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Abstract

Renovating the grid structure by converting existing transmission lines into VSC-HVDC
transmission lines can address issues such as limited transmission capacity and excessive
short-circuit current in load-concentrated areas. To effectively evaluate the effectiveness of
grid structure renovation and provide a reference for selecting suitable renovation sites,
this paper proposes a comprehensive evaluation method for assessing the effectiveness
of grid structure renovation. Firstly, an evaluation indicator system is constructed from
four aspects. Then, the Fuzzy Analytic Hierarchy Process (FAHP) and Entropy Weight
Method (EWM) are used to determine the subjective weight and objective weight of each
indicator, and a game theory-based combined weighting method is applied to obtain the
combined weight, which is then used to calculate the comprehensive evaluation value
before and after renovation to reflect the effectiveness of the renovation. Subsequently,
the TOPSIS method is employed for comparative verification of the evaluation method’s
validity, and a sensitivity analysis is conducted on the subjective weight to confirm the
method’s robustness to subjective preference. Finally, based on the indicator data obtained
from the PSD-BPA simulation, the effectiveness of renovating eight scenarios in a provincial
power grid is evaluated. The results show that grid structure renovation can enhance
power grid performance in load centers.

Keywords: power grid structure renovation; evaluation indicator system; combined weighting;
comprehensive evaluation; sensitivity analysis

1. Introduction

Against the backdrop of the accelerated development of new power systems, the
integration of high proportions of renewable energy and the continuous growth of load
demand have led to a significant increase in cross-regional power exchange and system
regulation requirements. Meanwhile, the structural configuration and stability character-
istics of power systems are becoming increasingly complex, making it urgent to enhance
grid operational flexibility to ensure system security and stability [1-4]. Pathways for
improving power system flexibility mainly include flexible regulation on the power source
side [5-8], demand response on the load and energy storage sides [9-11], and grid structure
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optimization [12]. Existing studies have mainly focused on source-side regulation, demand
response, and energy storage flexibility, whereas grid-side flexibility, especially flexibility
enhancement through network renovation, has received relatively insufficient attention.
In load-center regional power grids, limited transmission capacity, excessive short-circuit
current, and insufficient flexibility resources may restrict the secure and flexible operation
of the system [13]. Therefore, this paper considers two renovation schemes for existing
transmission corridors. The first scheme is to convert existing AC transmission lines into
voltage-source-converter-based high-voltage direct current (VSC-HVDC) transmission
lines, forming VSC-HVDC transmission corridors. The second scheme is to convert existing
conventional line-commutated converter-based HVDC (LCC-HVDC) projects into VSC-
HVDC projects. Owing to its advantages in bidirectional power flow control, asynchronous
interconnection, and fast and flexible support, VSC-HVDC provides a promising solution
for cross-regional flexible regulation and conventional grid renovation [14].

However, existing studies on the effectiveness evaluation of grid structure renovation
remain fragmented. The evaluation dimensions are relatively broad, the methodological
systems are diverse, and systematic evaluation frameworks for grid renovation scenarios
are still insufficient. Evaluation indicator systems have been developed for steady-state and
transient operating conditions of embedded HVDC systems; however, these studies mainly
focus on the impact of newly constructed VSC-HVDC lines on the power grid and are
not fully applicable to renovation scenarios involving existing transmission corridors [15].
Comprehensive evaluation indicator systems considering multiple aspects have also been
proposed, but the use of the Analytic Hierarchy Process (AHP) may lead to subjective
weight allocation, and sensitivity testing is often lacking [16]. The fuzzy analytic hierar-
chy process has been introduced into smart grid evaluation in energy internet systems,
but grid operational performance has not been sufficiently considered [17]. In terms of
weighting methods, single subjective weighting is easily affected by expert experience and
judgment [18,19], whereas single objective weighting tends to rely excessively on data dis-
persion and may ignore the evaluation purpose [20], resulting in biased evaluation results.
In addition, the recent work by S. Zhang et al. achieves accurate simulation of cascading
failure processes during the dynamic operation of power grids by constructing a multi-
timescale synchronization mechanism and a multi-data-exchange model and provides an
in-depth discussion of the impact of interactions between information flow and energy flow
on system security [21]. Such a detailed analysis of the dynamic operation of power grids
offers an important theoretical background for the transient and steady-state modeling and
analysis in this paper, as well as for understanding the stability of the complex system after
grid structure renovation.

Therefore, this paper proposes a comprehensive evaluation method based on com-
bined weighting using the FAHP and EWM, aiming to systematically evaluate the effective-
ness of grid structure renovation by combining expert experience with data characteristics.
First, an evaluation system is constructed consisting of eight indicators under four criteria
layers: economy, resilience, safety, and reliability. The FAHP is then used to determine
the subjective weight of each indicator, while the EWM is used to determine the objective
weight, and the comprehensive weight is obtained through a game theory-based combined
weighting method. Finally, the weighted comprehensive evaluation and the Technique
for Order of Preference by Similarity to Ideal Solution (TOPSIS) are applied to evaluate
the effectiveness of eight renovation scenarios in a provincial power grid, and a sensitivity
analysis of weights is conducted. The proposed method can provide a basis for evaluating
the effectiveness of grid structure renovation and selecting optimal schemes.
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2. Construction of the Evaluation Indicator System

To evaluate the comprehensive performance of the grid before and after renovation,
as well as the corresponding effectiveness of the renovation, this paper constructs a multi-
level, multi-dimensional evaluation indicator system with the effectiveness of grid structure
renovation as the goal layer, economy, resilience, safety, and reliability as the criteria layer,
and the specific indicators corresponding to each criterion as the indicator layer. Among
them, reliability measures the system’s ability to maintain steady-state power supply and
withstand faults, while resilience measures whether the system can quickly return to
normal after a fault is cleared. The two complement each other from the transient and
steady-state dimensions, jointly characterizing the operational performance of the power
grid after renovation. The selected indicators are all centered around the core technical
advantages of VSC-HVDC renovation (such as bidirectional power flow control and fast
support) and the core benefits of grid structure renovation, comprehensively covering the
dimensions of technical performance and operational benefits. They can well reflect the
actual effectiveness of grid structure renovation and align with the research objectives of
renovation effectiveness evaluation and site selection decision in this paper.

2.1. Economy
2.1.1. Power Supply Benefit

After the renovation of existing lines, the power supply capacity of the grid may
change, resulting in changes in the indirect economic benefits. The indicator Bsupply can
be approximately defined as the power supply benefit indicator, with the expressions before
and after renovation as follows:

]
Bsupplyfbef = 2 24?Plbef 1)
=1

1]

Bsupply—aft = Z 24ﬁplaft 2)
I=1

where 7 is the total number of renovated lines. p is the average electricity selling price

during the planning period. PP¢! is the total transmission capacity of the AC line before

renovation. P is the total transmission capacity of the VSC-HVDC transmission line after

renovation.

2.1.2. Network Loss

Network loss reflects the economic performance of system operation. Smaller losses
indicate higher transmission efficiency and better cost-effectiveness. For DC lines, losses of
converter equipment should also be considered. The power losses between nodes i and j
for AC lines and DC lines are given as follows:

2 2
(PH)" +(Q5) e

PIACloss — ©)
1 AC)2 el
(1)
DC)2
DCloss _ (P i ) ,DC )
1] 2 (uPC)Z 1]
where uf‘c and uPC are the voltages at node i for AC and DC lines, respectively.P; j Cand

Q{?C are the active and reactive power flowing between nodes i and j for AC lines.P; ; Cis
the active power flowing between nodes i and j for DC lines. r;f}‘c and r}?c are the resistances
between nodes i and j for AC and DC lines, respectively.
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The total power loss of AC/DC hybrid transmission is as follows:

I O Acl B DCloss , B pvscl

0ss ___ 0SS 0SS 0SS

Powm = ), PiUo+ ) P+ ) P )
i=Li#j i=Li%j p=1

where n4¢ and npc are the numbers of AC and DC lines, respectively, and P;Y SCloss js the
loss of the pth VSC.

2.2. Resilience

Referring to the Guide on Security and Stability of Power Systems, the time window
for the transient recovery time indicator is defined as follows: beginning at the moment
when the fault is fully isolated, the system is considered to have returned to steady-state
operation when the voltages at key buses remain stably within the range of 0.95-1.05 p.u.,
the active power transferred by the line is no less than 90% of its steady-state value, and no
limit violations occur for five consecutive power-frequency cycles (0.1 s in a 50 Hz power
grid). The time interval between this recovery completion moment and the fault isolation
moment is taken as the recovery time window.

2.2.1. Transient Active Power Recovery Time

After a disturbance, the system should retain a certain degree of frequency stability,
which fundamentally relies on its ability to restore power balance through active power
regulation. To characterize the system’s active power regulation and recovery capability
following a disturbance, the transient active power recovery time is selected as an evalua-
tion indicator. A shorter recovery time indicates a faster active power response, a stronger
post-disturbance recovery capability, and, thus, a higher level of system resilience. The
indicator is calculated as follows:

Tprec = Tpn - Tf (6)

where Ty, is the time at which the active power returns to within the tolerance range after
the disturbance. T is the time at which the disturbance is cleared.

2.2.2. Transient Voltage Recovery Time

After a disturbance, the bus voltage should possess strong recovery capability. To
characterize the system’s voltage regulation and recovery capability following the distur-
bance, the transient voltage recovery time is selected as an evaluation indicator. A shorter
recovery time indicates a faster voltage regulation response, a stronger recovery capability,
and thus a higher level of system resilience. It is defined as follows:

Tvrec = lyn — Tf (7)

where Ty, is the time at which the bus voltage returns to within the tolerance range after
the disturbance.

2.3. Safety
2.3.1. Short-Circuit Current

Short-circuit current (SCC) refers to the current that may arise at a fault point under
specified fault conditions when a short-circuit fault occurs at a certain location in the
power system. It is an important indicator for evaluating the system short-circuit level
and safety margin. In traditional AC power grids dominated by synchronous power
sources, the short-circuit current level generally reflects the system strength to a certain
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extent. However, an excessively high short-circuit current increases the requirements
for equipment interrupting capability and thermal stability and may even pose a risk
of exceeding operational limits. With the continuous expansion of power grids and the
increasing integration of power sources, the short-circuit current level in some traditional
large-scale AC grids has continued to rise. Therefore, grid structure renovation should be
able to suppress the short-circuit current to a certain extent.

2.3.2. Voltage Sag Magnitude

Voltage sag in a power system refers to a sudden drop in the RMS value of power
frequency voltage at a point in the system, falling between 0.1 p.u. and 0.9 p.u. and then
returning to normal within 10 ms to 1 min. Voltage sag has become a major disturbance
that threatens the safe operation of electrical equipment. Evaluating the change before
and after renovation can show the effectiveness of the renovation. A smaller voltage sag
magnitude means stronger anti-interference ability and higher system safety. Let Vsag
represent the voltage sag magnitude, expressed as follows:

Vo =V,
Viag = OT()l x 100% (8)
where Vj represents the steady-state voltage before the disturbance. V' represents the
minimum voltage after the disturbance.

2.4. Reliability
2.4.1. Total Transfer Capacity

Transmission capacity is defined as the maximum active power transmission capability
that a transmission corridor can continuously carry while ensuring the safe and reliable
operation of the system. It can be characterized by total transfer capability (TTC). TTC
is the maximum amount of power that a transmission network can accommodate under
predefined normal operating conditions and post-contingency system conditions, and itis a
core indicator for evaluating the ultimate transmission capability of a transmission network.
The calculation of TTC typically includes the following steps: Firstly, gradually increase the
active power injection at generator nodes in the source area and the load demand in the sink
area. Secondly, perform power flow calculations and security verification under normal
operation modes and typical contingency scenarios. Finally, when the system reaches a
certain limit (such as voltage violation, line overload, or stability loss), the amount of power
transmitted at that point is considered the TTC for that scenario.

2.4.2. Critical Clearing Time

Critical clearing time (CCT) refers to the maximum allowable time for fault clearance
after a fault occurs, during which the system can maintain transient stability. It is an
important indicator reflecting the transient stability level of the system. If the actual fault
clearance time is less than or equal to the CCT, the system can maintain synchronous
operation without loss of synchronism after the fault is cleared, indicating that the system
remains transiently stable. Conversely, the system will lose transient stability. Therefore, a
larger CCT indicates a stronger capability of the system to withstand large disturbances
and a higher transient stability margin. Given that among common fault types, three-phase
short circuits typically cause the most severe disturbances and correspond to the small-
est CCT, this paper selects the CCT under three-phase short circuit conditions as the
evaluation indicator.
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3. Comprehensive Evaluation Based on Combined Weighting

3.1. Determination of Indicator Weight
3.1.1. Determination of Subjective Weight by FAHP

In evaluating the effectiveness of grid structure renovation, the FAHP [22] is employed
to determine the subjective weights of indicators, which can avoid the one-sidedness
and limitations associated with direct weighting. This method builds upon the analytic
hierarchy process by constructing a hierarchical structure of “goal-criterion-indicator” to
clarify the evaluation logic. At the same time, it introduces fuzzy set theory, replacing
the precise matrix used in traditional AHP with a fuzzy judgment matrix. Through fuzzy
operations, qualitative evaluations are transformed into quantitative results, achieving
an integration of qualitative analysis and quantitative calculation, thereby making the
determination of subjective weight more scientific. The calculation steps for subjective
weight are as follows:

Geometric interpretation of the triangular fuzzy number: a general triangular fuzzy
number M is expressed as (I, m, u), where | and u are the lower and upper bounds,
respectively, and m is the median value at which the membership degree of M equals 1.
When x = m, x fully belongs to M. Its membership function is shown in Equation (9).

x <l
m—1)1<x<m
(u—mm<x<u

X>u

(x=1)

(u —x)

p(x) = 9)

o "~ 0o

(1) Construct the fuzzy judgment matrix for the criteria layer.

Importance scores for the indicators are assigned on a scale of 1 to 9, along with
confidence levels for the scores evaluated on a scale of 1, 2, and 3. The importance score
serves as the median value m of the triangular fuzzy number M, where a higher score
indicates greater relative importance of the indicator. The meaning of the median value
of the triangular fuzzy number is shown in Table 1. The meaning of the confidence level
is shown in Table 2, which determines the lower bound 1 and upper bound u of M. The
triangular fuzzy judgment matrix A is obtained through subjective scoring evaluation.

A= (al-]-) (10)

nxn

where a;; represents the triangular fuzzy number and n represents the number of
evaluation objects.

Table 1. Meaning of the median value (1-9) of triangular fuzzy numbers.

The Median Value Meaning
1 The two indicators are equally important
3 The former is slightly more important than the latter
5 The former is clearly more important than the latter
7 The former is strongly more important than the latter
9 The former is extremely more important than the latter
2,4,6,8 Intermediate values between the above judgments
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Table 2. Basis for determining the upper and lower bounds of triangular fuzzy numbers.

Confidence Level u-1 Value Numerical Characteristics
High 1 (max (m — 1/2,1), m, min (m + 1/2,9))
Low 2 (max (m — 1,1), m, min (m + 1,9))
Moderate 3 (max (m — 3/2,1), m, min (m + 3/2,9))
(2) Check the consistency of the median matrix T.

To prevent unreasonable value allocation among indicators, the consistency of the
judgment matrix must be checked. The maximum eigenvalue of the median matrix T is
calculated and substituted into Equation (11) to compute the consistency index (CI). Mean-
while, the corresponding random consistency index (RI) values, obtained from numerous
random trials, are listed in Table 3 and substituted into Equation (12) to calculate the
consistency ratio (CR). If the CR is less than 0.1, the consistency check is considered passed.

Amax — 1
[=— 11
C p— (11)
CR =CI/RI (12)
(8) Construct the fuzzy evaluation factor matrix:
1 1_4=hy . 1 _ un—hs
2myy 2myy
_ U=y 1 co. ] — Hon—l
E = (eij)nxn = .2m21 .2m2n (13)
.n 7ln n _ln
1t 1ot
where (u;; — I;;)/2m;; is the coefficient of variation.
Table 3. Random consistency index (RI) values [23].
n 1 2 3 4 5 6 7 8 9 10
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49
(4) Calculate the adjusted judgment matrix Q.
Q=TxE (14)

(5) The adjusted judgment matrix Q is converted column-wise into a judgment matrix
with diagonal elements equal to 1.
(6) Calculate the subjective weight.

The nth root of all elements in each row is calculated using Equation (15), where # is the
total number of criteria, and then normalized using Equation (16) to obtain the subjective
weight of the criteria layer. For the indicators under each criterion, the relative importance
among the indicators is weighted to obtain the relative weight wy of the indicators within
each criterion layer. This is then multiplied by the weight W; of the corresponding criterion
to obtain the subjective weight W; of each indicator.

1

n n
w; = (Hai]) ,i=1,2,---,n (15)
j=1
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wj

Wi= " i=12,--,n (16)
Y wj
i=1
W]‘:WiXZUI (17)

3.1.2. Determination of Objective Weight by EWM

In the process of determining indicator weights using the EWM, the weight coefficient
of each indicator is determined based on the amount of information provided by that
indicator. The more information an indicator provides, meaning the smaller its information
entropy, the greater its degree of variation, and, thus, the more significant its role, so its
weight should be larger. Conversely, if the indicator provides less information, its weight
should be smaller. The steps for calculating the objective weight of each indicator using the
EWM are as follows:

(1) Construct the comprehensive evaluation feature matrix.

Assume there are 11 evaluation scenarios and m evaluation indicators. The m evaluation
indicators form an original indicator data matrix for the n evaluation scenarios, as shown

in Equation (18).
X11 X120 Xim
X21 X2 o Xom
X=1. ) . (18)
Xnl Xn2 - Xum

(2) Standardize the feature matrix.

In multi-indicator evaluation problems, each indicator has its own dimension and
type, representing different physical meanings, which makes direct comparison difficult.
Therefore, before conducting a comprehensive evaluation, all indicators must be properly
transformed and standardized so that a dimensionless evaluation can be performed. In-
dicator types can be classified into positive indicators, negative indicators, and interval
indicators. Positive indicators indicate that larger values are better, negative indicators
indicate that smaller values are better, and interval indicators indicate that values falling
within a certain interval are optimal. The range transformation method is adopted, where
positive indicators are standardized according to Equation (19), negative indicators are
standardized according to Equation (20), and interval indicators are standardized according
to Equation (21).

x,‘]’ — min(xi]')

Yij = max(x;j) — min(x;;) (19

max(x;;) — xjj

ij = - (20)
Yij max(x;;) — min(x;;)
a—Xijji
1- max(ufmin(x,-j),]max(xij)717) Xij < a
vij=41 a< Xij <b (21)
Xl"fb
1- max(a—min(x],-j),max(x,-j)—b) Xij > b

where max(x;;) and min(x;;) represent the maximum and minimum values of the elements
in the jth column of the feature matrix and a and b are the lower and upper bounds of the
optimal interval. Through the above transformations, all types of indicators are transformed
into positive indicators, with the optimal value being 1 and the worst value being 0.

(3) Calculate the entropy value and entropy weight.
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Calculate the entropy value e¢; of the jth indicator, as shown in Equation (22).
1 n
e = —ml; pijln(pij) (22)
Vi
pij= 5 (23)
L Yij

where p;; is the proportion of the indicator value y;; of the ith scenario under the jth indicator.
Calculate the entropy weight v; of the jth indicator, as shown in Equation (24), and the
objective weight vector of the indicators is given by Equation (25).

vj = ml;e]- (24)
Y (1—-¢)
j=1
‘/j = (Ul, (S VAR lv'rl) (25)

3.1.3. Determination of Combined Weight

The method of assigning weights by subjectively scoring the importance of indicators
based solely on experience and practical needs overlooks the need for quantitative support
from objective data. To overcome the limitations of a single weighting approach, a combined
weighting method based on game theory [24] is adopted, which balances subjective and
objective weights to obtain the combined weight, thereby improving the scientific rigor
and reliability of the evaluation results.

. 2
st +up=1p, 20
2
w=Y  _ ww 27)

After obtaining the subjective and objective weights, the optimal combined weight
coefficients p* are solved using Equation (26) and then substituted into Equation (27) to
calculate the combined weight w of the indicators, thereby achieving coordination between
the subjective and objective weights.

3.2. Weighted Comprehensive Evaluation

Weighted comprehensive evaluation is a decision-making method that integrates
multiple evaluation indicators into a comparable composite score. Its core concept is
to quantify importance through weights and combine the standardized data with the
weights for calculation. As shown in Equation (27), B represents the comprehensive
evaluation value.

Yin Y1 o Ym
Yi2 Y2 - Yn2 T

B=|" 7 O e wr e wom 28)
Yim Yom - Ynm

3.3. Comparative Verification Using the TOPSIS Method

The TOPSIS method is one of the most classical objective ranking methods in multi-
indicator comprehensive evaluation. Its core idea is to calculate the relative proximity
by quantifying the Euclidean distances between each evaluation object and the positive
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ideal solution and the negative ideal solution and then ranking them accordingly. After
constructing the initial evaluation matrix and standardizing the matrix in the same manner
as in the EWM, the subsequent evaluation procedure is as follows:

(1) Construct the weighted standardized matrix.

In practical evaluation, the importance of each indicator differs, so it is necessary to
introduce indicator weights. The combined weighting method based on FAHP-EWM is
adopted, and the weighted standardized matrix is denoted as Equation (28).

(2) Determine the positive ideal solution and the negative ideal solution.

The ideal solution is the extreme value of each indicator after weighting, rather than
the extreme value of the original data. The optimal value and the worst value of each
indicator are extracted from the weighted standardized matrix to form the positive ideal
solution A* and the negative ideal solution A™.

AT = (0] ,v3,...,vy) = (Max<jc, (0i1), Max1 << (012), - - -, MaX1 << (Vi) (30)
A" = (vy,0,,...,0,) = (Minj<j<, (v1), Miny<j<, (V2), . . ., MiN <j< (Vi) ) (31)

(8) Calculate the Euclidean distance from each evaluation object to the positive ideal
solution and the negative ideal solution.

Euclidean distance is the core measure for quantifying the gap in TOPSIS, where the
distance from the ith object to the positive ideal solution is denoted as D;" and the distance
to the negative ideal solution is denoted as D; .

T
2 .
b = | w0 =12 )
j=1
UL 2
D; = Z(Uij—v;),i:1,2,...,n (33)
j=1

(4) Calculate the relative closeness and rank.

The relative closeness is used as the final evaluation indicator, where a larger value
indicates better comprehensive performance of the evaluation object, as expressed below:

Ci=——1*5t — i=1,2 (34)
; , 1 ,2,...,1
! Di++Df

4. Case Study

A provincial power grid is selected as a case study, and a comprehensive evaluation is
conducted following the framework constructed in Figure 1.
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Figure 1. Framework of the evaluation method.

4.1. Indicator Data

A provincial power grid is selected as a case study, which includes seven scenarios
involving AC to VSC-HVDC and one scenario involving LCC-HVDC to VSC-HVDC. The
eight scenarios selected are all based on prior field investigations. These scenarios are
located in key node corridors of the target grid and were chosen after comprehensively
considering both the operational issues of each scenario and the renovation conditions they
can accommodate. Therefore, they have good representativeness.

First, simulation models corresponding to each scenario are built in PSD-BPA. Next,
considering both single-phase and three-phase short-circuit faults, the fault occurrence
time is set to 2.0 s, the fault clearing time to 2.1 s, and the simulation duration to 20.0 s.
Finally, simulation data for each scenario before and after renovation are obtained through
transient and steady-state calculations and line verification, and the standardized results
are presented in Tables 4 and 5, where Sn represents the nth scenario.

Table 4. Standardized indicator data for scenarios before renovation.

Criterion Indicator S1 S2 S3 S4 S5 S6 S7 S8

. Baupply 0.5946 0.3320 0.5151 0.5151 0.5928 0.5928 0.0000 0.1914
conomy

Ioss 0.9369 0.9523 0.8728 0.8728 0.9991 0.9431 1.0000 0.0000
Resili Tprec 0.4340 0.0000 0.6132 0.6132 0.5212 0.4033 0.4434 0.5967
esthence . 0.7472 0.7612 0.7837 0.7837 0.7612 0.4101 0.3258 0.0000
Safety sccC 0.2232 0.4459 0.6865 0.6865 0.0000 0.3066 0.0687 0.9961
Vsag 0.2232 0.4459 0.6865 0.6865 0.0000 0.3066 0.0687 0.9961
Reliabilit TTC 0.5946 0.3320 0.5151 0.5151 0.5928 0.5928 0.0000 0.1914
Y ccr 0.1129 0.0000 1.0000 1.0000 0.0645 0.1774 0.0806 0.2151
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Table 5. Standardized indicator data for scenarios after renovation.

Criterion Indicator S1 S2 S3 S4 S5 S6 S7 S8

E Bsuppiy 0.9673 0.9673 1.0000 0.9673 0.9673 0.9673 0.3369 0.9673
conomy

Joss 0.9394 0.9596 0.9443 0.9909 0.9993 0.9972 0.9998 0.9203
Resili Tprec 0.9434 0.9387 0.6297 0.8939 0.9505 0.7783 1.0000 0.8892
ESTIENCE T e 0.8174 0.7921 0.8174 0.9944 0.7837 0.5787 0.8287 1.0000
Safety SCC 0.7055 0.1914 0.6811 0.8754 0.5826 0.3990 1.0000 0.0888
Vsag 0.8403 0.6790 0.8332 0.9996 0.7360 0.7794 0.9415 1.0000
Reliabilit TTC 0.9673 0.9673 1.0000 0.9673 0.9673 0.9673 0.3369 0.9673
y CCT 0.4516 0.1613 0.9839 0.9194 0.3710 0.8548 0.4194 0.3118

Scenario 8 in the table corresponds to the conversion of LCC-HVDC into VSC-HVDC.
Scenario 3 and Scenario 4 correspond to two forms of renovation in the same area, so the
standardized values of all indicators for these two scenarios before renovation are identical.
Under this evaluation framework, the raw indicator data obtained from the simulation are
standardized to facilitate dimensionless evaluation combined with indicator weights.

4.2. Indicator Weight

Based on the FAHP, and after considering the aforementioned evaluation context and
the opinions of experts in the relevant fields, the triangular fuzzy decision matrix shown in
Table 6 was obtained by assigning importance scores to the rule layers and evaluating the
confidence levels of those scores. The CR value is 0.01148, which is less than 0.1, indicating
that the consistency check is satisfied. The two types of fuzzy judgment matrices used for
the indicator layer are shown in Table 7.

Table 6. Triangular fuzzy judgment matrix for the criterion layer.

Criterion Economy Resilience Safety Reliability
Economy (1,1,1) (1/3,1/2,1) (1/4,1/3,1/2) (1/51/4,1/3)
Resilience (1,2,3) (1,1,1) (1/31/2,1) (1/41/3,1/2)
Safety (2,34) (1,2,3) (1,1,1) (1/3,1/2,1)
Reliability (34,5) (2,3,4) (1,2,3) (1,1,1)

Table 7. Two judgment types of the triangular fuzzy judgment matrix for the indicator layer.

Indicator Indicatorl Indicator2 Indicatorl Indicator2
Indicatorl (1,1,1) (1,2,3) 1,1,1) (2,3,4)
Indicator2 (1/3,1/2,1) (1,1,1) 1/41/3,1/2) (1,1,1)

After obtaining the criteria layer weights, subjective weights were further determined
based on the relative importance of each indicator, as presented in Table 8. Based on EWM,
the objective weight allocation of the indicators is obtained, as presented in Table 9. In
the subjective weighting results obtained by FAHP, TTC has the highest weight, followed
by SCC and CCT, which indicates that expert judgments place greater emphasis on the
impact of grid structure renovation on transmission capacity, short-circuit current level, and
transient stability margin. In the objective weighting results, SCC and CCT have relatively
high weights, suggesting that these two indicators exhibit greater variation across different
scenarios and contain richer information.
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Table 8. Calculation of subjective weight allocation of indicators.
Criterion Layer Indicator Layer Subjective Weight
B (0.666667) 0.062277
E 0.093416 supply
conomy ( ) Pjose (0.333333) 0.031139
- Tprec (0.666667) 0.114164
Resilience (0.171246) Toroe (0.333333) 0.057082
SCC (0.666667) 0.192965
Safety (0.289447) Viag (0.333333) 0.096482
L TTC (0.750000) 0.334418
Reliability (0.445891) CCT (0.250000) 0.111473
Table 9. Calculation of objective weight allocation of indicators.
Criterion Layer Indicator Layer Objective Weight
B 0.109596
E supply
conomy Pioss 0.047515
Resili Tprec 0.078015
estuence Torec 0.069701
Safet S5CC 0.202305
Y Viag 0.126267
I TTC 0.109596
Reliability cCT 0257005

To comprehensively consider the influence of subjective and objective weights, the
combined weight allocation is obtained through the combined weighting method, as shown
in Figure 2. A comparative analysis is conducted on the subjective weights, objective
weights, and combined weights, as shown in Figure 3.

It can be seen that the combined weighting approach not only preserves the overall
trend of the subjective judgment results but also accounts for the variation characteristics re-
flected in the objective data, making the evaluation more balanced and effectively capturing
the contribution of each indicator to the effectiveness of grid structure renovation.

Weight Value

Figure 2. Combined weight allocation of indicators.
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Figure 3. Comparison of three types of weight allocation.
4.3. Evaluation of Renovation Effectiveness
4.3.1. Calculation of Pre-Renovation and Post-Renovation Comprehensive Evaluation Values

The comprehensive evaluation values calculated for each scenario before and after
renovation are shown in Figure 4.

: T
1 [ Pre-Renovation
[ Post-Renovation 350
09 - —&— Renovation Benefit Inprovement Rate

Comprehensive Evaluation Value
Renovation Benefit Improvement Rate(%)

Scenariol Scenario2 Scenario3 Scenario4 Scenario5 Scenariob Scenario7 Scenario8
Renovation Scenario

Figure 4. Comparison of pre-renovation and post-renovation comprehensive evaluation values
for scenarios.

It can be seen that the comprehensive evaluation values of all post-renovation scenarios
have increased, indicating that the grid structure renovation has a positive effect. Among
them, Scenario 7 exhibits the highest improvement rate in the effectiveness of the renovation.
Scenarios 3 and 4 have the same pre-renovation operating conditions and already exhibit
relatively good operational performance compared with the other scenarios; therefore, their
improvement rates are limited. The evaluation results have certain engineering reference
value. For example, power planning departments can comprehensively consider the post-
renovation evaluation value and the improvement rate of renovation benefits for each
scenario to determine the priority direction for future renovation.

4.3.2. Comparative Verification

To validate the effectiveness of the weighted comprehensive evaluation method, the
TOPSIS method is used to calculate and rank the evaluation values for each scenario before
and after renovation. The results of the two evaluation methods before and after renovation
are compared in Figures 5 and 6. It can be seen that the proposed method shows strong
consistency with the TOPSIS method both before and after renovation, confirming the
validity of the evaluation.
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Figure 5. Comparison of pre-renovation evaluation.
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Figure 6. Comparison of post-renovation evaluation.

4.4. Weight Sensitivity Analysis

Objective weights come directly from the data, while subjective weights rely on expert
opinions. Since experts may disagree, their assigned weights can vary. To investigate how
changes in subjective weights impact evaluation results, a sensitivity analysis is introduced.
Each indicator’s subjective weight is perturbed within a range of +30%, while keeping the
weights normalized. After perturbation, the rate of change in the comprehensive evaluation
value is calculated, making it visible to illustrate how changes in subjective weights affect
the evaluation results.

Now, a sensitivity analysis of subjective weight for single indicators is conducted for
each scenario. The analysis results for Scenario 4 before and after renovation are shown
in Figure 7. The maximum rate of change in comprehensive evaluation value for each
scenario before and after renovation is shown in Table 10. For Scenario 4, the maximum
rate of change in comprehensive evaluation value before renovation is —2.727%, which
narrows significantly to —0.271% after renovation. For all other scenarios, the absolute
value of the maximum rate of change before and after renovation does not exceed 7.5%,
and the rate of change for most scenarios after renovation is significantly lower than that
before renovation. This indicates that fluctuations in subjective weight allocation have
a limited impact on the comprehensive evaluation results, and the proposed evaluation
method has good robustness, with the stability of the evaluation results further improved
after renovation.
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Figure 7. Sensitivity analysis of subjective weight for single indicator in scenario 4 before and
after renovation.

Table 10. Maximum rate of change in comprehensive evaluation value for each scenario before and
after renovation.

Scenario Pre-Renovation (%) Post-Renovation (%)
Scenario 1 +2.065 +2.049
Scenario 2 —2.316 +2.918
Scenario 3 —2.727 —1.898
Scenario 4 —-2.727 —-0.271
Scenario 5 —4.097 +2.314
Scenario 6 —3.321 —1.916
Scenario 7 +7.495 +4.170
Scenario 8 +4.903 —3.506

5. Conclusions

In this paper, a comprehensive evaluation framework based on the FAHP and EWM
is developed to quantitatively assess the effectiveness of power grid structure renovation.
Several typical renovation scenarios of a practical power grid are selected as simulation case
studies for empirical analysis, thereby demonstrating the effectiveness and applicability of
the proposed method. The main conclusions are as follows.

First, this paper selects eight indicators from four criteria to comprehensively character-
ize the overall performance of grid structure renovation. The game theory-based combined
weighting method is employed to determine the combined weight of each evaluation
indicator, taking into account both subjective judgment and objective data characteristics,
thereby enhancing the scientific validity and reliability of the evaluation results. Second,
the case study results strongly demonstrate the effectiveness of VSC-HVDC technology in
enhancing grid performance. The comprehensive evaluation scores for all eight renovation
scenarios show varying degrees of improvement compared with their pre-renovation val-
ues. Meanwhile, the differences in evaluation values before and after renovation, along
with the improvement rates in renovation benefits, can be comprehensively considered
to determine priority directions for renovation. Finally, the proposed evaluation method
shows strong consistency in comparative verification with the TOPSIS method, and the
weight sensitivity analysis indicates that it has good robustness against fluctuations in
subjective weights. Thus, the method provides a quantitative decision-making basis for
power planning departments in areas such as multi-scenario comparison, prioritization of
renovation projects, and assessment of investment effectiveness.
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Future work will further refine the evaluation indicator system and supplement the
multi-dimensional evaluation validation method. It will also extend the proposed approach
to assess the effectiveness of grid structure renovation across multiple regions and time
scales, thereby further enhancing its applicability and engineering guidance value.
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