjusting the
consistency of the fuzzy judgment matrix.

In future research, one interesting direction might be
considering other state-of-the-art MCDM methods such as
ELECTRE [28], TOPSIS [29], and BWM [30]. In addition,
the case discussed in this paper assumes that the original
opening schemes are obtained through large amount of anal-
ysis and calculation, which is time-consuming and largely
dependent on experts’ experience. Consequently, another
direction might be developing programs to generate the
original opening schemes automatically, which will greatly
improve the practicability of the proposed method.

Nomenclature

MCDM: Multicriteria decision-making
FCE: Fuzzy comprehensive evaluation
AHP: Analytic hierarchy process
FAHP: Fuzzy AHP
IFAHP: Improved FAHP
SCC: Short-circuit current
VSC-HVDC: Voltage source converter-high voltage

direct current
ELECTRE: Elimination and Choice Expressing

Reality
TOPSIS: Technique for Order Preference by

Similarity to an Ideal Solution
BWM: Best Worst Method.
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