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ARTICLE INFO ABSTRACT

Increasingly frequent extreme weather events cause power outages in active distribution systems. Islanding and
fault reconfiguration are effective approaches to service restoration and resilience enhancement. This paper
proposes a multi-stage switch strategy based on dynamic programming (DP), considering both islanding and
fault reconfiguration. First, numerous expected fault scenarios are constructed based on meteorological forecast
and vulnerability analysis of system components, from which typical ones are selected by their information
entropy. Second, for each typical scenario, a multi-stage switch strategy considering both islanding and fault
reconfiguration is developed through DP. The objective is to make a tradeoff between minimizing total power
shortage and minimizing the number of switching operations over the whole event's duration. The constraints
comprise power flow limits, nodal voltage limits, and distributed generators’ capabilities. Finally, a risk-based
resilience assessment is performed and the resilience improvement is presented. Tests on the IEEE 33-bus dis-
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tribution system demonstrate the effectiveness of the proposed method.

1. Introduction

Considering the global climate changes in recent years, increasingly
frequent extreme weather disasters occur worldwide. It will result in
large-scale power outages and bring serious economic losses and social
impact [1-4]. Located at the end of power systems, distribution systems
are the key to directly supply power to customers. Therefore, it is im-
portant to keep distribution systems under normal operation when
exposed to extreme weather. In this condition, the resilience of dis-
tribution systems is introduced to reflect their ability to resist extreme
weather disasters, to reduce fault losses, and to restore to the original
state as soon as possible after the fault occurs [5,6]. In recent years, the
researches on resilience have received more and more attention [7-12].

The basic prerequisite for resilience enhancement is the resilience
analysis of distribution systems. According to the definition of resi-
lience, a distribution system will go through three stages when an ex-
treme weather event occurs: before, during, and after the fault [7,8]. In
order to improve the resilience of distribution systems, it is necessary to
implement a strategy to restore loads from faults. By this means, more
power can be supplied to the users, especially the critical loads. Based
on different typhoon strengths and load levels, reference [9] studied the
effectiveness of line reinforcement components, double-circuit con-
struction, and shortening of fault repair time on the resilience
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enhancement of distribution systems. The influence of hardening the
distribution lines on the distribution systems resilience was investigated
in [10]. At present, the researches on the resilience improvement
measures of distribution systems mainly focus on the strategy of over-
head line cable and replacement of more hardening lines. However, the
investment for infrastructure hardening is so high that limits its appli-
cation to large-scale distribution systems. With the integration of dis-
tributed generators (DGs), the loads can be powered by the DGs to
enhance the resilience of distribution systems [11]. However, merely
partial loads can be restored by DGs alone due to the capacity limitation
of DGs. Reference [12] studied the reconfiguration in resilience en-
hancement, but it can only restore loads in the outage area connected to
the fixed tie switches. To handle these shortcomings, islanding and
reconfiguration are both taken into consideration in this paper to
maximize the power supply after faults.

This paper proposes an islanding and dynamic reconfiguration
method to improve the resilience of distribution systems. First, the
failure rate of distribution systems is generated by combining typhoon
modelling and vulnerability analysis for components. The typical fault
scenarios are screened according to the system information entropy.
Second, an index describing the load supply level under typhoon is
proposed to assess the resilience of distribution systems. A multi-stage
switch strategy considering islanding and fault reconfiguration is
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developed based on the dynamic programming (DP). The objective is to
make a tradeoff between minimizing total power shortage and reducing
the number of switching operations over the whole event's duration to
obtain the optimal switch strategy. Last, the enhancement effect of is-
landing and dynamic reconfiguration on distribution systems resilience
is analyzed.

The rest of this paper is organized as follows. In Section 2, the
generation of typical scenarios under typhoon is presented. Section 3, a
multi-stage switch strategy considering islanding and dynamic re-
configuration is presented to improve the resilience of distribution
systems. Section 4 demonstrates the effectiveness of the proposed
method on the IEEE 33-bus distribution system. Conclusions are noted
in Section 5.

2. Typical fault scenario generation under typhoon
2.1. Modelling of typhoon

When the typhoon passes, the wind speed rises sharply, making the
wind loads on distribution systems components larger than their
strength. Under this circumstance, the components may be damaged,
leading to large-scale disconnection in the distribution systems.

The wind load is related to the wind speed and direction on the
components. In this paper, the Batts model is adopted to simulate the
speed and the direction of the wind during the passage of a typhoon
[13]. The wind speed V, is related to its distance r from the line to the
typhoon center.

V.= VRmax r/RmaX
’ VRmax (Rmax /"')0‘7

r < Riax

r > Rpax 6]

where Ry, is the maximum wind speed radius, V,,,, is the wind speed
at this point; the wind direction at the point is the tangent direction of
counterclockwise.

2.2. Component failure rate model under typhoon

The failure rate model of distribution lines under the wet snow
threats is established in reference [14] on the basis of a mass of sta-
tistical data. However, considering the lack of actual operating data,
reference [15] builds the physical model of disturbances and calculates
the failure rate of distribution lines according to the reliability theory.
This kind of failure rate model of distribution lines based on the ana-
lysis of disturbance mechanism is adopted in this paper.

The force of the wire is analyzed under the influence of the wind.
The total load N of the wire per unit length is the vector sum of its
horizontal wind load N; and the gravity loadN,.

[ 2
N= N2+ N;? = \/(1.2 X IizD sinze) + (qg)?
1.6 2)
where V,is the wind speed whose distance from the typhoon center is r;
D is the outer diameter of the wire. 0 is the angle between the wind and
wire; gis the mass of the wire per unit length; gis the acceleration of
gravity.

Generally, the wire at the highest suspension point has the highest
tension and is regarded as the most fragile. Hence, the tension of the
wire at the highest suspension point is analyzed, which can be calcu-
lated as,

T = T? + Plly? ©)

where T is the wire tension at the lowest point of sag; I, is the hor-
izontal distance from the suspension point of the wire to the lowest
point of the sag.

The stress 0, on the section of the wire at the suspension point is,

Electric Power Systems Research 189 (2020) 106749

T
g ==
S 4

where S; is the cross-section area of the wire.

The total load on a pole includes the horizontal load on the pole by
the wire and the wind load on the pole body parallel to the wind di-
rection. The wind load of the conductor and the wind load of the pole
are

G = Nyl %)
Vi2 Dy + Dp

pp=cr 20ty

T 2 T (6)

whereC is the shape coefficient; Dy and Dpare the tip diameter and root
diameter of the pole; hp is its height.

The bending moment of the pole root is the vector sum of the
bending moments caused by the two wind load,

n

M=M +M=PRZ+ Y, Pylh

k=1 (7)
whereM, is the bending moment caused by wind load on the pole body;
M, is the bending moment caused by the wind load applied by the wire
on the pole; Z is the moment arm from the resultant wind pressure point
of the pole to the pole root; Py is the wind load on the kth wire; his the
vertical distance between the kth wire and the pole root.

As aforementioned, when the wind load on a component exceeds its
strength, the component may break down. The failure rates for a wire
with a stress as g, and a pole with a bending moment as M can be
expressed as,

2
%o 1 1(0— M
= — =" |a
n= L e 5752 |
2
M1 1( My —n,
= 2221 ldm,
e ko A5 o

where p; and p, represent the failure rate of wire and pole; 0; and M, are
the tensile strengths of the wire and the bending strength of the pole;y;
and §; are the mean the and standard deviation of the wire tensile
strengths while 1, and 8, are those of the pole bending strength
[16-17].

Only all the wires and poles on the line do not break down, the
distribution line will operate normally, which can be described as a
series model. By combining the failure rates of the wires and the poles,
the failure rate p of the distribution line under the V, can be calculated
as,

ny p
pn=1-T[a-p,) [[Q-p, (5
k=1

k=1

)]

where n; is the span number on the distribution lines; n, is the number
of poles; p; « is the failure rate of the kth wire on the line; p, i is the
failure rate of the kth pole on the line.

2.3. Typical fault scenario screening based on system information entropy

Due to the numerous components in distribution systems, the pre-
conceived fault scenarios are so massive that it is impossible to perform
resilience analysis for all scenarios. To address this issue, typical fault
scenarios need to be screened.

The concept of information entropy was first proposed to describe
the degree of system disorder [18]. A distribution system can be re-
garded as an uncertain system, comprising lots of uncertain events
where faults may occur anytime at any component. The entropy of a
distribution system can be described as,

W= Z Z (_logzpi,t)zi,t
(€T i€Qp (10)
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where T represents the typhoon passage time; Qg is the distribution
system line set; Z; , is the operating state of the ith line at time t to
describe whether the fault occurs or not. Z; , is a binary variable, and if
it is 1, the ith line will encounter a fault at time t. The probability that
Z; . is equal to 1 depends on P; . The entropy of failure scenarios is
calculated and the distribution of the entropy is obtained. Based on the
distribution of the entropy W, Wy, and Wy, can be obtained. If the
entropy of a failure scenario is too small or too big reflecting that the
probability of this scenario occurring is extremely low, this failure
scenario can be considered atypical. By this means, typical fault sce-
narios can be screened as (11) according to the entropy of fault.

Wmin S Z z (_logzpi,t)zi,t S Wmax

teT i€Qp

z Zi; <1
¢ 11

Typical fault scenarios with high probabilities of occurrence and
serious consequences can be screened for further resilience analysis.

3. Islanding and reconfiguration based on dynamic programming
for resilience enhancement

3.1. Index for resilience assessment

When a typhoon passes, the lines in a distribution system may en-
counter faults, and thus the power supply gradually falls to the lowest
level. Thereafter, the distribution system maintains the minimum-level
power supply after the faults until the typhoon has passed. After the
typhoon's passage, the operators carry out emergency repair for the
damaged components. The distribution systems will gradually recover
from outages and the loads will gradually rise to the normal operating
level. The fault and response process of the distribution systems re-
presented by load value is demonstrated in Fig. 1.

In this paper, both the duration and the severity of the faults are
considered when assessing the resilience of distribution systems. The
loss load caused by power outages is reflected by the loss area of the
load curve under fault and that under normal conditions during the
typhoon's passage. The percentage of guaranteed load supply is taken as
the resilience assessment index, which is given as follows:

L' L@di _ f° TL@dt ~ RES,
L TL(0)de L TL(n)dr 12)

where AR is the resilience assessment index under typhoon;Ty is the
duration when the distribution system is affected by the typhoon, in-
cluding the typhoon transit time and the power supply recovery time,
that is the time span from t; to t, in Fig. 1; TL(t) represents the expected
load curve of distribution systems in normal operation; L(t) represents
the actual load curve of fault operation of distribution systems under
typhoon; RES, represents the area between the expected load curve and
the actual load curve in Fig. 1, which is actually the power supply lost.

Load
value
4 Original Expected load Final operation
operation Disruption carve TL(1) mode

Reco)ve'i"“we Lo

Response&adapt Restoration
: strategy

0 t t, t, t, t

Fig. 1. The fault and response process of distribution systems under typhoon.
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3.2. Islanding and reconfiguration method for resilience enhancement

There are some normally-open tie switches in the distribution sys-
tems. When faults occur, tie switches and segment switches both adjust
their states to change the system topology. By closing tie switches, some
outage areas can be connected to the main network and thus recovered
power supply through reconfiguration. By opening the segment
switches, islanding can be formed to supply loads in the islands. The
islanding and reconfiguration can maximize the power supply of critical
loads to enhance the resilience.

At the fault time, an outage area is formed due to a fault line. The
distribution systems can be reconfigured by closing tie switches con-
nected to the outage areas. Every tie switch determines whether to close
considering the balance of minimizing the load loss and reducing the
cost of switch operations. Moreover, an island is formed by opening a
segment switch in the proper position in the outage area during the
fault time. Islanding can limit the power supply range to maximize the
utilization rate of DGs, which ensures the supply of loads in islands.

However, when performing the reconfiguration, the closure of the
multiple tie switches in the outage area may lead to looped networks.
The distribution systems should keep radial during the reconfiguration
process. Once the looped network is formed, a loop switch should be
turned off to meet the radial constraints, which can be expressed as
[19],

Z q= Nous = Noup 13)

where Xq is the total number of closed lines; Ny, is the number of buses;
Np is the number of the isolated islands caused by the fault lines in the
system.

When the looped network has been searched for, a switch in the
loop should be opened to break the loop and thus to keep the radial
topology. The opening of each different segment switch in the loop will
constitute a switch strategy.

The selection of the multi-stage optimal switch strategy is demon-
strated in Section 3.4.

3.3. Optimal load-shedding model

Considering the capacity limitation of the gas turbine (GT), the
loads in the islands cannot be fully supplied by the GT in this outage
area. Moreover, the distribution lines have the limited power trans-
mission capacities. If the power transmitted through the line exceeds
the limit, the system operation security will be endangered. Therefore,
considering the limitations of the above two aspects, the optimal load
shedding is performed in this paper to ensure the maximum load
supply. Besides, the power supply of critical loads is guaranteed in
priority considering the different criticality of loads.

The objective of the optimal load shedding is to minimize the
equivalent electricity loss during a typhoon passage considering the
different criticality of loads.

minL = W;Ti
; a4

where w; is the importance weight of the ith load. 7; , is the shed active
loads at bus i at time t.

The constraints include power constraints on nodes, gas turbine
efficiency constraints, shedding load constraints, nodal voltage con-
straints, gas turbine air intake constraints, and line capacity constraints:
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Foer = Faie + Tip — Vie Z V;,t(Gijcos 6y + Bysin ;) = 0
jei
Qe = Quic + & = Var 2 Vju(Gysin 8y, — By cos6y,)
jei
=0
ng,[ = nkﬁc,t VkeG
0<17;:< Ry
0< ;},t < Qi
vEin < v < v
f" <ho SE™ VEkEG
Si < Simax (15)

where Py . and Qg . are the active and reactive outputs of gas turbine k
at time t; Py; . and Qg . are the active and reactive power demands of
bus i at time & 5 is the energy conversion efficiency of the kth gas
turbine; G is the gas turbine set; {; . is the reactive power shedding loads
of busiat time t; V; , is the nodal voltage of bus i at time ¢ f; .is the gas
intake of gas turbine k at time t; V" and V;{™** are the upper and lower
limits of the nodal voltage of busi; f;™" and £, are the minimum and
maximum gas production of gas turbine k; S;iaxis the limits of trans-
mission power of line i.

By solving the optimization of the above model, the load shedding
under different reconfiguration schemes can be obtained, and thus the
load curves can be formed.

3.4. The dynamic switch strategy based on dynamic programming algorithm

With the development of extreme weather, the distribution lines
fault successively. Hence, the switches can be adjusted at each fault
time in the process of failure. It is a typical multi-stage decision-making
problem, which is suitable to be solved by DP algorithm.

The multi-stage decision-making problem can be divided into sev-
eral interrelated stages. For each stage, a set of decisions that can be
selected [20]. The decision of each stage is integrated to form a decision
sequence, called a strategy. Obviously, there are a series of different
strategies corresponding to the whole process due to the different se-
lection decisions in each stage. What is more, the decision at the pre-
vious moment will affect the decision of the latter one. At each time
step, according to the decision of the islanding and reconfiguration, the
chosen tie-switches are closed and segment switches are opened for
islanding to supply loads in the outage areas. Therefore, the optimal
switch strategy for the whole process should be selected from the dy-
namic switch strategy. Dynamic switch strategy is shown in Fig. 2.

The selection of optimal dynamic switch strategy is to make a tra-
deoff between minimizing the total load loss caused by the faults and
reducing the cost of switch operations, considering the power supply
reliability and the economy. Hence, the overall objective for the multi-
stage switch strategy can be expressed as:

Z K (k)

SO TL() - L(t)dt s
SO TL(0)de N 16)

minf=a

where K is the total number of switch operations; N is the total number
of switches; a and b are the weight coefficients of 2 objectives. In this

" Failure time k e
—_Switch strategy 1 -

~ Failure time 2
—_Switch strategy 1 -

~ Failure time 1
—_Switch strategy 1~ A\

" Failure time k
~—Switch strategy 2 -

" Failure time 2

S8 T e ATAY
~— Switch strategy 2

—_ Switch strategy 2

" Failure ime 2~ ~ Failure time k
—_Switch strategyn ~—_Switch strategyz -

" Failure time 1
,_,;Siwiicll strategym -

Fig. 2. Dynamic switch strategy.
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At each fault tim e, the islanding and
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!
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Is it the optimal dynamic switch strategy?

Output the optim al dynamic switch strategy

Fig. 3. A flowchart to resilience enhancement strategy.

paper, the main target is to supply loads in priority. Hence the weight
coefficient a has the larger value.

In order to clearly indicate the resilience enhancement strategy, a
flowchart is shown in Fig. 3.

4. Case study
4.1. Overview of the case

As shown in Fig. 4, the proposed method has been tested on a
modified IEEE 33-bus distribution system, whose data can be found in
[21]. It's a 37-line radial system with total load demand of 3715kW.
Five buses are modified to connect with gas turbines [22], including bus

23 24 25 s33
S23 s24

Fig. 4. Diagram of the modified IEEE 33-bus distribution system.
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Table 1
Load priority.
Load Grade Weight Load bus
1 1 1,5,12,15,19,28
2 0.1 4,6,8,9,11,13,16,17
3 0.01 2,3,7,10,14,18,20,21,22,23,24,25,26,27,29,30,31,32,33

13, 16, 20, 24, and 30. Energy conversion efficiency, output limitation,
and line capacity constraint can be found in [23]. The average span of
overhead distribution lines is 50m. The wire type used in this paper is
LGJ-240/30, whose diameter D is 21.6mm. The diameter of the pole is
230mm, and the height is 12m. The load importance classification and
corresponding weight of each load node are shown in Table 1.

The coordinates are established based on the origin of bus 1 as
shown in Fig. 4. It is assumed that the landing location of the typhoon is
(-150km, -120km). The speed of the typhoon is 20km/h and the angle
between the moving direction and the positive direction of the abscise-
coordinate is 45°. The time of landing typhoon is 24 h.

4.2. Typical fault scenario screening

The time-varying failure rate curve of line S16 is shown in Fig. 5.
When the typhoon passes, the line has the maximum wind speed at the
maximum wind speed radius.

Typical fault scenarios are screened with system information en-
tropy, and the probability distribution of entropy value is shown in
Fig. 6.

It can be seen that the system information entropy is centrally dis-
tributed in (20, 60). Thus, Wi, and Wy, are set to be 20 and 60 for
typical fault scenario screening. The number of fault lines is statistically
calculated, which is shown in Fig. 7.

It can be seen that the typical number of fault lines is 4-9.
Accordingly, in the process of resilience analysis, the typical number of
fault lines to be considered is mainly 4-9.

Hence, taking the 5-fold fault as an example, a typical fault scenario
meeting the requirements of information entropy is selected. In this
scenario, lines S30, S22, S6, S15, and S7 broke down at 7h, 7.75h, 8h,
8.25h, and 9.25h after the typhoon landed, respectively.

4.3. Resilience enhancement based on islanding and reconfiguration

The resilience is assessed during the whole typhoon passage. In this
scenario, the multi-stage switch strategy based on dynamic program-
ming is displayed in Table 2.

Based on the switch strategy, the load curves for normal operation
and for the fault scenario with and without resilience enhancement by
load shedding model are demonstrated in Fig. 8 and the result for re-
silience assessment is displayed in Table. 3.

It can be seen that, without considering resilience enhancement, the
assessment index AR of distribution systems resilience is 0.3245, which
means only 32.45% of the electricity demand can be supplied. After

0 4 8 12 16 20 24
th

Fig. 5. Time-varying fault rate curves of the line 16.

Electric Power Systems Research 189 (2020) 106749

04
03
-y
02"
2
£
o
0.1
0
0 20 40 60 80 100
entropy value
Fig. 6. Entropy probability distribution.
02
0.15
2
3
s o041
o
a
0.05
- .
0 2 4 6 8 10 12
the number of fault lines
Fig. 7. Probability distribution of fault lines number.
Table 2

Switch strategy.

t/h Fault lines Switch strategy

7.00 S31 S37 close

7.75 S22 S24 open

8.00 S6 S7 open

8.25 S15 S31 open S12 open S35 close
9.25 S7 -

=-Normal operation process
= Fault process without resilience enhancement

= 6000 —Fault process with resilience enhancement
=
?
S
© 4000
>
°
S
= 2000

0

2 4 6 8 10 12 14 16 18 20 22 24
th
Fig. 8. Load curves of distribution systems in different situations.
Table 3

Assessment of distribution systems resilience.

Without resilience With resilience

enhancement enhancement
Load Loss/MWh 310 223
Index AR 0.3245 0.8478
Resilience Enhancement Ratio 52.33%

enhancing the resilience based on the proposed resilience enhancement
method, the assessment index AR increases to 0.8478. In other words,
84.78% of the power supply can be is ensured. The resilience of the
distribution system is improved significantly by 52.33%. Hence the
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distribution system resilience can be enhanced effectively through the
proposed islanding and dynamic reconfiguration.

5. Conclusion

Taking typhoon as the representative of extreme weather, this paper
proposes a resilience enhancement method considering islanding and
dynamic reconfiguration. When faults occur, the islanding and re-
configuration both adjust the topology to reduce the load loss. Based on
the dynamic programming, a multi-stage switch strategy is proposed.
The switch strategy is adjusted in time with the fault process of suc-
cessive disconnection of the distribution systems under extreme
weather. The optimal dynamic switch strategy can make a tradeoff
between minimizing the total power shortage and reducing the cost of
switch operations. Simulation results prove the effectiveness of the
method proposed in this paper. The load loss in the process of extreme
weather can be reduced and the power supply can be ensured to the
most extent. The resilience of distribution systems can be enhanced
effectively.
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