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Abstract—Windstorm causes a tremendous amount of black-
outs each year in the U.S., leading to significant social and
economic losses. Therefore, power system operators and local
utilities are paying much attention to enhancing power system
resilience under windstorms, including improving the system
robustness and improving the recovery ability to return the power
system into normal status. This paper focuses on the latter and
proposes an optimal restoration strategy for the transmission
system. The proposed model develops an approach to estimate the
transmission line fault locations, transmission repairing schedule,
and an economic dispatch solution on the basis of uncertainties
from the windstorms. The objectives are to promote the rapidity
of restoration and reduce outage costs. The proposed model is
formulated as a scheduling problem. A 6-bus transmission system
is applied in the case study to demonstrate the efficiency of the
proposed model.

Index Terms—resilience, restoration strategy, windstorm,
scheduling

NOMENCLATURE

i Index for generation units
j Index for loads
l Index for transmission lines
m Index for generation unit segment
t Index for time
v Index for buses
∆Dj,t Deviation between scheduled and real power consum-

ing of load j at time t
Θv,t Phase of bus v at time t
Ci,m Operation cost coefficient for generation unit i in

segment m (per 100MW)
Ci,t No load cost for generation unit i at time t
Closs outage losses coefficient (per 100MW)
Csd,i,t Shut down cost for generation unit i at time t
Csu,i,t Start up cost for generation unit i at time t
Coeft Weights of outage cost in objective function at time t
Ii,t Status indicator of generation unit i at time t
Ni,0 No load cost coefficient of generation unit i
Pi,t,m Output power of generation unit i in segment m at

time t
Pi,t Output power of generation unit i at time t

Pmaxi Upper bound output power of generation unit i
Pmini Lower bound output power of generation unit i
Pl,t Power flow of transmission line l at time t
Prj,t Priority of load j at time t
SDi Shut down cost coefficient of generation unit i
SUi Start up cost coefficient of generation unit i
Xl Reactance of transmission line l (per unit)
Yi,t Start up indicator of generation unit i at time t
Zi,t Shut down indicator of generation unit i at time t

I. INTRODUCTION

The infrastructure resilience[1] has drawn enormous atten-
tion recently for significant socioeconomic disruptions caused
by extreme events. Recent blackouts and subsequent financial
losses in the United States caused by Hurricane Katrina
in 2005 and hurricane Harvey in 2017 are among prime
examples of such disruptions. Natural disasters can cause large
blackouts[2]. Research on the impacts of the natural disaster
on power and energy systems is emerging to understand the
blackouts, explore ways to prepare and harden the grid, and
increase the resilience of the power grid under such events [3],
[4].

Based on the definition of resilience [5], resilience en-
hancement strategies could be categorized into two groups:
enhancing the adaptation ability and enhancing the recovery
ability. On the other hand, following the traditional classifi-
cation of power system practices, these strategies can also
be categorized from the perspective of planning and opera-
tion (Fig. 1). While the operation strategies can be further
divided into three terms: preventive state, emergency state, and
restorative state [6], which power grids will go through. As a
result, researchers have in total of four types of grid resilience
enhancement strategies (i.e., resilience planning, corrective
action, emergency response, and resilience restoration).

After a power outage happens due to the damage from a
natural disaster, the most important task for system operators
is to restore the power system as quickly as possible to restore
critical loads[7] and minimize the economic loss to customers.
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Fig. 1. The Milestones of Resilience Enhancement

Hence, service restoration has two primary objectives: restor-
ing as much service as possible to affected customers and
implementing the process as fast as possible [8].

Power systems researchers have developed multiple post-
disaster restoration models in response to significant natural
disasters. [9] proposed a restoration model by collecting dam-
aged assessment information, load types and estimating the
expected time to repair, employed Benders Decomposition to
solve a Mix-Integer program, providing the optimal repairing
schedule. [10] and [11] focused on giving the best repairing
path, considering minimizing the outage lasting time. [12]
presented three approximation algorithms with performance
guarantees scheduling the repairs on large scale power sys-
tems.

On the other hand, in order to further increase the reaction
speed, shorten outage time, researchers did a lot of work
for developing outage estimation models. For windstorm,
plenty of estimation models have been built. [13] developed
a negative binomial regression model aiming at predicting
the density of outages caused by hurricanes. Based on [13],
[14] provided an improved model by only employing public
data. [15] proposed a generalized additive model rather than
a generalized linear model for the purpose of avoiding over-
estimating. Their works indicated that hurricane or windstorm
caused outage related to several types of factors: power system
properties, land cover, windstorm characteristics, vegetation
environment, soil and so on.

The proposed work aims at the rapidity of the restoration
while considering isolated grid partitioning and random be-
havior of wind storms. In view of the above discussion, the
main objectives and contributions of this paper are threefold:

1) Uncertainties from windstorms are considered in the
outage estimation to forecasting line status.

2) Repairing strategy is proposed as an optimization
scheduling problem in order to minimize outage cost.

3) Black start unit commitment is utilized in response to
time varying status of transmission line under windstorms
whiling considering several criteria such as self-healing time,
network observability, and load pickup capability.

This paper is organized as follows: Section II depicts
the restoration model. Section III present simulation results
and discussion. Section IV gives the final conclusions and
describes future works we should do to improve our model.

II. MODEL DESCRIPTION

A. Problem Description

Fig. 2. Restoration Model

The Fig. 2 illustrates the flowchart of this optimization
problem. The model is based on the conventional transmission-
constrained unit commitment (TCUC) model and the system
topology is changing all the time due to line fault occurs.
From Fig.2, Di, Dj , and Dl represent generation unit data,
transmission line data, and load data respectively and they
are all the inputs of TCUC model. In addition, Dw and De

represent windstorm data and environmental data and they are
the inputs of the Line Status Estimation model. These two
models bonded together by power flow and line status. In this
regards. the restoration strategy can be developed as the the
repairing schedule and the corresponding power dispatch for
the generations.

B. Outage Estimation

In this paper, we only focus on transmission line outage.
Although generation units, transmission tower, substations
failures may occur, line failures are more common under
windstorm due to its long distance and supporting structure.
[16] depicted a component fragility model in 2014. Based on
it, Huang et al. (2018) displayed a model describing line failure
rate pf under windstorm [17], as equation (1) shows. In this
model, pw reflects wind-related failure rate and pr indicates
line load related failure rate, they can be accessed by equations
(2)-(5) [18] [19]:

pf = 1− (1− pw) ∗ (1− pr) (1)

pw =

 0 if w < wcritical
phw if wcritical ≤ w ≤ ωcollapse

1 if w ≥ wcollapse
(2)

where phw represents high wind line failure rate.

phw =
w − wcritical

wcollapse − wcritical
(3)
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pr =


1 if r >= rlimit

r−rheavy

rlimit−rheavy
if rheavy < r < rlimit

0 if r < rheavy

(4)

Load rate r can be described as the ratio of practical
transmission line power flow and the rated line capacity, which
is:

rl,t =
Pl,t−1

Capacityl
(5)

As discussed in Segment I, environmental conditions, such
as vegetation types, soil, as well as line properties may also
influence line failure rate. Those factors of one certain area
can be treated as fixed considering restoration time horizon.
We introduce coefficient β here reflecting their effect. Hence,
line failure rate pf can be rewritten as:

pf = α1 ∗ [1− (1− pw) ∗ (1− pr)] + α2 ∗ β (6)

where α1 and α2 are coefficients. Additionally, considering
the cumulative effect of windstorm, we use γ reflecting its
weight, the final line failure rate pf can be revised as:

pft = α1 ∗ [1− (1−pwt−γ ∗pwt−1)∗ (1−prt)]+α2 ∗β (7)

C. Line status

In order to track line status, we define binary variables Ul,t
to represent transmission line status. Mathematically, Ul,t =
1 means line l at time t is in normal status, its capacity is
the rated capacity; while Ul,t = 0 means it is on outage, its
capacity becomes 0.

Furthermore, inspired by previous research [13], we apply a
gird in the transmission system, as Fig.3 shown. The division
of gird is meticulous enough that wind speed can be treated
as constant. We define binary variables Ul,t,g here to represent
transmission line part status in each grid. It is obvious that:

Ul,t =
∏

Ul,t,g (8)

Fig. 3. Grid in 6-Bus Transmission System

For better understanding, we set two-period sections, one
is the windstorm section and the other one is the restoration

section. In the windstorm section, the transmission line failure
rate can be determined by the following equation:

pfl,t,g = −α1 ∗ (1− pwl,t,g
− γ ∗ pwl,t−1,g

)
∗(1− prl,t) + α2 ∗ β + α1

(9)

We consider wcritical, wcollapse, rheavy and rlimit as 30m/s,
60m/s, 0.8 and 1.4 here, respectively [17]. As we obtained the
line failure rate at time t, we want to determine the line status.
By comparing pfl,t,g and a uniformly randomly generated
number h ∼ U [01] [18], we can express transmission line
outage function Fl,t,g as:

Fl,t,g =

{
0 if pfl,t,g < h
1 if pfl,t,g ≥ h

(10)

As a result, line status can be accessed by:

Ul,t,g = Ul,t−1,g ∗ (1− Fl,t,g) (11)

At the second section, as the windstorm passing away,
restoration crews start to work, line status can be depicted
as:

Ul,t,g = Rl,t,g + Ul,t−1,g × (1−Rl,t,g) (12)

where R is the restoration indicator, indicating one restora-
tion unit is working. Here, we assume each line part in one grid
can be repaired in one unit time (1 hour) by one restoration
unit.

D. Formulation

Our goal is to provide the optimal repairing schedule to
minimize the total cost. Considering to correspond to the
restoration process, we should also provide the economic dis-
patch for generations simultaneously. The objective function
can be expressed as:

Min (Cgen + Coutage) (13)

Among them, Cgen indicates operation cost of generation,
which is obtained by [20]:

Cgen =
∑
i,t

(Ci,t + Csu,i,t + Csd,i,t) (14)

Ci,t =
∑
m

(Ci,m × Pi,t,m) +Ni,0 × Ii,t (15)

Csd,i,t = SDi × Zi,t (16)

Csu,i,t = SUi × Yi,t (17)

While Coutage refers to the outage cost, which is determined
by missed load ∆Dj,t[21], [22]. It is the decisive part among
the total cost:

Coutage =
∑
j,t

∆Dj,t × Closs × Prj,t × Coeft (18)

∆Dj,t = Dj,t,schedule −Dj,t,real (19)
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In order to receive a practical solution, the following con-
straints should be taken into consideration:

1) Capacity
This is the constrain for generations. It keeps economic

dispatch within a feasible range, which was determined by
the generation unit property.

Pmini × Ii,t ≤ Pi,t ≤ Pmaxi × Ii,t (20)

2) System constraint
One of the most important goals of system operators is to

keep demand and supply balance all the time, even though
there is an extreme event.∑

i

Pi,t =
∑
j

Dj,t,real ∀t (21)

3) Flow limit
In order to keep system security, we should consider the

power flow limit here. The power flow in this model is
derived by the N-R method, ignoring reactive power and line
conductance, and assuming all the voltages are 1.0 per unit.

|Pl,t| ≤ Capacityl (22)

Pl,t =

{
θlfrom,t−θlto,t

Xl
if Ul,t = 1

0 if Ul,t = 0
(23)

B × θv,t = −(Pv,t −Dv,t) (24)

4) Restoration limit
In practice, the amount of available restoration units is also

limited due to economic reasons:∑
l,g

Rl,t,g ≤ Restorationlimitt (25)

III. CASE STUDIES

A. Simulation Result

A 6-bus system is utilized to test the proposed restoration
model. This system contains 3 generation unit, 3 loads and 7
transmission lines. The related data can be obtained in [23].

We assumed that all transmission lines were in normal status
originally. The transmission line grid distribution is shown in
table I. We suppose the wind storm lasts for two hours, starting
from the grid (7,3), moving forward to the grid (5,4), with
central wind speed 48m/s, and wind speed in adjacent grids
decreased by 10m/s. Wind speed in rest grids is considered
less than 30m/s. We assume the priority of each load are the
same, which means Prj,t = 1,∀j,∀t. We focus on 8 hours
time horizon after the windstorm. In addition, we suppose that
the cost of outages is $1.16 per kWh[24].

In order to illustrate the effectiveness of the proposed model,
we analyze three cases:

Case A: No restoration units are available. By analyzing this
case, we can figure out the location of damaged transmission
lines and estimate the outage cost without a restoration.

TABLE I
TRANSMISSION LINE GRID DISTRIBUTION IN 6-BUS SYSTEM

Line Grid
1 (2,4) (3,4) (4,4) (5,4) (6,4)
2 (6,2) (6,3) (6,4)
3 (2,2) (2,3) (2,4)
4 (2,2) (3,2) (3,3) (3,4) (4,4) (5,4) (6,4)
5 (3,1) (3,2) (2,2)
6 (3,1) (3,2) (4,2) (5,2) (5,1)
7 (5,1) (5,2) (6,2)

Case B: One Restoration unit is available, and the restora-
tion schedule was made based on the model presented in this
paper.

Case C: One Restoration unit is available. However, power
dispatch remains the same as the original schedule before the
windstorm, it doesn’t change with the transmission line status.

Case A

In this case, we aim to estimate the outage cost without a
restoration. The result indicates the exact line fault location
after a windstorm, as shown in Table II. The total cost sums
up to $ 402146. Among them, the outage cost is $ 378160,
playing a dominant role. This case illustrates the importance
of rapid response, hours of delay may lead to critical financial
losses.

TABLE II
ESTIMATED TRANSMISSION LINE FAULT LOCATION

Line Fault Location Status
1 (5,4) outage
2 (6,3) outage
3 - normal
4 (5,4) outage
5 - normal
6 - normal
7 - normal

Case B

In case B, one restoration unit is available. A possible
restoration schedule derived by the proposed model is Line
2 first, Line 1 second and Line 4 last (The optimal solution
shows that after repairing Line 2 and Line 1, the transmission
system can already supply scheduled power demand to each
load. Until Hour 8, since scheduled power demand grows
significantly, Line 4 is been repaired). This method moves
forward reducing total cost to $ 45896.3, with $ 18560 outage
cost. Fig 4 and Fig 5 depict the comparison of cost in those
two cases.

Case C

This case is designed to demonstrate the necessity to con-
sider generation unit commitment. In this case, we suppose
generation units did not response to the unexpected outage,
i.e. the generation units will be operated as scheduled. The
result shows that at hour 2 and hour 3, more load is missed
in this case, outage cost hence jumps to a much higher level
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Fig. 4. Total cost by Time in Case A & B

Fig. 5. Outage Cost by Time in Case A & B

(Fig 6). This is because generation units didn’t response to
an alternative power flow path. Repaired transmission lines
were not been fully utilized, which lead to much more outage
losses. In fact, it can be partly avoided by making economic
dispatch solutions following the immediate line status.

Fig. 6. Costs (8 Hours After Windstorm) in Case B & C

B. Discussion

Other factors still have an impact on potential solutions. We
discuss load priority Prj,t here. Prj,t reflects the priority of
certain load. Critical loads have higher priority. In practical,
hospitals, fire stations and police offices may have higher
priority. To analyze the influence of priority, we assign the
priority of Load 1, Load 2 and Load 3 to 3 successively. The
result appears to be an interesting one: even though the total
cost remains the same, the power flow obtained in those three
scenarios are different. This may because that the model tried
to transfer missed load to another lower-priority load. While
the total missed load remained the same. This is a special
situation because the only missed load occurred at hour 2,
however, in post-windstorm section (hour 3- hour 10), there
is no missed load anymore. For a more complex situation, the
result may be different, however, the missed loads are always
prone to appear in low-priority loads.

IV. CONCLUSION

As extreme events occur more frequently, system resilience
has attracted much attention than ever before. This paper
proposed an optimization model to estimate transmission line
status and apply a restoration strategy in order to deal with
windstorm with stochastic characteristics to achieve the opti-
mal outage costs. The simulation result shows the effectiveness
of the proposed model. It can be developed further as a
candidate tool for utility companies in restoration strategies. It
can benefits both customers with shortening outage duration
and generations units for better preparation. In the future, we
plan to make efforts to two directions: analyzing historical
data and keep training our model to get better performance;
improving computing efficiency to apply this model to larger
scale systems.

REFERENCES

[1] R. E. Fisher and et al, “Constructing a resilience in-
dex for the enhanced critical infrastructure protection
program,” Oct. 2010.

[2] M. Kezunovic, I. Dobson, and Y. Dong, “Impact of
extreme weather on power system blackouts and forced
outages: New challenges,” Jun. 2019.

[3] D. Wagman, “How to build a more resilient power grid,”
IEEE Spectrum, 2017.

[4] Y. Wang, C. Chen, J. Wang, and R. Baldick, “Research
on resilience of power systems under natural disasters a
review,” IEEE Transactions on Power Systems, vol. 31,
no. 2, pp. 1604–1613, Mar. 2016.

[5] E. D. Vugrin, A. R. Castillo, and C. A. Silva-Monroy,
“Resilience metrics for the electric power system: A
performance-based approach.,” Feb. 2017.

[6] T. E. Dy Liacco, “The adaptive reliability control
system,” IEEE Transactions on Power Apparatus and
Systems, vol. PAS-86, no. 5, pp. 517–531, May 1967.

5
Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on April 27,2025 at 07:12:54 UTC from IEEE Xplore.  Restrictions apply. 



[7] H. Gao, Y. Chen, Y. Xu, and C.-C. Liu, “Resilience-
oriented critical load restoration using microgrids in dis-
tribution systems,” IEEE Transactions on Smart Grid,
vol. 7, pp. 2837–2848, 2016.

[8] L. C. S. Curcic C.S. Ozveren and P. K. L. Lo, “Electric
power distribution network restoration: A survey of
papers and a review of the restoration problem,” Electric
Power Systems Research, vol. 35, no. 2, pp. 73–86, Nov.
1995.

[9] A. Arab, A. Khodaei, S. K. Khator, and Z. Han,
“Electric power grid restoration considering disaster
economics,” IEEE Access, vol. 4, pp. 639–649, 2016.

[10] R. W. Bent, C. Coffrin, and P. Van Hentenryck, “Vehicle
routing for the last mile of power system restoration,”
Nov. 2010.

[11] Ming-Jong Yao and K. J. Min, “Repair-unit location
models for power failures,” IEEE Transactions on En-
gineering Management, vol. 45, no. 1, pp. 57–65, Feb.
1998.

[12] Y. Tan, F. Qiu, A. K. Das, D. S. Kirschen, P. Arab-
shahi, and J. Wang, “Scheduling post-disaster repairs
in electricity distribution networks,” IEEE Transactions
on Power Systems, vol. 34, no. 4, pp. 2611–2621, Jul.
2019. DOI: 10.1109/TPWRS.2019.2898966.

[13] H. Liu, R. Davidson, D. V. Rosowsky, and J. Stedinger,
“Negative binomial regression of electric power out-
ages in hurricanes,” Journal of Infrastructure Systems,
vol. 11, Dec. 2005.

[14] S. D. Guikema, R. Nateghi, S. M. Quiring, A. Staid,
A. C. Reilly, and M. Gao, “Predicting hurricane power
outages to support storm response planning,” IEEE
Access, vol. 2, pp. 1364–1373, 2014.

[15] S.-R. Han, S. D Guikema, and S. M Quiring, “Im-
proving the predictive accuracy of hurricane power
outage forecasts using generalized additive models,”

Risk analysis : an official publication of the Society for
Risk Analysis, vol. 29, pp. 1443–53, Sep. 2009.

[16] M. Ouyang and L. Duenas-Osorio, “Multi-dimensional
hurricane resilience assessment of electric power sys-
tems,” Structural Safety, vol. 48, pp. 15–24, May 2014.

[17] L. Huang, X. Cun, Y. Wang, C. S. Lai, L. Lei Lai, J.
Tang, and B. Zhong, “Resilience-constrained economic
dispatch for blackout prevention,” IFAC-PapersOnLine,
vol. 51, pp. 450–455, Jan. 2018.

[18] M. Panteli, C. Pickering, S. Wilkinson, R. Dawson,
and P. Mancarella, “Power system resilience to extreme
weather: Fragility modeling, probabilistic impact as-
sessment, and adaptation measures,” IEEE Transactions
on Power Systems, vol. PP, pp. 1–1, Dec. 2016.

[19] Y. Jia, Z. Xu, L. L. Lai, and K. P. Wong, “Risk-based
power system security analysis considering cascading
outages,” IEEE Transactions on Industrial Informatics,
vol. 12, no. 2, pp. 872–882, Apr. 2016.

[20] M. Shahidehpour, H. Yamin, and Z. Li, Market Opera-
tions in Electric Power Systems: Forecasting, Schedul-
ing, and Risk Management, ser. Wiley - IEEE. Wiley,
2003. [Online]. Available: https: / /books.google.com/
books?id=RxXdmxLUJ%5C QC.

[21] M. Sullivan and D. Keane, “Outage cost estimation
guidebook,” Dec. 1995.

[22] L. Lawton, M. Sullivan, K. Van Liere, A. Katz, and
J. Eto, “A framework and review of customer outage
costs: Integration and analysis of electric utility outage
cost surveys,” Nov. 2003.

[23] 6-bus system data, http://motor.ece.iit.edu.
[24] B. Bental and S. A. Ravid, “A simple method for eval-

uating the marginal cost of unsupplied electricity,” The
Bell Journal of Economics, vol. 13, no. 1, pp. 249–253,
1982.

6
Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on April 27,2025 at 07:12:54 UTC from IEEE Xplore.  Restrictions apply. 


