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ABSTRACT With the increase of extreme natural disasters and the frequent occurrence of man-made
attacks, resilience studies of power grids have attracted much attention, among which resilience assessment
reflects the resistance and resilience of power systems to cope with extreme disasters. To improve the
resilience of distribution grids under extreme weather conditions, this paper proposes a resilience assessment
framework for distribution grids under typhoon disasters. First, a probabilistic generation model of typhoon
is established. Second, a spatiotemporal vulnerability model of the distribution grid lines to quantify the
spatiotemporal impacts of typhoon. Third, a breadth-first search algorithm is used to island the distribution
grid, and the amount of load shedding of the islanded microgrid is calculated. Meanwhile, the resilience of
the distribution grid was quantitatively assessed according to the proposed new resilience index. Finally, the
feasibility of the proposed resilience assessment method is verified in the IEEE 33-bus test system, and the
results show that the proposed method can accurately account for the impact of typhoon on the distribution

grid and provides a quantitative reference basis for later power system planning and scheduling.

INDEX TERMS Vulnerability model, resilience assessment, island division, resilience index.

I. INTRODUCTION

The impact of extreme weather on power grids has received
widespread attention, such as the snowstorm in China in
2008 and Hurricane Sandy in the United States in 2012, which
cause to grid lines damage and tower toppling, widespread
power outages and huge economic losses [1]. In extreme
weather conditions, multiple failures often occur in the dis-
tribution grid, and the N-1 safety criterion of the distribution
grid alone is not sufficient to guarantee the safe operation
of the distribution grid. Resilience is defined as the ability
of the grid to withstand and recover from small probabil-
ity of extreme events [2]. Besides, as the distribution grid has
the closest relationship with the user’s production and life,
the resilience of the distribution grid is mainly manifested
by the support and recovery ability of the critical load in the
distribution grid under extreme weather events. The resilience
assessment of the distribution grid is of great significance for
the safe operation and planning of the distribution grid.
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Typhoons, one of the most common extreme disasters,
have an impact on the failure rate of the lines of the power
grid, which in turn may cause to system load shedding
and economic losses. This study focused on the impact of
typhoons on distribution grids. Therefore, it is necessary to
establish the model of the wind fields of typhoons. Several
studies have also studied the model of typhoons. The Ref. [3]
proposed a stochastic method to simulate typhoon trajectories
based on historical data, which is seriously dependent on
historical data. Thereafter, the Batts wind field model was
proposed in [4], which is a more mature wind field model. [5]
proposed the Georgiou typhoon wind field model, which can
more accurately forecast the wind speed of typhoon when
the typhoon is moving on the sea surface. [6] proposed a
method for simulating a typhoon wind field based on SPARK
for high-performance computing. The [7] captured the overall
variability of the typhoon based on a hierarchical network and
accurately accounted for the wind speed at the geographical
location of typhoon. However, this modeling for typhoons
does not consider the probability of typhoon occurrence,
which is necessary to consider the probability of typhoon
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scenario generation in the long-term planning and construc-
tion of power systems.

To construct a model for the impact of typhoons on dis-
tribution grids, [8] proposed a formula for calculating the
magnitude of wind speed within a wind field and used a
fragility curve to calculate the reliability of distribution grid
lines. The [9] used typhoon historical data to determine the
typhoon center shift speed and used the lognormal cumulative
distribution function to evaluate the reliability of overhead
conductors and poles. The [10] established a line failure rate
model based on the spatial and temporal characteristics of
typhoon damage to distribution grid lines. The [11]-[13] con-
structed the vulnerability curves in a wind speed environment
based on the location of the component in the wind field of
typhoon. However, the actual distribution system is generally
widely distributed in a radial pattern in space, and when a
typhoon passes through the distribution grid, the wind speeds
are different in different line segments of the distribution grid.
Therefore, it is necessary to establish an accurate spatiotem-
poral vulnerability model for the impact of typhoons on the
distribution grid.

In terms of resilience assessment, some computational
indexes for resilience assessment are proposed in previ-
ous studies. References [14]-[16] proposed a quantitative
criteria, which is obtained by calculating dimensionless
metrics a distribution system. The [17] proposed a new
resilience index considering the duration of extreme events.
The [18] proposed six indicators to qualitatively evalu-
ate the architecture of smart grid in a disturbed environ-
ment. The [19] proposed a set of metrics to quantify the
resilience of the system to the impact of disruptions from
extreme events. However, while these resilience indexes can
reflect the degree of system recovery during disasters, the
resilience indexes also have to capture the inherent uncer-
tainty associated with the resulting degradation of system
performance.

As seen above, when studying the impact of typhoon
disasters on distribution systems, the spatial and temporal
characteristics of typhoon disasters are not fully considered
in some of the studies, and the process of component fail-
ure rates changing over time is ignored. The intensity and
location of actual typhoons constantly change with time,
and the typhoon has different impacts on components in
different locations. At the same time, some of the resilience
indexes are calculated based on the state operation curve of
the system, without considering the uncertainty of typhoon
disasters, which causes to the limitations of the indexes
in practical applications. Therefore, this paper establishes
a resilience assessment framework for distribution systems
under typhoon disasters. The resilience of the distribution
system can be comprehensively assessed by analyzing the
impact of various potential typhoon hazards on the distri-
bution grid lines. The weak points of the system can be
accurately identified, and a reference basis for distribution
grid planning can be provided. The main contributions of this
paper are as follows.
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1) By establishing the distribution functions of each key
parameter of the typhoon, the spatial and temporal probability
model of the typhoon is established to lay the foundation for
the subsequent establishment of the vulnerability model of
distribution grid lines.

2) To quantify the impact of typhoons on lines, a vulner-
ability model of distribution grid lines is established and the
cumulative failure probability density function of each line is
constructed to lay the foundation for the subsequent resilience
assessment model.

3) Considering the vulnerability of lines under typhoon
disasters, the breadth-first search algorithm is used to island
the distribution grid. Meanwhile, the optimal load shedding
of each islanded microgrid is calculated separately. Then,
the new resilience index is defined that calculate the sum of
the product of the probability of typhoon occurrence and the
optimal load shedding in each island microgrid, which is used
to quantify the impact of typhoons on the distribution system.

The detailed research framework of this paper is shown in
Figure 1. This paper is organized as follows. The typhoon
probabilistic model is described in Section II. The vulnera-
bility model of the lines and poles of the distribution grid
units is established in Section III. Section IV is the whole
resilence assessment model, where the breadth-first search
algorithm is used to island the distribution grid based on
the vulnerability model of distribution grid lines under a
typhoon scenario and the new resilence index is caluculated
in each islanded microgrid. In Section V, the feasibility of
the proposed resilience assessment method is verified in the
IEEE 33-bus test system. Section VI summarizes the whole
research.

A resilience assessment framework for distribution
systems under typhoon disasters

| Four key parameters of typhoon |

Probabilistic
generation model of |
typhoon

Typhoon scenarios generation model |

| Probabilistic typhoon model |

Model Basis

| Failure probability model of distribution grid |
line

Vulnerability model of

distribution grid line

| Vulnerability model of distribution grid line |

Model Basis

A - X | Island division of distribution grid |
ssessment framewor

for resilience of
distribution grid

| Optimization model of island distribution grid |

| Resilience assessment model under typhoon |

FIGURE 1. The research framework of this paper.

Il. TYPHOON WIND FIELD MODELING

A. TYPHOON MODEL

Typhoon is a tropical cyclone. A tropical cyclone is a
low-pressure vortex that occurs in tropical or subtropical
oceans. After a typhoon is formed, it generally moves out
from its source and go through an evolutionary process

155225



IEEE Access

Y. Wang et al.: Resilience Assessment Framework for Distribution Systems Under Typhoon Disasters

of development, maturation, weakening, and extinction.
A developed and mature typhoon typically has a cyclonic
radius of 500 km - 1000 km and an altitude of up to 15 km -
20 km. Typhoons consist of three parts: the peripheral area
of Typhoon, maximum wind speed, and typhoon eye [20].
The impacts of typhoons can also be broadly classified into
three categories: 1) typhoons continue to move deeper into the
land after lading via the coastline and affect the surrounding
structures; 2) typhoons form cyclones on sea and affect the
land through the surrounding clouds; and 3) typhoons move
back and forth after landing and affect the land. This paper
focuses on the impact of typhoon intensity and duration
on distribution lines after landing. To accurately assess the
impact of the typhoon model on distribution grid lines, this
section establishes a detailed typhoon model based on the
location of typhoon landing, central pressure difference, wind
speed, maximum radius, and typhoon movement speed.

Among them, the typhoon central pressure difference,
defined as the difference between the typhoon peripheral
pressure and the typhoon central pressure. The peripheral
pressure is usually one standard atmosphere is taken as
1013 hpa to characterizes the initial intensity of the typhoon,
which determines the maximum wind speed within the wind
field after the typhoon landing. The decay model of the
typhoon pressure difference at a moment r when the typhoon
passes over land is expressed as:

AP(t) = AP(0) — 0.02 x [1 +sin(@ — B)] xt (1)

where o denotes the angle between the coastline where the
typhoon landing and due north; 8 denotes the angle between
the direction of typhoon motion and due north, and 7 denotes
the time of typhoon motion. AP(0) is the pressure differ-
ence between the typhoon center at the moment of typhoon
landing.

The wind speed at the maximum radius of a typhoon can
be characterized as:

Vrmax(f) = 0.865 X vg, (1) + 0.5 x vy
= 0.865 x A x /AP(¢) + 0.5 x vr 2)

where vr is the speed of motion of the typhoon, v, is the
gradient wind speed, which is generated by the airflow due to
the pressure gradient. A is a constant, typically taking a value
of 6.97.

The wind speed at any point in a typhoon wind field can be
expressed by the following equation.

v, (t) = Vrmax(t) X [d(8)/rmax(t)] ~ when d(t) < rmax 3)
Vrmax(t) X [Fmax(t)/d()]"  when d(t) > rmax
where v, max 18 the wind speed at the maximum radius in the
wind field of typhoon, d is the distance from a point in the
actual geographic location to the center of the wind field, and
Fmax 18 the maximum radius of the wind field of typhoon. 7 is
usually taken as [0.5,0.7], and 0.6 in this paper.
Figure 2 shows a schematic diagram of the impact of a
typhoon on a distribution grid lines. The maximum radius of
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FIGURE 2. Diagram of the impact of typhoons on distribution grid lines.

a typhoon can be expressed using the following equation.

vmax = exp[—0.1239 x AP(1)*° + 5.1034] 4)

B. TYPHOON SCENARIO GENERATION MODEL

According to the typhoon model established in the previous
section, to generate a typical typhoon scenario to study the
impact on the distribution grid, four parameters are first
selected to generate a typhoon scenario: the location of the
typhoon landing, the pressure difference at the center of the
typhoon, the direction of typhoon motion, and the speed
of typhoon movement. A typhoon generation scenario can be
determined based on these four core parameters.

Assuming that the pressure difference between the original
centers obeys a log-normal probability distribution, the prob-
ability distribution function of the central pressure difference
of the typhoon as shown in (5).

(In AP — 2.9001)?

= ex
0.6274AP~2m P 2 x 0.62742

Assuming that the movement speed of the typhoon obeys
the log-normal probability distribution, the probability dis-
tribution function of the movement speed of the typhoon as
shown in (6).

f(AP)

(

) )

1 (Invy — 2.6680)>
e A P g
0.5185v7~/27 2 x 0.5185

Assuming that the direction of motion obeys a paranormal
probability distribution, the probability distribution function
of the direction of motion as shown in (7).

0.5035 (o + 73.3392)2

22589120 P T 2258012

flvr) = ) (6)

fla) =

L= 0.5035 (a +7.2084)° N
o | —
703532v27 P 2 % 7035322

Assuming that the location of typhoon landing obeys
uniform probability distribution, the probability distribution
function of the location of typhoon landing as shown in (8).

1
by — ay

fxo) = . fo) = ®)

by — ay
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where (ay, ay) and (by, by) are the coordinates of the start-
ing and ending points of the shoreline in the study area,
respectively.

The occurrence probability of each parameter of a typhoon
is calculated as shown in (9), taking the central pressure
difference of the typhoon as an example: First, the probability
density function of the central pressure difference is divided
into N equal parts with step size k. According to the probabil-
ity density function, the occurrence probability of the central
pressure difference of a typhoon can be calculated as follows.

AP+h/2
Pr(AP) = f f(AP)YdAP ©)]
AP—h/2

The probability of the other core parameters is calculated
as shown above, and the occurrence probability model of a
typhoon is as follows.

Pry = {Pr(AP), Pr(vr), Pr(a), Pr(x, y)}x (10)

Pr,, =

K
® Prt
i=1

K
=1 [lPre | (11)

=

The numerical magnitudes of the four key parameters of
the typhoon and the corresponding typhoon probabilities are
selected by random sampling. The random sampling algo-
rithm flow as follows.

TABLE 1. Random sampling algorithm flow.

STEP1  Select the initial operation points AP(0), v,.(0)

, a(0) and (x,,y,) of the four parameters.
STEP2 Determine the interval of the four parameters of

the  typhoon, [AP(O) —AP,AP(0)+ AP] ,
[V (0)—Av,, v, (0)+Av, | ,
[a(O)—Aa,a(0)+Aa] ,
[Cx,») | x € (x, — Ax, x, + Ax),

Y€, — Ay, y, +Ay)]

Generate several random number vectors
uniformly distributed in the four parameter
intervals, @=[®,, ® &, O ] . Set

the initial iteration value to i = 1.

The random number vector @ are randomly
arranged, and the first element from each vector
element is taken to form the basis parameter,

Xz[APi v, o (x,y)i] .

Calculate the probability
F=[f(aP) f'(vp) f(a) f'(xp)]
corresponding to X.

Calculate the probability of typhoon generation
scenario according to (11).

Set the number of selected scenarios to N, and
output the parameters of the typhoon scenarios

X, F,Pr,.

STEP3

STEP4

STEPS

STEP6

STEP7
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lIl. THE VULNERABILITY MODEL OF DISTRIBUTION
GRID LINES UNDER TYPHOON
A. FAILURE RATE MODEL FOR DISTRIBUTION GRID LINES
The two main factors of typhoon impact on the distribution
grid are typhoon wind speed and typhoon duration. When a
typhoon occurs, if the distribution grid is experiencing by the
typhoon, the lines and poles of the distribution grid are highly
vulnerable to damage and failure, which will result in forced
load shedding operation of the whole system. Therefore, this
section establishes the relationship between the typhoon wind
speed and the failure rate of lines and poles in the distribution
grid.

The equation of the failure rate of the distribution grid poles
is as follows.

)hpl,i(t)
0, vpr,i(t) € [0, V;l]
= 1 expl0.200p0,i(1) — V5], vprir) € V5. 2v ] (12)
1, Vpu,i(t) € [2v;l, o]

where the failure rate of the pole is modeled as a segmen-
tal function, v*l denotes the maximum wind speed that the
pole can withstand, 35 m/s is taken, and v ;(¢) denotes
the typhoon wind speed that the i-th pole can withstand at
moment £.

The failure rate model of the lines of the distribution grid
is as follows.
Vline,j(t) .

3
line

Aline,j(t) = exp[11 x 18] (13)
where vy, , is the maximum wind speed that the distribution
grid lines can withstand, take 20 m/s here, vjine j(¢) indicates
the typhoon wind speed at the end of the j-th line.

B. THE VULNERABILITY MODEL OF DISTRIBUTION

GRID LINES

Based on the failure rates of distribution grid lines and poles
in the previous section, we obtain the cumulative failure
probability density function for poles and lines, respectively.

T
FPy ;i =1-— eXp{—/O [Api,i/ (1 — Apr,i)]}dt

N-—1 T
1—expl—= Y /0 gt /(1 — it 1)
i=0

N—-1

=1 —exp{— Y Dypri/(0 = 2p)AL} (14)

i=0

T
FP[ine,j =1- eXP(—/ )\line,jdt)
0

N-1

1 —exp[— Z /
i=0 ¥/
N-1

= 1 —expl— ) _ Mine j(DAI] (15)
i=0

t+At
)Vline,j(t)dt]
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The failure probability of the entire distribution system is
obtained from the series-system reliability equation as follow
in (16).

1 J
FPij=1-[[0=FPun[[0=FPinepy  (16)
1 1
where I is the total number of poles, and J is the total
number of distribution grid lines. The distribution grid lines
and poles are in series, so the failure probability of the entire
distribution system is FP; ;.

IV. A RESILIENCE ASSESSMENT FRAMEWORK FOR
DISTRIBUTION SYSTEMS UNDER TYPHOON DISASTERS
A. BREADTH FIRST SEARCH ALGORITHM
The distribution grid is usually radial. Assuming that a distri-
bution grid has n nodes and b branches, the distribution grid
can be regarded as a directed incidence matrix A.

For example:

1 00 0
11 0 1

A= 0 -11 0 (17)
0 0 —10
00 0 —1],

Among them, 1 indicates the start node and -1 indicates
the end node. If a branch is damaged by a typhoon, both
the start and end node are set to 0. To quickly partition a
node association matrix, this section adopts the breadth first
search (BFS) algorithm to traverse the distribution grid line
status after the typhoon landing, and place the faulty line in
the set B. The corresponding first and last nodes are counted
as 0, and then BFS is used to calculate the result of the
distribution grid splitting and zoning caused by the typhoon.
The specific process is as follows.

According to the above process, the matrix block diagram
of matrix A is drawn as shown in Figure 3:

Ei
2 ,
1 2 3 4 ’

FIGURE 3. The matrix block diagram of A.

Lk

.

Lh

Assuming that the typhoon caused the failure of the line
between the first node 2 and the last node 3, the matrix A*
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TABLE 2. Breadth first search algorithm.

Initialize the directed incidence matrix and
construct a matrix graph. Yellow represents the
start node and blue represents the end node.

According to the random sampling results, the
first node and the last node of the faulty line are

STEP1

STEP2

set to 0, and the directed incidence matrix A

under the typhoon disaster is constructed.
STEP3  Input the initial starting point ¥, , and add the
starting point to the dyeing set Q;
STEP4  Start the search from the initial starting point V, ,
and select all nodes adjacent to a until the end

point ¥, . A search is completed, and the search
result is recorded as a partition Z, ;
STEPS Select other nodes except the first and last nodes

of Z, set to search again from A , and record

the searched path as partition Z, ;
STEP6

According to this search method until all nodes
are traversed, the system is divided into several
zones Z=1{2,7Z,,..,Z,} , where N is the
number of zones;

STEP7  Output the partition result Z .

1
0.6
2 q 1 0.4
0.2
3 0
-0.2
4 0.4
-0.6
5 -0.8
1 2 3 4 )

FIGURE 4. Schematic diagram of the search based on BFS of A*.

under the typhoon disaster is constructed, then the search path
of each partition is obtained by the BFS algorithm as shown
in Figure 4, and it is also divided into two zones accordingly.

Since the distribution grid lines are impacted by typhoons
and may be disconnected, the original distribution grid is
divided into several islanded microgrids, which can reduce
or even avoid load shedding if these islanded microgrids
contain distributed power sources (wind, PV) or energy stor-
age devices, etc. If these islanded microgrids do not contain
distributed power sources that can support the load, load
shedding may occur with a high probability. Therefore, it is
necessary to calculate the load shedding in each islanded
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microgrid after partitioning to quantitatively study the load
shedding of the system and perform resilience assessment.

B. DISTRIBUTION GRID OPTIMIZATION MODEL
CONSIDERING ENERGY STORAGE
After determining the partitions, we calculate the optimal
load shedding in each islanded microgrid, and the target of
this optimization model is to minimize load shedding in each
islanded microgrid. The time considered is the duration of the
outage due to typhoon duration 7. Equation (18) represents
the objective function, where the load shedding in island
microgrid.

Objective function:

T
Min. Z Z LCi(t) (18)

t=1 ieQp

Constraints:

— Py 1) — Ppi(t) + PS (1) — P (1)

e,

+ 3 GyAV— Y Byfj—LCai(t)=—Pp,i(1)

JESB Jje2p
(19)
—0p.i(t) = Qe.it) = Y BjAV;
JEQB
— )" G — LCy.i(t) = —Qp.i(t) (20)
JEQpB
Pyi(t) = (AV; — AV)G; — (6; — 6))By; 1)
0ii(t) = —(AV; — AV))Bj; — (0; — )Gy (22)
Pij(t) < Py(t) < Py(?) (23)
0;(t) < Qy(1) < 00 (24)
Vit) < Vi(r) < Vi) (25)
6i(t) < 6:(t) < 6;(1) (26)
P¢ (1)
SOC, (1) = SOCe it — 1) + 15, x P (1) — == 27)
SOC.i(t) < SOC.(t) < SOC. (1) @
@ < Pw,i(t) =< fT,l (29)
Ow,i < Owi() < Ow,i (30)
Ppi = Ppi(t) < Py 31)
Qei < Qeilt) < Qe (32)

where, LC;(t) is the amount of load shedding at node i
at moment ¢; Py, ;(¢) and Q,, ;(¢) are the active power and
reactive power of wind power at node i at moment f,
respectively; P, ;(¢) is the active power output of PV at node i
at moment ¢; Pg’i(t) and P‘e{i(t) are the charge and discharge
power of energy storage devices at node i at moment ¢; Q, ;(¢)
is the reactive power of energy storage devices at node i at
moment . SOC, ;(¢) is the nuclear power state of energy
storage devices at node i at moment ¢.

The power flow equality constraints for active power bal-
ance for the islanded microgrid operations is given in (19).
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Similarly, (20) represents the reactive power balance for the
islanded microgrid operations at corresponding nodes. Equa-
tion (21) is the active power capacity constraint of distribution
grid line. Equation (22) represents the reactive power capacity
constraint of distribution grid line. Inequality constraints (23)
and (24) are the constraints of the active power and reac-
tive power of distribution grid lines from node i to node ;.
Inequality constraints (25) and (26) are the constraints of
voltage and phase angle at node i at moment ¢. The state
of charge (SOC) equation constraint is (27), where 775, ; and
nii are the charging and discharging efficiencies of energy
storage device, respectively. Inequality constraints (28) is
a security constraint of energy storage devices. Inequality
constraints (29) and (31) are the constraints of active power
of wind farms and photovoltaic power stations. Inequality
constraints (30) and (32) are the constraints of reactive power
of wind farms and photovoltaic power stations.

C. RESILIENCE ASSESSMENT MODEL

The quantitative assessment index of resilience is an impor-
tant index for assessing the ability of the distribution system
to resist typhoon disasters. The resilience curve of the system
in response to extreme disasters is shown in Figure 5. Under
normal operation, the performance of the system can be
expressed by Qgp, and under the impact of a typhoon, the
operating performance of the system will be affected to a
certain extent, at which time the operating performance curve
of the system is described by Q(¢). At this time the area of
the shaded part enclosed by the two curves is the size of the
resilience of the system in response to typhoon disasters.

A Extreme event  Damage Damage
100% * 4 propagation « assessglgnt

Repair&
/re storation

Performance level

\/

Time(t)

FIGURE 5. System resilience curve.

It is worth noting that the above indexes can only eval-
uate the resilience of the distribution system under certain
disturbances. However, since the distribution system may
face typhoons of different intensities, resilience under var-
ious potential typhoon hazards needs to be considered in
the planning stage. In this study, we modified the resilience
index to comprehensively reflect the degradation of the
expected system performance under different typhoon sce-
narios. Typhoons are low probability and high impact events,
so the probability of the event is not ignored. Therefore, the
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product of the probability of typhoon occurrence and the
amount of load shedding of the system during the typhoon
are jointly defined as the resilience index of the system, and
the index is modified as follows.

R=E[Q —Qil= ) PuQo—QDw= Y PuQy (33)

weW weW

V. CASE STUDY

To verify the effectiveness of the distribution grid resilience
assessment framework, the modified the IEEE 33-bus test
system [21] used in this paper. The wiring diagram is shown
in Figure 6. The simulation time interval is set to 1 hour
and the total duration of the typhoon scenario is 24 hours.
The example test in this paper was performed in MATLAB
R2019b, and the hardware platform was configured as a
2.8 GHz quad-core CPU and a computer with 16 GB memory.
The Distribution grid optimization model considering energy
storage under typhoon disasters is the linear model. Mean-
while, the problem is solved via software packages in this
paper, YALMIP and CPLEX.

10 11 12 13 14 15 16 17 18

Notation:

23 24| 25 y y
® Photovoltaic arrays

FIGURE 6. Wiring diagram of IEEE 33-bus test system.

Among them, some wind farms, PV and energy storage
devices access points in IEEE 33-bus test system are shown
in Table 3, which has 33 load nodes and 32 branches. The
network system has a rated voltage of 12.66 kV and a total
load of 3715 kW 4 j2300 kvar, with a minimum node voltage
of 0.9169 p.u. The ESD charge and discharge efficiency is
0.95, respectively, and the rated discharge time is 6 h. The
initial SOC of the ESD is assumed to be 80% of the rated
capacity. The reactive power limits for WF, PV and ESD are
assumed to be 70% of the rated capacity and the operating
costs associated with PV and ESD are ignored.

The distribution of each key parameter of the typhoon are
plotted according to the probability density function expres-
sions of the four key parameters of the typhoon, the proba-
bility density function images of the location of the typhoon
landing, the pressure difference at the center of the typhoon,
the direction of the typhoon motion, and the typhoon move-
ment speed.

155230

TABLE 3. Distributed power supply wiring information.

Name Node Capacity /MW
4 0.3
15 0.2
WE 19 03
24 0.25
11 0.15
PV 27 0.075
4 0.4
15 0.15
ESD 21 0.075
32 0.05

TABLE 4. Probability of occurrence of four key parameters of typhoons.

Pressure (hpa) Probability Wind speed Probability
(km/h)
58.00 0.0021 30.00 0.0171
54.08 0.0118 34.54 0.0069
61.25 0.0018 27.48 0.0423
Typhoon angle  Probability Landing Probability
(rad) Points (E/N)
273.00 0.0004 (122,28) 0.3060
292.19 0.0002 (122.4,27.3) 0.3060
201.65 0.0007 (121.7,27.1) 0.3060

The four parameters are then randomly sampled separately
to form an sample, where the probability distributions of the
four key parameters of the typhoon are listed in Table 4.

Next, this IEEE 33-bus test system is placed in a real
map, and Zhejiang Province is selected here as an example.
According to Table 4, the free combination of the four key
parameters of typhoon can form 81 sets of typical typhoon
scenarios, which corresponds to an occurrence probability.
Taking the first group of the four typhoon parameters as an
example, the central pressure difference forming the typhoon
is 58.00 hPa, the typhoon wind speed is 30 km/h, the typhoon
center angle is 273.00°, and the location of typhoon landing is
(122E, 28N). The trajectory of a typhoon is shown in Figure 8.

Based on the typhoon model in Section II, the wind speeds
experienced by the 32 distribution lines can be calculated as
shown in Figure 9.

According to the vulnerability model of the distribution
grid lines in Section III, the cumulative failure probability
density functions of 32 distribution lines during the passage
of the typhoon are calculated, as shown in Figure 10.

Subsequently, a component-level assessment of the system
was performed to identify weak lines that are more vulnerable
to the typhoon. It can be found that in the calculation pro-
cess of system resilience assessment, the cumulative failure
probability and failure scenarios of each distribution lines can
be obtained. Next, we construct a connection matrix diagram
according to the wiring of the IEEE 33 system, as shown in
Figure 11.
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FIGURE 7. Probability density curve of a typhoon parameters.
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FIGURE 8. Wiring diagram in actual geographical location.

The breadth-first search algorithm is used to search the
distribution network system under the typhoon scenarios, and
the zoning diagram after the disaster is determined, as shown
in Figure 12.

According to the results in Figure 12, in this scenar-
ios, the IEEE 33-bus test system is divided into three sub-
systems under the impact of the typhoon, as shown in
Figure 13.

Then the resilience indexes for the three partitions are cal-
culated separately with and without energy storage devices,
respectively, according to the resilience assessment. The
results are shown in Figure 14.

As shown in Figure 14, the resilience index provides
insight into the various parameters that affect resilience per-
formance. In addition, it allows system planners to per-
form predictive resilience assessments and consider system
enhancement strategies based on value and cost effectiveness
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FIGURE 11. Connection matrix diagram of IEEE 33-bus test system.

aspects, and the presence of energy storage units plays
an important role in the improvement of grid resilience
metrics.
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VI. CONCLUSION

In this paper, a resilience assessment framework for distri-
bution systems under typhoon disasters is proposed. First, a
probabilistic typhoon model is proposed that characterizes
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the uncertainty of typhoons through the probability distribu-
tion of core parameters. This allows us to generate a range of
typhoon scenarios and corresponding occurrence probabili-
ties. Second, spatial and temporal vulnerability models for
distribution grid lines are developed considering the move-
ment and decay of typhoons. These models quantify the rela-
tionship between the failure probability of each distribution
grid line and the wind speed in terms of time and space scales.
Finally, considering the impact of typhoons on distribution
grid lines, a BFS algorithm is performed to establish parti-
tions to calculate the optimal amount of load shedding for
each partition, and a new resilience index is developed to
quantify the resilience of the distribution system from the
system and building block perspectives.

As shown in Figure 14, the resilience index of scenarios
with DERs in Zone 2 and Zone 3 are 2.24 x 1078 MW
and 8.66 x 108 MW. Nevertheless, the resilience index of
scenarios without DERs in Zone 2 and Zone 3 are 2.51 x 108
MW and 1.26 x 10~7 MW. If the distribution grid is equipped
with energy storage devices, the resilience of the system
will be improved at each islanded microgrid under typhoon
disaster. The numerical results verify the accuracy and valid-
ity of the framework. The results can also provide insight
into potential resilience enhancement measures for similar or
unforeseen typhoon hazards in the future. This method can
effectively and economically expand and upgrade the planned
distribution system. In the future, we will expand the study to
include prevention and enhancement of restoration measures.
In addition, the impact of interactions between adjacent lines
is not considered in this paper, and we will establish the
interactions between lines to address this issue in the future.
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