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Abstract—We propose a three-stage resilient unit commitment
model which considers uncertain typhoon paths and line outages
to improve the power system resilience against typhoon events.
The proposed solution coordinates resources in response to the
worst-case scenario for each possible typhoon path. The optimal
decision is based on the characterization of the power system
schedule into three stages of preventive control, emergency con-
trol, and restoration. Preventive control is performed before the
typhoon occurs by quickly adjusting the three-stage resilient unit
commitment schedule; emergency control is conducted during the
typhoon by shedding local loads to meet the power balance, while
other control strategies are assumed to be unavailable due to pos-
sible interruptions in the communication system; restoration is
realized after the typhoon, when resources are optimally dis-
patched to repair the outages of critical devices and recover the
normal operation state of the power system quickly. Considering
the typhoon path uncertainty, we have introduced a stochastic
model for possible typhoon paths where all possible affected lines
along each typhoon path are assumed to be on outage during the
typhoon. Accordingly, we explore the strategy for co-optimizing
the three stages in unit commitment. The proposed model is
tested on the IEEE 118-bus system and the real-world provincial
system to verify its effectiveness.

Index Terms—Typhoon, resilience, power system restoration,
three-stage resilient unit commitment.

I. INTRODUCTION

POWER systems are cornerstones of modern societies.
The importance of the power system has promoted the

notion of mitigating blackouts expeditiously and maintain-
ing necessary power supplies as extreme conditions evolve.
However, recent accidents caused by extreme events resulted
in major social losses, revealing that the current power system
hierarchies are still vulnerable to extreme events.
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In 2008, a major ice storm in Southern China caused more
than 451-line outages in which 14.66 million consumers were
impacted by this disaster [1]. In 2011, a Japanese tsunami
resulted in power outages which lasted over 7 days and
involved more than 4 million consumers [2]. In 2015, the
Ukrainian power grid was hacked, resulting in power out-
ages affecting approximately 225,000 customers for several
hours [3]. In 2017, a blackout in Taiwan occurred due to
human errors and lack of sufficient reserve capacity, in which
6.68 million consumers were affected by power outages [4].
As the climate deteriorates, the frequency of extreme events
will also increase significantly. Between 2018-2015, the num-
ber of power outrage events caused by extreme weather has
increased 64% in the U.S., with Huge economic losses [5].

Many scholars have carried out a great deal of research
on assessing power system resilience that would address
the related problems in power system planning and oper-
ation. Reference [6] presented the definition of a resilient
power system and introduced three stages, including resist
and absorb, response and adapt, and recovery from out-
ages. In addition, a qualification method was proposed for
resilience and some strategies were carried out to improve the
power system resilience. Reference [7] presented the concept
of resilience for critical infrastructure systems and a corre-
sponding resilience assessment methodology was proposed,
which characterized the threats by their various consequences.
A novel resilience quantification framework was introduced
in [8] to interpret the concept of infrastructure resilience by
using different resilience indicators. Reference [9] presented
a strategy and framework for the coupled systems of urban
traffic and power distribution. The system recovery capability
was improved through line hardening and distributed genera-
tion planning when power outages occur in power distribution
network and traffic signals. References [10], [11] focused on
the definition of power system resilience, reviewed key con-
cepts, and paved the way for the creation of appropriate and
effective resilience standards, measures, and indices.

Some scholars have advocated a higher resilience in power
systems by introducing new types of equipment and energy
storage devices. An integrated resilience response (IRR)
framework was proposed in [12] to enhance the power grid
resilience against natural disasters. IRR was proved to be
preferable to both independent preventive and corrective
responses. Moreover, topology switching in the integrated
resilience response strategy also was able to enhance power
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grid resilience. Reference [13] studied a four-loop switching
controller for a doubly fed induction generator to improve the
resilience of wind-power penetrated power systems. The study
proved that the four-loop switching controller could show
greater robustness to extreme disturbances. Because the under-
ground natural gas system was considered less vulnerable than
the power system to extreme events, an integrated electricity
and natural gas transportation system planning system was
proposed to enhance the power system’s resilience in [14].
Reference [15] set up a dispatch model for combined heat
and power systems considering the heat transfer and stor-
age processes, and proved that a hybrid system of heat and
electricity could feasibly provide a black-start power source,
although the cost was relatively higher than that of a PV sta-
tion. A defense optimization model was proposed in [16] for
strengthening the critical lines on a shipboard power system,
so that the load shedding from the deliberate attacks could be
mitigated. Undeniably, enhancing the power system hardware
can significantly improve the system resilience. Meanwhile,
advanced power system equipment introduced the foundation
for realizing intelligent control algorithms in a smart grid.

Moreover, some scholars combined power systems with
machine learning and big data technologies to improve the
grid resilience. Reference [17] used machine learning to
address the multivariate effects on the power system resilience
in order to predict resilience under random disturbances.
Reference [18] used big data methods to analyze distribution
power system data from phasor measurement units to study
the security and flexibility of power systems. The authors
also proposed another two real world cases for remote asset
monitoring and distribution-level oscillation analyses.

It is critical to model extreme weather cases before analyz-
ing power system resilience under natural disasters. A Markov
model was proposed in [19] to construct sequentially proac-
tive generation dispatch strategies considering operating con-
straints, which took into account the uncertainty of extreme
events and could reduce load curtailments through proac-
tive operations. The authors established a fragility model to
assess storm effects moving across a transmission network.
Furthermore, [20] described and demonstrated a probabilis-
tic method to assess and evaluate adaptation measures against
extreme weather cases. However, recovery strategies required
greater flexibility due to the uncertain nature of extreme
weather forecasting. Reference [21] proposed a resilience
enhancement strategy for power transmission system against
ice storms. This article used a two-stage robust optimization
model to accommodate a variable ice thickness on transmis-
sion lines. Reference [22] set up a multi-stage VAR planning
model considering various defensive and restorative resilience
metrics to assess the voltage performance and improve the
voltage stability.

In addition, some scholars considered optimization mod-
els with diverse control devices to improve the power
grid resilience. Reference [23] regarded the restoration pro-
cess as an optimization problem with temporal constraints,
which schedules generator start-ups. Reference [24] used
four heuristic algorithms to represent state variables and
initial sub-optimal generation states in a solution space

with promising results for typical distribution networks.
References [25]–[32] focused on the resilience enhance-
ment for distribution networks by Markov decision process,
crew dispatch, distributed generators, network reconfiguration,
optimal planning and intended microgrids.

The problem of N-k unit commitment has also received
much attention. It was indicated in [33] that the Federal
Energy Regulatory Commission incorporated ancillary ser-
vice demand response programs into the N-k unit com-
mitment problem to reduce extreme outage impacts on
power grids. The model was formulated as a mixed-integer
programming problem. Reference [34] proposed a double-
layer robust method to solve the contingency-constrained
single-bus unit commitment problem with security criteria
and generation unit outages. Moreover, all component out-
age scenarios were considered in a robust model to solve
the N-k contingency-constrained unit commitment in [35].
References [36] and [37] studied the unit commitment sched-
ule for the day-ahead market with N-k constraints. Unlike the
previously mentioned references, these papers developed an
α-quantile measurement method to address wind power gen-
eration and demand forecasted errors in a chance-constrained
optimization problem.

Generally, a resilient power system should consider all
three stages stated simultaneously [6]. However, most of the
previous optimization models focused on a single stage or
two stages. For example, a resilient unit commitment problem
was formulated as a two-stage robust optimization model
in [38] which considered both prevention and emergency
stages. However, the repair process was simply considered
as an automatic repair within a certain period of time after
line outages, without considering the repair resource allocation
strategies. However, the limited repair resources do impact the
restoration stage and, by extension, prevention and emergency
controls. For example, if some critical lines can be repaired
in time for weak areas, some critical loads can be picked up
and the original backups for these weak areas can be shifted
to other areas.

In this article, we explore the strategy for co-optimizing the
three stages in unit commitment. The main contributions of
this article are summarized as follows.

(i) A resilient unit commitment is proposed to coordinate the
three stages. Specifically, preventive control in each area will
adjust the generation dispatch or the unit commitment schedule
to cope with the coming natural disasters; emergency con-
trol is conducted during the typhoon by applying a local load
curtailment to meet the power balance as soon as possible;
and restoration is applied to each area after the typhoon event
in which case available resources are optimally dispatched to
repair critical components.

(ii) The power network is dynamically divided into four sec-
tions with three stages to quantify the power system resilience,
where preventive control, emergency control, and restoration
are performed in each bus and transmission line. It is chal-
lenging to obtain the line outage probability in typhoons and
other infrequent and extreme events. Therefore, to fully guar-
antee the power system security considering the typhoon path
uncertainty, we have introduced a stochastic model for possible
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Fig. 1. Power system resilience.

typhoon paths where all lines along each typhoon path are
assumed to be on outage during the typhoon so that the
proposed resilient unit commitment can protect the power grid
against the worst-case scenario.

The remainder of this article is organized as follows.
Section II defines power system resilience and gives the
modeling of the resilient unit commitment. In Section III,
numerical results and comparisons on both small and large-
scale test systems verify the effectiveness of the proposed
method. Conclusions are drawn and future works are delin-
eated in Section V.

II. THREE-STAGE RESILIENT UNIT COMMITMENT MODEL

A. Modeling of Power System Resilience and Dynamic Sets

Traditionally, power systems rely on probability-based relia-
bility evaluation or risk assessment methods to evaluate outage
conditions. The key power system elements are hardened
or expanded accordingly to maintain safe and stable oper-
ation margins in extreme events, such as natural disasters.
However, unlike reliability evaluation or risk assessment meth-
ods, resilience measure and enhancement methods represent
dynamic processes that could flexibly adjust power system
resources to cope with extreme events.

In response to unavoidable natural disasters, the entire
process of maintaining a resilient power system can be gen-
eralized into three stages as depicted in Fig. 1. These stages
are presented as follows.

(1) Preventive control: Before a natural disaster occurs,
preventive control should be performed based on the prior
forecasting information against the potential natural disasters.
For example, it is necessary to adjust the generation schedul-
ing or change the fast-start unit commitment to cope with the
coming natural disasters.

(2) Emergency control: During natural disasters, the system
dynamically responds to withstand severe disturbances and
prevent further collapse. Because the communication system
may be interrupted at this time, the emergency control strate-
gies only consider local load curtailment to guarantee the
power balance as soon as possible.

(3) Restoration: After natural disasters, the system can
quickly return to its normal status by optimally schedul-
ing resources to repair critical devices (e.g., transmission

Fig. 2. Four dynamic sets of buses/lines during a typhoon.

lines, transformers), and reconfiguring the network topology
to minimize total load curtailment.

Since natural disasters may have different characteristics,
this article will focus its study on typhoon events. Generally,
during a typhoon event, power grid buses/lines are divided into
four dynamic sets:

1) Bus set �A(s, t)/line set �l
A(s, t): buses/lines in

�A(s, t)/�l
A (s, t) is within the typhoon path and the typhoon

has not arrived here yet at time period t for s-th path;
2) Bus set �B (s, t) / line set �l

B(s, t): buses/lines in �B (s,
t) /�l

B(s, t) is within the typhoon path and is during the event
at time period t for s-th path;

3) Bus set �C (s, t) / line set �l
C(s, t): buses/lines in �C

(s, t) /�l
C(s, t) is within the typhoon path and the typhoon has

left here at time period t for s-th path;
4) Bus set �O(s, t) and line set �l

O(s, t): buses/lines in �O

(s, t) / �l
O (s, t) is outside the typhoon path and is not affected

by the typhoon in the entire dispatching period t for s-th path.
Consider a case in Fig. 2 for illustration, where a typhoon

moves from the left to the right. At the time tn for s-
th path, the above sets are given as �A(s, tn) = {6},
�B(s, tn) = {3, 5, 8, 9}, �C(s, tn) = {4, 7}, �O(s, tn) = {1,
2, 10}, �l

A(s, tn) = {2-6, 6-10}, �l
B(s, tn) ={2-5, 3-4, 3-5, 4-

5, 5-6, 5-7, 5-8, 7-8, 7-9, 8-9, 8-10}, �l
C(s, tn) = {1-4, 4-7},

�l
O(s, tn) = {1-2}. After several periods, e.g., tn+k, all the sets

will be changed to �A(s, tn+k) = ∅, �B(s, tn+k) = {6, 8},
�C(s, tn+k) = {3, 4, 5, 7, 9}, �O(s, tn+k) = 1, 2, 10,
�l

A(s, tn+k) = ∅, �l
B(s, tn+k) = {2-6, 5-6, 8-8, 6-10, 7-8,

8-9, 8-10}, �l
C(s, tn+k) = {1-4, 3-4, 3-5, 4-5, 4-7, 5-7, 2-5,

7-9}, �l
O(s, tn+k) = {1-2}.

It is found that three-stage resilient unit commitment is
a critical component of the proposed method to cope with
typhoon events. Since generators on the typhoon path will be
triggered, fast-start units considered in preventive control can
be committed in place of units on the future typhoon path, so
that the load shedding can be mitigated. On the other hand,
unit commitment and line repair should be coordinated to
recover the critical load in the restoration process. Therefore,
we propose a three-stage resilient unit commitment model for
day-ahead to optimize a power system schedule that incorpo-
rates the control strategies in the stated three stages by using
the above proposed dynamic sets. Note that these dynamic
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TABLE I
FLOWCHART OF THE THREE-STAGE RESILIENT UNIT COMMITMENT

sets of buses/lines are closely tied to typhoon forecasts with
the help of sophisticated forecasting techniques such as a geo-
graphic information system. However, an accurate typhoon
path forecast is still challenging. To fully guarantee the power
system security considering the typhoon path uncertainty, we
have introduced a stochastic model for possible typhoon paths
where all lines along each typhoon path are assumed to be
on outage during the typhoon so that the proposed three-stage
resilient unit commitment can protect the power grid against
the worst-case scenario.

Generally, the three-stage resilient unit commitment
includes seven constraint sets: 1 logic constraint; 2 power
flow constraint; 3 generator dispatch constraint; 4 gen-
erator ramping rate constraint; 5 generator up/down time
constraint; 6 spinning reserve constraint; 7 resource man-
agement constraint. The flowchart of the proposed three-stage
resilient unit commitment can be found in Table I. Specifically,
all the units connected to the buses in �A(s, t) and �O(s, t)
can be scheduled, so constraints 1 - 6 need to be consid-
ered. The units connected to the bus in �B(s, t) cannot be
scheduled and should maintain the original operating states,
so only constraints 2 3 5 are needed. The units connected
to the buses in �C(s, t) can be scheduled. In addition, since
the typhoon has left and the communication system has been
restored, line repair constraint 7 is considered, besides the
constraints 1 - 6 .

B. Objective Function of Resilient Unit Commitment

The objective is to minimize the total expected outage
cost during the dynamic process with physical and temporal

power system constraints considering the worst-case scenario
for all possible typhoon paths. The proposed mathematical
formulation is expressed as

min
Ns∑

s=1

ρs

T∑

t=1

⎧
⎪⎨

⎪⎩
Fpre

s,t︸︷︷︸
before

+ Fduring
s,t︸ ︷︷ ︸

during

+ Fpost
s,t︸︷︷︸

after

+ Fother
s,t︸ ︷︷ ︸

other

⎫
⎪⎬

⎪⎭
(1)

where T is the total number of periods; Fpre
s,t , Fduring

s,t , Fpost
s,t ,

and Fother
s,t are the four-area cost functions at time t for s-th

path. Ns is the total number of possible typhoon paths. ρs is
the probability for s-th typhoon path.

Before the typhoon event, the preventive schedule of genera-
tion units will satisfy physical constraints. Accordingly, certain
critical units will alter their commitment schedules to mitigate
any load curtailment should a typhoon event occur. Thus, the
adjusted objective function is expressed as

Fpre
s,t =

∑

i∈�A(s,t)
⋂

�G

(
aiP

2
G,i,s,t + biPG,i,s,t + cixG,i,t

+ CUP
i vG,i,t + CDN

i wG,i,t

)
(2)

where (ai, bi, ci) are the cost coefficients for unit i; xG,i,t is
the commitment state of unit i at time t; xG,i,t = 1 if the
unit is in operation, and xG,i,t = 0 otherwise; PG,i,s,t is the
active power output of unit i at time t for s-th path; CUP

i and
CDN

i are start-up and shut-down costs of unit i at time t; vG,i,t

and wG,i,t are start-up and shut-down states of unit i at time
t; vG,i,t, wG,i,t = 1 if the unit i starts up or shuts down at time
t, and vG,i,t, wG,i,t = 0 otherwise; j is the index of load bus;
OG is the set of generators.

Note that the communication system may be on outage
within an affected area such that generation units cannot be
deployed during this period. Accordingly, local load curtail-
ment is used to guarantee the power balance. Thus, the cost
function is stated as

Fduring
s,t =

∑

i∈�B(s,t)
⋂

�G

MG,i
(
vG,i,t ∨ wG,i,t

)

+
∑

j∈�B(s,t)

γj�PL,j,s,t (3)

where MG,i is the penalty coefficient to prevent any commit-
ment since the unit cannot be deployed; ∨ is the “or” operator;
γj is the load cost at bus j at time t; �PL,j,s,t is the load cur-
tailment of bus j at time t for s-th path during a typhoon event.
The first term is to prevent unit commitment in this area and
the second term is to realize load curtailment to balance the
power. Furthermore, the “or” operator in (3) can be exactly
linearized by introducing a dummy binary variable δG,i,t and
then reformulated as

Fduring
s,t =

∑

i∈�B(s,t)
⋂

�G

MG,iδG,i,t+
∑

j∈�B(s,t)

γj�PL,j,s,t (4)

with the additional constraints

δG,i,t ≥ vG,i,t, δG,i,t ≥ wG,i,t, δG,i,t ≤ vG,i,t+wG,i,t (5)

Next, the goal is to implement the power system recov-
ery by quickly repairing the critical components that are on
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outage. The corresponding objective function includes three
parts which are: generation cost, load curtailment and repair
cost, such that

Fpost
s,t =

∑

i∈�C(s,t)
⋂

�G

(
aiP

2
G,i,s,t + biPG,i,s,t + cixG,i,t

+ CUP
i vG,i,t + CDN

i wG,i,t

)

+
∑

j∈�C(s,t)

γj�PL,j,s,t+
∑

l∈�l
C(s,t)

CREP
l zl,s,t (6)

where CREP
l is the repair cost for the l-th line on outage; zl,s,t

is the line l repair state at time t for s-th path. zl,s,t = 1 if line
l is being repaired; otherwise, zl,s,t = 0. The unit commitment
of all units and load curtailment are coordinated in areas which
are not affected by the typhoon to guarantee the power balance,

Fother
s,t =

∑

i∈�O(s,t)
⋂

�G

(
aiP

2
G,i,s,t+biPG,i,s,t+cixG,i,t

+ CUP
i vG,i,t+CDN

i wG,i,t

)
+

∑

j∈�O(s,t)

γj�PL,j,s,t (7)

C. Three-Stage Resilient Unit Commitment Constraints

Since dynamic sets are changed in each period, the unit
commitment constraints will be formulated for each dynamic
set at each period.

1) Logic Constraint: Logic constraints show the relation-
ship between the unit state xg,i,t and the start-up/shut-down
(vG,i,t, wG,i,t) state. If a unit starts up at time t, then xG,i,t = 1
and vG,i,t−1 = 0, which leads to vG,i,t = 1; otherwise,
vG,i,t = 0. Similarly, if the unit shuts down at time t, then
xg,i,t = 0 and xg,i,t−1 = 1, which leads to wG,i,t = 1; otherwise
wG,i,t = 0. The above logic expression is formulated as

xG,i,t − xG,i,t−1 = vG,i,t − wG,i,t, vG,i,t + wG,i,t ≤ 1

∀i ∈ �G

⋂(
�A(s, t)

⋃
�C(s, t)

⋃
�O(s, t)

)
,

∀t ∈ [1, T] ∀s ∈ [1, Ns] (8)

2) Power Flow Constraint: In typhoons, generation unit
dispatch can be adjusted and the load demand may be curtailed
to guarantee the bus power balance at each period. In this
article, a linear power flow model is employed, where

PG,i,s,t −
(

P0
L,i,t − �PL,i,s,t

)
=

∑

∀j∈�N

Fij,s,t,

∀i ∈ �N ∀t ∈ [1, T] ∀s ∈ [1, Ns] (9)

QG,i,s,t −
(

Q0
L,i,t − �QL,i,s,t

)
=

∑

∀j∈�N

Qij,s,t,

∀i ∈ �N ∀t ∈ [1, T] ∀s ∈ [1, Ns] (10)

θref ,t = 0 ∀t ∈ [1, T] (11)

where �N is the set of power system buses; Fij,s,t and Qij,s,t

are active and reactive power flows from bus i to bus j at
time t for s-th path; P0

L,i,t and Q0
L,i,t are the normal active and

reactive load demands of bus i at time t; QG,i,s,t is the reactive
power output of unit i at time t for s-th path; �QL,i,s,t is the
reactive load curtailment of bus i at time t for s-th path; θref ,t

is the angle of the reference bus at time t.

The active and reactive power flows are expressed as

Fij,s,t =
(

GijVj,s,t − B′
ijθj,s,t

)
yl,s,t,

∀l = (i, j) ∈ �L ∀t ∈ [1, T] ∀s ∈ [1, Ns] (12)

Qij,s,t =
(

BijVj,s,t − G′
ijθj,s,t

)
yl,s,t,

∀l = (i, j) ∈ �L ∀t ∈ [1, T],∀s ∈ [1, Ns] (13)

Vmin
j ≤ Vj,s,t ≤ Vmax

j ∀i ∈ �N ∀t ∈ [1, T] ∀s ∈ [1, Ns]

(14){ −Fmax
l ≤ Fij,s,t ≤ Fmax

l−Fmax
l ≤ Qij,s,t ≤ Fmax

l ,

∀l = (i, j) ∈ �L,∀t ∈ [1, T],∀s ∈ [1, Ns] (15)

where Gij and Bij are real and imaginary parts of admittance
matrix, respectively; Gij

′ and Bij
′ are real and imaginary parts

of admittance matrix without shunt elements, respectively;
Vj,s,t and θj,s,t are voltage magnitude and angle of bus i at
time t for s-th path, respectively; yl,s,t is the state of the l-th
transmission line at time t for s-th path; yl,s,t = 1, if the line
is in service and yl,s,t = 0, otherwise; OL is the set of trans-
mission lines; Fmax

l is the maximum allowable power flow on
line (i, j). Vmin

j and Vmax
j are the minimum and the maximum

voltage magnitude limits of bus j. Then, the bilinear term in
(12) and (13) can be linearized as

{ −yij,s,tFmax
l ≤ Fij,s,t ≤ yij,s,tFmax

l−yij,s,tFmax
l ≤ Qij,s,t ≤ yij,s,tFmax

l
, (16)

∀(i, j) ∈ �L ∀t ∈ [1, T] ∀s ∈ [1, Ns]

− Fmax
ij

(
1 − yij,s,t

) ≤ Fij,s,t −
(

GijVj,s,t − B′
ijθj,s,t

)

≤ Fmax
ij

(
1 − yij,s,t

)
,

− Fmax
ij

(
1 − yij,s,t

) ≤ Qij,s,t −
(

BijVj,s,t − G′
ijθj,s,t

)

≤ Fmax
ij

(
1 − yij,s,t

)
,

∀(i, j) ∈ �L ∀t ∈ [1, T] ∀s ∈ [1, Ns] (17)

Note that the partial active and reactive load curtailments
�PL,j,s,t and �QL,j,s,t are restricted by

{
0 ≤ �PL,j,s,t ≤ P0

L,j,t

0 ≤ �QL,j,s,t ≤ Q0
L,j,t

,

∀j ∈ �N ∀t ∈ [1, T] ∀s ∈ [1, Ns] (18)

3) Generator Dispatch Constraint: The generation dispatch
of a committed unit is limited by its generation capacity
(i.e., Pmin

G,i,t and Pmax
G,i,t for active power; Qmin

G,i,t and Qmax
G,i,t for

reactive power). Thus, the generation dispatch constraint is
expressed as

xG,i,tP
min
G,i ≤ PG,i,s,t ≤ xG,i,tP

max
G,i ,

∀i ∈ �G ∀t ∈ [1, T] ∀s ∈ [1, Ns] (19)

xG,i,tQ
min
G,i ≤ QG,i,s,t ≤ xG,i,tQ

max
G,i ,

∀i ∈ �G ∀t ∈ [1, T] ∀s ∈ [1, Ns] (20)

4) Generator Ramping Rate Constraint: The ramping of
the i-th generator, which is not affected by typhoon, is limited
by allowable upward RU

G,i and downward RD
G,i rates. A gener-

ation unit that is in the typhoon area will not be dispatched
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due to possible communication outages. Hence, the ramping
rate constraint is written as

PG,i,s,t+1 − PG,i,s,t ≤ RU
G,i,txG,i,t + Pmin

G,i vG,i,t+1,

∀i ∈ �G\�B(s, t),∀t ∈ [1, T],∀s ∈ [1, Ns] (21)

PG,i,s,t − PG,i,s,t+1 ≤ RD
G,i,txG,i,t + Pmin

G,i wG,i,t+1,

∀i ∈ �G\�B(s, t) ∀t ∈ [1, T] ∀s ∈ [1, Ns] (22)

− Pmin
G,i wG,i,t+1 ≤ PG,i,s,t+1 − PG,i,s,t ≤ Pmin

G,i vG,i,t+1,

∀i ∈ �B(s, t) ∀t ∈ [1, T] ∀s ∈ [1, Ns] (23)

5) Generator Up/Down Time Constraint: Each generator
needs the minimum up/down time to start up or shut down
due to the physical limit, which is ensured by

t∑

k=t−TUP
G,i

vG,i,k ≤ xG,i,t,

t∑

k=t−TDN
G,i

wG,i,k ≤ 1 − xG,i,t,

∀i ∈ �G ∀t ∈ [
TUP

G,i + 1, T
]

(24)

where TUP
G,i and TDN

G,i are the minimum time for startup and
shutdown of unit i, respectively.

6) Spinning Reserve Constraint: The spinning reserve at
time t for s-th path (i.e., PR

s,t) can be expressed as the total
capacity of generators minus the total load demand:

PR
s,t =

∑

∀i∈�G

xG,i,tP
max
G,i,t −

∑

∀j∈�N

(
P0

L,j,t − �PL,j,s,t

)
,

∀t ∈ [1, T] ∀s ∈ [1, Ns] (25)

To cope with the typhoon in area �A(s, t), the spinning
reserve is considered to be larger than either the largest gen-
eration capacity, or a certain percent of total load demand with
αre, such that

PR
s,t ≥ max

[
max

∀i∈�G
⋂

�A(s,t)

(
Pmax

G,i

)
, αre

∑

∀j∈�N
⋂

�A(s,t)

(
P0

L,j,t − �PL,j,s,t

)]
,

∀t ∈ [1, T] ∀s,∈ [1, Ns] (26)

7) Resource Management Constraint: Let a binary vari-
able rl,s,t denote the time for starting the repair for s-th path.
Specifically, rl,s,t = 1 if the damaged transmission line l starts
to be repaired at time t for s-th path; otherwise rl,s,t = 0. Note
that any damaged transmission line is repaired at most once,
given by

t∑

k=1

rl,s,k ≤ 1 ∀l ∈ �L ∀t ∈ [1, T] ∀s ∈ [1, Ns] (27)

In particular, the lines outside the area �l
C(s, t) are not

subject to any repairs, which is stated as

rl,s,t = 0 ∀l ∈ �l
A(s, t)

⋂
�l

B(s, t)
⋂

�L,

∀t ∈ [1, T] ∀s ∈ [1, Ns] (28)

The number of transmission lines that can be repaired
simultaneously is limited by available resources, given by

∑

ij∈�L

zl,s,t ≤ X ∀t ∈ [1, T] ∀s ∈ [1, Ns] (29)

where X is the line repair limit.

TABLE II
DETAILED FORMULATION OF THE PROPOSED MODEL

A line repair is done within a certain number of periods.
Thus, the rl,s,t and zl,s,t relationship is expressed as

t∑

k=t−TREP
l

rl,s,k = zl,s,t ∀l ∈ �L,

∀t ∈ [TREP
l + 1, T],∀s ∈ [1, Ns] (30)

where TREP
l represents the total number of periods for line l

repair. For special periods when t = TREP
l , the logic constraints

on rl,s,t and zl,s,t are reformulated as

t∑

k=1

rl,s,k = zl,s,t ∀l ∈ �L ∀t ∈ [
1, TREP

l

] ∀s ∈ [1, Ns]

(31)

Furthermore, this model assumes that no repair is scheduled
at the end of the period which cannot be completed within the
allowable time. Accordingly,

zl,s,t = 0 ∀l ∈ �L ∀t ∈ [T − TREP
l + 1, T] ∀s ∈ [1, Ns]

(32)

Finally, according to the forecast, a preset parameter y0
l,t

is employed to characterize the line l outage caused by the
occurrence of typhoon at time t. If a transmission line is on
outage at time t, then y0

l,t = 1 for all periods before the time
t and y0

l,t = 0 for all periods after time t.
It is intuitive that line l would be repaired only if it is dam-

aged, which gives a logic relationship between zl,s,t and y0
l,t

for the line l at the time t, such that

zl,s,t ≤ 1 − y0
l,t ∀l ∈ �L ∀t ∈ [1, T] ∀s ∈ [1, Ns] (33)

When the line l is damaged by the typhoon, it will be
repaired after the typhoon is concluded. Thus, the relationship
among y0

l,t, yl,s,t, and rl,s,t will satisfy

yl,s,t = y0
l,t +

t−TREP
l∑

k=1

rl,s,k,

∀l ∈ �L ∀t ∈ [
TREP

l , T
] ∀s ∈ [1, Ns] (34)

Finally, the detailed formulation of the proposed
optimization model can be expressed in Table II.
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Fig. 3. Typhoon path in the IEEE 118-bus system.

TABLE III
GENERATOR CAPACITIES AND TYPES

III. CASE STUDY

We used a modified IEEE 118-bus system [33] and a real-
world provincial power grid to verify the effectiveness of the
proposed model. The proposed model was carried out using
Python 3.6 on a workstation with an eight-thread 3.60-GHz
CPU and 16.0 GB RAM memory. The mixed-integer linear
programming was solved by GUROBI commercial solver with
a gap of 0.1%.

A. Modified IEEE 118-Bus System

Consider a typhoon in the modified IEEE 118-bus system
with a forecasted moving path. We acknowledge that there
may be considerable uncertainties in the storm path and evo-
lution. To address this problem, we assume all transmission
lines located in the typhoon path are on outage and cascade
sequentially. The system topology with the forecasted typhoon
path is shown in Fig. 3. There are 118 buses (including 91 load
nodes), 186 branches, and 54 generators in the system. Since
different units may have different ramp rate capabilities, the
generators are divided into three fuel types including oil, gas,
and coal, with the corresponding generation capacities listed
in Table III. Oil and gas-fired units have smaller capacities
than those of coal-fired units, but possess faster startup and
shutdown responses to provide power support in typhoons.

TABLE IV
DAMAGED LINES DURING A TYPHOON

Fig. 4. Daily load profile.

In this example, cascaded transmission outages are shown
in Table VI. The typhoon causes 62 transmission line out-
ages which are actively repaired after the typhoon moves on.
We assume eight lines can be repaired at the same time as
resources are limited. Most line outages in a hurricane are
due to flashovers caused by windage yaw. Each line requires
3 hours for flashover repair [39]–[40]. The model is con-
ducted over 24 hours, and each time step is 30 minutes.
The corresponding power outage cost is set approximately at
4,830 $/MWh. The daily system load profile is depicted in
Fig. 4.

The three-stage resilient unit commitment schedule is shown
in Fig. 5. Here, oil and gas-fired units (e.g., TG31, TG47) play
an important role in the system response to typhoons. In
this case, transmission line outages lead to load curtailments.
Correspondingly, small-capacity gas and oil-fired generation
units are started quickly to supply additional loads. For exam-
ple, outages of two lines connected to bus 107 lead to
the islanding of bus 107 whose loads will be supplied by
TG49. The unit is started at 01:30 before the typhoon occurs.
However, the TG49 capacity is only 20 MW, which cannot
fully support the islanded load, so 3.75–6.9 MW of load is
curtailed from 02:00 to 06:30 hours.

Similarly, the islanded bus 76 is supplied by the gas-fired
unit TG34 which is started before the typhoon to prevent
any load curtailments. In the meantime, TG45, which is a
coal-fired unit, reduces its generation output gradually and
is shut down before the typhoon arrives. This is because
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Fig. 5. Generation dispatch and unit commitment in typhoon.

the coal-fired unit has a slow-ramp generation output which
cannot be adjusted quickly as evolving circumstances affect
these buses. Relying solely on optimal generation unit schedul-
ing might not be enough to improve the system resilience.
The recovery to the normal operating state could also involve
several transmission line repairs. Here, 62 lines are on out-
age during the typhoon and the optimal recovery sequence is
presented in Fig. 6.

The repair priority depends on line outage contributions to
load curtailments. Some lines are repaired shortly after they are
on outage (e.g., LN176 and LN172), while others remain on
outage for a longer time (e.g., LN95 and LN128). For example,
three transmission lines (LN163, LN164, and LN167) con-
nected to bus 104 are on outage. LN164 is repaired first, which
will be connected to the power source at bus 103 to avoid
any load curtailment. At that time, LN163 and LN167 are
not significant because their recovery does not contribute to
any load curtailment reductions; therefore, their priorities are
relatively lower.

Furthermore, we design four strategies for comparison,
denoted by S1-S4. S1 is the proposed method; S2 considers
preventive control but neglects any line repairs in restoration,
where loads are only restored by redispatch; S3 consid-
ers restoration while neglecting preventive control; S4 does
not include either line maintenance or preventive control.
Fig. 7 compares the resilience for four strategies, which resem-
bles an upside down trapezoid. S4 shows the worst resilience
case whereas S1 is the best strategy. The system load for S1 is
curtailed sharply after the typhoon, but is quickly restored to
its normal value by the coordination among flexible resources,
including fast-start units and repair resources, which improves
the power system resilience significantly. For S2, the pattern
at the beginning is similar to that of S1 but the restoration is
relatively slow when critically damaged lines are not repaired.

Fig. 6. States of lines in typhoon.

Fig. 7. Comparison of the resilience for four strategies.

The number of lines that can be repaired at the same
time depends on available resources. For example, if X repair
groups can be dispatched where each group is allowed to repair
one transmission line at the time, then X lines can be repaired
at the same time. In order to investigate the impact of X on the
performance of resilience solution, we design 3 cases where X
is chosen as 6, 8, and 10, respectively and the results are shown
in Fig. 8. Here, X will only affect the restoration stage with-
out affecting prevention and emergency stages. The system
will retain its normal status faster as X increases.

B. Provincial Power System

We choose a provincial power grid in China to study
the impact of a typhoon on the system resilience. Here,
transmission system voltages which are higher than 220 kV
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Fig. 8. System supplied load with X lines repaired simultaneously.

TABLE V
LINES ON OUTAGE FOLLOWING A TYPHOON PATH

and correspond to 144 buses, 178 transmission lines, and
35 generation units are considered in Fig. 8. There are 30 coal-
fired units, which have slow ramp rates; 5 gas-fired units,
which can ramp up from minimum to maximum in 1 hour;
and 9 oil-fired units, which can ramp from minimum to maxi-
mum in 30 minutes. The cascaded outages of 63 transmission
lines are presented in Table V, which account for 35.4% of
the total number of transmission lines.

The additional gas-fired (G33) and oil-fired units (G37, G39,
G40, G43, and G44) with their fast-start flexibility can actively
provide 1582.31 MWh to prevent significant load curtailments.
Take G40 for example. As the typhoon approaches, G40 is
started to provide a 220-MW of power supply. During the
typhoon, lines (104-29, 29-42, and 29-28) will be on outage
which lead bus 29 to become an island, while G40 continues
to provide its supply as lines are being repaired. The coal-
fired units also can contribute to the generation supply during
the typhoon. Unit G4 is operated at its maximum output (i.e.,
1320 MW) in the 18th period which is decreased after the
19th period. The power output is reduced to its minimum
(i.e., 792 MW) at the 21th period and is shut down at the
22th period, which is one hour before the typhoon hits. After
the typhoon, the line which feeds G4 is under repair during
the 32th period as the unit is started at its minimum output.
When this line is completely repaired, unit G4 output will be
increased to its maximum.

Fig. 9. Topology of the provincial power system and the typhoon Path.

Fig. 10. Lines on outage and system load profile.

The proper strategy for repairing the damaged lines can
also help restore loads quickly and improve resilience. At the
11th period, five lines (14-104, 62-61, 104-61, 61-40, and
133-24) are on outage simultaneously, but their repairs are
done sequentially. The critical lines (14-104, 62-61, 61-40,
and 133-24) are repaired 2 hours after the typhoon, but line
104-61 which is less critical, is not repaired until the 23th
period. Similarly, in the 17th period, lines (117-118, 31-84,
84-125, 31-125, and 63-117) trip simultaneously. In this case,
two lines (117-118 and 63-117) are less critical because the
repaired line 41-117 will recover 800 MW, which can satisfy
a 345-MW load. This means the two lines are redundant.

Fig. 10 depicts the supplied load profile and lines on outage
during the typhoon. Here, the load curtailment occurs after the
10th period. During the 10th through the 13th periods, lines
cannot be repaired and the system recovers against the typhoon
only by using gas and oil-fired units. At this time, the load
shedding is increased quickly to 15.75%. After the 14th period,
a few lines are repaired and the coal-fired units (G26 and
G9) are started, so the load curtailment is slowed down. Until
the 18th period, when load curtailment reaches 21.13%, the
load will be recovered gradually. During the load recovery, the
load curtailment is decreased to 19.96% in the 19th period and
then increased to 20.27% in the 20th period. This is because
line 6 is on outage during the 20th period which leads to
an additional 0.31% load curtailment. Furthermore, during the
31th period (i.e., 3 hours after the typhoon has moved on)
the load is recovered to 99.68%, although 15 lines are still on
outage.
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TABLE VI
LINE OUTAGES IN THE TWO SCENARIOS FOR THE THREE TYPHOON PATHS

Fig. 11. Three typhoon path predictions.

The proposed three-stage resilient unit commitment can
provide pre-arranged plans for typhoon paths, including the
dispatching of the quick-start units and the strategy for line
repairs. A typhoon may pose several paths considering the
event parameters (e.g., weather, geographical conditions, time
of the year, etc.). Accordingly, we deploy a stochastic model
in which we consider several pre-defined plans for all possible
typhoon paths and their corresponding probabilities. Assume
that there are three predicted typhoon paths across three dif-
ferent areas as depicted in Fig. 11. For each possible typhoon
path, we assume all possible lines are on outage to manifest
the worst case and seek a robust solution. The line states in
the three paths are shown in Fig. 12, which indicate the line
outages during the typhoon and repair status after the typhoon.
The dispatchers can track the typhoon paths for each plan and
make viable decisions when the corresponding typhoon path
occurs in real-time.

The above analyses are carried out by the proposed three-
stage resilient unit commitment with multiple typhoon paths
for the worst-case scenario in each path. To investigate the
robustness of the proposed method, we consider more opti-
mistic scenarios by assuming that certain lines in a typhoon
path remain functional. Here, we design three scenarios in
Table VI, including two optimistic scenarios and the worst-
case scenario in each typhoon path, where 1) mild damage
occurs when only the lines in the center of the typhoon path

Fig. 12. Line states in the three typhoon path predictions.

TABLE VII
LOAD CURTAILMENTS IN DAMAGE SCENARIOS

TABLE VIII
PENALTY COST FOR DAMAGE SCENARIOS

are damaged; 2) moderate damage occurs when lines in central
areas and certain boundary lines are on outage in a typhoon
path; 3) severe damage occurs when all lines in the typhoon
path are on outage, i.e., the worst-case scenario.

We solve the proposed three-stage resilient unit commitment
model with three possible paths representing mild, moder-
ate, and serious damage scenarios, respectively. Simulation
results are shown in Tables VII and VIII, where P1 repre-
sents the load curtailment of a certain path in the three-stage
resilient unit commitment scheme, should the predicted dam-
age level occurs; P2 represents the load curtailment in the
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TABLE IX
COMPUTATION TIMES OF STRATEGIES S1-S4

worst-case scenario, where the three-stage resilient unit com-
mitment scheme was based on the current prediction. If the
predicted outage occurs, the load curtailment will increase as
the outage level progresses from mild to worst (i.e., load cur-
tailment in Path A increases from 3.22 GWh to 4.80 GWh, in
Path B increases from 1.45 GWh to 2.39GWh, and in Path C
increases from 2.26 GWh to 2.98GWh). Accordingly, the total
cost in Path A increases from $ 34.85 million to $ 36.05 mil-
lion, Path B from $ 33.50 million to $ 34.22 million, and Path
C from $ 34.12 million to $ 34.66 million.

However, if the worst-case scenario occurs, the dispatch
plan based on mild, moderate, and severe damage predictions
will cause additional 2.12GWh (65.8%), 0.94GWh (23.1%)
and 0 GWh (0%) load curtailments, respectively. Accordingly,
the additional cost saving will be $1.61 million (4.6%),
$0.71 million (2.1%) and $0 million (0%), respectively. This
means the proposed model considering the worst-case sce-
nario is more robust than other proposed strategies, saving
0.54 GWh and 0.22 GWh for mild and moderate damages,
respectively; and saving $0.41 million and $ 0.17 million
for mild and moderate damages, respectively. Therefore, once
the worst-case scenario occurs, the load will be curtailed
more using the optimistic strategies, whereas the proposed
three-stage resilient unit commitment can reduce the load
curtailment and the total operation cost.

Finally, the computation time for the four strategies S1-
S4 can be found in Table IX. The proposed model S1 contains
the most numbers of variables and constraints, so the compu-
tation time is longest. Generally, it needs about 20-30 minutes
to solve two test systems. Strategy S4 is fastest because this
model neglects either line maintenance or preventive con-
trol, containing the least numbers of variables and constraints.
However, the proposed model is a day-ahead unit commitment
for pre-arranged plans which doesn’t aim to use for real-time
applications, so the algorithm complexity is not as critical
as the real-time applications. Half-hour computation time can
meet the requirement of the day-ahead dispatch.

IV. CONCLUSION

This article has set up a three-stage resilient unit commit-
ment model considering the stochasticity of typhoon paths and
line outages to improve the power systems resilience dur-
ing typhoons. The simulation results on the IEEE 118-bus
system and a real-world provincial power system show that

the proposed three-stage resilient unit commitment can coordi-
nate control strategies for the three stages, enabling the power
system to reduce the load curtailment throughout the entire
dynamic process. Moreover, fast-start units can be committed
in advance to prevent load shedding under possible contin-
gencies and critical line repairs are initiated immediately to
pick up critical loads as quickly as possible. Future work
will incorporate dynamic system simulations into the proposed
three-stage resilient unit commitment.
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