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Resilient Unit Commitment for Transmission Lines
Hardening Under Endogenous Uncertainties
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Abstract—This paper proposes a joint strategy of pre-disaster
hardening for transmission lines and real-time dispatching for
units to address the failures with endogenous uncertainties caused
by hurricanes on transmission lines. Specifically, we delve into
the resilient unit commitment (UC) problem, which is formulated
as a two-stage robust optimization (TRO) problem with endoge-
nous uncertainty. In the first stage, the generator states, outputs,
reserves, and line reinforcement are pre-scheduled to minimize
defense costs. The second stage adopts a recourse approach to
quantify the worst-case failure scenario of the lines, reflected as the
costs of load shedding and generator curtailment. The operating
status of transmission lines is depicted by an endogenous uncer-
tainty set which is affected by the line hardening decision and unit
reserve decision in the first stage. The TRO model with endogenous
uncertainty is solved using a modified column-and-constraint gen-
eration (C&CG) algorithm. The proposed model is tested on two
reliability test systems (RTS), including a modified IEEE RTS-79
and a two-area IEEE RTS-96 exposed to a hurricane. The results
verify the effectiveness of the proposed method, compared with the
popular two-stage robust optimization method with endogenous
uncertainty.

Index Terms—Unit commitment, transmission lines hardening,
two-stage robust optimization, endogenous uncertainty.
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Transmission line set.

Bus set.

Demand set.

Tower set of line 7.

Conductor segment set of line 7.

Equivalent wind speed at tower h for the
period t in the hurricane path s [m/s].
Mechanical losses expectation and variance
values of the tower h.

Line segment length [km].

Wind speed and design wind speed rates at
the location of segment &k [m/s].

Rainfall rate and design rainfall rate at the
location of segment k& [mm/h].

Coefficient of the segment k of the line ¢ by
wind speed, rainfall and other factors.
Start-up and shut-down cost of generator g
[$].

Fuel cost of generator g [$].

Reserve cost of generator g [$/MWh].
Hardening cost of line ij [$].

Repair time of line 4j [h].

Load shedding cost of line 5 [$/MWh].
Curtailment cost of generator g [$/MWh].
Minimum up and down time of generator g
[h].

Remaining up and down duration of genera-
tor g [h].

Regulation up/down and spinning reserve re-
quirement.

Maximum 60-min ramp up and ramp down
rates of generator g [MW/h].

Start-up and shut-down ramp limitation of
generator g [MW].

Active power output of generator g [MW].
Power demand [MW].

Susceptance of line ¢5 [S].

Maximal and minimal power transfered on
line ij [MW].

Variation of load d [MW].

Failure probability of line 7j in the ¢-th time
slot.
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II Threshold of line ¢j failure probability.

K Maximal number of failed lines in each time
slot.

At Time slot [h].

M Big-M [1 x 10'°].

Uncertain Variables

fyf j’-o, ij Binary variable of line 7 failure state before

and after hardening measures in the ¢-th time
slot: 1 if line ij is failed; O otherwise.

Ky Binary variable of line j repair state in the
t-th time slot: 1 if line 75 is repaired; O oth-
erwise.

I fj Binary variable of line ij operating state in

the ¢-th time slot: 1 if line 45 is on-line; O
otherwise.

First Stage Decision Variables

ol Bh, ul, Binary variable of generator g start-up com-
mand, shut-down command, and operating
state in the ¢-th time slot.

t t : :

P R, Power output and spinning reserve of gener-
ator g [MW].

rht gt Spinning up and spinning down reserve of
generator g [MW].

6! Impedance angle at bus ¢ [°].

bR Operating reserve [MW].
Pitj Power transmitted on line 75 [MW].
Tij Binary variable of line 5 hardening action:

1 if line ¢ is reinforced; O otherwise.

Second Stage Decision Variables

P} Shedding of load d [MW].

pﬁur,q Curtailment of generator g [MW].
o Angle at bus 7 [°].

p§j Power transmitted on line 75 [MW].

1. INTRODUCTION
A. Background and Motivation

URRICANES, also called typhoons, are extreme natural

disasters that threaten the secure and reliable operation
of power systems. To effectively respond to such high-impact-
low-probability (HILP) extreme events, it is vital to enhance
power system resilience. The measures to enhance power sys-
tem resilience in response to extreme events can be classified
into three categories by their respective implementation time:
“resilience-based planning”, “resilience-based response”, and
“resilience-based restoration” [1]. To improve the power sys-
tem’s ability to cope with an uncertain environment before
hurricane attacks, a UC problem was formulated for resilience-
enhancing scheduling [2]. Robust optimization (RO) is a method
for making decisions under uncertainty, usually by constructing
uncertainty factors as uncertainty sets. Earlier work on RO was
limited to the static cases [3], which only considered decisions
that needed to be made beforehand the decision making therefore
has limitations. By quantifying the impact of hurricanes on
transmission lines as line failure and operational status within

the uncertainty set. Before the hurricane arrives, defensive hard-
ening actions coupled with the newly constructed uncertainty
set for transmission lines in this paper enable the uncertainty
set to change as the decision is varied in a dynamic working
state. Therefore, the defensive hardening decisions made from
uncertainty sets constructed in this paper, i.e., the endogenous
uncertainty set, will be an effective strategy to enhance the power
system’s resilience.

B. Related Works

Many scholars have studied the problem formulations and
solutions in planning and operation for enhancing power sys-
tem’s resilience. Before extreme disaster events, the key to a
resilient power system is prevention and preparation to promptly
update vulnerable infrastructure. Reference [4] proposed adopt-
ing defensive islanding as a preventive measure to enhance the
power system’s resilience by maintaining critical load supply
and avoiding cascading failures. During disaster events, the
target for resilient power systems is to quickly adjust and respond
to unforeseen situations. Ding et al. [5] proposed a three-stage
resilient UC model, which can coordinate control strategies at
the prevention, emergency, and recovery stages. During hurri-
canes, emergency control is conducted by taking local load shed-
ding measures to achieve power balance quickly. Post-disaster
resilience operations primarily involve the restoration and re-
construction of the power system to restore the power supply.
Reference [6] proposed a method for coordinated restoration of
electric bus dispatch and post-disaster distribution systems to
accelerate the recovery process.

Proactive scheduling of the power system is also an essential
aspect of boosting the power system’s resilience. With extreme
events attacking the power system, the operational uncertainty of
the power system is further increased, aggravating the difficulty
of decision-making in the proactive scheduling of the power
system. According to the optimization method for handling
uncertainty, two-stage robust, stochastic, and distributionally
robust UC problems [7], [8], [9] were presented for achieving
the resilient dispatch of power systems to improve the reliability
and operational efficiency. Besides, preventive dispatch of emer-
gency resources is an essential measure to reduce system losses
during disasters. Distributed energy sources were adopted to
restore critical loads in [10]. Reference [11] coordinated the dis-
patch of repair crews, mobile power sources, renewable energys,
and energy storage systems to achieve system service restora-
tion aiming at maximizing the amount of restored load. The
previous uncertainties are constructed as decision-independent
uncertainty (DIU), i.e., exogenous uncertainty [12].

The impact of hurricanes on transmission lines and demand-
side response have strong uncertainties that raise significant
challenges in resilient power system scheduling. The level of
such uncertainty may depend on the strategy chosen by the de-
cision maker, termed as decision-dependent uncertainty (DDU),
i.e., endogenous uncertainty [13]. A two-stage robust economic
dispatch model based on DDUs with demand response was
proposed in [14], where the uncertainty set of demand response
varies with the decision. In the stochastic optimization (SO)
problem, the contingencies of transmission lines have been
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modeled as continuous and discrete probability density func-
tions (PDFs). In [15], the failure PDFs of transmission lines
with tower damages and windage yaw flashovers during typhoon
disasters were modeled respectively, which were applied to a
two-stage SO under DDU. RO methods also have certain advan-
tages in handling uncertainty issues. The impact of hurricanes
on transmission lines requires to be constructed as uncertainty
sets in RO [16]. Still, it is not dependent on the decision and is
exogenous uncertainty, which needs to be further constructed as
a DDU set.

Previous methods for solving the TRO model with exoge-
nous uncertainty include sample average approximation algo-
rithm [17], C&CG algorithm [18] and Benders decomposition
algorithm. Reference [19] utilized the Benders decomposition
method to tackle a TRO problem with DIU. In [20] and [21],
enhanced Benders decomposition algorithms were applied to
solve the two-stage optimization problem with DDU by incor-
porating dual cuts and primal cuts into the master problem,
respectively. Furthermore, a theoretical approach of the modified
Benders method for discrete uncertain events was proposed
in [22], [23], simultaneously adding primal and dual cuts to
the master problem. If the uncertain variables belong to the
0-1 variables, the modified Benders decomposition algorithm
cannot be directly adopted because the strong dual principle
will not be applied. In addition, the variants of classical C&CG
algorithm [24] could also solve the TRO with DDU. The first
variant of the classical C&CG algorithm solves uncertain vari-
ables by enumeration. Although it is theoretically reasonable,
its performance in searching for the worst-case scenario and
the convergence speed is unsatisfactory even for small-scale
examples. Accordingly, the algorithm can be further improved
and extended to improve its performance.

C. Contributions and Organization

To cope with the problem that the hardening of one line
will affect the state of other lines in the power system, this
paper proposes a TRO model with endogenous uncertainty
for the states and reinforcements of transmission lines. This
endogenous uncertainty set is integrated into a TRO problem
that considers generator start-up, shut-down, fuel, reserve, and
hardening costs in the first stage. The second stage considers
load shedding and generator curtailment penalty costs, which
are formulated as recourse problems to balance the economic
efficiency and robustness of the system. The key contributions
of this paper can be summarized as follows

1) An advanced endogenous polyhedral uncertainty set is
established to precisely quantify the influence of extreme
events on transmission lines, particularly in the context of
hardening lines and unit reserve under hurricanes. Distin-
guished from previous studies [25], [26], the proposed un-
certainty set outperforms its rivals in reflecting real-world
scenarios.

2) To address the challenges of power system resilience
under hurricanes, we put forth a novel TRO problem
to minimize the proactive scheduling costs, where the
unit commitments planning and hardening measures for
lines can be optimized within the warning window period

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 40, NO. 1, JANUARY 2025

leading up to the arrival of a hurricane. Based on the
cooperative gaming experiment with line hardening and
unit commitment schemes, we achieve results that the
strategies proposed in this paper could compensate for
each other and improve resilience jointly.

3) A modified C&CG algorithm is proposed to solve the TRO
problem by adeptly employing inverse initialization and
endogenous cuts. Simulation results show that this inno-
vative approach possesses a heightened sensing capability
of line faults and high computational efficiency in disaster
prevention and mitigation compared with the Benders +
C&CG [24] and C&CG-AOQOP algorithms [27].

The rest of this paper is organized as follows. TRO on the
resilient unit commitment is formulated in Section II. The op-
timization problem is solved by the modified C&CG algorithm
in Section III. In Section IV, the case study is performed and
simulation results are analyzed. Conclusions are summarized in
Section V.

II. RESILIENT UNIT COMMITMENT CONSIDERING
TRANSMISSION LINES HARDENING

The transmission lines hardening under endogenous uncer-
tainty is formulated as a TRO problem. The first stage is to make
the unit’s operational decisions and the hardening decisions for
the transmission lines. The second stage considers load shedding
and generator curtailment, formulating a recourse problem based
on the worst-case situation of the endogenous uncertainty set. In
the optimization model, only the impact of hurricane disasters
on transmission lines is considered.

A. Objective Function

The objective function is to minimize the proactive scheduling
costs of generator start-up, shut-down, fuel, reserve and trans-
mission line hardening, as well as the worst-case load shedding
penalties cost considering the failure and operation status of the
transmission line, as follows:

mig {700+ max Q60 (1)
760 = " @
= Z Z{Csmn 79042 + Cshut ,gﬁ; + bgutg + [(lgpg
teT geg

start-up and shut-down cost fuel cost

+er g R+t e r ALY + CijTij
9-'g 9’9 Z N

g g
ijeL

reserve cost harden cost

min dly

Q(x) =
(x) yeY(x,u)

=> | VOLLY phi+VOGC> ply , | At

teT deD =Y

st. Ax<b,Ey>h—-Gx—Mu,Cu<g+ Nx 3)

fat Bt ot Dt opt ot .t pt pt Ot
where x := {ay, B}, uf, Py, Ry, ritr 0, 0F Ph,Qog, v;

is the first-stage decision variable vector. f(x) is the system
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Fig. 2. Procedure for constraints derivation of endogenous uncertainty set.

operation cost. y := {p}, pﬁur’ g Ve, pﬁj} is the second-stage de-
cision variable vector. u is the uncertain variable vector for
TRO. X is a vector set consisting of the constraints satisfied
by the decision in the first stage. J(x,u) is the vector set
consisting of the constraints satisfied by the elements in y for
the real-time operation of power systems after the realization of
uncertainties. I/ (x) is the endogenous uncertainty set. ¢ and d
are coefficient vectors for the first and second stage objective
function, respectively.

Remark 1: The timeframe diagram for the line hardening
and UC plans is shown in Fig. 1 . With the current capability
of forecasting hurricane landfall by the meteorological depart-
ment, a 72-hour advance warning can be achieved. Then, the
temporary hardening measures can be implemented within this
time window. Note that x;; is independent of At, reflecting
implementation or non-implementation of the actions such as
vegetation management and pole upgrades [28], [29]. On the
day of the hurricane, unit on/off planning serves as a reference
for dispatchers, which makes a proactive defence. The temporary
planning decision for line hardening and operational decisions
of unit are formulated within the same phase [30], [31].

B. Endogenous Uncertainty set

In this subsection, we quantify the impact of hurricanes on
transmission lines by using the failure probability. These prob-
abilities, along with other uncertain variables, are included as
constraints in an endogenous uncertainty set. Fig. 2 illustrates
the constraint derivation process for the endogenous uncertainty
set.

1) Impact of Hurricanes on Transmission Line Failures: A
hurricane can be defined as a cyclone that moves in a given time
and space. Hurricanes could cause damage to lines, transform-
ers, substations and other equipment within the power system.
When factors such as associated flooding are not considered, the
damage is mainly caused by transmission line failures [32]. For
modeling hurricanes, this paper simulates the path of a hurricane

by sampling the hurricane’s translation speed, track direction,
and centre pressure deficit probability distribution function [16].
In terms of geographic data, the location of exposed components
and local topographic features are considered. The hurricane
event data consists of the time-varying hurricane position, move-
ment direction and speed, maximum sustained wind speed, and
minimum central pressure [33]. The simulation assumes that the
translational speed, track direction, and central pressure follow
lognormal, normal, and lognormal distributions, which are based
on the corresponding parameters, respectively.

Elevated transmission lines are composed of elements such
as towers and lines. For a tower h, the probability of its failure
7}, , under a hurricane path s can be expressed as follows [34]

Uh,s,t 1 _ (.T _ ’uh)Q
t
T s = ex dx 4)
h, /700 o /7277 p 20_}21 (
The probability of failure 7! ;1,5 of the [ conductor segment about

transmission line ¢j can be expressed as follows

Q5 kVij k,t bzkfzkt

t 17, 1)K, J> JHR,

W@¢S=ZLM¢GXP( v T tak) O
ij,k ij,k

By modeling the probability of failure wfm for the line ij as a

discrete Markov process [33], its probability can be derived as
follows

ij,s =1- H (1 - W;L,S) H (1 - ij,z,s) ©)

hEW{,j lEKl‘]‘

2) Model of Endogenous Uncertainty set: Considering the
impact of hurricanes on transmission, the operation, failure and
repair status of transmission lines are treated as uncertainty
factors. Since there is a certain relation between the decision x;;
of whether to harden the transmission line in the first stage and
the line fault state ij , they constitute an endogenous uncertainty
constraint. The uncertainty set, i.e., U(x) := {u € {0, 1} |
Cu < g + Nx}, is depicted as a polyhedral model.

Considering the failure probability of a line in hurricane in
(6), the following constraints are employed to detect which lines
shall be affected by the hurricane during which time period using
threshold 11 [16].

v (xl; o —10) > 0,445 )

ij,8
This relation of failure, repair, and the status transition of line
17 can be depicted by the following equation.

(2

T R L X ®)

Eachline 75 can be damaged at most once in a dispatch cycle [35],
which is described as follows

> ok < 1,0 ©)
teT

During each time slot ¢ € T, at most K transmission lines are
allowed to be destroyed simultaneously [16], as follows

DT > |l - K vt

ijeLl

(10)
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For (8), the definite restoration time 1imitation needs to be
satisfied if the post-disaster repair action n - for the failed line
is considered. Hence, the constraint is Constmcted as follows

t+T
I{U - 2] ’

vte{1,2,....T - Tk} ij (11)

The hardening decision z;; in the first stage is coupled with
uncertain variables, specifically the pre-reinforcement and post-
reinforcement fault states, which is formulated as follows

W =g <o <min (a0 1 -2y} v a2)
Constraint (12) is derived from the constraints a), b), and c)
illustrated in Fig. 3, involving potential values for the states
(’yfj’-o, Yijwij) € {0,1}. In Fig. 3, three scenarios marked with
red arrows are undesired, and their limitations are respectively
marked with black dashed arrows. The four cases of (12) are
shown as follows

e Casel (vfj’-o,’yfj, x;;) = (0,0, 0) represents that the line is
not damaged by the hurricane and therefore not hardened.

e Case?2 (’yfj’»o, Yijswij) = (0,0, 1) describes that the line is
not damaged by the hurricane but hardened, which should
be optimized to align with Case 1.

e Case 3 (vfjo,vfj7xij) = (1,0,1) represents that the line
is damaged by the hurricane, necessitating hardening to
ensure post-reinforcement fault-free operation.

e Case4 (fyff, i wij) = (1,1,0) describes that the line is
damaged by the hurricane both before and after reinforce-
ment, resulting in no effective hardening.

Notably, (vfj’-o,vfj,:cij) = (1,1,1) is not realistic since the
line still fail after hardening and there is cost of hardening. Thus,
s J’.O < 1 — z;; is introduced to avoid such case.

Remark 2: A 0-1 variable ! is introduced in the first stage
to indicate whether the unit is on reserve or not. The endogenous
uncertainty of the line failure after hardening ’yfj and UC reserve
thus can be considered, which is formulated as follows

w' > Yk, i
ijeLl

13)

Remark 3: Compared to the ordinary uncertainty set of static
transmission line states, the proposed endogenous uncertainty
set characterizes the line states as time-varying variables, pro-
viding a more accurate depiction of the temporal evolution of
the transmission line. In contrast to the exogenous uncertainty
set [16], the proposed endogenous set posits that the fault status
of the line is influenced by hardening measures, emphasizing
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the time-varying impact of reinforcement on transmission line
faults under hurricanes. Distinguished from unrelated uncertain
variables in an uncertainty set [26], the proposed endogenous
set defines the states of line damage, repair, and operation
as correlated uncertain variables, offering a more comprehen-
sive description of the evolving process of line states. Mean-
while, the proposed model acknowledges the possibility of
hurricane-induced damage to reinforced transmission lines.
Therefore, the proposed endogenous uncertainty set is more
applicable for reflecting real-world scenarios.

C. Constraint Set of the First Stage

The constraint set of the first stage, i.e., X := {x € R™= x
{0,1}"= | Ax < b}, which includes the technical constraints
of generators, transmission lines, power balance and reserve
requirements [16], are formulated as follows:

1) Logic Constraint: The logic constraints describe the rela-
tionship between the operating state and the start-up/shut-down
command of the generator.

t t 1
=By =ug —uy
= g,we {At,...,T§U+T§D},g

t t
ay a + B, < 1,Vt, g (14)
up = (15)

2) Start-up/Shut-Down Time Constraint: Each generator re-
quires the minimum up/down time to start-up or shut-down due
to the physical limit, the constraints are shown as follows.

t

2

q=t-TYP+1

oﬂ <u Vit € {TUP

TY,g (16

t

2.

q=t—TDPN+1

BI<1—ul,vte{TPN, ... T}.g (7

3) Ramping Rate Constraint: The ramping capability of the
generator g is constrained by the allowable upward SU, and

downward SD,, rates, the constraints are formulated as
P! — PP <ROTul At +alSUg, Vg (18)

t—1 ¢ 60—t t
Pg — Pg < Rg ugAt + ﬂgSDg,Vt,g (19)

4) Reserve Constraint: The capacity reserve constraint of the
generator is expressed as follows (see [36] for more details).

ug P < Py —r 0 < RU <Rl Vg (20)
P!+ Rl + 1}t < Pl Vit g (21)
0<r,' <Ry ub,0<ri'<R)tul Vg (22
Qbr > PL+ RLS T RL > 6rQ6g, Vit g (23)
g€y
Drdt LY Py Y gt =00 Py g (24)
geg deD geg deD

5) Power Flow Constraint: The constraints of power balance
and power flow for each transmission line are formulated as

ZPt+Z ZP;i:ZP§7Vt7j
ji

geQJ dEDj

(25)
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P}, — By; (0; — 0%) = 0,Vt,ij

ij

(26)

min t max .
P < Py < P,V 27

D. Constraint Set of the Second Stage

The second stage constraint set, i.e., Y(x,u) := {y € R™v |
Ey > h — Gx — Mu}, includes constraints on the real-time
scheduling of generators, power flow, load shedding, generation
curtailment, as follows.

1) Generator Dispatch and Power Balance Constraints: The
scheduling of the generator, governed by (28), is subject to its
physical limitations. During a hurricane, adjustments to the unit
g schedule enable the shedding of load demand, ensuring bus
power balance as (29).

P;_RZSPZSP;—FR;,VLQ (28)
Z (pf] _pct:ur,g) + prj — ijt
9<9; ij ji
- Z <Pé + APZ 71’3) Vit g, g (29)
deD;

2) Power Flow Constraint: The second stage is coupled with
the endogenous uncertainty set. Hence, the line operating state
variable [, fj of the uncertainty set is inserted in the power flow
constraints of the second stage, which are expressed as follows

pl; — By (v — A1) = (I — 1) PR, Vt,ij  (30)
pi; — Bij (0f = 5) < (1= I};) P™,vt,ij  (31)
_Iij Rg)&x < pﬁ] < Iij‘PiI;laX7Vta ’L] (32)

3) Load Shedding/Generator Curtailment Constraint: As
the impact of extreme events, both load demand and generator
output will vary [35], which is depicted as follows

P!+ Ap > ply > 0,9t,d (33)

Pl > Dewwg = 0,V, g (34)

Remark 4: We assume that the problem (1) has relatively
complete recourse, i.e., for any x € X and u € U(x), the set
Y(x,u) is non-empty. This means that all generators can be
curtailed and each load can be shedded.

III. SOLUTION METHODS

The formulated problem (1) is a typical TRO with an endoge-
nous uncertainty set. The first stage is a mixed integer linear
programming (MILP) problem. The second stage is a max-min
problem, of which the inner layer is a linear programming
problem and is always feasible. However, since the uncertainty
setis endogenous and changes during each iteration of the master
problem (MP) and subproblem (SP), we make the following two
improvements to the classical C&CG algorithm to tackle the
problem.

® A heuristic as an improvement to the initialization of the

algorithm. Such an approach ensures that Algorithm 1
initially obtains a valid lower boundary, thereby expediting

subsequent identification of the worst-case and facilitating
more efficient decision-making processes.

e Apart from the existing primal cuts in the master prob-
lem [18], we introduce an additional cut, named en-
dogenous cut, whose specific objectives is depicted in
Section III-B.

These two innovative approaches play complementary roles.

The specific algorithm process is described in Algorithm 1.

A. Initialization of Algorithm

In the initialization of the algorithm, we invert the coefficients
of the decision variables coupled with the endogenous uncer-
tainty set in the first stage. That is, the following mathematical
model is solved.

min {—crlrx + max min dTy}
xeX uel(x) yey(x,u)

st. Ax<b,Ey>h-Gx—Mu,Cu<g+Nx (35)

By introducing a heuristic reverse initialization process,
Algorithm 1, with the increase of iteration, results in non-
increase and non-decrease series of |xj| < |x;_,| and |uj| >
|u’,‘€71 |, as demonstrated in Lemmas 1 and 2. In contrast to the
ordinary C&CG [18], where iterations lead to |x}| > |x;_,|
and |uj| < |uj_,|, the reverse iteration strategy in Algorithm 1
enables more rapid identification of the worst-case for TRO and
corresponding decision-making in the first stage.

Remark 5: During hurricanes, minimizing the operational
risk is paramount for a power system. This paper endeavors
to investigate the defense and mitigation strategies for power
systems during hurricanes, which triggers the motivation of
incorporating inverse initialization into the C&CG algorithm.
The merit of the inverse initialization approach lies in solving
the TRO with the starting point of minimizing the operational
risk and maximizing the defense cost for the power system.

The following dual approach is used to solve the second stage
problem, i.e., maxyey(x) Q(x). Let 7 be a dual variable. Then,
the dual process for Q(x) is a maximization problem, which can
be merged with the maximization for u.

S(u) = max(h — Gx — Mu) 7 (36a)

st. Efr<d,7>0,Cu<g+Nx (36b)

Note that the problem produced in (36) is a bilinear optimization
problem. Considering that u is a binary vector, non-convex
quadratic term uTM™ 7 can be exactly reformulated using its
McCormick envelop [37].

B. Cut Sets of Algorithm

1) Primal cut: The convergence speed of the modified
C&CG algorithm, i.e., the variation degree of LB and UB per
update, is strongly influenced by the cut set added to the master
problem each cycle. As shown in rows 18 to 27 of Algorithm 1,
the cut set is updated by the extreme value point or extreme
value ray of the subproblem (36) to form the optimal cut and the
feasible cut. The dual cutting plane converges slowly due to the
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Algorithm 1: Modified C&CG Algorithm for Two-Stage
Robust UC Under Endogenous Uncertainties.

Input: X, Y(x,u), 4, c, d,
Output: x, y, u
1 Set LB? = —inf, UBY = inf and k=1
2 while k < k4, do

3 * * %+ Initialization Step x x x x
4 if £ =1 then
5 Solve the initialization problem (35)
6 else
7 Solve the master problem (MP)
MP: min ¢'x 417
x,n,yk
st. xeX,n>d%* neR
Gx + Ey* > h — MuF~1*
8 end
9 if problem (MP) or problem (35) is infeasible then
10 Terminate
11 else
12 Derive an optimal solution x* and update
LB* = max {Lkal, objective value of MP}
13 Derive u®*, Q (x*) by solving (36) and update
UB* = min {chk +Q (xk) 7UB’“*I}
14 if (UB’C — LB’“) / max (UB’“, LB’“) < ¢ then
15 ‘ Return x*, u** and terminate
16 else
17 ** Add Endogenous Cuts Step * x
18 if problem (36) has extreme point then
19 Create variables y**! and add the
following optimality cuts to MP
20 n> dTyk+1
21 Gx + Eyft! > h — Mu**
22 Cuh* < g+ Nx
23 else if problem (36) has extreme ray then
24 Create variables y**! and add the
following feasibility cuts to MP
25 0> dTyk+1
26 Gx + Ey**! > h — Mub*
27 Cuh* < g+ Nx
28 end
29 Update k =k + 1
30 end
31 end
32 end

large number of cuts required to approximate the cost function

Q(x). The optimal solution of problem (36), i.e., u**, is used

to introduce a new primal cut for the master problem in each
iteration [38].

n>dYy** Gx 4+ Ey**! > h — Mu** (37)

2) Endogenous cut: With the introduction of the primal cut,

we incorporate the endogenous uncertainty set as a cut plane

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 40, NO. 1, JANUARY 2025

into the master problem of the Algorithm 1.

Cu** < g+ Nx (38)
Compared to the purposes of endogenous cuts in MP [23], [24],
the endogenous cuts in Algorithm 1 have three objectives: (1)
Since the cut plane in the MP is related to u, while u is solved
in the SP and depends on x. Thus, the introduced endogenous
cut ensures the feasibility of the MP; and (2) the TRO searches
for the worst case that is the vertices of uncertain polyhedral
set. As the uncertainty set is endogenous, the set of vertices of
the polyhedron changes with x, while x varies with the number
of iterations. Thus, the introduced endogenous cut ensures the
finite convergence of Algorithm 1; and (3) due to the heuristic
inverse initialization operationin & = 1, the solution x; obtained
for the MP is exactly opposite to the expected result. Therefore,
the introduced endogenous cut ensures that x is updated when
k> 2.

Remark 6: The worst failures of the power system include
line tripping, generators off-grid, and abrupt load variation
under hurricanes. The worst case under the hurricane men-
tioned in this paper is to maximize the number of dam-
agedlines ) , 7>, jec *yf j,‘o before reinforcement. Suppose that
Algorithm 1 terminates at the N-th iteration, the u’* solved by
(36) is the overall worst case. The decision x™V* solved by the
MP at the IN-th iteration is the overall optimal plan [39].

Lemma 1: If c is non-negative and xj, is an exact solution in
the MP, then as the increase of iteration, |x;| < |xj_,|, leading
to a non-increase series of lower boundary.

Proof: Let xj, denote the line hardening decision in the
first stage decision variable at iteration k. Since c is non-
negative when k£ = 1, in Line 5 of Algorithm 1, deriving xj =
[1,1,...,1]T that is maximum, where x € {0,1}. Next, we
prove |x} | < |xj._,| by induction. Firstof all, x}, < x7. Suppose
for the sake of induction that |x}_,| < |x}_,| where k € Z*.
Then if LB* = LB*~!, we have |x}| < |x}_,| directly. Else if
LB* > LB*1, then we have |x}| = |argmin(MP(zy))| >
largmin(MP(zx-1))| = |x;_,| since xy and xy_; are the
optimal and feasible solutions to the MP, respectively. O

Lemma 2: If uj, is an exact solution in (36), then as the
increase of itertaion, |u}§\ > \u;_l |, leading to a non-decrease
series of upper boundary.

Proof: Let uj, denote the uncertain variables of Algorithm 1
at iteration k. When k£ =1, in Line 13 of Algorithm 1, de-
riving u} = [0,0,...,0]T that is minimum, where u € {0,1}.
Next, we prove |uj | > |uj_,| by induction. First of all, uj, >
uj. Suppose for the sake of induction that |uj ;| > |u} |
where k € Z*. Then if UB* =UB*1, we have |u}|>
|u;_,| directly. Else if UB* < UB"*"!, then we have |u}| =

largmaz(S(ug))| < |largmaz(S(uk-1))| = |uj_,| since wuy
and ug_; are the optimal and feasible solutions to the problem
(33), respectively. U

Theorem 1: Algorithm 1 converges to the e-optimal value in
finite iterations.

Proof: Since MP, i.e., Line 7 in Algorithm 1, is a relaxation to
the problem (1) for all the numbers of iterations £ € N, the opti-
mal objective value of MP, which is recorded as LBF isless than
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Fig. 4. (a) IEEE reliability test system under a hurricane. (b) Transmission
line failure probability.

or equal to the optimal function value of the problem (1), i.e.,
LB* < c™x* + Q(x*). Likewise since SP (36) is a relaxation of
maxyey(x) (%), xF is a feasible solution. Further for the max-
imization problem Q(x), Q(x*) > Q(x*). Recall the updating
rule of the UB which is U B* = min{cTx* + Q(x*), UB* 1},
we have cTx* + Q(x*) < UBF.

We finally establish the e-optimal value x*. According to I B*
< cTx* + Q(x*) <U B* and the condition that Algorithm 1
terminates at (UB* — LB*)/ max(UB*, LB*) < ¢, for the
molecule we have (UB* — ¢Tx* — Q(x*)) < e. Recalling that
the UB is also obtained by UB* = ¢Tx* + Q(x*), we have
(cTxF 4+ Q(xF) — ¢Tx* — Q(x*)) < &, which proves the e-
optimality of x*. Algorithm 1 converges in k iterations.

As a bounded polyhedron set, I/ admits finite extreme points.
The generated uj, in iteration k& belongs to a finite set with
|[V(U)| elements. As both uj, and xj, are bounded convergent
series, according to Lemmas 1 and 2, Algorithm 1 converges in
O(|V(U)]) iterations when |uj, —u;_,| = 0. O

IV. CASE STUDY

In this section, case studies are conducted on the modified
IEEE RTS-79 [33] and the two-area IEEE RTS-96 [40] under a
hurricane to verify the merits of the proposed planning models
and solution methods.

A. Case Description

A modified IEEE 24 bus reliability test system under one
hurricane, as shown in Fig. 4(a). The test system is projected
to a 150%200 km area approximately located within (30.52°N-
32.32°N, 87.68°W-89.25°W). The hurricane is to be generated
within the area (29.31°N-30.21°N, 86.64°W-90.29°W) at 02:00
am in the operating day. For this hurricane, the failure probability
of each line across the hurricane periods is given in Fig. 4(b).
The reference power is set to be I00MVA. The parameters for
the generators, loads and transmission lines are referred to [41].
For the two-area IEEE RTS-96, which contains two equal areas,
each of which being identical to the IEEE RTS-79 system, and
three additional lines connecting the two areas. Assume that one
of the areas is affected by a hurricane and the other is unaffected.

The parameters in the cases are set as K = 2, VOLL =
40008/MWh, VOGC = 1000$/MWh, At =1 h, T =24, 11 =
0.001. The cost of hardening each line ¢;; is 6000$ [42]. The
optimization programs are coded in Matlab 2019b and solved by
commercial solver CPLEX 12.10 and Gurobi 11.0.0. Numerical
tests are conducted on a laptop with an Intel i9-12900H CPU
and 16 GB of RAM. To demonstrate the effectiveness of the
resilience enhancement strategy and modified C&CG algorithm
proposed in this paper, several cases are constructed for com-
parative analysis as follows

® (ase Il: Tworesilience enhancement measures, pre-disaster
line hardening x;; and post-disaster failure repair /i‘l?j, are
both considered as benchmarks.

® (Case II: Only pre-disaster line hardening measures are
considered and post-disaster failure repair is not taken into
account, i.e., (8) becomes I}, = I/, —~f,.

e (Case Ill: The robust resilience enhancement (RRE) model
based on RO is considered [25], where the unrealistic
assumption exists that the hardened lines will definitely
not be damaged during the hurricane'.

® (aseIV: The box uncertainty setis considered” [26], where
there is no correlation between uncertain variables.

® C(Case V: Different algorithms are applied to the models for
comparisons, including the Algorithm 1, the Benders +
C&CG? [24], and C&CG-AOP algorithm4 [27]. Notably,
the benchmark algorithm is C&CG-AOP, which has no
accelerating techniques for ordinary cases.

® Case VI: Cooperative games between line hardening and
unit commitment plans.

B. Simulated Results and Discussions on IEEE RTS-79

1) Results Comparison Among Algorithms Under Case I: To
evaluate the two resilience enhancement measures for the power
system of hardening the transmission lines before the hurricane
and repairing the failed lines after the hurricane, for the worst
line failure scenario encompassing line damage before and after
hardening, the repair results of Algorithm 1 (A1), the Benders
+ C&CQG algorithm (A2), and the C&CG-AOP algorithm (A3)
searched in the second stage of TRO under the same system
parameters are shown in Fig. 5. Table I shows the reinforcement
results of the three algorithms for the possible failed lines during
the disaster. From Fig. 5(a), it can be observed the number of
worst line faults searched by the improved C&CG algorithm
proposed in this paper is 18. Note that, it can be seen from Table I
that 10 of the 18 lines are hardened before the hurricane, and the
eight lines are not hardened. We find that, after reinforcing these
eight transmission lines, failures still occurred during the arrival

IThe scenario labeled as case 4 in Fig. 3 does not exist.

2720 < z;; and without uncertain variable fyfj.

3The Benders + C&CG algorithm can solve the TRO with DDU [24]. Since
the endogenous uncertainty is synonymous with DDU [13], Benders + C&CG
is applicable to solve endogenous uncertainty case for the model formulated in
this paper.

4The C&CG-AOP algorithm treats the uncertainty set Cu < gas Cu < g +
Nz by adding endogenous cuts to the master problem of the outer and inner
levels. So C&CG-AOP is applicable to solve endogenous uncertainty case for
the model formulated in this paper.
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States of normal operation, damaged before hardening, damaged after hardening, and repaired of transmission lines based on the worst case under Case

IV. (a) Solved by the algorithm proposed in this paper. (b) Solved by the Benders + C&CG algorithm. (c) Solved by the C&CG-AOP algorithm.

TABLE I
RESULTS OF LINES HARDENED FOR MODEL WITH REPAIR

TABLE I
RESULTS OF LINES HARDENED FOR MODEL WITHOUT REPAIR

Al A2 A3 Al A2 A3
3-9,4-9,5-10,6-10 3-9,4-9 3-9,4-9,5-10,6-10 3-9,5-10,6-10,8-9 3-9,5-10,6-10 3-9,5-10,6-10
Hardened # 11-13,12-13,12-23  6-10,11-13  11-13,12-23,16-19 8-10,11-13,12-13,12-23 8-9,8-10,11-13  8-9,8-10,11-13
16-19,18-21,18-21  12-23,16-19 18-21,18-21 Hardened # 16-19,17-22,18-21 12-23,16-19  12-23,16-19,17-22
Unhardened # Other lines Other lines Other lines 18-21,19-20,19-20 17-22,18-21  18-21,19-20,19-20
- - T 20-23,20-23,21-22 19-20,20-23 20-23,20-23
* Line 18-21 is the double circuit. Unhardened # Other lines Other lines Other lines

of hurricanes. That is, transmission lines can still be damaged by
hurricanes after reinforcement, which has practical implications
in engineering applications. The system is not hardened for these
eight lines to meet the goal of cost optimization. Nevertheless, it
is observed in Fig. 5(a) that the maintenance measures manage to
repair the eight lines to ensure timely restoration of load power
supply after the hurricane. The interplay of failed line hardening
and repair measures still shows a positive effect in preventing
power outages during extreme weather.

In addition, the number of the worst-case failed lines searched
by the Benders + C&CG and the C&CG-AOP algorithm in the
second stage are 11 and 16, which are 38.88% and 11.11% less
than that by Algorithm 1, respectively. According to the worst-
case scenario of transmission line failure during the hurricane,
as shown in Fig. 5(b) and Fig. 5(c), the failed lines should be
precisely hardened before the arrival of a hurricane. Likewise,
as shown in Table I, the model solved by the Benders + C&CG
and C&CG-AQP algorithm is less accurately in hardening the
lines before a hurricane attack.

These results indicate that solving the TRO model with the
endogenous uncertainty set proposed in this paper for enhanc-
ing power system resilience by Algorithm 1 can: (1) achieve
more accurate situation awareness of the worst-case line failure
scenario under a given criterion and provide more specific
preventive guidance for operators, as shown in Fig. 5(a); and
(2) provide the power system operator with accurate fault line
prevention hardening and repair strategies to reduce economic
losses.

2) Results Comparison Among Algorithms Under Case II:
To evaluate only hardening measures for possible failed lines
during hurricane, the failed lines in the worst-case scenario
searched by Algorithm 1 (A1), the Benders + C&CG algorithm
(A2), and the C&CG-AOQOP algorithm (A3) respectively in the

* Lines 18-21, 19-20, and 20-23 are the double circuit.

second stage of TRO under the same system parameters are
shown in Fig. 6. Table II shows the results of the three algorithms
for the reinforcement of possible failed lines. The right half of
Table III presents the results of different costs and worst-case
scenarios for lines under hurricanes obtained by the three algo-
rithms respectively for solving the model in Case II. The number
of failed lines searched by Algorithm 1 in the second stage is 19,
while the Benders + C&CG and C&CG-AOP algorithms have
14 and 16 failed lines, accounting for 73.68% and 84.21% of
Algorithm 1, respectively.

Additionally, the cost results for each part of the power system
solved by the Algorithm 1, Benders + C&CG, and C&CG-AOP
algorithm in Case I and Case II are shown in Table I1I. The model
solved in Table III takes the total cost of the algorithm proposed
in this paper as a reference. In comparison with the repaired
model, the errors of Benders + C&CG and C&CG-AOP are
0.08% and 0.03%, respectively, both less than 1%. Similarly, in
comparison with the unrepaired model, the errors of Benders +
C&CG and C&CG-AQOP are 0.02% and 0.01%, also both less
than 1%. Due to the MIPGap error in the solver used by the
algorithms, it can be considered that the objective functions ob-
tained by these three algorithms are roughly equal. The inability
to detect lines with possible faults and take preventive measures
will lead to more serious economic losses.

Finally, according to Fig. 6, it can be observed that even with
hardening, the hardened lines may still experience faults and
prolonged downtime in the absence of repair actions. This is
the direct cause leading to a significant increase in the magni-
tude of load shedding and generator curtailment in the second
stage. By examining the endogenous uncertainty relationship
between unit reserve and post-reinforcement line faults, we
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States of normal operation and damaged before hardening of transmission lines based on the worst case under Case IV. (a) Solved by the algorithm

proposed in this paper. (b) Solved by the Benders + C&CG algorithm. (c) Solved by the C&CG-AOP algorithm.

TABLE III
RESULTS OF DIFFERENT ALGORITHMS IN IEEE RTS-79

Results Model with repair Model without repair
Proposed Benders + C&CG [24] C&CG-AOP [27] Proposed Benders + C&CG [24] C&CG-AOP [27]
Total cost($) 2799792.97 2777810.88 2809394.55 16698515.57 16670427.96 16708178.39
First stage cost($) 791192.97 769210.88 800794.55 898515.56 870427.96 908178.38
Start-up/shut-down cost($) 6215.51 6245.86 4070.28 6874.37 6537.12 1964.65
Fuel cost($) 711885.83 714423.30 729840.65 777470.75 778780.42 807520.65
Reserve cost($) 13091.63 12541.72 12883.62 13191.76 13110.42 14693.09
Hardening cost($) 60000 36000 54000 102000 72000 84000
Second stage cost($) 2008600.00 2008600.00 2008600.00 15800000.00 15800000.00 15800000.00
Load shedding cost($) 2008600.00 2008600.00 2008600.00 15800000.00 15800000.00 15800000.00
Generator curtailment cost($) 7.52x10~7 5.74x1078 0.00 2.98x1076 3.41x1078 0.00
Number of failed lines 18 11 16 19 14 16
TABLE IV

RESULTS OF PERFORMANCE FOR DIFFERENT ALGORITHMS

Solution algorithm

Results Proposed Benders+C&CG [24] C&CG-AOP [27]

Iteration 2 2 3

Gap (%) 0.00% 0.00% 0.00%
Computation time (s)  30.11 30.23 163.91
Number of failed lines 18 11 16

* Gap = (UB — LB) / max (UB, LB).

derive the result that reserve operation is required for 05:00 and
06:00, i.e., w® = wb = 1.

3) Performance Comparison of Different Algorithms: In this
part, the Algorithm 1, Benders + C&CG and C&CG-AOP al-
gorithm are utilized for the optimization of Case I respectively,
and the optimal results of different algorithms are displayed in
Table IV. As described in Table III, the objectives of the three
algorithms in both cases are approximately consistent, indicating
the validity and correctness of the proposed algorithm. Since
Algorithm 1 proposed in this paper is reverse thinking compared
to the other two algorithms in searching for the worst scenario in
the second stage, Algorithm 1 reaches a better perception of the
risk, i.e., the number of failed lines, when searching for the opti-
mal starting from the lowest system risk. Simultaneously, when
the convergence gaps of the three algorithms all reach 0.00%,
Algorithm 1 exhibits fewer iterations and shorter computation
time, providing a significant advantage in preparing for disaster
risk reduction plans.

These results show that Algorithm 1 proposed in this paper
outperforms the Benders + C&CG and C&CG-AOP algorithm
in terms of situation awareness of possible failed lines during
hurricane arrival. The TRO model with endogenous uncertainty
set solved by Algorithm 1 can provide more practical predictive
guidance for the power system to operate strongly and reliably
in the face of hurricanes. By observing the result of the first
iteration of the hardening, i.e., x}j, it is found that Algorithm 1
generated an efficient initial solution.

4) Sensitivity Analysis on K and Threshold 11: Using
Algorithm 1 to solve the scenario under Case II. As shown in (7)
and (10), the parameter K and the line failure threshold II play
an essential role in the preparation of dispatch. The worst line
failure scenario with different thresholds Il is given in Fig. 7. As
shown in Fig. 7(a), lines (11-13) and (12-13) failed at 06:00,
and lines (16-19) and the double circuit (20-23) failed at 09:00,
causing the line to stop running. Also, as shown in Fig. 7(b),
(¢), and (d), the location, time, and number of worst-case line
failures upon hurricane arrival change for different thresholds
II. These results indicate that probability threshold II can be
used to detect the time, place, and number of failures that would
occur for lines in the worst case.

Fig. 8 illustrates the costs associated with different maximum
numbers of line failures K, where “H” means the line hardening
cost (x10?), “T” means the power system’s operating total cost
(x107), and “L” means the load shedding penalty cost (x109).
It is observed from Fig. 8 that the hardening cost is decreasing
as K is increasing, while the total system operating cost is
slowly increasing. However, the load shedding of the system is
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TABLE V
COMPARISON OF DIFFERENT MODELING FRAMEWORK
Strat Correlation Hardened Repair m r
ategy among variables  lines damaged cpair measure
Case | v v v
Case 11 v v X
Case III v X v
Case IV X X X

always at a zero or near-zero value. Line hardening measures
still demonstrate a positive effect in preventing power out-
ages under hurricanes. These results can help system operators
assess readiness under various K and arrange resources for
preventive hardening.

5) Comparison Analysis of Various Correlation Uncertainty
Sets: The three endogenous uncertainty sets are introduced into
the proposed TRO model for comparison and analysis. The dif-
ferences are shown in Table V, which focuses on the correlation
among variables, hardened line failures and repair measures.
Our proposed models are Cases I and II. Case III is derived
from the RRE model based on RO in [25], where the hardened
lines will definitely not be damaged. Case IV is taken from the
boxed uncertainty set in [26], where none of the three aspects
are in Table V.

Worst line failure scenario in Case II. (a) IT = 10~ 1. (b) II = 10~ 2.

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 40, NO. 1, JANUARY 2025

I On-line

Off-line

12 16 20 241 4 8 12 16 20 24
(a) . (b)
Time (h)

Fig. 9. Worst line failure scenario. (a) Case III. (b) Case IV.

TABLE VI

COOPERATIVE GAMES BETWEEN LINE HARDENING AND UC PLANS
Strategy Cost

Line First stage

Hardening ue Line Hardening uC Second stage

v v 60000.00 2739792.97 2008600.00
X v 0.00 782990.36 45057155.00
v x 36000.00 0.00 215517000.00
x x 0.00 0.00 226860000.00

The bold value indicative of their generation by the proposed approach.

The results of Case I and Case II solved by the modified
C&CG algorithm are shown in Table III. The results of the
worst case scenarios in Case III and Case IV for the failure
situation of the lines are shown in Fig. 9, and their total costs
are $8.2436 x 10° and $7.5047 x 10°, respectively. For the
faulty lines depicted in Fig. 9, the system underwent compre-
hensive reinforcement before the disaster, and the reinforced
lines are not prone to further faults when the hurricane arrives.
Therefore, describing the impact of hurricanes on transmission
lines using Cases I and II is more realistic, effectively reducing
uncertainty when formulating disaster prevention and mitigation
plans based on actual scenarios.

C. Cooperative Games Between Line Hardening and UC
Plans

To evaluate the contribution of the proposed resilience en-
hancement strategies, namely, line reinforcement and UC plans,
this subsection performs cooperative game experiments on line
reinforcement and UC schemes, as shown in Table VI.

Table VI illustrates four scenarios resulting from the combi-
nation of two strategies. It is observed that the cost of the combi-
nation strategy proposed in this paper is reduced by $4.30 x 107,
$2.14 x 108 and $2.25 x 10® for the second stage compared to
the other three combinations. Since the cost of the second stage
involves load shedding and generator curtailment, the strategy
proposed in this paper is effective and improves the system
resilience.

D. Simulated Results and Discussions on IEEE RTS-96

To evaluate the scalability of the proposed resilience enhance-
ment method, further case studies are conducted based on Case
I solved by Algorithm 1 (A1), the Benders + C&CG (A2), and
the C&CG-AOP (A3) in the two-area IEEE RTS-96 system. The
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TABLE VII
RESULTS OF DIFFERENT ALGORITHMS IN TWO-AREA IEEE RTS-96

Solution algorithm

Results AT AT24] A3 [27]
Total cost($) 43022487.79 43039189.06 43038521.79
First stage cost($) 1517572.79 1512624.81 1514906.82
Start-up/shut-down cost($) 12778.75 14492.89 13054.18
Fuel cost($) 1473740.41 1473617.68 1476675.18
Reserve cost($) 25053.63 24514.23 25177.46
Hardening cost($) 18000 0.00 0.00

41504915.00 41526564.25 41523614.98
Load shedding cost($) 39829560.00 39829584.00 39829560.00
Generator curtailment cost($) 1675355.00 1696980.25 1694054.98
Number of failed lines 18 15 17

The bold values are indicative of their generation by the proposed approach.

Second stage cost($)

simulation results obtained by different algorithms for Case [ are
given in Table VII. As shown in Table VII, the relative errors
in the total costs for A1, A2, and A3 are all within the range of
1%, indicating that they can be regarded as approximately equal.
However, the Al proposed in this paper has the lowest cost for
the second stage and senses up to 18 failed transmission lines.
The number of the worst-case failed lines searched by A2 and A3
in the second stage are 15 and 17, which are 16.67% and 5.56%
less than that by A1, respectively. Notably, all three algorithms
involve the generator curtailment cost, as the repair time is set to
8 hours in this case. This is attributed to the failure in promptly
repairing the persisting faults in the lines, consequently resulting
in the occurrence of generator curtailment. Nevertheless, the
results in Table VII show that solving the TRO model Case [ with
an endogenous uncertainty set by Al can achieve more accurate
situational awareness of the worst-case scenarios of line failures
under the given criterion. This provides more specific preventive
guidance for operators.

In terms of computational efficiency, the three algorithms take
233.17 s, 566.83 s, and 1003.45 s respectively to get convergent
results the model in Table VII. Given the NP-hardness nature
of the first stage, accurately predicting computational time is
challenging. Nonetheless, our findings suggest that the proposed
algorithms provide an efficient solution method. Note that if the
second stage is modeled as MIP, the computation time of the
algorithm will be significantly increased. In future research, a
solution algorithm for NP-hard cases in the second stage shall
be developed.

V. CONCLUSION

This paper proposed a resilient UC for transmission lines
hardening toward hurricanes. The coupling between hardening
decision, UC reserve decision, and line operation states was
constructed as an endogenous uncertainty set. Meanwhile, the
repair and failure operations were introduced to the endogenous
uncertainty set, and a TRO problem was presented to balance
economic efficiency and robustness. An improved C&CG al-
gorithm was devised to solve the TRO problem. Simulations
were performed on modified IEEE RTS-79 and two-area IEEE
RTS-96 under a hurricane. The results demonstrated that the
proposed second-stage recourse problem solved by the improved
C&CG algorithm could well identify the failures on transmission

lines under endogenous uncertainties. The failed lines were
hardened or repaired to enhance the resilience. Apart from
the refining of generator resources and transmission networks,
we will investigate energy storage resources within the power
system in the future, such as mobile energy storage systems, to
resist hurricanes.
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