Front. Eng. Manag. 2021, 8(4): 545-556
https://doi.org/10.1007/s42524-021-0161-5

RESEARCH ARTICLE

Guanghan BAI, Han WANG, Xiaoqian ZHENG, Hongyan DUI, Min XIE

Improved resilience measure for component recovery priority

in power grids

© Higher Education Press 2021

Abstract Given the complexity of power grids, the
failure of any component may cause large-scale economic
losses. Consequently, the quick recovery of power grids
after disasters has become a new research direction.
Considering the severity of power grid disasters, an
improved power grid resilience measure and its corres-
ponding importance measures are proposed. The recovery
priority of failed components after a disaster is determined
according to the influence of the failed components on the
power grid resilience. Finally, based on the data from the
2019 Power Yearbook of each city in Shandong Province,
China, the power grid resilience after a disaster is analyzed
for two situations, namely, partial components failure and
failure of all components. Result shows that the recovery
priorities of components with different importance mea-
sures vary. The resilience evaluations under different repair
conditions prove the feasibility of the proposed method.

Received December 30, 2020; accepted April 15, 2021

Guanghan BAI

Laboratory of Science and Technology on Integrated Logistics Support,
College of Intelligence Science and Technology, National University of
Defense Technology, Changsha 410073, China

Han WANG
School of Management and Economics, Beijing Institute of Technology,
Beijing 100081, China

Xiaogian ZHENG, Hongyan DUI (B<)

School of Management Engineering, Zhengzhou University, Zhengzhou
450001, China
E-mail: duihongyan@zzu.edu.cn

Min XIE
Department of Systems Engineering and Engineering Management, City
University of Hong Kong, Hong Kong, China

This work was supported by National Natural Science Foundation of
China (Grant Nos. 72071182 and U1904211), the Ministry of
Education’s Humanities and Social Sciences Planning Fund (Grant
No. 20YJA630012), the Science Technology Commission of the Central
Military Commission (Grant Nos. 2019-JCJQ-JJ-180 and ZZKY-YX-
10-03), and University Grants Committee of Hong Kong (Grant No.
CityU11203519).

Keywords resilience measure, power grid, importance
measure, component recovery

1 Introduction
1.1 Background

Power grid is defined by Power Grids European Tech-
nology Platform as a power network that can intelligently
integrate the behaviors of all users (generators, consumers,
and those who are both) related to it to effectively provide
sustainable, economic, and safe power supply (Mutoh
et al., 2006). Traditional power grids only focus on some
basic functions, such as power generation, distribution, and
control (Fang et al., 2012; Feng et al., 2019). Compared
with current power grids, traditional power grids have the
disadvantages of low reliability, easy outage, and poor
power quality. The rapid development of new technolo-
gies, such as computing, communication, and sensing,
provides the necessary conditions for power grids.
However, the rapid development of power grid technology,
such as the communication system, has brought new
loopholes and increased the potential attack areas of power
grids. Given the complexity and network dependence of
power grids, the failure of any component in a network
may cause an entire power grid to fail (Lee and Hu, 2019),
which may lead to load rejection accidents and large-scale
economic losses. According to the US Department of
Energy, 58% of grid outages are caused by bad weather
(Yuan et al., 2016). In the past decade, approximately 679
blackouts in the US alone were caused by weather, with
each outage affecting at least 50000 customers (Wang
etal., 2016). In July 2012, three major power grids in India
were paralyzed one after another, and the blackout lasted
for nearly two days before the power supply gradually
returned to normal. The power supply in more than half of
India was affected, affecting more than 600 million people.
In March 2015, the cascading failure caused by a
substation in the Netherlands led to a large area of power
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outage, which seriously impacted Northern Holland and
other regions. In December 2015, three regional power
stations in Ukraine were hijacked by computer viruses,
causing circuit breakers to trip. Meanwhile, distribution
companies were threatened with denial-of-service attacks
to impede remote emergency operations, causing power
outages that affected approximately 1.4 million people for
several hours.

Consequently, researchers are committed to studying the
ability of power grids to recover quickly and effectively
from adversity to normal operation after the occurrence of
extreme events, which is called resilience (Das et al.,
2020). Power system resilience is one of the core
requirements of power grids. The key to improving the
resilience of power grids is determining the components
that have a great impact on resilience. Determining such
components to improve the resilience of power grids has
become a new research direction.

1.2 Literature review

Although academic researchers believe that the resilience
of power grids must be improved, no unified definition of
resilience in power grids exists. The concept of resilience is
involved in many disciplines. In economics, resilience is
defined as the speed at which an entity or system continues
its function and recovers from severe shocks to a stable
state (Bruneckiene et al., 2018). In the social field,
resilience is defined as the ability to predict risks, limit
adverse consequences, and recover quickly in the face of
turbulent changes through survival, adaptability, and
growth (Cinner and Barnes, 2019). Adaptation and
recovery are two key points in the definition of resilience.
Adaptation refers to the ability to resist disasters, and
recovery refers to the ability to recover to the best state
after suffering disasters (Zhang et al., 2019; Dui et al.,
2020). For power grids, resilience can also be defined from
these two aspects.

The study of power grid resilience is divided into two
different research approaches. The first approach involves
the development of a qualitative framework for studying
the resilience of power grids and identifying potential
policies to improve resilience. The second approach
focuses on the development of indicators for quantifying
grid resilience, helping assess the network architecture and
improving the response to adverse conditions. In this study,
we focus on the second approach.

In the development of a resilience analysis framework
for power grids, Huang et al. (2017a) introduced a
comprehensive resilience response framework to improve
the resilience of power grids and proved that topology
switching can further improve the resilience of power
grids. Sun et al. (2019) proposed a Monte-Carlo-
simulation-based resilience evaluation framework for the
distribution system and quantified resilience from the

perspective of robustness and rapidity. Ge et al. (2019)
studied the vulnerability model of the overhead system and
proposed a resilience evaluation method based on load
loss. To capture cascading failures in critical infrastructure,
Krishnamurthy et al. (2020) proposed a general critical
infrastructure resilience model for power grids under
extreme events. Younesi et al. (2020) introduced a
quantitative evaluation framework for power system
resilience by considering the multi-micro-scale effect,
which includes various features emphasized in the concept
of power system resilience. Liu et al. (2020) introduced a
resilience assessment framework to help design a highly
resilient power transmission system against extreme
weather events, such as typhoons. Zhong et al. (2020)
defined network endurance as the cascade duration at
criticality before complete network breakdown and
developed an approach to endurance evaluation based on
the load-dependent overload model. Panteli et al. (2017)
evaluated different risk-based resilience enhancement
measures for power transmission systems and introduced
a probabilistic multi-period and multi-region resilience
assessment method based on optimal power flow and
sequential Monte Carlo simulation. Luo et al. (2018)
proposed an evaluation method for distribution network
resilience based on the influence of critical load under
extreme weather events. Meng et al. (2018) comprehen-
sively analyzed the connotation, attribute, and composition
of community, resilience, and community resilience by
summarizing the important issues and research progress in
community resilience. Abdin et al. (2018) presented a
comprehensive resilience modeling and optimization
framework for power system planning under extreme
weather conditions. Saboubhi et al. (2020) provided a basic
framework with emphasis on high winding density for the
quantification and modeling of power system resilience.
On the basis of a proposed resilience metric, Cai et al.
(2018) developed a corresponding evaluation metho-
dology based on dynamic Bayesian networks. Fang et al.
(2019) presented a p-robust optimization model for
infrastructure network planning against spatially localized
disruptions.

Several studies have been conducted on the quantitative
index of power grid resilience. Huang et al. (2017b)
studied the current research on system resilience enhance-
ment within and beyond power grids, elaborated on
resilience definition and quantification, and discussed
several challenges and opportunities for system resilience
enhancement. Hosseini and Parvania (2020) developed a
set of probabilistic indicators to assess the benefits of
distribution automation on resilience and presented a
model for assessing the temporal and spatial impacts of
hurricanes under different automation scenarios. Hussain
et al. (2019) introduced an index for evaluating the
resilience of microgrids to local critical load in case of
sudden power interruption. Mylrea and Gourisetti (2017)



Guanghan BAI et al. Improved resilience measure for component recovery priority in power grids 547

studied the potential impact of blockchain technology on
the security and network resilience of power grids. Barker
et al. (2013) proposed two resilience importance measures,
which quantify the adverse and beneficial effects on
system resilience under the conditions of component
interruption and non-interruption. Fang et al. (2016)
improved the quantification of resilience and proposed
two importance measures of resilience focusing on
restoration. Pan et al. (2019) studied the importance of
systems from the perspective of resilience, analyzed the
importance measure based on resilience, and provided
suggestions for the design and optimization of the
architecture. Espinoza et al. (2020) proposed a new
centrality evaluation to prove that the modification of
selective elements in some networks can significantly
improve the resilience of the entire system to seismic
events. Li et al. (2019) presented an evaluation method for
importance measure to improve the wind resistance of
power systems. Li et al. (2018) introduced an improved
PowerOutage Rank algorithm to rank the importance of the
identified key grid nodes and proposed a restoration
strategy of resilient grid based on the improved algorithm.

1.3 Motivation

According to the above review, many scholars focus on the
resilience of power grids from the perspective of power
grid design and operation before disasters, rather than
during or after restoration. However, the restoration of
failed components plays a key role in the resilience of
power grids after disasters. How do we repair the power
grid immediately after an attack? What is the impact of
repairing different electrical stations or transmission lines
on power grid resilience? How to determine the best
recovery sequence for failed components? Restoring the
power grid operation as soon as possible is a clear
approach to determining the recovery sequence of
components. In this paper, the recovery priority of failed
components in the post disaster stage is studied under the
background of power grid resilience research. The
recovery sequences of failed components under different
resilience importance measures are comprehensively
considered to determine the best recovery sequence. This
method can be used for decision-making during the
restoration stage of power grids, thereby reducing
economic losses and guiding the recovery process of
power grids after a disaster.

The rest of this paper is organized as follows. Section 2
describes the concept, characteristics, and recovery process
of power grid resilience. The resilience optimization model
is introduced in Section 3. Section 4 presents three kinds of
importance measures for determining the best period to
recover the failed components. Section 5 takes Shandong
Power Grid as an example to analyze the residual resilience
under different conditions. The conclusions and future
work are provided in Section 6.

2 Definition and quantification of power
grid resilience

Given that Shandong Province has a large population and
is an important energy base in China, the development of
its power grid has received special attention. According to
the State Grid Shandong Electric Power Company’s annual
report on the information disclosure of power supply
enterprises in 2019, the total social electricity load of
Shandong Province reached a record high of 621.872
billion kWh. In the first quarter of 2020, the power
consumption of Shandong Province ranked first in China,
and its power consumption in the first half of 2020 is
among the top three. The Shandong Power Grid plays an
important role in the industrial and economic development
of Shandong Province. Thus, studying its power grid
resilience has great significance. The power grid in
Shandong Province involves 16 cities: Heze, Jining,
Rizhao, Linyi, Tai’an, Dezhou, Qingdao, Yantai, Weifang,
Zibo, Liaocheng, Jinan, Binzhou, Dongying, Zaozhuang,
and Weihai. Power stations are set up in Heze, Jining,
Rizhao, Dezhou, Yantai, Weihai, Zibo, and Binzhou, and
power distribution stations are set up in the other eight
cities, which are connected by transmission lines involving
25 branches. This paper takes the 16-bus power grid in
Shandong Province as a case study.

Taking the Shandong Power Grid as the background, the
following resilience optimization model is established.
According to the definition of resilience in different
disciplines and combined with the power grid character-
istics, resilience is defined. The resilience process of power
grids is divided into six states, as shown in Fig. 1.

Definition 1. In this paper, power grid resilience is
defined as the ability of a power grid to resist, adapt, and
quickly recover to normal and stable operation state after
being disrupted by disasters or other destructive events.

At time f,, the power and distribution stations are
operating at normal state. After affected by a disaster at
time #;, two power stations and two transmission lines fail
at the same time, and the transmission lines connected to
the power station are also in failure state. The first power
station is successfully repaired at #,, and the transmission
lines connected to it also return to normal condition. The
second power station is successfully repaired at ¢, and the
left two failed transmission lines are consecutively repaired
at t4 and #5. The power grid system completely returns to
normal, and the system performance recovers at #s.

The electric power generation rate is often used to
measure the system performance of power grids, and the
unit is expressed in kWh. In this paper, W(¢) is used to
describe the electric power generation rate of the power
grid at time ¢. W'(f) represents the electric power
generation rate under the optimal operation state of the
power grid. According to the definition of power grid
resilience, this paper focuses on how much grid resilience
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is unsatisfied at a certain time, that is, the concept of
residual resilience.

Definition 2. In this paper, residual resilience R(¢) is
quantified as the difference between the current resilience
and the optimal resilience at time ¢, which is defined as
follows:

loss(t) —recovery(t)

k1) = loss(t)

jl(W (0)- Wt ))dt—f;(W(t)—W(tl))dt

f; (W*(t) - W(t1)>dt

(1

where loss(t) is expressed by the integral of the difference
between the optimal and the worst electric power
generation rates in the period of [¢,, #], and recovery(t)
is expressed by the integral of the difference between the
current and the worst electric power generation rates in the
same period.

R(t) is in the range of [0, 1]. R(zf) =1 when
W(t) = W(t,), indicating that the grid system has not start
to recover from the post disaster state. R(¢) =0 when
W(t) = W"(t), which corresponds to the ideal situation
that the system recovers to the target state after the disaster.
The nearer R(¢) is to 0, the better the recovery situation is.
This definition can quantify the scale and speed of system
recovery action.

3 Resilience model for power grid

A disaster event may lead to the failure of one or more
components in the power grid. When multiple components
fail, the key point of the recovery strategy is to determine
the recovery sequence of components to maximize the
recovery ability of the power grid and recover as near as
possible to the best state in a certain period. This paper
focuses on the influence of restoring a single component on
the residual resilience of the power grid. Therefore, the best
recovery sequence of failed components is found to
achieve the minimum residual resilience within the
recovery time range.

Before the construction of the model, the following
assumptions are made. The states of the electrical stations
and transmission lines are assumed to be independent of
each other, and only two states exist, namely, normal
operation and fault. After a disaster, the failed electrical
stations and transmission lines can be repaired, and the

repair time is the same. This paper assumes that the
recovery of failed components is a discrete event. In other
words, only one electrical station or transmission line can
be repaired in a given period, and the capacity of the
electrical stations and transmission lines is known.

The power grid is defined by G(V, L), which is
composed of a set of electrical stations V' and a set of
transmission lines L. The set of electrical stations V' is
divided into a set of power station Vg and a set of power
distribution stations Vp. The power grid contains three
components in this study: Vs, Vp, and L. C; represents the
capacity of the grid components. The capacities of power
station i € Vg, distribution stationj € Vp, and transmission
line (i, j) (L C {(i, j) : i, j € V, i#j}) are denoted as F?,
F; D and Fj;, respectively. E is defined as the set of grid
components, and E’ is modeled as set of failed power grid
components. When all components fail, the system
performance approaches W, (minimum value of the
electric power generation rate).

This paper aims to determine the recovery sequence of
the failed component set with the minimum residual
resilience as the objective in a period. Therefore, time set
t€{0, 1,..., T} (T € Z") is composed of multiple dis-
crete time periods, and only one failed component can be
repaired in each period.

w;(t) is modeled as the electric power flow of power
distribution station j at time ¢. This paper aims to maximize
the sum of w;(¢) as in Eq. (2).

W)= wilt). 2

The residual resilience equation (Eq. (3)) is obtained by
introducing Eq. (2) into Eq. (1).

i (];)F;D B WO>

The system repair begins when ¢ = ¢, so W (¢,) can be
represented by 1. Therefore, in the recovery time span 7,
the minimum residual resilience is described as follows.

minR(z)

(%)

Je€

Z[ ij(f)Wo]

tel | jerp

NG
(2 E-m)

J€D

= min

Zu EE
Zl,/ EE

Zo CWi()SF i€ Ve,V (5)

Z(; cpWi(t) = w;(1),
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J € Vp, Vi, (6)
0<w;(t)<FP,j € Vp, Vt, (7)

0<w;(t) <yi(0)F

gy (i, J) €E, i €V, Y, (9)

0<w; () <y(OFy, (i, j) € E, j € V.Y, (10)
7(t) =yt +1)<0, (i, j) € E, Vt, (11
y(t)—y:(t+1)<0,i € E, Vi, (12)

> e b0 == 1)
D e DO =7t DIS 1, v, (13)
y(t) € {0, 1}, (i, j) € E, Vt, (14)
7(t) € {0, 1},i € E, Vt, (15)
74(0) =0, (i, j) € E', (16)
7:(0)=0,i € E. a7

wy;(t) represents the electric power flow transmitted
between power stations i and j at ¢. y;(¢) and y;(z) are
states of electrical station / and transmission line (i, ;),
respectively, which are 1 for operating status, and 0 for
fault status.

Equation (5) ensures that the electric power generation
rate of electrical station i (i € V5) does not exceed its
supply capacity. Equations (6)—(8) indicate that transmis-
sion line (i, j) and power distribution station j shall not
exceed their capacities, respectively. Equations (11)—(12)
show that the situations of transmission line (7, j) and
electrical station i will improve with the passage of time,
indicating that once the failed component is repaired, it will
not fail again. Equation (13) shows that only one failed
transmission line (i, j) or electrical station i can be repaired
in a period. Equations (14)—(17) ensure two states (i.e.,
normal operation or fault) in transmission line (i, j) and
electrical station i.

4 Resilience analysis of power grid based
on importance measures

Generally, the importance measure is used to quantify the
contribution of each component in the system to the overall

system performance, such as reliability, risk, and avail-
ability (Sietal., 2019; 2020; Dui et al., 2018; 2019). In this
paper, the importance measure is extended to the residual
resilience for the power grid. Different importance
measures are developed around the resilience for the
power grid. The transmission line and electrical station
fault will directly or indirectly affect the operation state of
the power grid. Therefore, the recovery sequence of failed
components within a certain time range must be deter-
mined to ensure that the system status returns to normal. In
addition, the steps of power grid residual resilience
analysis based on the importance measures are presented
to provide operational ideas for the subsequent case study
analysis.

The component recovery period (CRP) of a failed
component C € Z', denoted as ISP, is defined as follows:

T
IUC‘RP =1+ thl [1=y(1)],
it C=ij, (i,j) € E
% = . . (8)
=14 [1=5(0)],
if C=iiekE

where II-JCRP and I°R? represent the optimal time periods to
repair a failed transmission line and a failed electrical
station, respectively. 7" represents the total repair time. The
CRP indicates the recovery priority of failed components
and quantifies the residual resilience of the power grid once
the failed components are restored. The smaller the value
is, the more important the component is to the residual
resilience of the power grid.

However, the CRP cannot quantify the impact of a single
component on the residual resilience of the power grid.
Thus, the risk reduction worth (RRW) and risk achieve-
ment worth (RAW) (Levitin et al., 2003) are extended into
the power grid system as follows.

The RRW of a failed component (C € Z"), denoted as
IERV is defined as follows:

IRRY _ R(T)
T
R(T[YL ve = 0)
where R(T) is the optimal residual resilience of the power

system at time 7', and R(T ‘Z; ye(t) = 0) represents

the optimal residual resilience of the power system when
failed component C could be recovered within time range
T. The RRW is used to measure the potential impact on the
residual resilience of the power grid when a failed
component cannot be recovered. The smaller the I8*V is,
the greater the impact of the recovery of the failed
transmission line or electrical station is on the residual
resilience of the power grid.

The RAW of a failed component (C € Z"), denoted as

) (19)
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, 1s defined as follows:

t
JRAW _ R(t‘zl velt) = 1)
where R(0) represents the residual resilience of the initial
state when the system fails, and R<t)ztl ye(t) = 1)

represents the optimal residual resilience of the power grid
where only failed component C is recovered. The smaller
the I8V is, the greater the impact of the component is on
the power system.

This paper uses the Copeland method to sort the
importance measures of the power system components.
The Copeland method was first proposed by Copeland
(1951). The idea of “the minority obeys the majority” was
adopted to select the object with the highest Copeland
score. The Copeland score is represented by the difference
between the number of times the object has defeated other
objects and the number of times the object has been
defeated by other objects.

Let a set of component importance measures be
{1, 2,..., w}, then the Copeland score of component a
after comparing the kth importance measure index for

components a and f3, M(’Z‘,ﬂ(a), is defined as follows:

RAW
1 C

(20)

Mg () + 1, k> ol

Myg(a) = MEg (a)-1, ¢ < 0. @1

M (), ol = o

where ¢* and (pﬁ are the kth importance measure indices of

components a and f, respectively. When ¢, is better than
go;;, the Copeland score of component « is increased by one,
and vice versa. When the indices are equal, the score does
not change.

According to Al-Sharrah (2010), the total Copeland
score for component a, M, (), is the sum of all the
scores associated with component o:

jwtotal(a) = Z/)’GE 5:[;(0(), ﬁ#a' (22)

The higher the Copeland score is, the more important the
component is to other components. The Copeland method
is a very effective nonparametric ranking method, which
does not need any information on the preference of
decision makers. This method cannot guarantee that all
components have different grades. When the Copeland
scores of two components are equal, they have the same
level, which is acceptable in theory and practice.

Finally, the steps of the residual resilience analysis based
on importance measures are presented as follows.

Step 1: For a given power grid, the components in the
power grid are divided into two sets: A set of electrical
stations /" and a set of transmission lines L.

Step 2: According to Egs. (18)—(20), three importance
measures of different components are calculated, and the
priority of components with different importance measures
is obtained by sorting them under each importance
measure.

Step 3: The Copeland scores of each component is
calculated based on three ranking results of importance
measures, and the TOTAL sequence is obtained.

Step 4: Based on the residual resilience model in
Section 3, the system is repaired according to four priority
sequences, and the residual resilience value of the system
in each period is obtained.

5 Case study

In this paper, the Shandong Power Grid is taken as the case
study. Considering two cases, namely, partial components
failure and failure of all components, the recovery priority
of the failed components under different importance
measures is calculated. Residual resilience analysis is
performed on the power grid according to different
recovery sequences to prove the feasibility of the model.

To facilitate the study, according to the characteristics of
the model in this paper, the power stations and power
distribution stations of the Shandong Power Grid are
respectively represented by letters S and D and are
numbered. The simplified diagram is shown in Fig. 2.
The set of electrical stations is denoted as {S1, S2, S3, D4,
D5, S6, D7, S8, D9, S10, D11, D12, S13, D14, D15, S16},
and the set of transmission lines is denoted as {S1, S2 S1,
D5 S2,S3 S2, D4 S2, D5 S2, D15 S3, D4 S3, D15 DS, D4
S6, D5 S6, D11 S6, D12 S6, S13 D7, D4 D7, D9 S8, D7
D9, D4 D9, S10 D9, D14 S10, D11 D12, S13 S13, D14
D15, D4 S16, S8 S16, D7}.

In Fig. 2, each number represents a corresponding
electrical station. In this simplified diagram, the assump-
tion is that the two power stations do not perform voltage
transformation operations on the transmission line.

The case data comes from the 2019 Power Yearbook of
each city in Shandong Province, which is the latest
according to the official website of the Statistics Bureaus of
these cities. According to the city classification in Section
2, the annual industrial power generation and consumption
are taken as supplementary data for support. The electrical
stations and transmission lines of the Shandong Power
Grid and the case data are shown in Table 1.

5.1 Case 1 for partial components failure

When some components of the power grid fail at the same
time, the recovery priority of the failed components is
analyzed, and the residual resilience is discussed in Case 1.
The set of failed components is {S1, S2, D4, D7, S8, D11,
S16, (S2, S3), (S3, D4), (S3, D15), (D7, D9), (D9, S10),
(D9, D14), (S13, D14)}.
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Combined with several importance measure models, the
IERE . IRRW “and IRAW of the failed components are shown
in Fig. 3. In Fig. 3, the transmission line (S13, D14)
connecting Binzhou and Dongying has the highest priority
under the three importance measures. The importance of
the transmission line (D9, D14) connecting Weifang and
Dongying is the lowest under the measure of CRP. On the
basis of RRW, transmission lines (D9, D14), (D9, S10),
(D7, D9), (S3, D4), and (S2, S3) and Linyi electrical
station D4 are equally unimportant.

According to the Copeland method, the Copeland score
of'the failed components with three importance measures is
obtained as shown in Fig. 4.

In Fig. 4, the Copeland score of the transmission line
(S13, D14) connecting Binzhou and Dongying is the
highest, while that of the transmission line (D9, D14)
connecting Weifang and Dongying is the lowest. These
results are basically consistent with those of the CRP,
indicating that under assumed conditions, the transmission
line between Binzhou and Dongying should be guaranteed
to work normally first, the Linyi electrical station should be
repaired next, and the transmission line connecting
Weifang and Dongying should be repaired at last.

The comprehensive importance measure obtained
according to the Copeland scores in descending sequence

Front. Eng. Manag. 2021, 8(4): 545-556

Table 1 Symbols and data for components in Shandong Power Grid

Cities Electrical Capacities Transmission
stations (kWh) lines

Heze S1 208.99 S1, S2 S1, D5

Jining S2 354.10 S2, 83 S2, D4 S2, D5 S2,

DI15

Rizhao S3 213.00 S3, D4 S3, D15

Linyi D4 484.40 —

Tai’an D5 198.38 D3, D4

Dezhou S6 177.70 S6, D5 S6, D11 S6, D12

S6, S13

Qingdao D7 431.82 D7, D4 D7, D9

Yantai S8 506.20 S8, D7

Weifang D9 536.24 D9, D4 D9, S10 D9, D14

Zibo S10 294.01 S10, D11

Liaocheng Dl11 301.71 —

Jinan D12 284.36 D12, S13

Binzhou S13 1210.90 S13, D14

Dongying D14 294.53 —

Zaozhuang DI15 153.87 D15, D4

Weihai S16 158.87 S16, S8 S16, D7

is defined as I1°TAF, and residual resilience with time
under several importance measures is shown in Fig. 5.

Figure 5 shows that the residual resilience of the first
period decreases significantly under CRP and RAW. This
phenomenon occurs because the transmission line (S13,
D14) connecting Binzhou and Dongying is repaired and
the power demand of Dongying electrical station D14 is
fully satisfied. The RRW shows its advantage in period 4 as
the repair of the transmission line (S3, D15) connecting
Rizhao and Zaozhuang meets the power demand of
Zaozhuang electrical station D15. In the 5th period of the
CRP, Yantai electrical station S8 is repaired, followed by
the transmission line (S3, D15) connecting Rizhao and
Zaozhuang.

The comparison of the four curves indicates that the
reduction of R(#) under the CRP is the most obvious,
which is as low as 0.164, followed by the comprehensive
importance measure, which is 0.172, and then the RRW
(0.175) and the RAW (0.182), respectively. The results
show the RAW sequence is inappropriate for restoration,
while the other three recovery sequences are relatively
desirable. The RRW sequence has obvious advantages in
the former stage, while the CRP sequence is superior in the
later stage. When only the result is considered and not the
process, the CRP sequence is optimal.

5.2 Case 2 for failure of all components

Case 2 is used to calculate the recovery priority of failed
components when all the components of the power grid fail
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Fig. 3 ISR, IBRY and IRAW of failed components in Case 1.
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Fig. 5 Residual resilience with time in Case 1.

simultaneously and analyze the residual resilience of the
power grid. When all the components in the grid are
unavailable, repairing only one component has no effect on
the system, so the RAW is not discussed here.

Combined with several importance measure models,
the ICRY and IRRY of the failed components are shown in
Fig. 6. In Fig. 6, Binzhou electrical station S13, Dongying
electrical station D14, and the transmission line (S13, D14)
have high priorities under the two importance measures.
The importance of the transmission line (D12, S13)
connecting Jinan and Binzhou is the lowest under the
CRP. Under the RRW, the transmission line (D9, D4)
connecting Weifang and Linyi is relatively unimportant.

According to the Copeland method, the Copeland score
of the failed components with the two importance
measures is obtained as shown in Fig. 7.

In Fig. 7, the Copeland score of the transmission line
connecting Weihai and Qingdao (S16, D7) is the highest,
while the transmission lines connecting Rizhao and
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Fig. 6 ICXY and IRRW of failed components in Case 2.
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Fig. 7 Copeland score of failed components in Case 2.

Zaozhuang (S3, DI15) and connecting Qingdao and
Weifang (D7, D9) have the same Copeland score, which
are the lowest.

The residual resilience with time under several impor-
tance measures is shown in Fig. 8.

Figure 8 shows that R(¢) remains at 1 under the CRP and
the RRW in the first three periods because at least three
components (two electrical stations and one transmission
line) must be restored before the system can operate. Under
the comprehensive importance measure, the residual
resilience does not begin to decrease until the 13th period
because the transmission line is repaired in the early stage,
and the repair of Rizhao electrical station S3 in the 13th
period meets the demand of Linyi electrical station D4.

1.0
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Fig. 8 Residual resilience with time in Case 2.

The CRP and the RRW start to be different in the 9th
period because the repair components of the two are
basically the same in the first eight periods, while the repair
of Jining electrical station S2 in the 9th period of the CRP
meets the requirements of Linyi electrical station D4.

The comparison of the three curves indicates that the
reduction of R(¢) under the CRP is the most obvious,
which is as low as 0.190, followed by the RRW, which is
0.256; while R(¢) decreases the least under the compre-
hensive importance measure, which is as low as 0.573. In
this case, the CRP sequence is undoubtedly the best choice.
However, the recovery sequence based on the Copeland
scores is still imperfect. In this recovery sequence,
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successive transmission lines are repaired first, and then
successive nodes are repaired. The grid system does not
start to operate until the 13th period, which is not beneficial
in a process-focused situation.

6 Conclusions and future work

Considering the severity of power grid disasters, a residual
resilience model based on importance measure is pro-
posed. According to the different effects of failed
components on the resilience of the power grid, the
priority of the components for repair after the damage is
determined. Within limited repair time, this model can help
employees determine the optimal recovery sequence of the
failed power grid components. This paper analyzes the
residual resilience of two cases to provide suggestions and
references for the repair of power grid components in the
post-disaster stage.

This paper does not specifically consider different types
of disasters, which can be studied in future research. In
future work, specific quantitative methods will be provided
according to the size of the affected area under different
types of disasters. According to the disaster situation,
resources are further allocated to increase the contributions
to reducing the impact of the disaster. The recovery time of
the failed nodes and the failure process of the power grid
will be studied further.
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