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A Multi-State Model for Transmission System
Resilience Enhancement Against Short-Circuit Faults
Caused by Extreme Weather Events

Chao Guo", Chengjin Ye”, Yi Ding

Abstract—Due to global climate change, the effect of extreme
weather on power systems has attracted extensive attention. In
the prior-art grid resilience studies, the hurricanes or wildfires are
mainly defended in terms of expected line damages, while they are
prone to trigger short-circuit fault (SCF) evolved with dynamic
influence in reality. In this paper, a fragile model is developed
to evaluate the nodal SCF probability considering the insulation
aging of equipment and extreme weather condition. Then, a re-
sponse framework for extreme weather events is developed for a
transmission system to defend the cascading impacts of expected
SCFs. Specifically, switches are shifted to restrain the out-of-range
short-circuit currents (SCCs) so that to ensure the SCFs can be
removed by circuit breakers, generation rescheduling and load
shedding are arranged to maintain the post-fault system transient
stability. The above measures are optimized simultaneously by
an integrated Mixed-Integer Nonlinear Programming (MINLP).
Considering the error or uncertainty of weather event forecasts, a
multi-state model is established to provide the most cost-effective
grid resilience enhancement scheme, in which the expected urgent
adaptions of the initial scheme subject to weather state transition
is included in the overall cost. The proposed model and techniques
are validated using the IEEE 39-bus New-England test system and
realistic meteorological data.

Index Terms—Resilience, extreme weather, short-circuit fault,
short-circuit current, transient stability, multi-state.

I. INTRODUCTION

XTREME weather events such as hurricanes and wild-

fires are becoming more frequent than ever, which greatly
threatens the secure and reliable operation of power systems.
In the U.S, between 2003 and 2012, roughly 679 power out-
ages (each affecting at least 50000 customers) occurred due to
weather events [1]. A resilient power system is supposed to be
fault-tolerant with the ability to withstand and rapidly recover
from extraordinary events [1], [2].
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Enhancing grid resilience against extreme weather events has
been a key task of smart grid development [3]. However, the
prior-art researches mostly focused on expected line damages
caused by hurricanes or wildfires [4]-[6]. Consequently, power
systems can only be guaranteed to be resilient against simple
fault type. However, many contingencies triggered by extreme
weather events are evolved with short-circuit faults (SCFs). For
instance, it is reported that the massive power blackout in Brazil
on 10th November 2009 resulted from three consecutive SCFs
on the 765kV Itabera-Ivaipora line [7]. After the SCFs, the
corresponding fault lines were cut off through circuit breakers.
Over 3100 MW generation capacities of the Itaipu hydropower
plant were curtailed. Subsequently, the power system oscillated
and a blackout occurred, during which about 40% loads of the
Brazil grid were lost. Generally, SCFs in power systems are
caused by various factors such as insulation aging or external
force, the occurrence probability of which is relatively low
but grows significantly under extreme weather conditions. For
instance, in hurricanes, the torrential rain tends to cause SCFs
at cable connections with damaged insulations, and the strong
winds may blow down trees and cause SCFs for overhead lines
[8]. The evaluation of the SCF rate as well as its increasing
mechanism with subject to extreme weather events has not been
well studied.

SCFs exhibit a typical cascading impact on power systems.
Specifically, after a SCF, relay protection isolates the fault
through circuit breakers and restores the electricity via a reclos-
ing, as a precondition of which, SCC is required to be restrained
within the limit of breakers. The out-of-range SCC fails the fault
isolation and may lead to sustained developing voltage drop or
branch overload, which may further result in serious cascading
failures or even blackouts. Therefore, the limitation of SCC
should be considered in the response framework against extreme
weather events for transmission systems. Common SCC limiting
strategies include the deployment of fault current limiters (FCLs)
[9], [10], switch shifting of lines [11], or bus splitting [12]. Some
mixed-integer nonlinear programming (MINLP) or heuristic
methods such as Genetic Algorithms (GA) [13], have been
reported to be feasible for SCC limiting measure configuration.

Additionally, SCFs are prone to result in consequences such as
sub-synchronous unit step-out and under-frequency load shed-
ding. Due to the rapid increase of load and market deregula-
tion, power systems operate closer to the stability boundaries.
Therefore, besides the out-of-range SCC limitation, another
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fundamental task for the power system to resist SCFs is tran-
sient stability maintenance. Fortunately, the transient stability
constrained optimal power flow (TSCOPF) has been exploited
to determine the cost-optimal generation rescheduling scheme
for transient stability enhancement. A combined numerical dis-
cretization with the Interior Point Method (CNDIPM) [14] has
been adopted as a mainstream solution for TSCOPF problems.

Generally, the prior-art SCC limiting measures and TSCOPF
actions are implemented separately in different spatial and tem-
poral scenes. As a consequence, under the obtained solutions,
the corrected power system is not capable to resist the cascading
effects of SCF triggered by the extreme weather event.

Furthermore, as aforementioned, the disturbance of extreme
weather events on power system is indeed probable. In the
Numerical Atmosphere Simulation (NAS) [15] framework, a set
of conservation equations are numerically solved considering
air parameters such as mass, momentum, and heat, and then
reveals the forecasted path and strength of the weather event,
which may be multi-solution and not exactly precise. In the
prior-art grid resilience studies, robust optimization methods in
a min-max-min framework have been widely utilized to provide
the optimal hardening or emergency power supply actions for
power systems against the most severe fault scenario [16]-[18].
Consequently, the low probability or rarity of the most severe
fault leads to a relatively excessive cost and makes the suggested
hurricane or wildfire defending strategy hard to be accepted by
the benefit-oriented grid operators.

In this paper, the cascading impact of SCFs on power sys-
tems is investigated in terms of excessive SCC magnitudes and
post-fault instability of units. A multi-state model is established
to provide an optimal resilience enhancement strategy for the
power system considering the uncertainty of weather forecasts
and cost-effectiveness. The main contributions of this paper are:

1) A fragile model is developed to evaluate the nodal SCF
probability with subject to an extreme weather event,
which divides the short-circuit rate into the aging-based
reference value and the covariant part determined by the
severity of atmosphere weather.

2) An integrated extreme weather response framework for
transmission systems is proposed, which utilizes an
MINLP model to provide optimal line switch shifting,
generation rescheduling, and load shedding schemes to
ensure the system resilience against cascading impacts of
triggered SCFs.

3) Considering the uncertain forecasts from NAS, a multi-
state model is established to search for the most cost-
effective grid resilience enhancement scheme, in which
the expected urgent adaptions of the initial scheme subject
to weather state transition are included in the overall cost.

II. FRAGILE MODEL

In this section, a fragile model is introduced to map from
weather parameters to SCF rates of overhead lines, which is
illustrated with a hurricane case. The fragile model is divided
into three steps, aging-based reference SCF rate modeling,
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Fig. 1. Bathtub curve for reference SCF rate.

weather-induced covariant SCF rate calculation, and overall SCF
rate calculation.

A. Aging-Based Reference SCF Rate Modeling

The reference SCF rate without consideration of extreme
external conditions is mainly determined by insulation material
damage caused by various defects, aging or accidental factors
[19], which can be well described with the Bathtub curve.

As shown in Fig. 1, the reference SCF rate generally passes
through three stages, including the infant mortality, useful life,
and wear out. Specifically, the SCF in Stage I is relatively
frequent which is caused by defects in design, materials and
production process, or improper use. The SCF in stage II is
caused by some random factors whose occurrence rates are
relatively constant. Stage III is associated with the aging of
insulation materials, where the SCF rate grows rapidly with
the increasing accumulated service time. Note that long-term
strict test and quality inspection will be carried out before the
electrical equipment is deployed, the infant mortality stage is
usually skipped or compressed to a very short duration. In this
paper, stages II and III are considered. Weibull distribution, as
the most deployed mathematical model to describe the Bathtub
curve [20], was used for the reference SCF rate modeling.

Ja(t) = o ; Ty <t < Ty 0
A N ageﬂﬂ; Ty <t<Tw

The parameters in Eq. (1) can be fitted through long-term
statistics of a large number of samples or obtained through
modeling the physical aging mechanism of materials.

B. Covariant SCF Rate Modeling Under the Extreme Weather

Considering the extreme weather, the described SCF rates
in Fig. 1 are greatly magnified. Under a hurricane, most SCFs
are caused by the falling towers or trees, thus the SCF rate
of overhead lines is mainly influenced by wind direction and
speed. The wind load function Lyy for a transmission line with
coordinates (x, y) can be expressed as follows [21]:

R? R2
e o) (5]
1 2
(2)

R=\/l(w—rs (P +ly -, (O )
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Fig. 3.  Fragility curves of overhead lines at different years.

where €1 and €9 are hurricane intensity parameters; v and 7y
denote influence scopes; R is the distance between hurricane
center and transmission line; (x, y) and (k,(7), K,(?)) are coordi-
nates of the line and the wind center, respectively. @(f) denotes
the influence factor of wind direction on wind load, which is
defined as follows:

w (t) = sin« (¢) 4)

a(?) is the angle by which the wind hits the line, which is shown
in Fig. 2.
The relationship between wind load and covariant SCF rate
of the transmission line can be described below:
L w (.13 » Y, t)

M (1) = exp | =5 L)

where a; and a5 are parameters obtained from historical statis-
tics; V4 is the design wind speed of transmission line; n4 and 1y,
are the vegetation density (1/m) and average height (m) within
the specified 35m wide transmission corridor; H and L are the
height (m) and length (km) of the transmission line.

C. Overall SCF Rate Calculation

As the SCF rate has not yet been well studied quantitatively
in the prior-art studies, the modeling of the overall SCF rate
considering covariates is still blurring. This paper acquires some
realistic operation and SCF data from East China Power Grid
to illustrate the relationship among SCF rate, equipment aging
degree, and extreme weather conditions, which is shown in
Fig. 3. The trend of SCF rate is consistent with that in [22].

As shown in Fig. 3, the SCF rate of new equipment is basically
the same as that of 20-year-old equipment under different wind
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speeds. In other words, when the aging of equipment is not so
serious, the influence of aging on the SCF rate under certain
extreme weather events can be ignored. Then, the weather
parameters play a leading role in causing SCFs. However, if
the aging reaches a certain threshold, its amplification effect
on the SCF rate under the extreme weather events gradually
appears. Moreover, at a certain aging degree, the varying trend
of SCF rate is close to that of covariant SCF rate modeled with
Eq.(5) in shape, which is approximately S-type. This shows that
aging plays a role of scaling and does not fundamentally change
the trend of failure rate with subject to wind speed. Thus, the
following linear function is used to express the overall SCF rate
under the combined effect of aging and extreme weather factors:

A(t) =aw (t) Y1 [ha (t),20] (6)
b [ha (£),ho] = {?A (t) /o, ij 8 z ig .

where )¢ represents the penalty operator for reference SCF rate
L a(t) exceeding a given failure rate Ag.

In order to evaluate the SCF rate more accurately, both
extreme weather and equipment aging require additional data
collection efforts [23]. Subsequently, with the accumulation of
short-circuit fault records, equipment aging and extreme weather
data acquisition, some parameter estimation or machine learning
methods can be used to specify the parameters of SCF rate
calculation.

The SCF probability of line / in [0, f,,] can be obtained via
the integral of corresponding instantaneous rates [21]:

t”'L
p=1—exp [—/ A(t) dt] (8)
0

Finally, SCFs whose occurring probabilities are greater than a
given threshold py,,. are considered to be credible and included
in the set of expected faults. The value of this threshold is an
important input of the proposed model, which reflects the risk
preference of system operators. The detailed model to select the
given threshold py,. is given in Section IV-B.

III. EXTREME WEATHER EVENT RESPONSE SCHEMA

In this section, the evolution or spreading of a SCF in a trans-
mission system is investigated, including the relay protection
and system stability control stages, to conduct the contingency
management strategy pertinently.

Specifically, the circuit breaker is utilized in the relay pro-
tection stage to remove the fault. Generally, the transmission
line fault can cause huge SCCs, which cannot be cut through
circuit breakers when the current exceeds the limited value.
Restraining SCC within the limit is the first task of extreme
weather event management. Besides, SCF is considered to be a
severe disturbance for the power system operation, which might
cause transient instability. Thus, post-fault transient stability
maintenance is another task of SCF management.

The response framework of a transmission system for extreme
weather events is shown in Fig. 4. The activities deployed by
grid operators include non-networked schemes without adding
equipment and networked ones associated with grid planning.
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As for the out-of-rage SCC limitation, the deployment of FCLs
is a kind of networked scheme, while the switch shifting and
bus splitting belong to non-networked schemes. As the NAS is
in the short-term temporal scale, which is mainly performed one
or two weeks ahead. Networked schemes cannot be installed so
timely. Therefore, non-network measures like switch shifting are
utilized to limit the SCC in the proposed schema. For transient
stability concerns which are in operation scale, non-networked
schemes such as generation rescheduling and load shedding are
deployed.

The aforementioned non-networked strategies against SCFs
caused by extreme weather events are modeled as follows.

A. Short-Circuit Current Limiting

As mentioned before, the line switch shifting is utilized to
limit the exceeding SCCs. The detailed scheme cost and the
current limiting effect are described as follows:

1) Cost of Line Switch Shifting: Switch shifting on lines may
result in direct load loss and the change of system operating con-
ditions. The overall switch shifting scheme cost C; is formulated
as follows:

Clz Z XijCij (9)

(1,))€p

where ,; represents the switch shifting status on line i-j. {2p
is the set of switches to be shifted. c;; is the cost of switch
shifting on line i-j, which include the direct load loss cost, and
the difference of system operation cost (Fp-F 4). Fpand F 4 are
determined with the optimal power flow model before and after
deploying the switch shifting scheme.

2) The Current Limiting With Switch Shifting: Generally, the
SCCs of three-phase faults are higher than single-phase ones
[11]. Here, the effect of switch shifting on SCC limiting is
illustrated with a three-phase SCF. The three-phase SCC [24]
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should be limited to the given threshold /;;:
‘/b 0
Iy, =—<1I (10)
"= X, M

where V0 and X, are the pre-fault voltage and the self-
impedance of bus b.

An effective method for SCC limiting is to modify the node
admittance matrix and thus increase the self-impedance of the
corresponding buses [11]. If the impedance of line / is added by
Ax, the incremental of the diagonal element Xy, is [25]:

AXpp

(Xui — kXy5)°
— (@10 + Amyzyg) [ Az + Xy + k2 X5 — k (Xij + Xjs)
(11)
where Xy;, Xy;, Xii, X5, Xi; and X; are all elements of impedance
matrix X; k is the standard voltage ratio imputed to i side; x;q is

the initial impedance of line [ from bus i to j. The switch shifting
on line [ is equivalent to Ax; —co, whose effect is:

(Xbi — kXy5)°
—x10 + Xy + kQij —k (Xij + in)

AXpy = — (12)

3) Islanding Detection: The switch shifting on lines may
cause islanding, which should be excluded from the feasible
solutions. An islanding detection technique based on the inci-
dence matrix [26] is introduced to screen the candidate switches
to be shifted. The bus-branch incidence matrix can be expressed
as an Ny x N;matrix A = (a,,1) N»x N1 through the bus set €2y,
the line set €2, and the line status 2,. The detailed elements of

1 Cl

A are:
1
“=90 iz

where i =1,2, ...Np, I =1,2, ...N;, and i C [ represents that
bus i is connected to line [, otherwise i ¢ [. When the switch on
line [ breaks, the elements of column / in A are all set to 0.

Then the first level bus-bus incidence matrix can be expressed
as C M = (c(l)i,j)NbX Nb, in which the elements are:

13)

N;
CE;) = U (air, N aji)

k=1

(14)

Moreover, the final level bus-bus incidence matrix C ‘M is
calculated based on C (V:

o(Ny-1)
o) — H c®

=1

5)

If the final level bus-bus incidence matrix C ™9 contains 0
elements, the initial switch shifting scheme can cause islanding
and should be removed.

B. Transient Stability Maintaining

The generation rescheduling and load shedding are adopted
for transient stability maintenance. The corresponding cost and
constraints are described as follows:
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1) Transient Stability Cost: The total operating costs of
power system considering the generation rescheduling and load
shedding are as follows:

i€Ng geNG; 1€Np, seNL;

where P, and C;,” are the active power output and the genera-
tion cost function of generator g on bus i; L,;, represents the load
curtailment of user s on bus i; N and N, are the set of generator
buses and load buses; NG; and NL; are the set of generators and
loads on bus 7; d, represents the outage time, D(d,) is the cost
damage function.

2) Steady Constraints and Dynamic Equations: First, the
power flow equations are given as follows:

Z Pig - Z (-PZ - Lpis)
geNG; seNL;
Ny
= ) ViV; (Gyjcosby; + Bijsinfi))
j=1
Z Qig - Z (st _Lqis)
geENG; sENL;
Ny
= Z ‘/;V] (Gij sin 91‘]‘ - Bij cos Qij) (17)
j=1

where N is the number of buses; P;; and Q;; is the active and
reactive load of user s on bus i; Q;, is the reactive power of
generator g on bus i; V; and 6, are the voltage magnitude and
angle of bus i; G;; and By; are the admittance of line i-j. Besides,
the limits of the generator outputs and nodal voltages are also
considered in the TSCOPEF.

Then, a classical generator model in [27] is adopted:

J (Pig — jQig)
Vi

0 -
EyZoy=Vi+ X&g (18)
where E, §,° and X 4, represent the internal voltage magnitude,
initial rotor angle and direct-axis transient reactance of generator
g. The initial value equation is transformed into the following
real and imaginary parts:

{ EyVicos (80— 0;) — V2 — QigX'ag =0

19
E,V;sin (62 —0;) — PigX'qy =0 (19)

Finally, two groups of discretized swing equations are given
to describe the dynamics:

= a5+ Bl (- 2w
o.;f] = wé’l
+[At 2Py — Dyw!, — Dgw!™" — P!, — PL.M) wn]/(2M,)

(20)

where w y is the synchronous rotor speed; At is the step length;
04" and w, are rotor angle and rotor speed of generator g at
time step #; My and D, are the inertial constant and damping
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constant of generator g. P, is the active electromagnetic power
of generator g at time step ¢, which is given by:

NG
Pog=Ey Y Ey[Ggncos (35 — 6,) + Bypsin (5, — 6,)]

n=1
2
where NG is the number of generators; G, and B, represent
the reduced admittance between generator g and n. Transient
stability constraints are as follows:

t
deNG 5gM9
ZgGNG Mg
where 0 oo’ is the center of inertia (COI) at time t and 0,

represents the angle deviation thresholds with respect to the
center of inertia.

~Gmax < 0L — 0L =4, —

cor g S 5max

(22)

C. Formulation of the MINLP in the Proposed Schema

Based on the previous SCC limitation and stability main-
tenance models, the optimal integrated response strategy of a
transmission system against an extreme weather event of interest
can be obtained by solving the following combined MINLP.
The objective function is to minimize the overall costs of switch
shifting, generation rescheduling, and load shedding.

min Z XijCij + Z Z Cil;(Pig)

(1,7)€B i€Ng ge NG;

+ Z Z CiI; (LpiS)

1€N seNL;

(23)

Subject to the following constraints:
SCC limitation constraints:

VIy < Iy (24)

Transient stability constraints:

_5Inax < 5; - 6tCO] S 5max

(25)

Other operational and dynamic security constraints: (10)—
(15), A7)—(22)

The decision variables include 0—1 variable of switch shifting
status x4, continuous variables of nodal load curtailment Ly,
and generator active power output P;,. x;; indicates the status
of the switch. x;; = 1 means that the switch on line i-j is opened
and x;; = 0 means it is closed. Constraint (24) denotes that
nodal SCCs should not exceed the threshold 7,,. Constraint (25)
means the generator rotor angle oscillation should be limited
within a range at each time step. Note that both the objective
function and SCC constraint contain 0-1 variables ;. Thus, the
proposed MINLP is nonconvex.

IV. MULTI-STATE MODELLING OF TRANSMISSION SYSTEM
RESILIENCE ENHANCEMENT

The weather forecast is of complexity. As illustrated in Fig. 5,
for a newly generated extreme hurricane, usually several possi-
ble moving paths [28], and intensities [29] will be announced
by the meteorological bureaus or groups but not a deterministic
one [30]. Consequently, power systems are faced with great
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Fig. 5.

Uncertain moving paths of extreme weather events.

uncertainties in pre-event dispatching. In this section, a compre-
hensive multi-state model is established to describe the uncertain
influences of extreme weather events on the power system in
terms of triggered SCFs. Then a two-stage decision approach
is proposed to achieve a balance between economy and system
resilience.

A. Multi-State Resilience Enhancement Against SCFs

In the established model, states represent certain sets of
SCFs due to different predicted hurricane situations. Each state
corresponds to a specific initial defending strategy and their
performance can be described in terms of the following initial
defending strategy cost and state probability:

Cr = fx (QF,QF) = CL + C}

Pe=ps [T oo TT (2= po)

lESk O¢Sk

(26)
27

where C}, and Py, represent the prevention cost of state k and its
corresponding probability; 2,7 and 2,5 represent the generation
rescheduling/load shedding, and switch shifting strategies; Cj!
and C}? are the costs of system transient stability maintenance
and SCC limitation, respectively; p; is the standardized proba-
bility of the s-th hurricane, which is obtained based on hurricane
forecast; S}, is the set of the short-circuit lines in state k under the
s-th hurricane scenario, p; is SCF probability of line / obtained
with the fragile model.

Specially, Eq. (26) represents the initial prevention cost of
state k, which is a function of the generation rescheduling/load
shedding 7, and switch shifting strategies 2;°. These optimal
integrated response strategy of a transmission system against an
extreme weather event of interest can be obtained by solving
the proposed MINLP in Section III-C. Besides, the prevention
cost can also be represented as the summation of the costs of
system transient stability maintaining C;,' and SCC limiting Cj>.
With regard to Eq. (27), it represents the probability of state &,
which is obtained by multiplying the standardized probability p
of the s-th weather scenario and the calculated SCF or normal
operation event probabilities given by the fragile model in the
corresponding scenario. For instance, there is a set of short-
circuit lines in state k, the probability of the expected fault in the
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s-th weather scenario is the product of the SCF probabilities of
the short-circuit lines and the normal operation probabilities of
the non-fault lines.

System state transition may occur due to errors in NAS result
of the extreme weather event. In other words, when the hurricane
lands, the situation may not be the same as previously ex-
pected. Consequently, an urgent adaption of the initial defending
strategy is required. The transition probability is a conditional
probability associated with both the current and future states. If
the correlation of states is ignored, then the transition formula
from state k to /& can be expressed as:

Cron = foon (anhv Qlfah) - Cliah + Cl%ah (28)
Pen="Po=pm [[ o [T (1= r0) (29)

leSn  o¢Sy
where Cy_,;, represents the adaption cost of state k to h; Py_,p,
represents the transition probability from state & to h; C} .,
and C?_,, denote the system stability maintenance and SCC
limitation costs from state k to h, separately; Q7 ,, and Q7 ,,
represent the generation rescheduling/load shedding and switch
shifting strategies from state k to h. p,, is the standardized
probability of the m-th hurricane; S, is the set of the short-circuit
lines in state & under the m-th hurricane scenario. Due to the
higher requirement of response speed, the cost parameters of
urgent adaption are higher than those of the initial defending,
such as the climbing cost of units and shedding cost of loads.
The urgent adaption in the second stage is to expand the initial
defending strategy to an updating state. As shown in Fig. 6,
considering the probabilistic state transition, the overall cost of
resilience enhancement strategy under state k can be modelled
as the sum of the initial defending cost and the expected urgent
adaption cost of the initial plan being adapted to other future
states, which is expressed as follows:

>

heSrre htk

min Ep = Cy +

kesrre (30

CronPron

where S7" represents the set of expected faults.
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Fig. 7. Relationship between the control cost/system risk and pxre.

B. State Generating Model

As introduced above, the probability threshold py,,. is mainly
determined in consideration of the risk preference of system
operators. Specifically, the smaller the threshold is set, the more
SCFs are considered in the fault defending process, compromis-
ing the economy of system operation while benefiting the se-
curity. The appropriate probability threshold can be determined
by coordinate the fault defending cost and system risk. For one
state, the optimization model to obtain the probability threshold
is given:

el
in Cr=C A P (n)C, 31
min Cr=Cj, + R; (n)Ce (n) (31)

where A g is the risk reference coefficient. C,, is the total cost of
defending against all the expected SCFs whose probabilities are
larger than pyp,.. Nc is the number of unexpected SCFs whose
probabilities are smaller than ps,,.. Ce(n) is the severity of the
power system when the n-th unexpected SCF happens. C.(n)
can be measured by the cost of urgent generation rescheduling
and load shedding. P(n) represents the probability of the n-th
unexpected SCF. C,, and C.(n) can be obtained by solving Eq.
(26), Eq. (28), respectively.

It should be noted that C,, has some monotone decreasing re-
lationship with py,,, as is illustrated in Fig. 7. Since the feasible
region of the expected fault defending optimization problem will
definitely enlarge as py;,.. increases. Moreover, the system risk
has some monotone increasing relationship with py,,.. When
Pthre 18 very small or large, the value of C7 will be large. Thus,
C 7 has a minimum value, which is mainly determined by pspye
under the given risk coordination coefficient [31]. After pype 1S
determined, the state of the system is determined accordingly.

C. Traversal Procedure

As illustrated in Fig. 8, the process of the multi-state model-
ing for the transmission system resilience enhancement can be
divided into four steps:

Step 1. State generating: Based on released forecasts of ex-
treme weather events, the SCF rates of transmission lines are
calculated with the fragile model in Section II. The faults whose
probabilities are greater than py,. are added to the expected
fault set. Lines with higher fault rates and their combinations
are utilized to generate system states as well as the assessed
probabilities.
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Fig. 8.  The flowchart of the multi-state modeling for resilience enhancement.

Step 2. Initial prevention: According to the obtained states, the
initial prevention strategy and its cost are determined by solving
the MINLP defending model. Shifted switches are selected to
limit SCCs and load curtailment as well as generation adjust-
ments are optimized to guarantee the transient stability under
each initial system state.

Step 3. Urgent adaption: All possible state transitions from
initial states to others are evaluated. The urgent adaption strate-
gies are obtained by solving the MINLP defending model to
handle possible abrupt weather changes.

Step 4. Strategy selection: The initial prevention cost and
expected urgent adaption cost are summed for each state.
The initial preventive measure with the lowest overall cost
is selected as the final scheme to enhance the resilience of
the power system before the arrival of the extreme weather
event.

V. SOLUTION METHOD

As mentioned above, the proposed MINLP is non-convex and
high dimensional. To solve the problem, we reformulated the
proposed MINLP model. Then, a searching space reduction
technique and a combined heuristics and CNDIPM solution
method are developed in this section.

A. Problem Reformulation

In regard to the proposed problem, conducting the switch
shifting strategy is not necessarily capable to guarantee that the
out-of-range SCCs can be limited below the threshold. The load
shedding and generation rescheduling cannot definitely guaran-
tee the transient stability of the post-fault system. Moreover, the
conducted solutions may be contradictory in terms of the effects
of stability maintaining and current limiting. Thus, there may be
no solution to this MINLP.

In this paper, a reformulation strategy is adopted to deal with
this problem. Specifically, a penalty function for the critical con-
straints [32] is introduced, and the original constrained problem
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is transformed into the following form:

min Z XijCij + Z Z C’f; (Pig)
(i,7)€QB i€Ng ge NG,
Nb
+ Z Z CiLs (LpiS) + Z (¢o (Ib,IM) )‘-c)
i€Np, seNL; b=1
NG Ts/nt
+ Z Z (% (’62 - 52‘01 >6max) )Ls) (32)
g=1 t=1

Subject to the following operational constraints: (10)—(15),
(17)-(22)
The penalty operator ¢, is formulated as follows:

m1 — Mg, My > My,

o (M1, ma) = {0 my < M. (33)

In (32), the first part denotes the original objective function,
while the second and the third parts denote the penalties of the
exceeding fault currents and the transient instability, respec-
tively. It should be noted that the penalty coefficients A. and
Ag are set to very large numbers (such as 10e6) to ensure no
violation of the solutions in terms of fault current limitation
and post-fault transient power angle convergence in most cases
(these two penalty items are zero).

B. Searching Space Reduction

In the proposed problem, the discrete and continuous variables
are coupled, which increases the difficulty of optimization.
Therefore, we try to divide it into discrete and continuous sub-
problems and deal with them separately and interactively. For
the discrete or current limiting sub-problem, it will be very time-
consuming to restart the searching of switch shifting schemes
without any prior knowledge for each iteration. Considering
the generality of switch shifting schemes, a sensitivity-based
searching space reduction technique [33] is introduced to choose
some switching candidates or line switching patterns so as to
avoid the curse of dimensionality and speed up the solution. Con-
sidering the excessive level of SCCs and impedance incremental
sensitivity factor of all buses, the comprehensive sensitivity of
the switch shifting on line / to the whole system is expressed as
follows:

I, \" —(Xpi — kX3;)?
Linre ) Xii +K2Xj; — 2kX;; — 210
(34)
where 7 is an adjustment coefficient; N is the set of the buses

whose fault currents exceed the threshold. £ 4(/) is used to choose
the candidate shifted switches to limit SCCs.

& () =

>

beENT

C. Heuristics Solution

For the continuous or stability control sub-problem, as a
widely-used analytic tool, the TSCOPF solver is utilized to
calculate the stability-oriented scheme considering the fact that
power systems are transient stability in most cases.
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Fig. 9. The procedure of the proposed solution method.

Based on the above content, an efficient heuristic based on GA
and CNDIPM is developed to solve the nonconvex reformulated
problem considering an interaction strategy, which is illustrated
in Fig. 9. The framework of the method can be decomposed
into two levels, the top level is the decision sub-problem of
switch shifting, the bottom level is the sub-problem of TSCOPF
optimization. Firstly, within the candidate shifted switches in-
dicated by &.(l), GA is utilized at the top level to generate a
parent population, in which each chromosome denotes a raw
configuration scheme of switch shifting. For each chromosome,
its cost of switch shifting C; is calculated, and then the two
following calculations are performed:

1) The nodal SCCs are calculated and the corresponding

current penalty F; is quantified.

2) The CNDIPM [14] is utilized at the bottom level to obtain

the optimal load curtailments and generation adjustments.
The corresponding cost is denoted as Cy and the transient
stability instability penalty Fs is evaluated.

For each switch shifting scheme, its fitness is defined as the
reciprocal of the summation of the current limiting cost Cy, the
SCC penalty F1, the transient stability maintenance cost Cs, and
the transient stability instability penalty Fo, which is written as
Fitness = (C1 + F1 + Cy + FQ)_I.

Indicated by the obtained fitness values, elite switch shifting
schemes are selected with higher fitness values. Then, crossover
and mutation are performed to generate an offspring population
and the iterative evolution continues until the maximum iteration
is reached. The shifting scheme with the highest fitness in the
last population is selected as the final suggested scheme, as well
as its corresponding load shedding and generation rescheduling
solution. It should be noted that the cases with unsolvable
TSCOPF can be ignored as the nonzero penalty term restricts
the fitness of the corresponding solutions.

VI. CASE STUDY

The New England 39-bus system is adopted to verify the
proposed method. The simulation time is 1s with a step of 0.05s.
All the SCFs are uniformly set to be three-phase-to-ground ones
occurring at 0 s and cleared by tripping the fault lines at 0.1s.
The parameters of hurricane and lines are listed in Table I.
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TABLE I
THE PARAMETERS OF HURRICANE AND TRANSMISSION LINES

Parameters Values Parameters Values
&(G) 50 m/s &(G1) 20 m/s
£1(G2) 45 m/s &(G1) 18 m/s

bl 120 km 72 15km
Vy 30 m/s At 0.05s
a; 11 a -8
©
30 37
|
2 l 25 26 28 l 29
i E 38
1 3 18 17 27
@ 39 | | 21
! 15 T [t =—]
G
] 4 14 24 O 36
I |
5 13 23
9 6 12 l l
[ , 19 9
11 E
T ] 19 [ ]20
g 31 2 34 | » 35

Fig. 10. Topology diagram of the New England system.

The topology diagram of the system is shown in Fig. 10.
Moreover, there are two aging conditions of lines considered.
Note thatthe red lines in Fig. 10 are assumed to be in the wear-out
stage of the bathtub curve, while the other transmission lines are
at the stage of useful life. Specifically, line 25-26, 34, 6-31,
10-13, 10-32, 20-34, 19-33, 22-35, and 23-36 are in stage III,
and their failure rate is 0.06 (1/year). The failure rate of the other
lines (In stage II) is 0.008 (1/year).

A. Scenario Generating

In this paper, both the moving path and hurricane strength
are considered to generate the SCF scenarios. Referring to a
historical Pacific Ocean hurricane available from the China hur-
ricane weather website [34], four possible landings or moving
paths and two possible strengths are revealed to the public. Thus,
eight hurricane scenarios are considered to guide power system
resilience enhancement. The detailed short-circuit probabilities
of lines subject to hurricane forecasts are determined by the
fragile model, which are shown in Fig. 11.

The expected SCF event’s probabilities are determined with
the standardized probabilities of hurricanes and the correspond-
ing theoretical SCF probabilities of transmission lines. Accord-
ing to the risk preference of the system operator, the number
of considered expected faults is determined. Then, the expected
SCEF states are selected in the order of ultimate probability from
high to low. The probability threshold for a SCF event to be
integrated into the expected SCF set is set to be 0.1 according
to the risk preference of system operators. Here, 8 SCF states
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Fig. 11.  Failure rates of transmission lines under different hurricanes. (a) Path
1: Grade 1. (b) Path 2: Grade 1. (¢) Path 3: Grade 1. (d) Path 4: Grade 1. (e¢) Path
1: Grade 2. (f) Path 2: Grade 2. (g) Path 3: Grade 2. (h) Path 4: Grade 2.

TABLE II
THE PROBABILITY OF DIFFERENT SCENARIOS

Scenarios lines probability  Scenarios lines probability
1 19-20 0.1651 5 20-34 0.1247
2 6-31 0.1529 6 22-35 0.1478
3 10-13 0.1013 7 23-36 0.1454
4 19-33 0.1306 8 25-37 0.1124

comply with this threshold, and the corresponding expected
faults are shown in Table II. Note that the probability of the
second-order SCF denoted as a product of isolated failure rates
is much lower than that of the first-order SCF. Thus, the case of
simultaneous faults is ignored and there is one line encountering
SCF for each state.

B. Sensitivity Analysis

The sensitivity factors of transmission lines are shown in
Fig. 12. The top 10 transmission lines with the largest compre-
hensive sensitivity factors are line 16-17, 2-30, 17-27, 16-27,
28-29, 26-28, 26-29, 15-16, 22-23 and 14-15. Some switch
shifting options like the switches on line 22-35 and line 25-37
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Fig. 12. Candidate branches with the largest sensitivity factors.
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Fig. 13.  Urgent adaption strategies of 8 states.
TABLE III
THE INITIAL PREVENTION STRATEGIES
Scenario Strategies Scenario Strategies
1 L5, 160MW, 1381$ 5 L3/L7,0, 3189%
2 L6, 157MW, 1273$ 6 124MW, 1445$
3 163MW, 5796$ 7 L6/L10, 0, 3208%
4 L9, 81IMW, 1862$ 8 L4, 0, 1539%

are excluded, which caused islanding with Eq. (15). The op-
timal switch shifting scheme is searched among the above 10
candidate lines.

C. Suggested Resilience Enhancement Scheme

Based on the proposed MINLP model, the optimal defending
strategies of 8 states are calculated. The urgent adaption strate-
gies are illustrated in Fig. 13 and the prevention strategies are
listed in Table III. For instance, the initial strategy for state 3 does
not involve switch shifting, while 163MW load curtailment and
a generation rescheduling cost of $5796 are needed to guarantee
transient stability. The urgent strategy of initial state 3 being
adapted to future state 4 includes the switch shifting on line
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Fig. 14.  Solution costs of different states.
TABLE IV
THE PREVENTION ACTION OF BENCHMARK 2
contingencies Lines with shifted switch Load curtailment
Scenario 1-8 L3,L6,L7,L10 537TMW

14-15 to limit SCCs, 74MW load curtailment and a generation
rescheduling cost of $3529 to guarantee transient stability.

Fig. 14 further illustrates the initial prevention cost, expected
urgent adaption cost, as well as the overall cost of each state. As
can be seen, the initial prevention cost of state 8 is the lowest
while its adaption cost is the highest ($133318). Comparing the
costs of state 1 and 3, it can be concluded that if fewer initial
preventions are adopted, more urgent adaptions are demanded
when the weather suddenly changes. The overall cost is utilized
to select the optimal preventive action. The preventive action
which s specially designed for state 7 achieves the lowest overall
cost of $76210. Therefore, the most cost-effective strategy to
defend against the uncertain hurricane is to adopt the prevention
strategy under state 7 with the expected SCF on line 23-36.

D. Comparison Studies

To verify the validity of the proposed multi-state resilience
enhancement method and the necessity of considering SCFs,
three benchmark cases are designed as follows:

Benchmark 1: The most likely scenario with the largest occur-
rence probability is considered (S1 in Table II) while other
possible scenarios are excluded. In this case, the suggested
scheme should survive from the most probable fault.

Benchmark 2: All possible fault scenarios (S1-8 in Table II) are
considered simultaneously. In this case, the suggested scheme
should survive from the whole set of expected faults.

Benchmark 3: S7 is considered while its expected fault type is
set as direct damage of line 23-36 but not a SCF.

The deterministic initial preventions and the urgent adaptions
of benchmark 1 can be found in Table III and Fig. 13. Table
IV shows the prevention actions of benchmark 2. The costs
of benchmark 1 and 2 are framed in Fig. 14. The costs of
benchmark 1 include $73931.70 for prevention and $53237.82
for adaption, and the total cost is $127169.52. Although the
urgent adaption cost of benchmarkl is relatively low, its overall
cost is higher than that of the suggested scheme (state 7). All
possible scenarios are considered simultaneously in benchmark
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Fig. 15. Rotor angles with respect to COI in Benchmark 3.

2, therefore, there is no need for urgent adaption. In other words,
the cost of preventive action is indeed the total cost with a
value of $270334.24, which is highest compared with the other
benchmarks. For the proposed method, initial prevention and
expected urgent adaption costs are considered as the objective,
which is the most economical compared with the above two
benchmarks.

In benchmark 3, the rescheduling of generators with the cost
of $1312 is required to ensure the security of the system in
terms of the breakage of line 23-36, and no load shedding is
needed. If the actual fault is a SCF in line 23-36 but not its line
damage, simulations are performed to check the consequences.
Firstly, the SCC is within the threshold. Meanwhile, the post-
fault rotor angle of unit 6 deviates from the COI and causes
transient instability, which is illustrated in Fig. 15. To guarantee
transient stability, 147MW load curtailment and a generation
rescheduling cost of $4926 are needed. In other words, the
preventive actions considering transmission line breakages are
inadequate. Therefore, it is of great necessity to consider SCFs
caused by extreme weather in the resilience enhancement of
power systems.

VII. CONCLUSION

Faced with the severe impacts of weather disasters, this paper
proposed a multi-state model to determine the transmission
system resilience enhancement strategy against SCFs caused by
extreme weather events. Specifically, the weather-induced nodal
SCF probabilities as well as grid defending measures against the
out-of-range SCC magnitude and system transient instability are
all integrated.

The results show that the proposed multi-state model for
the transmission system resilience enhancement achieves both
the increased scheme flexibility and decreased investment cost,
which is easily extended to other extreme disasters, such as
wildfires, line icing, etc.
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