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Optimal Reconfiguration of Power Distribution Grids
to Maintain Line Thermal Efficiency During
Progressive Wildfires

Mehdi Rostamzadeh
Long Zhao

Abstract—The worsening wildfires due to intensified climate
variability increases the risk of both unplanned power outages as
well as planned power line de-energizations. It is because wildfires
cause thermal stress on overhead conductors, which harms the
mechanical properties of overhead distribution lines. This article
proposes a proactive strategy for improving the operational effi-
ciency and decision-making capabilities of power distribution net-
works under progressive wildfire conditions. Dynamic heat balance
equations are used to characterize the effect of wildfire on the over-
head line conductors. The optimal dynamic reconfiguration of the
distribution system and the operation of backup generators are con-
sidered as tools to minimize the curtailed loads while maintaining
the maximum flow of current through the lines within the thermal
rating of the line conductors. A mixed-integer conic programming
model is adopted to minimize the operation and load curtailment
costs. A higher value of lost load is applied to enhance the continuity
of the electricity supply to critical loads. The proposed framework
is tested under various environmental conditions and wildfire paths
using both a modified 33-node network and the practical 83-node
Taiwan Power Company’s distribution grid. Results show that
the proposed approach enhances proactive decision-making for
power distribution system operations and increases the resilience
of critical loads to wildfire threats.

Index Terms—Heat gain, heat loss, mixed-integer conic
programming, power distribution grid reconfiguration, thermal
rating, wildfire.

NOMENCLATURE

Indices and Sets
i Line index connecting node 7 to node j.
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1,7 Node indices.
U /Up/Ugs Setoflines/nodes/nodes with emergency gen-
erators (EGs).

N (@) Set of nodes connected to node i by a line.

Parameters and Constants

L Flame length [m].

w Flame width [m].

y Flame tilt angle [degree].

Ty Flame zone temperature [°K].

Erz Flame zone emissivity.

Db Fuel bulk density [kg/m?].

r?r Initial distance of fire from the line [m].

T, Ambient temperature [°C].

Viind Wind speed [m/s].

Owind Angle between the wind direction and the
conductor axis [degree].

0 Effective angle of the Sun’s rays [degree].

Qs Solar and sky radiated heat flux intensity
[W/m?].

T Dimensionless atmospheric transmissivity.

Pa Density of air [kg/m?].

L Dynamic air viscosity [kg/ms].

dp Stefan-Boltzmann constant [W /m?K*].

A Projected area of conductor per unit length
[m?/m)] .

D, Conductor diameter [m].

Ec Conductor emissivity.

hr, Vertical position of the line [m].

Gij Conductance of line between node ¢ and j.

bi; Susceptance of line between node ¢ and j.

bfjh Shunt susceptance of line between node 7 and
J.

Tmax Maximum allowable conductor temperature
[°C].

Q'Sun Solar absorptivity.

kq Air thermal conductivity.

Nre Reynolds number.

PP Active power demand at node ¢.

QP Reactive power demand at node 7.

(G EGs generation price ($/MWh).

ceid Power price of the upstream network

($/MWh).
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VoLL Value of lost load ($/MWh).
R Conductor resistance (£2/m).

Variables and Dependent Quantities

Vir Fire rate of spread [m/s].

Tfp Fire distance from the line [m)].

s The angle ahead the flame.

Ofrr Fire radiative heat flux [W/m?].

T. Conductor temperature [°C].

H Heat transfer rate from sun to conductor
[W/m].

Hep/Hy s Convective/Radiative heat transfer rate from
fire to conductor [W/m].

H./H, Convective/Radiative heat loss rate of con-
ductor [W /m].

P Active power injection at node 1.

Q" Reactive power injection at node j.

P;; Active power flow from node ¢ to node j.

Qij Reactive power flow from node ¢ to node j.

I Current magnitude through line 7.

Y,; Status of line between node 7 and j.
Vi, V; Voltage magnitude of node ¢ and ;.

V; Conic voltage variable at node 1.

V;j Conic voltage variable for node 7 and line 7.
Rij / Tij Conic variables for line 7.

PEG EGs active power generation at node i .

QS EGs reactive power generation at node 7 .
perid Power exchange with the upstream network.
Symbols

(®)/(e)

Upper/lower limit of variable/parameters.

1. INTRODUCTION

ILDFIRES have increased in frequency and intensity in
W recent years, posing new and emerging risks to infras-
tructures and communities. In 2018, British Columbia experi-
enced its worst fire season on record with 2115 fires and 1.35
million hectares burned surpassing 2017’s fire season, previ-
ously the largest recorded burned area [1]. An unprecedented
fire season ravaged Australia in 2019-2020, destroying 3113
houses and burning 19 million hectares [2]. Between 2017 and
2020, more than 200 000 wildfires have burned over 25 million
acres in the U.S. [3]. The Annual Wildfires Report from the
National Centers for Environmental Information indicates that
over 7 million acres of wildland were burned by fire only in 2021
[4]. According to the National Climate Assessment, the size of
the area burned in Alaska’s wildfires is projected to double by
2050 and triple by 2100 under continued emissions and further
warming [5]. The U.S. Forest Service’s spending on wildfires
has increased from 16 percent in 1995 to more than 50 percent
of the agency’s annual budget in 2015 [6]. The U.S. Department
of Commerce estimates the total annualized cost of wildfires to
be between $71.1 billion and $347.8 billion, including direct
structural losses and rebuilding, as well as indirect costs [7].
As wildfires become more widespread and prolonged, the
availability of critical infrastructures such as power [8], water
[9], and communication [10] networks become more vital for

societal response to such threatening events. Wildfires have
substantial impacts on power grids, and strategies to enhance
the resilience of power systems have recently drawn significant
attention. Substantial effort has been made to prevent wild-
fires. Muhs et al. [11] demonstrate increased fault probability
due to line congestion and overloading and propose an ana-
lytical framework that can be used to evaluate long-term and
short-term solutions for reducing wildfire ignitions in power
distribution systems. Tandon et al. [12] demonstrates the prac-
tical application of dynamic line ratings and the enforcement of
more stringent ground clearance criteria for transmission lines.
These measures are employed to regulate current flows on lines
that pose a heightened risk of wildfire ignition. Through the
management of current flow within the lines, Muhs et al. [11]
and Tandon et al. [12] seek to reduce the probability of power
grid-induced wildfires. Nevertheless, they do not account for
scenarios where the power grid faces the threat of an approaching
wildfire.

A range of grid hardening strategies, such as overhead struc-
ture reinforcement, vegetation management, prescribed burning,
and undergrounding, are also used to bolster the resilience of
the power grid [13], [14]. However, they are considered as
long-term solutions to enhance the resilience of the electric
utilities against wildfires. To offer real-time solutions, elec-
tric utilities are investing millions of dollars in systems that
enable more precise weather and fire risk forecasting. This
capability allows them to monitor challenges posed to their
transmission and distribution systems in real-time [15]. With the
advent of advanced visualization and monitoring technologies,
real-time and proactive operation-oriented measures can effec-
tively be applied to enhance the resilience of the system during
extreme events [16].

Among the operational measures to reduce wildfire effects
are segmenting distribution systems into networked microgrids
[17], routing and scheduling mobile energy sources [18], and
managing mobile loads, such as evacuation of electric vehicles
during extreme wildfires [19]. In case of a progressing wildfire,
dynamic adjustments of line ratings can also provide flexibility
as well as ensure optimal and safe utilization of distribution
and transmission capacity [20]. During a wildfire, the overhead
conductors of a distribution line suffer a thermal stress that
deteriorates their mechanical properties [21]. In places with low
height combustibles, small and moderate wildfires do not melt
the conductors, but cause a thermal stress to the line. Nazemi and
Dehghanian [22], Nazemi et al. [23], Trakas and Hatziargyriou
[24] utilize the steady-state heat balance equations provided in
[25] to improve the resilience of the power distribution systems
through mitigation, response, and recovery.

While prior studies have explored the impact of heat gain
on conductors and the influence of environmental conditions
and line currents on line capacities, they have primarily focused
on de-energizing the line when its temperature exceeds the
allowable maximum. Subsequently, they determine the optimal
power generation from generators and energy storage devices to
minimize the need for load shedding. However, it remains crucial
to devise strategies that aid in preventing the line temperature
from exceeding its maximum thermal capacity.
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The research efforts have been focused on preparing the grid
for natural disasters or after the disaster occurs; however, the
literature has yet to explore deeply the grid management during
the course of an event. Donaldson et al. [19] and Abdelmalak
and Benidris [26] emphasize the importance of proactive grid
preparation, highlighting the critical role of integrating dynamic
system constraints and resources to enhance the operational
resilience of power systems against wildfires. However, these
models are specifically designed for power transmission grids
and do not incorporate a detailed wildfire spread model.

Efficiently optimizing distribution grid reconfiguration and
power grid capacities is crucial for enhancing operational re-
silience against natural disasters. In [27], the resilience of
distribution grids is enhanced through distributed generation
planning and reconfiguration under various fault scenarios. Ros-
tamzadeh et al. [28] develops an outage management approach
for power distribution systems, enhancing resilience during
outages through efficient deployment of mobile power sources
and effective network topology utilization. In [29], Taheri et
al. introduce a methodology to enhance power distribution sys-
tem resilience, incorporating remote-control, manual switches,
and distributed generations. Home-Ortiz et al. [30] explore the
integration of demand response, network reconfiguration, and
the utilization of mobile emergency generation units and solar
PV generation. The abovementioned references utilize real-time
reconfiguration, illustrating its potential and feasibility in effi-
ciently managing power distribution grids, particularly during
the progression of natural disasters.

The primary focus of this article is to develop a dynamic
reconfiguration strategy to enhance the operational resilience of
power distribution grids against progressive wildfire conditions.
During wildfire events, the proposed approach will dynamically
adjust line capacities to reduce load curtailments and operational
costs. Wildfire impacts on the line conductors are characterized
and dynamic line rating constraints are fed into a mixed-integer
conic programming reconfiguration model, allowing the feeder
to remain energized as long as the temperature of the line
conductors is below its maximum allowable limit. Utilizing the
CVX environment and MOSEK solver, the optimization model
is implemented on two distribution systems: a 33-node network
and a practical distribution grid from the Taiwan Power Com-
pany (TPC). The evaluation of wildfire scenarios’ effects on the
distribution grids is conducted. Also, the model is tested when
ACSR conductors are replaced with their high-temperature,
low-sag counterparts.

This article aims to enhance the grid’s flexibility and minimize
unnecessary de-energization in the face of small to moderate pro-
gressive wildfires. It offers power system operators a proactive
strategy that, upon wildfire occurrence, assesses the vulnerabil-
ity of overhead power distribution lines and determines whether
to maintain their energized state as long as thermal stress remains
below emergency thresholds.

The contributions of this article are summarized as follows.

1) The real-time reconfiguration of the distribution system

is integrated with the dynamic line rating of the overhead
lines to enhance distribution grid resilience during pro-
gressive wildfires.
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2) Aninteger conic programming model is applied to reduce
load curtailment and emergency generator (EG) operation
costs.

3) Performance of the model is studied under wildfire-line
interaction scenarios as well as under upgrade scenarios
of distribution lines with high-temperature, low-sag con-
ductors.

The rest of this article is organized as follows. Section II
introduces the wildfire model, including the dynamic thermal
rating (DTR) model and the role wildfire plays in raising
overhead conductor temperatures. The problem formulation of
the proposed framework is presented in Section III. Numerical
results are presented in Section IV. Finally, Section V concludes
this article.

II. WILDFIRE-CONDUCTOR MODEL
A. Dynamic Thermal Rating Model

Traditionally, transmission and distribution lines were op-
erated based on static line rating, which represents the maxi-
mum amount of current they could carry based on conservative
assumptions on environmental conditions [31]. DTR suggests
that line capacities are dynamically affected by environmental
conditions and line characteristics, allowing the thermal rating to
be adjusted accordingly. By introducing flexibility and ensuring
optimal and safe utilization of transmission and distribution
capacity, DTR is able to handle emergency situations such as
unforeseen temperature rise in conductors [31]. There are a
number of factors that influence the conductor temperature,
including ohmic losses caused by the conductor current and
resistance, solar heat gain, convective cooling, and radiation
heat loss [25]. The IEEE Standard 738-1993 [25] describes a
model that determines the current-temperature relationship for
bare overhead conductors

R12+ g{s:}[r +:]{c (1)

The left side of (1) indicates the heat gain from ohmic losses
and solar radiation, which increases the conductor’s tempera-
ture, and the right side represents the radiative and convective
heat losses that decrease the conductor’s temperature. H 5, H,.,
and H . are given by the following equations:

Hy = Qgun QSSiD (93) Al 2)
T.+273\* /T, +273\*
H, = 17.8D ‘ -
7-8Dcce < 100 ) ( 100 ) )
H. = max [k:aKang]e (1.01 + 1.35N%?) (T, — To) |
0.754k, Kangle Ny (T2 — To)
3.64500° D)™ (T, — TQ)I'QS} )

where T, = T"™ , and Ng, and K, are given by the following
equations:

Dcpa Vwind
Ha

NRe = (5)
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Kangle = 1.194 — c0s (Bwina) + 0.194 cos (26yina)
+0.368 510 (20yind) - 6)

H. is selected as the largest value among low-speed
wind-forced convective heat loss rate, high-speed wind-forced
convective heat loss rate, and natural wind-forced convective
heat loss rate of conductor.

B. Wildfire Adds to the Heat Gain

The analysis of wildfire behavior can be conducted using
theoretical models, empirical models, or semiempirical mod-
els. We utilize a theoretical model to ensure the versatility of
our approach to diverse geographical locations and scenarios,
making it well-suited for a wide range of networks. Theoretical
models rely on principles from fluid mechanics, combustion, and
heat transfer [32]. Heat transfer mechanisms such as convection
and radiation can contribute to the temperature rise of overhead
conductors during wildfires. Equation (1) can be rewritten as

RIP+H +H,p+ Hep=H, +He. (7)

Similar to [23] and [24] convective transmission is neglected
since it only affects the temperature of the conductors when the
fire is exactly under the overhead lines at which point the line is
considered to be out of order.

H, is defined by

g'[rf = Dc@frr (8)
where the fire radiative heat flux ¢ ¢, is calculated by

@ frr = 7_EFZaBT;f1 [C'évf (7'inf; ﬁznj) + oy (Tsupv Bsup)] .

)
Tints Binfs Tsups Bsups oy are given by the following equations:
Tinf = Cfr (]0)
hy,
ing =tan ' | —————— 11
Ping = tan (rmf—-hLMH(7)> (o
Tsup = Cfpr — hptan (’)/) (12)
hy,
= tan' 13
=™t () 0
tan—! ( W22TfT cos(y) sin(95,)V/z >
o ('rf ﬁf ) _ - cos(2y—Ypr)+zcos(V )
vf T r) — 27
W cos(v) \/E
L (2y—9%)
1 71 §Wcos 27—V .
— ;tan W s (19&) (14)
where z is given by
2 2
7= + (tgrcos (7)) (15)

The distance between the fire and the affected line 7y, is
described as

Ty = r?cr — Vi At cos (Owind) - (16)

Read wildfire data,
weather data, scenario
and system data

Calculate heat loss of
conductor

Calculate heat transfer
from the sun

Identify wildfire distance from |
lines

Calculate DTR for

wildfire affected lines

Feed optimization
model with updated
DTRs

Solve optimization
problem

t=t+1
L 1

Specify the
impacted lines

2. Optimization Engine

All time intervals
simulated?

Output: load shedding,
network topology,
upstream purchased power,
EG generation

End

Fig. 1. Big picture of the proposed framework.

Here, V},. is dependent on the wind speed and fuel bulk density
as given in
k(1 + Viina)
Pb

where k is assumed to be 0.07 kg/m3 for wildfire in wildland
area.

Vi, = (17)

III. PROBLEM FORMULATION

In this section, the problem of optimal proactive decision
making for power distribution systems [33] facing a progressive
wildfire is formulated as a mixed-integer conic programming
problem [34]. The wildfire and the DTR models will be used
as inputs to the optimization engine. The overall framework of
the proposed model is depicted in Fig. 1. Next, we discuss the
objective function and constraints.

A. Objective Function

min Y (VOLL; z; PP)+ Y (€FC pF?)+ce pee
icYp €YpG

(18)
The objective function (18) includes three terms to be mini-
mized. The first term represents the cost of load shedding during
a progressive wildfire. The assessment of the criticality of vari-
ous loads in power systems is aided by the concept of the value of
thelostload (VoLL). VoLL is the cost that customers of the power
system incur when there is an interruption in electricity service.
Priority will be given to loads with higher VoLL to remain
energized. The second term is the generation costs of EG, which
could be expensive, depending on the availability of diesel.
The third term calculates the cost of power purchased from the
upstream network. In (18), x; is used as a continuous variable
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representing the percentage of curtailed load at node i. The cost
associated with load shedding is calculated by multiplying the
VoLL by the quantity of curtailed load at each individual node.
Constraints on the objective function (18) include the following.

B. Constraints

1) Power Flow Equations: Active and reactive power bal-
ance equations are as follows:

> Yy P —(1—=z) PP, icys (19
JEN (i)
Y Uy Qu=0QFY —(1—w) QF, i€dp (20)
JEN(4)
P;; and Q);; are given by
Pij = gij Vi = ViV (gijcostij + bijsindy;) @1

bsh
Qij =V V'] (bijCOSHij — gijsinﬂij) — (b” + Y > V2
(22)
bij = 0;
nod ¢ and j.

Node voltage and line current capacity are described by the
following constraints:

— 0 is the node voltage angle difference between

Vi<V <V, ieyp (23)
2 72
2 <T? (24)

and

112] :yij (cﬂij‘/?—FBijVjQ —2V;V; (CijCOSHi]' —Dijsineij) ) R

ij €Y (25)
where

hsh 2
Aij =gy + | bij + 71 (26)
Bij = gi; + b} @7

2 b3y
C’ij = gi; + bij bij + o (28)

gij biP

D, = L 5 (29)

Power flow equations include a set of nonconvex constraints.
With the help of auxiliary variables, we can formulate the
problem as a convex second-order cone program. According
to [34], we define two new auxiliary variables R;; and J';; for
each line and V; for each node as follows:

2

Vi=—=1i 30

NG (30)
:Rij = V; ij COSQij ’Lj c 1/)[, (31)
Tij =V V} sinﬁij 1j € ’lﬁL. (32)
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Given (30)—(32), (21)—(23) can be rewritten as follows:

Py = V2 gijVi — gi;Rij — biTij (33)

bsh
=2 (bw S )v +0iRij — gi T (34)
V2 V 2
V2T T V2

Equations (31) and (32) can be integrated into one constraint
as given as

(35)

W, V; =R}, +T3

177 le 20

(36)

However, (36) is a nonlinear equation and according to
[33] needs to be relaxed as a convex rotated conic inequality
constraint:

20,V; > R + T}

i Rij = 0.

(37)

In order to consider the reconfiguration of the network to in-
crease the network’s resiliency against the approaching wildfire,
we must define two new auxiliary variables for each line ij, V};’
and V;j . It is important to note that if the line is disconnected
(Y;; = 0), the new variables will be equal to zero, and if the
line is connected ( Y,; = 1), the new variables will take the
following values:

vz o . V2

ij V4 ij ]
Vi = = Vi = vl (38)

Using the auxiliary variables for nodes and lines, we can write

0<V) < =Y,

G ij €YPr (39)
0<VY < T}yj ij € YL (40)
. V2
ogvi—v;fgﬁ(l—y ) ij €L (41)
VQ
0<V;-V7< \f( -Y;;) ijeYL (42)
Pij =2 giV) = 9ijRij —biTiy  ij€vr  (43)
sh g
Qij =—V2 (bij + ;) Vi +biRij — gi;Tiy i €Y1
(44)
VY >R+ T3, Riy >0, ij € Py, 45)

IZQJ = \[204”172] +ﬁBZ]v;J —QCinij +2DUT” , 1JEYL.
(46)

Equations (43)—(44) and (46) give the active power flow, reac-
tive power flow, and line current flowing through line 7j. If line
17 1s disconnected ( yij = 0), 45) will give R;; = T;; = 0,
resulting in line current, and active and reactive power flows in
the line ij equal to zero.
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2) Radiality: For the distribution network configurations to
be radial, the following constraints [34] must be met:

ij+ Aji=TY,; ij €Y 47)
> hij=licyp (48)
JEN(3)
roj = 0j €N (49)
0<Y; <1, (50)

Equation (47) indicates that a line between node 7 and node
J is in the spanning tree Y,; = 1 if either node j is the parent
of node i ( A;;= 1), or node i is the parent of node j ( Aj;= 1).
Equation (48) indicates every node except the substation node
has exactly one parent, and (49) indicates that the substation
node has no parents. V(i) and V' are set of branches connected
to node 7 and set of branches connected to substation node,
respectively.

3) EG Operation: Maximum and minimum power genera-
tions of EGs are as follows:

0 < PFS < PiESi € Wgg (51)

0 < QY < Qi € Vg, (52)

PESand QFS are maximum active and reactive power gener-
ation of EGs at node ¢, respectively.

Using wildfire scenarios as inputs, this mixed-integer conic
model can be solved with commercial solvers and enhance the
resilience and proactive operation of distribution systems against
progressive wildfires.

IV. NUMERICAL STUDIES

In this section, we validate the performance of the proposed
model by applying it to a modified 33-node network [35] and the
83-node TPC’s practical distribution grid [36]. The model was
implemented using CVX optimization modeling environment
[37] on a desktop computer with Intel Corei7 2.8 GHz and 16 GB
RAM. The mixed integer conic optimization problem was solved
using MOSEK. The minimum and maximum allowable voltages
at each node are considered to be 0.9 and 1.1 p.u., respectively.
EGs are operated at 120 $/MWh and the price of energy from
upstream is 80 $/MWh. The ACSR conductor type is considered
here, which is commonly used for overhead power transmission
and distribution lines [20].

The wildfire data and weather parameters are provided in
[20] and [38]. It is assumed that the progression of the fire is
monitored every ten minutes. This time step was found to be
appropriate for modeling DTR based on the change in conductor
temperature. Determining VoLL requires extensive data collec-
tion. We choose VoLLs for each bus to be between 1000 to
10000 $/MWh to prioritize the critical loads [22]. This range is
indicative of both residential and commercial load characteris-
tics [39]. Since the distribution system covers a small geographic
area, its components are expected to experience similar weather
conditions.
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TABLE I
SPECIFICATIONS FOR THREE SCENARIOS

Scenario 1 11 111
Viying (M/s) 0.6 0.7 0.8
Owing (rad) 1 0.8 05
Qs (W/m2) 1000 900 800

T,(°C) 40 35 30

: : : — 4
- — ‘Wind direction
, ‘A — Wind Speed

Wind direction (rad)
~
Wind speed (m/s)

2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Fig. 2. Wind speed and wind direction for a typical summer day.

1000 T T T T T T T 130

——Solar radiation
— ‘Ambient temperature

20

Solar radiation (W/m?)
E

Ambient temperature (°C)

. . . . . . . I 10
2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Fig. 3. Solar radiation and ambient temperature for a typical summer day.

A. Impact of Wildfire Progression on DTR

To investigate the wildfire’s progression and its impact on the
DTR, we analyze four scenarios. Table I gives the specifications
for three scenarios, each with fixed values for Viing, Owind> @s»
and 7,. The spread of fire is determined by the quantities of wind
speed and wind angle, as indicated in (16) and (17). Radiative
heat on the conductor surface is also affected by the values of
solar heat flux intensity and ambient temperature as shown in (7).
The spread and impact of progressive wildfires may therefore
differ from one scenario to another. The fourth scenario utilizes
real-world data [40], as illustrated in Figs. 2 and 3.

Fig. 4 shows the distance between the fire and distribution line
in each scenario. The distance between fire and the conductor
is calculated by (16). Starting at 40 m, wildfire approaches the
line from different directions at different speeds. In the fourth
scenario, we assumed that the fire is 40 m away from the line at
the ninth hour.

In the event that a wildfire progresses towards a distribution
line, the radiative heat transferred from the fire will affect the
line’s thermal rating depending on the distance from the line to
the fire as shown in Fig. 5. A comparison of the fire behavior in
the four scenarios reveals that the line ampacity decreases faster
when the wildfire approaches the line more quickly. At the 40-m
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N
=5

=——Scenario I
—Scenario I1
——Scenario 111
|=—Scenario IV

[
n
T

w
=
T

Distance (m)
— - ~ N
< wn =l n
—
L

wn

0 I I I . )
0 50 100 150 200 250 300 350 400 450 500

Time (minute)

Fig. 4. Different scenarios of the distance between a fire and an affected line.

600 T T T T T
=——Scenario I

—Scenario IT
——Scenario 111
[=—Scenario IV

500
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distance, the conductor DTR equals 283, 345, 364, and 540 for
scenarios I, I, III, and IV, respectively. The notable change in
the curve’s slope in the fourth scenario signifies a change in the
input weather data. The variation is observed hourly due to the
time series data for the real-world scenario being provided with
a 1-h resolution.

B. Modified 33-Node Test System

Fig. 6 shows the single-line diagram of a modified 33-node
feeder, and the data for it can be found in [35]. We assume that
the system is balanced with a total active load of 7.43 MW and
a total reactive load of 4.6 MVar. In nodes 14 and 33, two EGs
with a maximum capacity of 1 MW are available. A topology
change can be made by closing or opening five normally open
switches and normally closed switches (sectionalizing switches)
on the line segments.

1) Effectiveness of the Proposed Model With and Without Re-
configuration: Inorder to show the effectiveness of the proposed
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TABLE II
THREE AFFECTED LINE CASES

Cases Affected lines
I Line between nodes 2-3
11 Lines between nodes 3-4, and 32-33
111 Lines between nodes 5-6, 2-19, and 3-23
10000 I Scenario I ! }
Ml Scenario 11

[ Scenario 111
8000 Il Scenario IV

6000

Cost ($)

4000

2000

100 110 120
Time (minute)

Fig. 7. Objective function value for the scenarios and cases presented in
Tables I and II without reconfiguration (CI-III: Case I-III).
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Fig. 8. Objective function value for the scenarios and cases presented in
Tables I and II with reconfiguration (CI-III: Case I-III).

model when a wildfire approaches the distribution line, three
line-wildfire interaction cases were studied for each scenario.
The case information is given in Table II.

The distribution system operation is optimized to minimize
the operation costs with and without reconfiguration as wild-
fire approaches lines. Examining various cases and scenarios,
we will demonstrate how operation costs depend on affected
lines and input parameters. Fig. 7 presents the objective function
values assuming a fixed topology for the grid. Comparing the
value of objective functions reveals that the cost in all the
three cases increases as the wildfire approaches the distribution
line. In the without reconfiguration scenario, even though in case
I, only one line is affected, because of the closer location of the
line to the substation and the higher flow of current, the reduction
in DTR results in higher cost.

Fig. 8 shows that the overall cost of operating the distribution
grid under the progressive wildfire is significantly reduced with
the help of reconfiguration. One can see that scenario III gives
higher cost, and that is because of its lower DTR and higher rate
of spread.

Fig. 9 depicts the load shedding at each node during the
progress of the wildfire for case I, scenario IV.
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Fig. 9. Load shedding for all nodes during wildfire approaching for:
(a) case I, scenario IV, without reconfiguration and (b) case I, scenario IV, with
reconfiguration.
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Fig. 10.  Generated power of EGs at nodes 14 and 33 for case II, scenario 1.

Comparing (a) and (b), one can see the difference between
load shedding with and without reconfiguration. Maximum
VoLLs have been considered for load points 9, 10, 24, and 27,
and, as it can be seen, none of them have been shed. It can also
be observed that reconfiguration postpones load shedding which
will improve the resilience during the approaching wildfire.
Under case I and scenario IV, in the final time interval before
the line being considered as out of service, the unserved load in
the absence of reconfiguration amounts to 3.72 MW. However,
in the case of reconfiguration, the curtailed load is reduced to
1.7 MW. This reduction represents a substantial improvement
in the grid’s resilience when dealing with a wildfire, and it can
serve as a resilience index for electric utilities. Case II is then
selected to assess the performance of EGs as this case involves
a line that is connected to one of the EGs. Fig. 10 depicts the
outputs of EGs as the wildfire approaches the distribution line
in scenario I, both with and without reconfiguration. One can
see that in the with reconfiguration case, the EGs, except for
the one at node 14 during the last time interval, are not being
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Fig. 11.  Generated power of EGs at nodes 14 and 33 for case II, scenario IV.
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Fig. 12.  Percentage of load shedding at each node for case I, scenario IV.

utilized to their maximum capacity. This is because of the higher
diesel cost of generators compared to the cost of energy from
the upstream grid. It can also be observed that as the impact of
fire on line 32-33 becomes more significant, the output of EG at
node 33 has to drop to ensure an acceptable maximum thermal
rating.

Fig. 11 shows the outputs of EGs for case II, scenario IV.
As observed, in the case with reconfiguration, none of the EGs
operate at their maximum capacity. Additionally, it was noted
that the EG at node 14 remained inactive for the entire time.

2) Investigating the Effect of Maximum Allowable Load
Shedding: Here, we investigate a situation where a percentage of
loads cannot be shed, and complete load curtailment of 100% is
not permitted. This limitation arises from practical constraints
experienced by the electric utilities, as they may be unable to
curtail the entire load at specific nodes. Some nodes may include
medically vulnerable loads [28], and de-energization could
potentially pose life-threatening risks to individuals. Fig. 12
provides a comparison of three conditions for case I, scenario I'V.
This comparison is conducted for the 130-min period following
the fire’s ignition at a distance of 40 m from the line. The results
indicate that the optimization algorithm will shed loads with
higher VoLLs to guarantee the minimum supply requirement.
For instance, load points 9, 10, 24, and 27 have been designated
with a VoLL of 10000, while load points 28 to 33 belong to
the second priority group with a VoLL of 7500. As observed,
the algorithm progressively sheds loads from the second priority
group as the maximum allowable curtailment limit is raised.

Fig. 13 depicts the changes in the objective function across the
three specified maximum curtailment limits for case I, scenario
IV. Generally, the cost rises as the wildfire approaches the line.

Authorized licensed use limited to: UAA/APU Consortium Library. Downloaded on November 29,2024 at 03:35:45 UTC from IEEE Xplore. Restrictions apply.



640
12000 |—No limitation on load shedding
——Maximum 90% load shedding
——Maximum 80% load shedding
10000 -
— 8000
<
S 6000 -
o
4000
2000 -
o ! . . J
10 30 50 70 20 110 130
Time (minute)
Fig. 13.  Operational cost incurred due to an approaching wildfire for case I,

Scenario IV.

2000 -

—ACSR
—ACCC
1500
S
2 1000 -
=
a
500
0 .\
0 50 100 150 200 250 300 350 400 450 500
Time (minute)
Fig. 14.  ACCC and ACSR DTRs for scenario 1.

Nevertheless, when we enforce the load curtailment limit, the
algorithm must curtail loads with higher VoLLs to maintain
the minimum supply requirement. After the 110-minute mark,
the steeper curve indicates increased curtailment of higher VoLLLL
loads.

3) Investigating the Effect of High-Temperature, Low-Sag
Conductors: Wildfires affect conductors differently depending
on their type. A high-temperature, low-sag conductor could
potentially replace ACSR conductors in wildfire-prone areas
[41].

ACCC conductors are designed to maintain the same overall
diameter as a conventional round wire ACSR; however, they
double the current carrying capacity over conventional ACSR
[42]. This can allow utility to reconductor existing pathways
without structural modification. They can be operated to 180 °C
versus the existing ACSR with its conventional 75 °C limit.
In this section, we investigate the impact of line conductor
characteristics on the objective function. Two conductors are
considered as follows.

1) Conductor Type 1: ACSR 795, 26/7 with the ampacity
of 907 A, the diameter of 1.1 inches, and resistance of
0.026 Q/Kkft.

2) Conductor Type 2: ACCC 1026 with the ampacity of
1770 A, the diameter of 1.1 inches, and resistance of
0.0205 Q/kft.

To better compare the impact of wildfires on the conductors,
we multiply the total load of the grid by a factor of 1.5. Fig. 14
shows the difference between the DTRs of the two conductors
for scenario I. As it can be seen, the DTR curve for the ACCC
conductor is considerably higher than that of ACSR.
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To demonstrate the impact of the ACCC conductor on the
objective function, we consider case III and run the optimization
model assuming the type 1 and type 2 conductors for the line
between nodes 5 and 6. Due to the fact that the line between
nodes 5 and 6 serves a substantial amount of load in the feeder,
the conductor of this line has been upgraded. The values of the
objective function are shown in Fig. 15.

The comparison shows that the cost significantly drops when
ACCC conductor is installed. As it can be seen, before time
equals to 90 min, ACCC without reconfiguration has a higher
cost than ACSR with reconfiguration.

C. Investigating the Effect of Larger Distribution Network
With Two Substations

The accuracy of the proposed approach is further demon-
strated using the TPC’s practical distribution network, which
consists of 83 nodes and operates at 11.4 kV. This network in-
cludes two substations, 11 feeders, 83 normally closed switches,
and 13 normally open switches [36]. Itis assumed that the system
is balanced with a constant load. The single-line diagram of the
test system is presented in Fig. 16. For this article, the network
was modified by integrating eight EGs, each with a maximum
capacity of 1 MW. In order to show the effectiveness of the
proposed model when a wildfire approaches the distribution line,
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Fig. 18. Power supplied by each substation during the approaching wildfire

for the TPC network with reconfiguration.

itis assumed that the feeders A, B, and C are affected by wildfire.
Fig. 17 illustrates a comparison between the objective functions
of the TPC’s network with and without reconfiguration. The
results indicate that with a fixed grid topology, the cost increases
as the wildfire approaches the feeders. The increase in cost is
attributed to both the expenses associated with shedding loads
and the generation of EGs. As the fire approaches the line,
the DTR decreases, resulting in load curtailment. However,
reconfiguration will enable the supply of the affected load on
feeders A, B, and C to be routed through alternative feeders.
This has been demonstrated with a nearly consistent cost in the
case with reconfiguration. We chose scenario I here because it
exhibits the slowest fire spread among the four scenarios.

Fig. 18 demonstrates the impact of wildfire on the power
supplied by each substation. By comparing the power supplied
during different time intervals, it becomes evident that when
the wildfire is sufficiently distant and has a minor effect on
the feeders, substation 1 supplies a larger portion of the load.
However, as the wildfire approaches the feeders, the DTR of
feeders A, B, and C decreases, leading to a reduction in the
power supplied by substation 1. This illustrates how wildfires
can alter the way power is distributed among substations and
potentially increase the load on transformers.

A comparison between with and without reconfiguration for
the TPC grid under scenario I shows a significant drop in the
amount of unserved load from 5.87 to 0 MW, in the final time
interval before the line being considered as out of service. This
reduction represents a substantial improvement in the TPC grid’s
resilience.
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Fig. 19.  EG power production, load shedding, and power flow along feeder A
during the approaching wildfire for the TPC network without reconfiguration.

Fig. 19 depicts how the EG power production, amount of
curtailed load connected to feeder A, and power supplied to
this feeder changes when the wildfire approaches the TPC
network and network reconfiguration is not allowed. Initially,
a large portion of the load is supplied by feeder A. However, as
wildfire gets closer, EG power production increases, avoiding the
need for load shedding. When EG reaches its maximum power
capacity and feeder A cannot supply load due to the reduction
in its DTR, the load starts to shed. As the fire nears feeder A, a
greater portion of the total load connected to feeder A is shed.
With reconfiguration, there is no shedding of any load connected
to this feeder.

The results from the two networks underscore the critical
role that reconfiguration could potentially play in sustaining
grid operation and supplying power to more loads during the
advancement of small to moderate wildfires. This has the poten-
tial to offer substantial benefits to electric utilities, enhancing
system reliability, resilience, reducing outage durations, avoid-
ing unnecessary power shutdowns, and minimizing economic
losses during wildfire events. This gains greater significance as
wildfires continue to expand and are expected to grow in the
near future.

V. CONCLUSION AND FUTURE WORK

This article presents a proactive decision-making framework
for determining the optimal topology of the power distribution
grids facing a progressive wildfire. The framework is modeled
as a mixed-integer conic programming problem, where heat
balance equations are used to analyze the effects of wildfires
on overhead line thermal ratings. Through dynamically rat-
ing distribution lines and reconfiguring the grid, as well as
controlling the flow of current through distribution lines, the
amount of curtailed loads is minimized and line sags are avoided.
Numerical results show that the proposed optimization frame-
work can economically enhance the resilience of the distribution
grid and ensure load connectivity under progressive wildfires.
Some of the key findings of are as follows: DTR is influenced
by weather data and the distance of the fire from the line.
Furthermore, it can be seen that the location of affected lines
within the feeder plays a crucial role in determining the impact
of wildfires on load shedding and associated costs. The results
also demonstrate that the decrease in the current limit of the
lines due to wildfires can impact the utilization of EGs during

Authorized licensed use limited to: UAA/APU Consortium Library. Downloaded on November 29,2024 at 03:35:45 UTC from IEEE Xplore. Restrictions apply.



642

emergency conditions. It is important to note that lines with
greater temperature resistance enhance the grid’s capability to
provide power to a higher number of loads during wildfire
events. It was also observed that in power distribution grids
with two substations, reconfiguration can offer increased flex-
ibility, thereby enhancing the system’s resilience when facing
an approaching wildfire. In summary, the results suggest that
the proposed model can provide electric utility operators with
both extra time and a safety buffer before making the decision
to de-energize the grid when dealing with small to moderate
wildfires.

Future work will include the development of a comprehensive
optimization model for both distribution systems hardening and
reconfiguration to enhance the resilience of the grid against pro-
gressive wildfires. A potential avenue for future research could
involve the co-optimization of monitoring and actuation devices
together with the reconfiguration problem. Another promising
area for future research could be the integration of theoretical and
empirical models to improve the prediction of the progression
of smaller wildfires. As more data becomes accessible, this
approach could significantly enhance the decision-making capa-
bilities of electric utilities when dealing with wildfires. By com-
bining the theoretical and empirical models, it becomes possible
to address some of the limitations of the theoretical model, such
as the inclusion of additional attributes like detailed land cover
characteristics.
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