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Abstract: The increasing climate-change-induced tropical cyclone phenomena expose the power grid
to significant operation risks by disrupting the normal operation of grid components. This paper
considers the failure mechanism with respect to critical grid components and reveals a novel spa-
tiotemporal revolution of grid failures during the passage of typhoons. Based on the spatiotemporal
evolution of grid failures, a threshold-based emergency scenario set and the corresponding two-stage
robust optimization-based emergency dispatch model are developed. The robust emergency dispatch
strategy is obtained using a column-and-constraint generation (C&CG) algorithm. The simulation
results show that the proposed robust emergency dispatch strategy can guarantee a considerable
degree of robustness under multiple emergency scenarios driven by uncertain typhoon conditions.
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1. Introduction

Due to global climate warming, coastal areas within the subtropical monsoon climate
zone are increasingly facing safety challenges to the grid operation from tropical cyclones
such as typhoons. Unlike sudden natural disasters like earthquakes and fires, tyhoons typi-
cally have complete spatiotemporal trajectories, causing damage to power grid equipment
and its abnormal characteristics to change over time. Therefore, the distribution of system
failures under typhoons exhibits complex spatiotemporal variations. During the spatiotem-
poral evolution of grid failures, it is imperative to study emergency dispatch strategies
that meet the needs of system safety operations, ensuring the security and reliability of
grid operation.

The safety risk factors of the modern digital and intelligent power system include new
flexible resources such as distributed energy resources and electric vehicles [1,2], extreme
weather disasters [3,4], and cyber attacks [5,6]. Among these, extreme weather disasters can
cause power grid equipment outages, leading to load shedding and even system splitting
issues, which have garnered widespread attention from researchers [7]. Current research
primarily focuses on equipment failure analysis [8,9], the identification of critical vulnerable
equipment [10], and system risk assessment under extreme weather conditions such as
typhoons, extreme heat, and cold waves [11–13]. By analyzing the abnormal mechanisms of
extreme weather on equipment, and combining classical equipment aging failure models or
data-driven models, the failure probability of the equipment can be determined. The failure
probability of a local transmission tower-line system is calculated considering the joint
probability distribution of wind speed and direction [14]. A fatigue probability calculation
method for wind-turbine towers is developed using the probability density evolution [15].
Based on the solar panel structural performance data, fragility functions for rooftop- and
ground-mounted panels are estimated using a Bayesian approach [16]. By generating
multiple fault scenarios based on the fault probability characteristics of the equipment
and calculating the system operation risk indicators under different fault scenarios, a risk
assessment can be achieved. A risk assessment may include a large number of operational
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scenarios and their safety risk indicator information, making it difficult for dispatchers to
quickly grasp key information. Therefore, by classifying the operational scenarios into risk
levels through a severity grading strategy, a risk-level-based early warning method can
be obtained [17]. In addition to risk assessment and early warning, researchers are also
enhancing the resilience of the power grid to extreme natural disasters through preventive
dispatch [18], emergency dispatch [19], and restorative dispatch strategies [20]. Consid-
ering the uncertainties of wind power variation, a coordinated method for preventive
generation rescheduling and corrective load shedding is proposed to maintain power sys-
tem transient stability [18]. In [19], a consensus algorithm is developed for energy storage
and thermal units to achieve the unit rate of communication [19]. As for restoring the
electricity service, a coordinated switch operation and crew dispatch strategy is developed
to enhance restorative effectiveness. In addition to treating preventive, emergency, and
restorative dispatch separately, some researchers study their coordination [21]. Coordinat-
ing different measures can reduce total losses throughout the duration of these events. A
novel hierarchical defender–attacker model is employed to coordinate the above dispatch
stages, and the robust resilience trapezoid and coordinated strategy is obtained through a
nested column-and-constraint generation (C&CG) algorithm [21]. Besides conventional
generation, researchers also investigate how to coordinate renewable energy in supporting
coordinated multi-stage dispatch [22]. Considering both the short-term emergency and
long-term operating limit, a robust preventive–corrective security-constrained optimal
power flow is presented under N − k outages [23].

Emergency dispatch during extreme weather events is a crucial element in the three-
stage dispatch process. Preventive and restorative dispatches mainly serve as preparatory
and backup plans for emergency dispatch, enhancing its effectiveness and preventing
the escalation of incidents. Emergency dispatch directly determines whether the system
can operate normally under extreme weather conditions. Although researchers have
extensively studied emergency dispatch from aspects such as resource types, dispatch
objectives, and uncertainties in emergency conditions, few studies have considered the
spatiotemporal characteristics of system failures caused by typhoons and their impact on
emergency dispatch.

Typhoons have distinct spatiotemporal trajectories, causing power grid equipment
to experience varying extreme weather factors at different times, leading to continuously
changing equipment failure characteristics. Consequently, the distribution of system fail-
ures varies across both temporal and spatial dimensions. The spatiotemporal variation in
system failure distribution adds complexity to uncertain emergency conditions, necessi-
tating an accurate depiction of emergency conditions that account for the spatiotemporal
changes in anomaly distribution during the passage of typhoon. This will enhance the
adaptability and robustness of emergency dispatch plans.

This paper first analyzes the mechanisms by which typhoons cause failures or abnor-
mal states in typical source-grid equipment (wind power plants, poles and conductors) to
provide the time-varying abnormal states of wind power and transmission lines, including
abnormal wind power output and line fault probability. Based on the spatiotemporal char-
acteristics of grid failures, the fault probability threshold-based emergency scenarios are
constructed. A novel robust emergency dispatch strategy is developed using the emergency
scenarios under a defender–attacker framework (DAF). Eventually, by recasting the DAF
as a two-stage robust optimization model, the robust emergency dispatch of thermal units
and energy storage systems is obtained using the C&CG algorithm.

The main contributions of the paper include:

• Considering time-varying abnormal states of typhoon-susceptible grid-source equip-
ment under the spatiotemporal trajectory of typhoons, spatiotemporal characteristics
of grid failures are studied. Based on the spatiotemoral grid failures, fault probability
threshold-based emergency scenarios during typhoons are developed, thus laying
foundations for subsequent emergency dispatch.
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• A novel robust emergency dispatch strategy is developed, considering spatiotemporal
grid failures during typhoons. Based on the defender–attacker framework, a two-stage
robust optimization (TSRO) model is developed, considering the fault probability
threshold-based emergency scenarios. The C&CG algorithm is employed to solve the
developed TSRO model to obtain the optimal dispatch of various emergency sources
such as thermal units and energy storage systems.

The remainder of the paper is organized as follows: Section 2 addresses the spa-
tiotemporal grid failures during typhoons and fault probability-based emergency scenarios;
Section 3 studies the robust emergency strategy for the constructed emergency scenarios;
Section 4 verfies the developed emergency strategy using the benchmark IEEE 14-bus
system. Finally, the last section details the concluding remarks.

2. Spatiotemporal Grid Failures and Emergency Scenarios During Typhoons

This section mainly presents the evolution of spatiotemporal grid failures during
typhoons. First, considering typical grid-source equipment, including the wind power
plants and transmission lines that are susceptible to typhoons, time-varying abnormal
states of grid-source equipment and spatiotemporal grid failures are analyzed. Second,
novel fault probability threshold-based emergency scenarios are developed considering
the spatiotemporal grid failure characteristics.

2.1. Abnormal States of Typical Grid-Source Equipment During Typhoons
2.1.1. Abnormal States of Wind Farm During Typhoons

Usually, once a typhoon enters the 24 h warning zone, meteorological departments
continuously update the typhoon’s real-time information at 1 h resolutions. For the con-
venience of analysis, the prediction period of typhoons is set to 24 h, and the sampling
time period is set to 1 h. Suppose that the distance between wind farm i at time period t is
ri,t. The maximal wind speed at time period t is denoted by vmax,t. The radius of maximal
wind speed is denoted by Rmax,t. The perceived wind speed of wind farm i can be written
by [24]:

vi,j =

{ ri,t
Rmax,t

vmax,tri,t ∈ [0, Rmax,t)
Rmax,t

ri,t
vmax,tri,t ∈ [Rmax,t, ∞)

(1)

where ri,t is defined by:

ri ,t =

√
(xi − xo,t)

2 + (yi − yo,t)
2 (2)

where (xi, yi) represents the fixed coordinate of wind farm i; (xo,t, yo,t) represents the
coordinate of the typhoon center at time period t. By substituting the perceived wind speed
vi,t into the equivalent wind-turbine power curve function, the abnormal wind power can
be expressed by [25]:

Pw
i,t =


1
2 ρv3

i,tscp(λ, β), vin ≤ vi,t < vrate

Pw
rate, vrate ≤ vi,t < vout

0, vi,t ≥ vout

(3)

where ρ represents the air density; s represents the wind-affected area of the rotor blade;
cp represents the power coefficient; λ and β represent the the tip-speed ratio and pitch
angle of the equivalent wind turbine. vin, vrate, and vout represent the cut-in, rated, and
cut-out velocity. Pw

rate represents the rated wind power. Equations (1)–(3) show that the
abnormal wind power Pw

i,t changes with the movement of the typhoon’s position (xo,t, yo,t).
When the perceived wind speed vi,t is beyond the cut-out speed vout, wind farm i will be
disconnected from the grid. The wind power Pw

i,t will fluctuate if the perceived speed vi,t
changes drastically with the movement of typhoons. Drastic fluctuations in wind power
output can affect the safe operation of the power grid.
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2.1.2. Abnormal States of Transmission Line During Typhoons

The elementary components of a transmission line include the conductor and the
pole. The pole or tower is a tall vertical structure to support the conductor which transmits
electrical energy. Suppose that transmission line i is composed of M poles and M − 1
interconnected conductors, since the collapse of any pole or conductor will lead to the
disconnection of transmission line i, the fault probability Pri,t(B) of line i before time period
t can be written by [26]:

Pri,t(B) = max


[
1 −

(
1 − Prp

1,i,t(B)
)
· · ·

(
1 − Prp

M,i,t(B)
)][

1 −
(

1 − Prc
1,i,t(B)

)
· · ·

(
1 − Prc

M−1,i,t(B)
)]  (4)

where Prc
k,i,t(B) represents the fault probability of conductor k of line i before time period t;

Prp
k,i,t(B) represents the fault probability of pole k of line i before time period t.

Equation (25) shows that the fault probability of a transmission line is dependent upon
the fault probability of the conductors and poles. The fault probability of the pole is related
to the cumulative fatigue damage during typhoons. According to the Palmgren–Miner
linear fatigue damage criterion, the cumulative fatigue damage D of a pole can be obtained
by summing the fatigue damage over specific time periods. When there is no fatigue
damage D = 0, the fault probability is zero; when the fatigue damage reaches the threshold
value D = 1, the fault probability is one and the collapse of the pole is an inevitable event.
If the damage value is between zero and one 0 < D < 1, the pole will have a certain
probability of experiencing a collapse. The fatigue damage of a pole during time period
t exhibits an exponential relationship with the wind load during that period, where the
wind load is proportional to the square of the wind speed. The fatigue damage Dk,i,t of
conductor k of line i at time period t can be expressed by:

Dk,i,t =


0, vk,i,t ∈ [0, vcr)

aebv2
k,i,t vk,t ∈ [vcr, vm)

1, vk,i,t ∈ [vm, ∞)

(5)

where vk,i,t represents the perceived wind speed of conductor k of line i at time period t;
a and b represent the fatigue coefficient. vcr represent the threshold wind speed at which
the typhoon begins to trigger fatigue in the pole. vm represents the maximum wind speed
corresponding to the one-time damage to the pole, without considering cumulative effects
over time. Equation (26) indicates that the one-time damage to the pole is zero when the
perceived wind speed is below the threshold wind speed; while the one-time damage to the
pole will definitely cause collapse if the perceived wind speed is beyond the maximum.

Equation (26) formulates the one-time damage for a specific time period. In fact,
whether a pole collapses depends on the cumulative fatigue damage over multiple time
periods. As for the first q time periods, if the cumulative fatigue damage generated in time
period t (t ≤ q) from the previous t − 1 time periods does not lead to a collapse, then the
pole will not experience a collapse in the the first q time periods. Therefore, the probability
Prpc

k,i,q(N) of pole k of line i not collapsing in the first q time periods can be expressed as the
product of the probabilities of not collapsing from period 1 to q.

Prpc
k,i,q(N) = Prp

k,i,1(N) · Prp
k,i,2(N) · · · Prp

k,i,q(N) (6)

where the probability Prp
k,i,t(N) of pole k of line i not collapsing in the time period t can be

expressed by:

Prp
k,i,t(N) = e

−
Dk,i,t

1−(∑t−1
s=1 Dk,i,s)−Dk,i,t , 1 ≤ t ≤ q (7)

Equation (7) reflects that the probability of not collapsing in the first j time periods is
determined by the combined effect of the cumulative fatigue damage ∑t−1

s=1 Dk,i,s from the
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previous t − 1 time periods and the one-time fatigue damage Dk,i,t in the time period t. The
greater the one-time fatigue damage and cumulative fatigue damage are, the smaller the
probability Prp

k,i,t(N) of the pole not collapsing before time period t.
Based on Equations (7) and (27), the probability Prpc

k,i,q(N) of pole k of line i not
collapsing in the first q time periods can be rewritten as:

Prpc
k,i,q(N) = e

∑
q
t=1 −

Dk,i,t
1−(∑t−1

s=1 Dk,i,s)−Dk,i,t (8)

Equation (8) shows that if the cumulative fatigue damage before period t − 1 is less than
1 (

(
∑t−1

s=1 Dk,i,s

)
< 1) and the one-time fatigue damage Dk,i,t at time period t is zero. The

probability of pole k of line i before time period t is only affected by the first t − 1 time
periods.

(
∑t−1

s=1 Dk,i,s

)
= 1 means the cumulative fatigue damage over the first t periods

reaches the threshold value 1, the probability of pole k of line i is 1 and the pole will
definitely collapse for the first t periods. Based on (8), the probability Prpc

k,i,q(B) of pole k of
line i collapsing before time period q is:

Prp
k,i,q(B) = 1 − Prpc

k,i,q(N) (9)

The typhoon increases the wind load, which can exceed the conductor’s endurance limit,
leading to a breakage. In this section, the failure rate λk,i,q of the conductor k of line i at
period q is used to calculate the probability of a failure occurring [27]:

λk,i,q =


0, Wk,i,q ∈ [0, Wnorm

max )
(1−λ1)Wk,i,q+λ1Wmax−Wnorm

max
Wmax−Wnorm

max
, Wk,i,q ∈ [Wnorm

max , Wmax)

1, Wk,i,q ∈ [Wmax, ∞)

(10)

where Wk,i,q represents the wind pressure endured by conductor k of line i at period q;
Wnorm

max represents the upper limit of normal wind pressure; Wmax represents the upper limit
of wind pressure; λ1 represents the failure rate when the wind pressure is equal to Wnorm

max .
The probability Rq of no failure before time q can be written as:

Rk,i,q = Rk,i,q−1 − λk,i,q−1Rk,i,q−1 (11)

Finally, the fault probability of Prc
k,i,q of conductor k of line i before time period q is:

Prc
k,i,q(B) = 1 − Rk,i,q (12)

2.2. Evolution of Spatiotemporal Grid Failures and Emergency Scenarios During Typhoons

Based on (12)–(25) in Section 2.1, we can calculate the fault probability Pri,j(B) of line i
before time period j. In consideration of the whole prediction period T, the fault probability
matrix is expressed by:

Pr(B) =


Pr1,1(B) Pr1,2(B) · · · Pr1,T(B)
Pr2,1(B) Pr2,2(B) · · · Pr2,T(B)

...
... · · ·

...
PrL,1(B) PrL,2(B) · · · PrL,T(B)

 (13)

Based on (1)–(3), we can obtain the wind power of wind farm i at time period j. Figure 1
presents the flowchart of the abnormal spatiotemporal distribution of the power grid
during typhoons.
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maximum wind speed        ,  coordinate of typhoon 
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Calculate the wind power of wind farm w based on (1)-(3),   
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on (4)-(12), i=i+1
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t=t+1
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i<L
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Y

Y

Y

N

N

end

Figure 1. Flowchart of the abnormal spatiotemporal distribution of the power grid during typhoons.

The spatiotemporal distribution of transmission lines during typhoons is depicted by
a probability matrix. A common method of constructing the emergency scenarios using the
probability matrix is to simulate the sufficient numbers of times a line breakage accident
occurs. Nevertheless, the large sample size leads to the computational burdens on those
small probability events which rarely happen. The probability threshold exists to curb
the inclination of the decision maker to overvalue these low-probability threats and to
deter the uneconomic over-suppression. In this paper, the probability threshold is used to
construct the emergency scenarios. Let µi,t ∈ {0, 1} represent the on-off status of line i at
period t; the on-off status of all affected lines during typhoons can be written as a matrix
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form µ. Suppose the probability threshold is Pr0, t0 represents the period in which the fault
probability of line i exceeds Pr0 for the first time:

t0 = Fij(Pr0) (14)

where Fij represents the mapping from Pr0 to t0. Then, the sequential on-off statuses of line
ij during typhoons are determined as:

µij,t =


1, i f t0 /∈ NT
0, i f t0 ∈ NT and t ≥ t0
1, i f t0 ∈ NT and t ≤ t0

(15)

where NT represents the set of time periods during typhoons. Equation (15) shows that
when the fault probability of line i never reaches the threshold Pr0 during typhoons (i.e.,
t0 /∈ NT), the status of line ij is always regarded as on-status (µij,t = 1). When the fault
probability of line ij reaches Pr0 at period t0, the status of line ij after period t0 is regarded
as off-status (µij,t = 0). In other words, the fault probability is high enough to trigger the
breakage; since timely repair is not considered, the off-status lasts for the remaining periods
t ≥ t0. The status of line ij before period t0 is regarded as on-status (µij,t = 1) since the
fault probability before period t0 is not big enough to trigger the breakage. In practice, the
decision maker can set different Pr0 to reflect the flexibility of their choice of the threshold.
Each Pr0 will generate one emergency scenario based on (15). Suppose there are R choices
of Pr0, then R emergency scenarios are established.

3. Robust Emergency Dispatch Strategy Considering Spatiotemporal Grid Failures
During Typhoons

The emergency dispatch resources contain thermal units, energy storage systems
(ESSs). By dispatching thermal units and ESSs during typhoons, the negative impact of
abnormal wind power and unexpected line outage can be mitigated.

3.1. Objective of Emergency Dispatch

The objective of emergency dispatch is the minimization of the cost of emergency
dispatch:

obj = ∑t ∑j

(
aj

(
Pg

j,t

)2
+ bjP

g
j,t(t) + cj

)
+∑t ∑j

(
λdis

j Pdis
j,t + λcha

j Pcha
j,t

) (16)

where aj, bj, and cj represent the fuel cost coefficients of thermal unit j; Pg
j,t represents the

output power of thermal unit j at time period t; λcha
j and λdis

j represent the charge and

discharge cost coefficient of ESS j; Pcha
j,t and Pdis

j,t represent the charge and discharge power
of ESS j at period t, respectively.

3.2. Operational Constraints of Emergency Dispatch

The output power Pg
j,t of thermal unit j at time period t should satisfy the upper and

lower output limit constraints:

Pg,min
j ≤ Pg

j,t ≤ Pg,max
j (17)

where Pg,min
j and Pg,max

j represent the lower and upper power limits of thermal unit j.
The ramping limit of thermal units is expressed by:

Prd
j ≤ Pg

j,t − Pg
j,t ≤ Pru

j (18)

where Prd
j and Pru

j represent the ramp-down and ramp-up limits of unit j.
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The discharge and charge power limits of ESS j satisfy:

0 ≤ Pdis
j,t ≤ βdis

j,t Pdis,max
j (19)

0 ≤ Pcha
j,t ≤ βcha

j,t Pcha,max
j (20)

where Pdis
j,t and Pcha

j,t represent the discharge and charge power of ESS j at time period

t; βdis
j,t and βcha

j,t (βdis
j,t , βcha

j,t ∈ {0, 1}) represent the discharge and charge status of ESS j at

time period t; Pdis,max
j and Pcha,max

j represent the maximum discharge and charge power
of ESS j.

An ESS cannot be in both discharging and charging states simultaneously:

βdis
j,t + βcha

j,t = 1 (21)

The relation between the stored energy and the discharge or charge power of an ESS is:

Ej,t = Ej,t−1 − Pdis
j,t

/
ηdis

j + Pcha
j,t ηcha

j (22)

where Ej,t represent the stored energy of ESS j at period t; ηcha
j and ηdis

j represent the charge
and discharge efficiency coefficient of ESS j.

The stored energy Ej,t of ESS j at period t should satisfy:

Ej,min ≤ Ej,t ≤ Ej,max (23)

where Ej,min and Ej,max represent the minimum and maximum energy of ESS j.
The nodal power balance of node j is written by:

α
g
j Pg

j,t + αe
j

(
Pdis

j,t − Pcha
j,t

)
+ αw

j Pw
j,t

−αd
j Pd

j,t = ∑
k∈Ωt

Pjk,t − ∑
i∈Ω f

Pij,t
(24)

where α
g
j , αe

j , αw
j , αd

j represent the identifier, indicating whether node j is installed with

a thermal unit, ESS, wind farm, or load. α
g,e,w,d
j = 1 indicate whether node j is installed

with a thermal unit, ESS, wind farm, or load; α
g,e,w,d
j = 0 indicates that node j is not

installed with a thermal unit, ESS, wind farm, or load. Ωt represents the set of to-nodes
interconnected with node j; Ω f represents the set of from-nodes interconnected with node
j; Pjk,t represent the power flow from node j to node k at time period t; Pij,t represent the
power flow from node i to node j at time period t.

The power flow equation describing the relationship between the transmitted power
and the phase angles at both ends of the line can be expressed by:

Pij,t = Bij
(
θi,t − θj,t

)
(25)

where Pij,t represents the transmitted power from node i to node j at time period t; Bij
denotes the susceptance of the line between node i and j; θi,t and θj,t represent the phase
angle of node i and j at time period t.

If the line between node i and j is disconnected due to the fatigue damage caused by
typhoons, Equation (25) does not hold and Pij,t can be any value; while Equation (25) holds
if the line between node i and j is connected. Hence, the power flow can be rewritten as:

Bij
(
θi,t − θj,t

)
+ Pij,t ≤

(
1 − µij,t

)
M (26)

Bij
(
θi,t − θj,t

)
+ Pij,t ≥

(
µij,t − 1

)
M (27)
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where µij,t ∈ {0, 1} represents the on–off status of the line between node i and j at time
period t. M is a large positive number. When the line between node i and j at time period t
is connected (i.e., µij,t = 1), Equations (26) and (27) are transformed into (25). When the
line between node i and j at time period t is connected (i.e., µij,t = 0), there is no obvious
relation between Pij,t and Bij

(
θi,t − θj,t

)
, and Pij,t can be any value between −M and M.

3.3. Robust Emergency Dispatch Strategy During Typhoons

Based on Section 3.1, the two-stage robust optimization (TSRO) model under the
attacker-defender framework is recast as:

min
y∈Ωy

max
µ∈Ωµ

min
x

obj

s.t. G1x + G2y + G3µ + G4h ≤ 0
(28)

where the binary ESS status y =
[

βdis
j,t , βcha

j,t

]
are the first-stage decision variables; while

x =
[

Pdis
j,t , Pdis

j,t , Pg
j,t

]
are the second-stage decision variables. µ ∈ Ωµ represents the set of

R emergency scenarios constructed from Section 2.2. The constraint represents (17)–(27).
G1, G2, G3, and G4 represent the corresponding matrices; h =

[
Ej,t, Pij,t, θij,t

]
are the

intermediate variables.
As can be seen, the max–min operator in (28) makes the second stage a defender–

attacker model. The attacker (typhoon) attempts to maximize the emergency dispatch cost
by applying the severest emergency scenario; while the defender (dispatcher) attempts
to minimize the dispatch cost. The max operator means that the dispatch cost under the
severest emergency scenario is larger than that under other emergency scenarios. Therefore,
Equation (28) can be reformulated as the following:

min
y∈Ωy

η

s.t. η ≥ objr, r = 1, · · · , R
G1xr + G2y + G3µr + G4hr ≤ 0, r = 1, · · · , R

(29)

where xr represent the optimal solutions of the second-stage decision variables corre-
sponding to emergency scenario r. µr represent the on–off line statuses under emergency
scenario r. hr represent the optimal solutions of the second-stage intermediate variables
corresponding to emergency scenario r.

As a result, solving (28) reduces to solve an equivalent (29). Rather than enumerating
all the emergency scenarios and solving (29), a column-and-constraint generation (C&CG)
procedure is implemented in a master–subproblem framework. The procedure is as follows:

1. Set the lower boundary to the negative infinity LB = −∞ and the upper boundary to
the positive infinity UB = ∞; set the counter to zero k = 0; initialize the set of counter
O = ∅; initialize the error threshold ϵ.

2. Solve the master problem

min
y,η

η

s.t. η ≥ objr, ∀r ∈ O
G1xr + G2y + G3µ∗

r + G4hr ≤ 0, ∀r ≤ k
y ∈ Ωy

(30)

Derive the optimal solutions (y∗
k+1, η∗

k+1, x∗1 , · · · , x∗r ) and update the lower boundary
LB = η∗

k+1

3. Solve the sub-problem Q(yk+1) =

{
max
µ∈Ωµ

min
x

obj : G1x + G2y + G3µ + G4h ≤ 0

}
and update the upper boundary UB = Q(y∗

k+1).
4. If UB − LB ≤ ϵ, return y∗

k+1, x∗k , and terminate. Otherwise,
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– (a) if Q(y∗
k+1) < ∞, create variables xk+1 and hk+1 in the k + 1-th iteration and

add the optimality cuts
η ≥ objk+1 (31)

G1xk+1 + G2y + G3µ∗
k+1 + G4hk+1 ≤ 0 (32)

to the master problem, where µ∗
k+1 is the optimal emergency scenario by solving

Q(yk+1). Update k = k + 1, Q = Q ∪ k + 1, go to step 2.
– (b) if Q(y∗

k+1) = ∞, create variables xk+1 and hk+1 in the k + 1-th iteration and
add the feasibility cuts

G1xk+1 + G2y + G3µ∗
k+1 + G4hk+1 ≤ 0 (33)

to the master problem, where µ∗
k+1 is the optimal emergency scenario by solving

Q(yk+1). Update k = k + 1, go to step 2.

4. Case Studies

This section presents the case studies using the benchmark IEEE-14 bus system under
Typhoon Maria. The trajectory of Typhoon Maria during the 24 h periods is shown in
Figure 2. Based on the proposed robust emergency dispatch strategy in (1)–(33), the M-
file-based program is established using Python 3.9 and solved by Pyomo 6.8.0. All case
studies in this paper are conducted on a laptop with an 8-core Intel i7-9750H processor and
16 GB RAM (Intel Corporation, Santa Clara, CA, USA). The excution time is 18.54 s. The
timeliness for the application in real-life systems is also affected by factors such as signal
transmission time, and delayed response time.
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Figure 2. Schematic diagram of IEEE-14 bus system under Typhoon Maria over 24 h (green area
represents the region swept by the typhoon).



Appl. Sci. 2024, 14, 10368 11 of 17

4.1. Parameter Setting

The typical parameters of Typhoon Maria are given in Table 1.

Table 1. Typical parameters of Typhoon Maria over 24 h periods.

Parameter 1 h 2 h 3 h 4 h

vmax,i 48 m/s 50 m/s 50 m/s 48 m/s
Rmax,i 25.1 m 24.5 m 30.2 m 27.6 m
(xo,i, yo,i) (123.9 E, 25.4 N) (123.6 E, 25.5 N) (123.4 E, 25.6 N) (123.1 E, 25.8 N)

Parameter 5 h 6 h 7 h 8 h

vmax,i 48 m/s 48 m/s 48 m/s 48 m/s
Rmax,i 28.4 m 28.4 m 26.2 m 23.2 m
(xo,i, yo,i) (122.7 E, 25.9 N) (122.3 E, 26.1 N) (121.9 E, 26.3 N) (121.4 E, 26.3 N)

Parameter 9 h 10 h 11 h 12 h

vmax,i 45 m/s 45 m/s 45 m/s 43 m/s
Rmax,i 25.8 m 22.4 m 27.3 m 32.8 m
(xo,i, yo,i) (121.0 E, 26.3 N) (120.8 E, 26.3 N) (120.6 E, 26.4 N) (120.3 E, 26.4 N)

Parameter 13 h 14 h 15 h 16 h

vmax,i 43 m/s 43 m/s 43 m/s 40 m/s
Rmax,i 32.5 m 32.8 m 39.4 m 39.9 m
(xo,i, yo,i) (119.9 E, 26.4 N) (119.5 E, 26.3 N) (119.1 E, 26.2 N) (118.9 E, 26.3 N)

Parameter 17 h 18 h 19 h 20 h

vmax,i 40 m/s 40 m/s 40 m/s 40 m/s
Rmax,i 35.9 m 39.9 m 39.4 m 37.5 m
(xo,i, yo,i) (118.7 E, 26.4 N) (118.4 E, 26.5 N) (118.1 E, 26.7 N) (117.8 E, 26.9 N)

Parameter 21 h 22 h 23 h 24 h

vmax,i 40 m/s 40 m/s 40 m/s 38 m/s
Rmax,i 41.1 m 43.7 m 45.7 m 42.8 m
(xo,i, yo,i) (117.6 E, 27.0 N) (117.4 E, 27.1 N) (117.2 E, 27.1 N) (117.0 E, 27.1 N)

The thermal units participating in emergency dispatch are installed as nodes 1, 2, and
3. Table 2 provides the typical parameters of thermal units.

Table 2. Typical parameters of thermal units participating in emergency dispatch.

ID Pg,min
j Pg,max

j aj, bj, cj Prd
j , pru

j

1 3 p.u. 0.25 p.u. 0.043, 20, 0 $/p.u. −0.35, 0.35 p.u./h
2 1.5 p.u. 0.15 p.u. 0.25, 20, 0 $/p.u. −0.35, 0.35 p.u./h
3 1 p.u. 0.1 p.u. 0.01, 40, 0 $/p.u. −0.35, 0.35 p.u./h

The ESS participating in emergency dispatch is labeled as node 4. The typical parame-
ters are given in Table 3

Table 3. Typical parameters of ESS participating in emergency dispatch.

Pdis,max(cha,max)
j

Ej,min Ej,max η
dis(cha)
j λcha

j λdis
j

0.2 p.u. 0.54 p.u. 0.06 p.u. 0.9 20$/p.u. 22$/p.u.

The typical parameters of identifying abnormal states of wind power and transmission
lines are listed in Table 4.
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Table 4. Typical parameters of identifying abnormal states in emergency dispatch.

vout vcr vm Wnorm
max Wmax

25 m/s 20 m/s 53 m/s 0.7 kN/m2 2.1 kN/m2

The system data of IEEE-14 bus system is presented in Table 5.

Table 5. Line data of IEEE-14 bus system.

Line ID From Bus To Bus Reactance MVA Rating

1 1 2 0.06 p.u. 120 MVA
2 1 5 0.22 p.u. 65 MVA
3 2 3 0.20 p.u. 36 MVA
4 2 4 0.18 p.u. 65 MVA
5 2 5 0.17 p.u. 50 MVA
6 3 4 0.17 p.u. 65 MVA
7 4 5 0.04 p.u. 45 MVA
8 4 7 0.21 p.u. 55 MVA
9 4 9 0.56 p.u. 32 MVA
10 5 6 0.25 p.u. 45 MVA
11 6 11 0.20 p.u. 18 MVA
12 6 12 0.26 p.u. 32 MVA
13 6 13 0.13 p.u. 32 MVA
14 7 8 0.18 p.u. 32 MVA
15 7 9 0.11 p.u. 32 MVA
16 9 10 0.08 p.u. 32 MVA
17 9 14 0.27 p.u. 32 MVA
18 10 11 0.19 p.u. 12 MVA
19 12 13 0.20 p.u. 12 MVA
20 13 14 0.35 p.u. 12 MVA

In the planning and management of power systems or other critical infrastructures,
since even disaster events with very low probabilities should be taken seriously, large
values should not be set for the threshold Pr0, to contain more “low-probability” emergency
scenarios for emergency dispatch. In this paper, the range of Pr0 is set (0.1, 0.5).

4.2. Evolution of Spatiotemporal Grid Failures of IEEE 14-Bus System During Typhoon Maria

Based on the spatiotemporal parameters of Typhoon Maria in Section 4.2, the evolution
of spatiotemporal grid failures of IEEE 14-bus system is obtained by calculating the fault
probability matrix Pr(B) in (13). Pr(B) is calculated and then visualized as a heatmap in
Figure 3.

As shown in Figure 3, the failure probability of each line increases over time. Lines
9, 16, and 17 have significant high-failure probabilities, because they are the first lines
that suffer from the typhoon during its passage. Among them, Line 17 has the highest
fault probability (0.78) since it is closest to the typhoon and has the greatest cumulative
fatigue damage. Additionally, as the wind weakens, the cumulative damage caused by
Typhoon Maria to subsequent lines decreases, and the fault probability of these lines less
affected by Typhoon Maria remain at a low level (less than 0.1). The range (0.1, 0.7) of Pr0
is partitioned into seven equal parts with the interval 0.1, i.e., Pr0 = {0.1, 0.2, 0.3, · · · , 0.7}.
Then, based on (15), seven on–off line status matrices are calculated to construct the set Ωµ

of 10 emergency scenarios.
Figure 4 shows the on–off statuses of 20 lines over 24 h of Typhoon Maria’s passage

under different Pr0. As for each heatmap, the horizontal axis represents the period number;
and the vertical axis represents the line number. state(i, j) = 0 indicates that line j at period
i is disconnected, while state(i, j) = 1 indicates that line j at period i is connected. Figure 4a
shows that small Pr0 = 0.1 leads to more line failures indicated by 0 in the heatmap
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compared with other Pr0 values. When the decision maker does not hold a conservative
stance and only pays attention to those high-probability events by setting the threshold
Pr0 = 0.7, only lines 9 and 17, which are heavily affected by Typhoon Maria, experience
the outage accidents.
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Figure 3. Fault probability of lines during Typhoon Maria.
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Figure 4. Emergency scenarios under (a) scenario 1 Pr0 = 0.1 (b) scenario 2 Pr0 = 0.3 (c) scenario 3
Pr0 = 0.5 (d) scenario 4 Pr0 = 0.7.
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4.3. Coordinated Emergency Dispatch of Thermal Units and ESSs

Based on the generated emergency scenarios in Section 4.2, the emergency dispatch
model in (28) is developed and solved by the procedures in Section 3.3. Figure 5 shows
the time-series output power of thermal units (i.e., G1, G2, and G3), ESS during Typhoon
Maria. Since G1 has the lowest cost among thermal units and the ESS, G1 bears the main
responsibility of power generation. Due to the ramping limits, the three thermal units
cannot immediately satisfy the demand from 1–2 h, and the ESS bears the remainder that
cannot be covered by thermal units. After 2 h, the expensive ESS withdraws, since the
power of thermal units has increased high enough to cover the load.

5 10 15 20

0

0.5

1

1.5

2

2.5

3

3.5

G1 G2 G3

ESS WF load

Figure 5. Sequential output power of emergency dispatch resources.

To evaluate the robustness of the proposed strategy, the non-robust strategy is gen-
erated singly for the emergency scenario 1 in Figure 4a. Then the non-robust strategy is
tested on the emergency scenario 2–4 in Figure 4b–d. The unexpected load and wind power
curtailment cost is defined to evaluate the robustness. The calculation of the unexpected
load and wind power curtailment cost is defined as an optimization problem. The objective
is to minimize the unexpected load and wind power curtailment cost.

min ∑t ∑j λd
j ∆Pd

j,t + ∑t ∑j λw
j ∆Pw

j,t (34)

Since the component-level regulation characteristic constraints (17)–(23) of respective
emergency dispatch resources always hold for the given optimal {Pg∗

j,t , Pdis∗
j,t , Pcha∗

j,t , E∗
j,t}

using either the non-robust or the robust strategy, only the system-level power flow-related
constraints are considered. The revised nodal power balance of node j is written by:

α
g
j Pg∗

j,t + αe
j

(
Pdis∗

j,t − Pcha∗
j,t

)
+ αw

j (Pw
j,t − ∆Pw

j,t)

−αd
j (Pd

j,t − ∆Pd
j,t) = ∑

k∈Ωt

Pjk,t − ∑
i∈Ω f

Pij,t
(35)

The revised power flow equations are:

Bij
(
θi,t − θj,t

)
+ Pij,t ≤

(
1 − µϵ

ij,t

)
M (36)
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Bij
(
θi,t − θj,t

)
+ Pij,t ≥

(
µϵ

ij,t − 1
)

M (37)

where µϵ
ij,t represent the on–off status of the line between node i and j at time period t

under emergency scenario ϵ. The definition of other variables or parameters are the same as
those in (36) and (37). By running the non-robust and robust strategy using (35)–(37) under
four emergency scenarios in Figure 4, the unexpected load and wind power curtailment
costs are given in Table 6. Due to the similarity between emergency scenario 1 and 2,
the non-robust strategy for emergency scenario 1 can be applied to emergency scenario
2 without incurring load and wind power curtailment costs. However, when applying
non-robust strategy to emergency scenario 3 and 4, there will be unexpected load and wind
power curtailment costs (2.31e5$). In contrast, the proposed robust strategy can guarantee
no more curtailment costs under all four emergency scenarios.

Table 6. Load and wind power curtailment costs under different emergency scenarios.

Strategy Scenario 1 Scenario 2 Scenario 3 Scenario 4

non-robust strategy 0$ 0$ 2.31e5$ 2.31e5$
proposed strategy 0$ 0$ 0$ 0$

Previous findings assume that Typhoon Maria exhibits fixed features, including its
trajectory and meteorological factors. The proposed robust emergency dispatch strategy
is designed to address emergency scenarios arising from these rigid typhoon characteris-
tics. However, inherent uncertainties may introduce flexible features, leading to multiple
typhoon scenarios. Each scenario could yield a distinct set of emergency scenarios, similar
to those generated by Typhoon Maria with fixed parameters, as described in Section 4.1. To
test the robustness of the proposed robust emergency dispatch strategy under multiple sets
of emergency scenarios, the following uncertainties are introduced:

• The maximal wind speed vmax,i at period i is added with a fluctuation term ∆vmax,i

which follows a Gaussian distribution ∆vmax,i ∈ N (µv, σ2
v).

• The radius of maximum wind speed is also added with a fluctuation term ∆Rmax,i

which follows a Gaussian distribution ∆vmax,i ∈ N (µr, σ2
r ).

In order to study the influence of wind speed’s fluctuation on the robustness, the
standard deviations of wind speed fluctuation are set to σv = 0.2 m/s, while the means
of wind speed fluctuation increase from 0 m/s to 10 m/s in increments of 1 m/s. The
average curtailment costs under different µv are shown in Figure 6a. As can be seen, larger
µv would cause larger vmax,i, as well as line fault probability Prc(B)k,i,q, which results in
early line disconnection. Initially, the proposed strategy can tolerate a certain degree of
early line disconnection. However, when vmax,i increases significantly (µv = 7), early line
disconnection will result in additional curtailment cost.
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Figure 6. Curtailment cost under (a) different µv (b) different µr.
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Similarly, the standard deviations of wind speed’s fluctuation are set to σr = 0.2 m,
while the means of radius fluctuation increase from 0 m to 20 m in increments of 2 m. The
average curtailment costs under different µr are shown in Figure 6b. As with Figure 6a,
when vmax,i increases significantly (µr = 17), the short distance between the wind circle
and the line leads to increased wind speed and fault probability; consequently, early line
disconnection may result in additional curtailment cost.

5. Conclusions and Future Work

By studying the time-varying line fault probabilities under typhoons, we develop
a robust emergency dispatch strategy considering the spatiotemporal evolution of grid
failures. The following conclusions can be achieved based on the case study results:

• Different lines encounter different levels of fatigue damage under the passage of ty-
phoons, causing time-varying fault probabilities of lines and dynamic spatiotemporal
evolution of grid failures. The threshold-based method can quickly screen out the
irrelevant or less severe scenarios, thus reducing the size of emergency scenarios and
complexity of the emergency dispatch model.

• Compared with the non-robust emergency dispatch strategy, the proposed robust
emergency dispatch strategy can guarantee the secure operation of power systems
under all emergency scenarios of the scenario set without incurring extra load and
wind power curtailment costs.

In the future study, the influences of other types of climate disasters will be considered,
and the corresponding spatiotemporal revolution of grid failures will be studied. Also, a
reduction in the size of the emergency scenario set will be further investigated by achieving
the trade-off between computational efficiency elevation and robustness. Optimal line
reinforcement, line rerouting and other emergency planning measures under different
climate disasters will also be investigated.
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