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Abstract. In recent years, natural disasters have become increasingly frequent,
which has brought huge losses to the power system. Researchers use resilience to
assess the ability of distribution networks to respond to natural disasters. In order
to evaluate the resilience of distribution network under extreme natural disasters,
this paper proposes a multi-time scale resilience index framework considering
the generation grid load storage resources. Firstly, the connotation of resilience is
introduced, and the whole process of resilience of distribution network in response
to extreme natural disasters is described; Secondly, a resilience index framework
that comprehensively considers the time scale and the generation grid load storage
resources is proposed. The time level index is divided into three levels according to
disaster events: preventive resilience, resistance resilience and recovery resilience.
The generation grid load storage resources describe the resilience index from four
aspects of the source side, network side, load side and storage side respectively;
Then this paper introduces the calculation method of some indicators and the
calculation process of resilience indicators. Finally, some resilience indicators are
calculated using IEEE 33-node test feeder. These cases verify the effectiveness
and feasibility of the index system.

Keywords: Extreme Natural Disasters - Resilience Evaluation Index System -
Multi-Time Scale - Generation-grid-load-storage Resources

1 Introduction

In recent years, all kinds of extreme natural disasters with low probability and high loss
have occurred frequently [1], which has not only seriously affected the stable operation
of the power system, but also caused huge economic losses. As an important part of
power system, distribution network undertakes the important task of directly distributing
electric energy to end users. Due to the problems of weak grid structure, poor quality of
distribution equipment and low level of operation and maintenance in the distribution
network, and with the access of wind power, photovoltaic electric vehicles and energy
storage, the uncertainty of the distribution network is increasing. When dealing with
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natural disasters with low probability and high loss [2] such as typhoon, ice disaster,
earthquake and some network attacks, large-scale power outages will occur. Therefore,
for such small probability and high loss events, it is necessary to evaluate the resilience of
distribution network to analyze the resilience level of distribution network under extreme
events, and build a resilient distribution network to deal with various extreme events.

Resilience has been applied to many disciplines, such as biology [3], environmental
science [4], economics [5] and so on. In the research of electric power system, resilience
is defined as the ability of power system to prevent, resist and quickly [6] restore load
for small probability high loss extreme events. Compared with traditional reliability,
reliability mainly focuses on typical faults with high probability and low loss, and mainly
focuses on the impact of typical faults on power failure of users, while resilience mainly
focuses on extreme events with small probability and high loss, which not only focuses
on the impact of power failure on users, but also focuses on the rapid recovery ability of
the system.

In order to analyze the resilience level of distribution network, it is necessary to
propose relevant indicators to evaluate and calculate the resilience of distribution net-
work. Based on the system function curve and considering the probability of extreme
events, there have been many relevant studies on resilience indicators in China. Jour-
nal articles [9] considers the electro pneumatic coupling system, and puts forward the
coupling vulnerability index, structural vulnerability index and operation vulnerability
index; Journal articles [10] takes the typhoon disaster of natural disaster as an example,
summarizes the current research status of distribution network resilience index under
the condition of single meteorological disaster at home and abroad, believes that the
evaluation resilience should mainly be expressed from the ability to maintain normal
operation and recover as soon as possible, and puts forward the prospect of establishing
a multi period and multi-dimensional resilient index system; Journal articles [11] asso-
ciated with the resilient modeling of springs in mechanics, proposed the resilient index
of distribution network by analogy, proposed the equivalent branch model, and analyzed
the force of the model, and finally obtained the resilient coefficient index considering
the power supply state of the system. This index can effectively quantify the application
ability of the corresponding demand in the recovery process, but the application scenario
of this index is relatively limited.

In addition, many foreign scholars have carried out research on resilience indicators,
journal articles [7] proposed a probability resilience index, which can comprehensively
reflect the expected value of the loss of the system in extreme cases with different
probabilities, but the index proposed in this study is too single; Journal articles [8]
studies the full time scale of the impact of extreme weather on the distribution network,
and divides the time period for the distribution network to deal with extreme weather
into pre event period, in-process period and post event period. However, only the short-
term resilience index is considered, and the long-term resilience index is not considered;
Journal articles [12] uses RI as the resilience evaluation index, which is defined as the
amount of recovery divided by the recovery time. This index can take into account the
amount of recovery and the recovery speed, but it can’t reflect the resilience of the
disaster and before the disasters. Journal articles [13] considered the impact of volcanic
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eruptions on the distribution network, and reasonably planned and optimized distributed
energy to improve recovery.

At present, most resilience index framework only evaluate resilience from the struc-
tural level or system operation level [14], and can’t comprehensively consider the level of
disaster resilience on multiple time scales before, during and after disasters. Therefore, it
is necessary to propose a framework of distribution network resilience evaluation system
that can comprehensively consider multi-time scales and the generation grid load storage
resources, distribution network structure and distribution network operation mode. This
paper presents a framework considering the failure rate of internal equipment and the
intensity of natural disasters in the distribution network, considering the two dimensions
of time and generation grid load storage resources, and integrating the structural and
operational levels of the distribution system. The resilience index framework includes
three levels: prevention resilience, resistance resilience and recovery resilience.

2 Connotation of Resilient Distribution Network

The concept of resilience was first proposed by Holling CS in ecological research in 1973
to measure the ability of ecosystems to withstand and absorb disturbances and maintain
system stability [15]. So far, there is no final definition of power system resilience in
academia, but in the research, resilience is defined as the ability of power system to
prevent, resist and quickly restore load for small probability high loss extreme events.

When the distribution system is faced with extreme natural disasters, most compo-
nents will fail, resulting in a large area of power failure. When the distribution system
breaks down, it will appear the state of derating operation and start to repair the faulty
components, so that the distribution system will gradually return to the original normal
operation state. Figure 1 shows the curve of the system status changing with time when
the distribution system is affected by natural disasters [16]. Generally speaking, the
power system status can be taken as the system load [17].
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Fig. 1. State curve of power system under extreme natural disasters.
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According to the disaster process, the state of distribution system can be divided
into the following three stages [18]: pre disaster stage, in disaster stage and post disaster
stage.

(1) Predisaster prevention stage [0, T ]: before extreme natural disasters, the system has
been in normal operation. In this state, all system components are normal, and the
state of the power system is also at the maximum level Sy. In this stage, the system
can accurately predict the weather condition [19], strengthen the weak components
and related lines, do a good job in basic response in advance, and improve the
prevention ability of the distribution system to deal with natural disasters.

(2) In the disaster resistance stage [T, T';]: after a natural disaster, a large number of
components of the distribution system fail, some lines are disconnected, resulting in
power loss of some users, the system functional state curve decreases[20], and the
distribution system is in the derating operation state Sy. In this stage, the distributed
energy can be controlled to realize the isolated island operation state of the microgrid
and reduce the overall power loss of users.

(3) Postdisaster recovery stage [T';, T's]: disaster recovery stage mainly includes emer-
gency recovery state and continuous recovery state. Emergency recovery refers to
the restoration of the state of the distribution system by taking measures such as net-
work reconfiguration and configuration of mobile energy storage vehicles after the
transit of extreme natural disasters. These measures can solve the power loss state to
a certain extent, and make the state of the distribution system rise to state S;; Con-
tinuous recovery refers to the maintenance and replacement of faulty components,
so that all faults are eliminated, and the overall function curve of the distribution
system is restored to the original state Sp.

3 Resilience Evaluation Index System and Evaluation Process

3.1 Resilience Index Evaluation System

In order to evaluate the system resilience more comprehensively, this paper considers the
time and generation grid load storage resources at the same time. This paper proposes a
distribution network resilient evaluation system that can comprehensively consider the
multi time and generation grid load storage resources, as shown in Fig. 2.

The preventive resilience index can effectively describe the preventive ability of the
distribution network to deal with disasters. The indicators at this level mainly include
the cable ratio of lines, the proportion of heavy load lines, etc. Generally speaking, the
higher the automation level of the distribution network, the better the health of its own
equipment, the better the preventive resilience index; Resistance resilience can describe
the ability of distribution network to cope with disasters without collapse. The indicators
at this level mainly include load loss rate, load loss speed and other indicators. The indi-
cators at this level are not only related to the intensity of natural disasters, but also related
to the grid strength of the distribution network itself and the controllable resources of the
distribution network. The better the resistance resilience index is, the stronger the disaster
response ability of the distribution network is; Recovery resilience index describes the
resilience of distribution network after disasters. This level index mainly includes load
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Fig. 2. Resilience index evaluation system.

recovery rate and load recovery speed. This level index can comprehensively evaluate the
recovery resilience of distribution network after disasters. Recovery resilience index is
mainly related to the recovery resources and recovery strategies of distribution network
system. The more recovery resources, the more reasonable the recovery strategy, and
the better the recovery resilience index. While considering the time scale, the resilience
index of generation grid load storage is also taken into account. The generation grid
load storage is described from the source side, load side, network side and storage side
respectively.

In view of space limitations, this paper only gives the calculation method of some
resilient indexes.

(1) Rate of load loss
The loss of load rate under disasters refers to that the distribution network
cannot fully absorb the impact of disasters, resulting in the loss of power supply to
some loads. The loss of load rate under disaster reflects the severity of damage to
the distribution network after the disaster. The smaller the value, the stronger the
disaster resistance of the distribution network itself.

N ploss
Zi: 1 Pload,i

N
Zi:]Pload,i

where, Rgy is the load loss rate, vazleg;fi ; represents the load loss of node i,

(1

RriL =

and Zf’: 1Pioaa i Tepresents the total load of node i.
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Speed of load loss
The speed of loss of load under disaster refers to the average speed of loss of
load of distribution network from the pre disaster state to the post disaster state.

N ploss
Zi:lPload,i

T. 2

Vsie =
loss s the amount of loss of load, and

where, Vg is the speed of loss of load, Pload ;
N is the number of nodes in the distribution network.

Distribution equipment failure ratio

The proportion of distribution equipment failure is the proportion of the numbers
of faulty distribution equipment to the total numbers of equipment. This index can
represent the strength of distribution network equipment under extreme natural
disasters.

Rag = -2 3)

where, Ray, is the proportion of equipment failure, Ny, is the number of equipment
failures, and N is the total numbers of equipment.

Nodal degree
Node degree is an index used to describe the importance of a node in a complex
network. The node degree index of a node is defined as the number of edges con-
taining nodes. Generally speaking, the larger the node degree of a node, the more
important the node is. If the node degree of a network as a whole is larger, it means
that the network is more complex and the connection is more complex.
N
K=) ki “4)
i=1
where, k; is the number of nodes of node i, N is the number of network nodes, and
K is the total node degree of the network.
Rate of load recovery
It refers to the proportion that some loads get power supply again after using
some recovery means in the distribution network. The load recovery rate reflects the
recovery capacity of the distribution network after damage. The larger the value,
the stronger the recovery capacity of the distribution.

N pre
Zi:lPload,i

(5)
Zf\lzlpload,i

Rre =

where, Rgg is the load loss rate, Z?’:lPl’ga di is the load recovery amount of node

i, and Zf’: 1Pioaa i Tepresents the total load of node i.
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(6) Speed of load recovery

It refers to the speed at which the system recovers to normal operation during the
load recovery phase. The speed of system recovery reflects the ability of distribution
network to respond to disasters quickly.

I T N
Vst =7, D Presi (©)

where, Vggy, is the load recovery speed; py. ;,.; represents the load power recovered
by the node i in the time period f,.

(7) Distribution equipment recovery ratio

The proportion of distribution equipment recovery is the proportion of the num-
ber of recovery distribution equipment to the total numbers of equipment. This index
can represent the strength of distribution network equipment under extreme natural
disasters.

Nge
RLZRE = — 7
N (7N
where, Ragg is the proportion of equipment failure, N gg is the number of equipment
failures, and N is the total numbers of equipment.

3.2 Resilience Assessment Process

The overall research idea of resilient evaluation integrates the construction of natural dis-
aster model and the simulation analysis of distribution system, and constructs a resilient
evaluation index framework that includes the influence factors of natural disasters and
the factors of distribution equipment itself.
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infe i y{) : Equipment L.Ondmm Output | Output | Output Status | Status | Status
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Fig. 3. Resilience assessment process.

Figure 3 shows the flow chart of the specific evaluation method of resilience,

including the following steps:
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Stepl: The first part is the input of distribution network and disaster information.
The distribution network information includes the network structure, equipment, dis-
tributed energy access and operation of the distribution network. The typhoon informa-
tion includes the moving track of the typhoon, the maximum wind speed, the maximum
wind speed radius, etc. Through the input of the above information, the failure probabil-
ity of each component can be obtained, and the state of each component can be obtained
through Monte Carlo simulation.

Step2: Using the obtained component states, the distribution network is simulated to
obtain the state of the system at each time. Repeat the operation at each time to further
obtain the system state values at all times, and finally obtain the system state curve.

Step3: According to the obtained system state curve, the system state value of each
stage and the time of each stage are further obtained. Combined with the resilience
evaluation index system constructed in Sect. 3.1, the resilience level of the system under
the natural disaster is then calculated.

4 Case Study

This case takes the IEEE 33-node distribution system as test system. The IEEE 33-node
distribution network system contains 33 nodes, with a total of 32 sectionalizing switches
and 5 interconnection switches. The sectioning switches are closed under normal con-
ditions, and the interconnection switches are disconnected under normal conditions
(Fig. 4).
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Fig. 4. 1EEE 33-node test feeder.

Assuming that the typhoon lasts for eight hours, A total of three cases are considered.
Case 1 has a greater impact of natural disasters, most lines fail, case 2 and case 3 have
a smaller and consistent impact of natural disasters, and the fault lines are much less
than case 1. The maintenance speed of case 1 and case 2 is 1 line each hour, and
the maintenance speed of case 3 is 2 lines per hour. The maintenance sequence is in
accordance with the fault sequence. The line fault conditions of the three cases are
obtained through step 1 in Sect. 3.2, are shown in Table 1.

The load curve of normal and disaster conditions at eight times in three cases are
shown in Fig. 5. The natural disaster in case 1 is more serious, and the disaster conditions
in case 2 and case 3 are the same. Therefore, the number of fault lines in case 1 is more
than that in case 2 and case 3, and the fault conditions in case 2 and case 3 are exactly
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Table 1. Line fault at each time.

Time Fault lines

Casel Case2 Case3
11:00 6,11 None None
12:00 9 32 32
13:00 24 29 29
14:00 19 None None
15:00 15,28 22 22
16:00 16 19 19
17:00 20 None None
18:00 21 18 18
Repair time 1h/line 1 h/line 0.5 h/line

the same at each time. In all three cases, the typhoon lasted for a total of eight hours.
During these eight hours, the system state curve continued to decline, and the overall
load of the system continued to decrease. From the ninth hour, the fault line began to
be repaired, the system state curve began to rise, and the overall load of the system
also began to increase to the level before the natural disaster. When the fault line was
completely repaired, the system state returned to the ideal state. To sum up, in the three
cases in Fig. 5, the system state curve shows a state of first falling and then rising.
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Fig. 5. System state curve of the whole process of disaster occurrence in three cases.

Through the system state curve of the distribution system during the disaster, the
system resilience is evaluated by using some of the proposed resilience indexes. Using
the formula mentioned in Sect. 3.1 to calculate the resilience index in three cases, and
the obtained resilience index values in three cases are shown in Table 2.

According to the data in Table 2, the rate of load loss in case 1 is 67.43%, while the
rate of load loss in case 2 and case 3 is 51.41%. The rate of load loss in case 1 is higher
than that in case 2 and case 3, which is consistent with the situation of natural disasters.
Because only the line repair speed is inconsistent in case 2 and case 3, they are the same
in some resistance indicators. The repair speed of the faulty line in case 2 is less than
that in case 3, Therefore, the index of case 3 is better than that of case 2 in terms of load
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Table 2. Resilience index value.

Resilience index Casel Case2 Case3
Rate of load loss 67.43% 51.41% 51.41%
Speed of load loss (MW/h) 0.4175 0.2388 0.2388
Distribution equipment failure ratio 31.25% 15.63% 15.63%
Nodal degree 30.5 31.375 31.375
Rate of load recovery 100% 100% 100%
Speed of load recovery (MW/h) 0.2505 0.382 0.637
Distribution equipment recovery ratio 100% 100% 100%

recovery speed. For the repair rate of the overall fault line in the three cases, the situation
is set to unlimited repair resources, so the repair rate can reach 100%. In general, since
the natural disaster intensity of case 3 is small and the repair speed of the fault line is
fast, the overall resilience index of case 3 is the best, while the natural disaster intensity
of case 1 is large and the repair speed of the fault line has no advantage, so the overall
resilience index of case 1 is the worst.

Therefore, from the analysis of the above results, it can be seen that the resilience
index system proposed in this paper can effectively reflect the resilience level of the dis-
tribution system in dealing with natural disasters of different intensities. The resilience
index system can also describe the resilience of prevention, resistance and recovery.
Generally speaking, the higher the intensity of the distribution system, the lower the
intensity of natural disasters, the better the indicators of preventive resilience and resis-
tance resilience, the faster the system repair speed and the more repair resources, the
better the indicators of system resilience. In general, the proposed resilience evaluation
index system and evaluation method can basically achieve the resilience level of distri-
bution system in extreme natural disasters, and can also provide some guidance for the
improvement of resilience level.

5 Conclusion

This paper proposes a practical evaluation index framework of distribution network
resilience to extreme disturbance events. The index system includes two dimensions:
time and generation-grid-load-storage resources. The time dimension index framework
covers three aspects: prevention stage, resistance stage and recovery stage, and the
generation-grid-load-storage resources dimension index system covers four aspects of
generation grid load storage. The evaluation index framework can scientifically evaluate
the resilience of distribution network to disasters, and provide scientific reference and
suggestions for distribution network planning and construction and operation and mainte-
nance management. Future research can further refine the distribution network resources
and include more resilience indicators, so as to establish a more perfect distribution
network resilience index framework.
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