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1 | INTRODUCTION

Large-scale wildfires can significantly reduce the air gap insulation resistance of high-
voltage transmission lines and cause chain tripping incidents. To assess the resilience of
the power transmission system during wildfire, this paper proposes a resilience assessment
framework for transmission system that considers the entire process of wildfire disaster.
Firstly, a wildfire spread model, considering multiple influencing factors, is developed based
on the cellular automaton. Based on the air gap breakdown mechanism during wildfires,
the trip-out probability of transmission lines is calculated, and various failure scenarios
are obtained by using the Monte Carlo sampling. Secondly, considering the geographi-
cal location of failures, maintenance personnel schedules and restoration time, a power
transmission system restoration model is established. Thus, a resilience assessment method
for power transmission system during wildfire disasters is proposed. Finally, IEEE RTS-
79 transmission system is taken as an example to demonstrate the effectiveness of the
proposed resilience assessment method. The results show that the proposed method can
effectively calculate the wildfire spread tendency and transmission line’s trip-out probabil-
ity. Furthermore, three typical resilience improvement measures are quantitatively analysed,
which provides a quantifiable reference for the power sector to formulate prevention and
recovery strategies for extreme wildfire disasters.

and substation systems during extreme weather conditions such
as typhoons [8], ices [9], wildfires [10], floods [11], windstorms

Long-distance transmission of electric energy is inevitable due
to the rapid development of economy and society. Worldwide,
there is an increasing number of transmission line tripping
and outage incidents brought on by wildfires [1, 2]. Wildfires
have become a big threat to the safety and stability of trans-
mission lines [3, 4]. The notion of resilience was developed
to measure the ability of power transmission system to with-
stand and recover from extreme disasters such as wildfires
[5-7]. It has become a top priority to study the power trans-
mission system’s resilience assessment tools and formulate the
resilience improvement strategy for the system to cope with the
increasingly frequent wildfire disasters.

Many studies conducted recently have focused on evaluating
and enhancing the resilience of power transmission, distribution

[12], hurricanes [13], and earthquakes [14]. Although wildfire
is a frequently occurring natural catastrophic event and seri-
ously threatening the normal operation of power transmission
and distribution systems, limited investigations have focused on
the resiliency assessment and its improvement measures. Aim-
ing at enhancing the resilience of power distribution networks,
methods to optimize the operating modes such as network
reconfiguration [15], microgrids, demand response (DR), dis-
tributed energy resources (DERs) [16, 17], and optimal load
shedding [18] are most investigated. In [15], resilience of a dis-
tribution network is evaluated considering the effect of urban
wildfires, and network is reconfigured by finding the optimal
switching sequence that enhances the resilience of the distribu-
tion network. In [16—18], the resilience of the power distribution
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network is assessed during a progressing wildfire and shown to
be enhanced through optimal energy dispatch, and microgrids,
DR and DERs concepts. A microgrid-based strategy for man-
aging wildfire risks and preventing blackouts has been proposed
in [18]. A study on the effects of power line height and wild-
fire distance from power lines, along with a fire growth model,
have been conducted in [19] to examine the resilience of power
transmission systems caused by wildfires.

Since the spread characteristics of wildfires and probabil-
ity of transmission line failures are key to assess the resilience
of power transmission systems, some wildfires spread models
and failure probability calculation models have been proposed
by considering topography, weather elements, fuel loads, veg-
etational heights, and structural and electrical variables of
transmission lines. At present, the most commonly used empir-
ical and semi-empirical models for wildfires spread include the
American Rothermel model based on energy conservation [20],
the Canadian national forest fire spread model [21], the Aus-
tralian McArthur model [22], and the Chinese Wang Zhengfei
model [23]. To accurately calculate the failure probability of
transmission lines caused by wildfires, experiments have been
carried out to determine the breakdown voltage of air in the
presence of a typical vegetation flame [24-26]. In [27, 28], the
probability of wildfire ignition caused by the heating and cool-
ing processes of electrical power conductors has been studied.
Additionally, the breakdown probability of air as a function of
transmission line height and wildfire distance from transmission
lines has been investigated [29].

There have been some studies on the resilience assess-
ment and improvement measures of power transmission
system under extreme weather conditions. However, quantita-
tive assessment of power transmission system’s resilience during
wildfire disasters considering the entire spread process and the
impact of zone structure of flame on the trip-out probability
of transmission lines are inadequate. The following are some
research gaps that need further investigation:

1. The existing wildfire spread models only consider the impact
of environmental factors such as temperature and humid-
ity, wind speed and direction, and slope and combustible
type on the spread of wildfires. However, few important fac-
tors such as combustible humidity and vegetation height are
ignored.

2. The existing probability models of transmission line trip-out
caused by wildfires are oversimplified, and did not consid-
ered the effects of flame zone on both phase-to-ground and
phase-to-phase faults.

3. Also, the existing resilience assessment models have sim-
plified system recovery model, which did not consider the
spatial relationships between repair resoutces, power system
components and maintenance departments.

To fill the aforementioned gaps, this paper proposes a
quantitative resilience assessment model for power transmis-
sion system during wildfire disasters considering the entire
spread process. The major contributions of this paper are as
follows:
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during wildfire disasters.

1. Through the incorporation of combustible humidity and
vegetation height into the Wang Zhengfei model, a cellular
automaton-based improved wildfire spread model is estab-
lished. The initial spread speed of wildfires is corrected in
the model by introducing combustible humidity. The wild-
fire spread processes under different influencing factors are
compared based on the improved model. Further, a practi-
cal example is provided to demonstrate the wildfire spread
model.

2. By dividing the air gap between the transmission line
and vegetation under wildfire into flame region, smoke
region and ion region, a refined probability model for
transmission line trip-out caused by wildfires synthesizing
phase-to-ground and phase-to-phase faults is established.
The change in trip-out probability of transmission lines
caused by phase-to-ground and phase-to-phase faults with
different vegetation types and heights is calculated.

3. A transmission system resilience assessment framework that
considers the entire wildfire spread process is proposed by
establishing a refined post disaster recovery model. The
resilience of power transmission system during wildfire dis-
asters considering different rated voltages, vegetation heights
and pre-disaster load transfer strategies is quantified. Specifi-
cally, three resilience improvement measures are analysed for
power transmission system during wildfire disasters.

The rest of this paper is organized as follows. Section 2
describes the mathematical model of wildfire spread, trans-
mission lines’ trip-out probability during the wildfire disasters
and the resilience assessment model. Results of wildfire spread,
transmission lines’ trip-out probability and resilience assess-
ment model for transmission system ate presented in Section 3.
Finally, Section 4 concludes the paper.

2 | ASSESSMENT MODEL AND
FORMULATIONS
2.1 | Assessment framework

The overall framework of resilience assessment for power trans-
mission system during wildfire disasters is illustrated in Figure 1.
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The framework consists of wildfite spread model, tripping
probability model of transmission line and resilience assessment
model of transmission system. Resilience assessment process
for transmission system during wildfire disasters is depicted in

Figure 2.
2.2 | Wildfire spread model
221 | Initial spread speed

The initial spread speed of a wildfire, & is defined on a levelled
and windless surface. According to Wang Zhengfei’s model, the
initial spread speed depends on the environmental conditions
such as temperature and humidity as,

Ry = 0.03g + 0.015— 0.3 (1)

where g tepresents the temperature, °C; 4 represents the
minimum relative humidity, %.

The initial spread speed also depends on the humidity of the
fuel, which determines the difficulty of its combustion. The
Wang Zhengfei’s model only considers the environmental fac-
tors including temperature and humidity, which causes a big
discrepancy between the estimated results and the actual scenar-
ios. Therefore, the factor of combustible humidity is introduced
in this paper to establish a relationship between the initial spread
speed and the combustible humidity, temperature and humidity
as [30],

Ry = —1.629 + 0.1334 — 0.022/ + 0.087 @)
where 7 is the humidity of combustible material, %.

In general, extracting the humidity of combustible materials is
difficult. Considering that the humidity of combustible materials
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Resilience assessment process for transmission system during wildfire disasters.

TABLE 1 Combustible coefficient for different vegetation types.

Vegetation types  Grass Cedar Straw  Grassland  Pine needle

K 0.9 0.8 0.6 0.5 0.4

largely depends on the environmental factors, the humidity can
be calculated using an empirical formula as [31],

m = 57.06 + 0.987h — 41.021g ¢ 3)

222 | Wind speed and direction coefficient

The wind speed and direction influence the spread speed of
wildfires, while the wind speed and direction coefficient is
defined as [32],

K, = 0.1783s, cos ¥ O]

where »,, is wind speed, m/s; ¥ is the angle between wind
direction and spread direction.

2.2.3 | Combustible coefficient

Vegetation can be divided into combustible and non-
combustible types. The combustible coefficient in Table 1
illustrates how different vegetation types have varying effects
on the spread of wildfires.

224 | Vegetation height coefficient

When the effective fuel load of a forest doubles, the fire spread
speed will double while the fire intensity will increase by four
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times. Assuming that the normal combustion is maintained
because of fuel density fuel load and fire spread speed will
increase as the vegetation height increases. Assuming the veg-
etation height is 1, based on the fitting results of the spread
speed for different vegetation heights, it can be inferred that the
height coefficient of grassland shrubs is [33],

K, = 1.26922D)1"773 )

The height coefficient of trees is,

DZ
K, =0.7036 + O.82<1 - [m) (6)

225 | Slope coefficient

The spread speed of wildfires is influenced by the uphill and
downbhill slopes, as well as the steepness of the slope. The pace
at which wildfires spread rises when travelling uphill (G’ = 0);
conversely, the speed at which they spread slows down when
travelling downhill (G' = 1). Assuming the slope is ¢, the slope
coefficient is defined as,

K, = 25331 | ang|!2 %

Combining the initial spread speed and four adjustment
coefficients, the spread speed of wildfites can be calculated as,

R = RyK,KK,K, ®)

22.6 |

Cellular automata model

Selecting a cellular automaton model to simulate the spread of
wildfires, the state change of each tree is solely dependent on its
current state and the state of the tree (/V) in the Moore neigh-
bourhood. Among them, the conversion rule STA = 18, Ny is
the core that drives the entite system’s operation, and NV = 8
is the Moore domain. Each grid with corresponding row and

column numbers is a cell. Each cell has its own state at any
moment. Cell states can be transformed based on transforma-

! / /
Rz’—l,./' + Rz',j—l + R + Rz’,j+l

/
i+1,/

2 2 2
/ 2 / / / 2
[(Rz'+l,j—l) + (Rz'—l,j+1) + (Rz'—l,j—l) + (Rz'+1,/+1) ] As
+

i-1j-1 | il

Vi
I

i-1,j+1

ij+1

i+1,-1 | i-lj  |i+1j+1

FIGURE 3

automata.

Schematic diagram of wildfire spread based on cellular

The cell has the following five states: (i) § = 0 indicating
unburned state, (i) § = 1 indicating initial combustion (com-
bustion completed but has not spread to the surrounding area),
(iii) §'= 2 indicating full combustion and has the ability to ignite
surrounding cells, (iv) §= 3 shows that the wildfire has gradually
extinguished, (v) § = 4 meaning that the wildfire has completely
extinguished. After providing the fire information as input, the
fully ignited cells will continue to ignite combustible cells in their
neighbourhood, simulating the wildfire spread process. Traverse
through all cell that has the potential to alter the combustion
state. If a cell has §= 0, is combustible at the given time, and
has combustible cells in its neighbourhood, calculate the state
of that cell at the next instant using Equation (9); If =1 at this
instant, the cell will transition to a fully ignited state in the next
instant; If the cell’s state is §'= 2 but there are fully combustible
cells or non-combustible regions in its neighbourhood, it will
gradually extinguish; If the cell’s state is § = 3 at this instant,
then it becomes ' = 4 in the next instant.

1 /
SH— =5 +
iyj irj P

tion rules, which use the current state of the cell as well as the
states of its neighbouring cells to determine the dynamic func-
tion of the cell state at the next moment. During the simulation
process, the neighbourhood changes are calculated dynamically
and iteratively based on the transformation rules [34].

©)

242

where 4;; is the altitude of cell (7 7); Sf ; is the cell (7 /) state at
time 4 « is the edge length of cell; Azis time step, representing
the time interval for updating the combustion status of the cell.

The schematic diagram of cellular automata is shown in
Figure 3, where the spread speeds of wildfires in eight directions



SHU ET AL.

-

Phase spacing Ds

Vo

Smoke Zone Ds

Flame zone D1

Vegetation height Dz

FIGURE 4 Zoning of air gap below transmission line during wildfire.

can be calculated as,

1.

G| di-1,-1—d;,;
0.17831,, cos(315°—y) 3:333(=1)7 | ——F%—=
Riy o1 = RKK, e V2
(10)
1.2
- | 4i-1,=4,;
0.17832,, cos ¥ 3.533(=1) 'f
Ry, =RKK, " e )
G ’li—l,/+1_di,‘/ ’
_ 0.17830,, cos(y—45°) 3-533(=1)" | —F%=—*
Ry 41 = RoKK,e e Ve
(12)
1.2
G| ij+1=4,
_ 0.17832, cos(y—90°) 3-533(=1)7"| =——=
R 1 = RKK,e e ‘ (13)
1.2
R G| m1=diy |
0.1783, cos(y—315°) 333317 | —7=—
Ripy a1 = RoK K, ™™ e Vo
(14)
1.2
B G ’/i+1,/_’7’/,/
_ 0.17832, cos(180°—y) 3-333(=1)" | —"—=
Riy1,;, = Ry KK,e ¢ (15
1.2
G| dit1,-1-di,
0.1783, cos(225°—y) 3-333(=1)" | —F—=
Riyi o1 = RoKK,e " c Ve
(16)
1.2
Gl j—1=di;
_ 0.17831, cos(y+90°) 3-533(=1)7 | =——=
R =R KK, 7 e ‘ 17

2.3 | Tripping probability model of
transmission line under the influence of wildfire

The historical cases of transmission line tripping show that it
is possible to cause the transmission line tripping when the
wildfire spreads below the transmission line. When the flame
completely bridges the gap between the phase conductors or
between the phase conductor and ground, the average with-
standing electric field strength of the flame zone is 35 kV/m

according to the breakdown test conducted. In this case, the
gap breakdown voltage can be taken as the product of the flame
withstand field strength and the gap distance. If the operating
voltage exceeds the gap breakdown voltage, the tripping prob-
ability reaches 100%. When the flame partially bridges the gap,
it is necessary to identify the gap’s partitioning. Based on differ-
ent breakdown mechanisms, the air gap below the transmission
line is divided into three zones: (i) flame zone, (ii) ion zone and
(iif) smoke zone, as illustrated in Figure 4. The breakdown volt-
age of each zone is calculated separately. High temperature in
the flame zone leads to a decrease in air density and insulation
performance. Many charges can gather in the ionic zone pro-
moting the formation of flow injected discharge. The smoke
zone occupies significant height below the transmission line,
which distorts the electric field in the vicinity of the line through
the soot particles, thus, promotes the breakdown [35].

There are two fault modes causing the transmission line trip-
out, namely, phase-to-ground breakdown and phase-to-phase
breakdown. Further, it is necessary to calculate their tripping
probabilities.

2.3.1 | Phase-to-ground breakdown

Faults in lines below 110 kV are mainly caused by phase-
to-ground breakdown. As shown in Figure 4, the corrected
phase-to-ground breakdown voltage during wildfire conditions
is obtained by combining the electric field strengths of flame
zone, ion zone and smoke zone. Under standard atmospheric
conditions, the power frequency breakdown field strength, £
with an air gap of D (height of transmission line to ground) is,

241.39,D < 4m

5902 + 19420 + 357.88 (18)
,D>4m
D? +3.89D

E(J:

1. Flame zone: The temperatures at the bottom and the end of
the flame are about 950 and 300°C, tespectively [36]. The
breakdown electric field strength can be calculated as,
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TABLE 2  Effective calorific values of different types of combustibles.
Combustible type Lichen moss Grass weed Woody plant Coniferous forest Broad-leaved forest
H 8400-12,500 12,500-16,700 >16,700 20,900 16,700-20,900
TABLE 3  Correction factors for vegetation in ionic regions.
Vegetation type Coniferous forest Broad-leaved forest Mixed forest Shrub Thatch grass
¢ 4 3 3.5 4 2
o= F E (19) 20° and an altitude of 200 m are consideted. The telationship
! 07 between diameter at breast height (DBH) and tree height of
2/3 Pinus massoniana and cedar is discussed in [40].
2 . .
=T +3 9 ,~a(=D,) (20) The breakdown voltage in the flame zone is expressed as,
g
1 Di+D, A
a
= 1) Us = / Eoy=d, (24)
Dy (D +D,) D, £
7 0.46
D, = (ﬁ) (22) 2. Tonic zone: The breakdown field strength is,
Iy
1 = HWR/600 (23) L= 25)
where 7, is the ambient temperature, K, 7¢ is the aver- The breakdown voltage in the ion region is,
age temperature of the flame layer, K; D; is the height
of the flame zone, m; & is the conversion coefficient of U =E-D, (20)

flame height; D, is the vegetation height, m; /is the wildfire
strength, kW/m; / is the effective calorific value of com-
bustible materials, k] /kg; R is the spread speed of wildfire,
m/min.

The effective calorific values of different types of com-
bustibles [37] are shown in Table 2.

Distinct models should be adopted when determining the
effective combustible load for different vegetation types [38].
In substantial regions of southern China, the predominant
afforestation tree species consist of Pinus massoniana and cedar.
While they grow rapidly, their fire resistance is weak. Once
they catch fire, crown fire may occur, which have the poten-
tial to escalate into massive forest fires. Pinus massoniana forest
is dominated by middle-aged and young trees with medium
canopy density. Canopy fires often occur in middle-aged and
young forests of cedar [39]. The fuel loads of Pinus massoniana
and cedar forests, excluding arbors (shrub layer, herb layer, litter
etc.) are 16 and 12 t/hm? from experience, respectively.

Sunny slopes have strong sunlight, high temperatures, dry
and flammable combustibles, causing most wildfires to occur.
In this paper, it is assumed that the wildfires are located on
sunny slopes. Further, slope also has a significant impact on
the spread of wildfire. In general, the rate at which a wildfire
expands increases with the slope. However, the shorter the fire
residence time, the less harmful it is to trees. As a result, the
spread of wildfire can be more intuitively simulated by choos-
ing a slope between 10° and 30°. In this paper, a slope of

where ¢ is the correction factor for the breakdown field
strength in case of vegetation, as shown in Table 3. The
height of the ionic zone is 15, usually taken as 0.10;.

3. Smoke zone: Combustion-generated carbon particles are
prone to bridge the gap when an electric field is present, and
is calculated as,

£ = KK KnE) 27)
Ky =¢" (28)
273 4 4"

0= w (29)

(273 4 g ) p°
P& (30)

2/3
g%=q"+ 591 31)

(D—-D,+ D +D,)/2

where p and p are the atmospheric pressure under standard
atmospheric conditions and wildfire conditions, kPa; qo and
g* represent the temperature under standard atmospheric
conditions and the midpoint in the smoke zone, °C.

The air humidity correction factor can be expressed as,

K= (32)
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where 4, is the humidity correction base; w is the humidity
correction index.
The altitude correction factor can be expressed as,

1
K =—r (33)
1.1—-10 "4

where d is the altitude. When the altitude is less than 1000 m,
the altitude correction factor is taken as 1. When the altitude is
greater than 4000 m, it is temporarily impossible to accurately
calculate.

The smoke concentration coefficient can be expressed as,

1
7= T 69
s = ~(D-D)*/Cop) (35)

where s is the smoke concentration, which can be taken as 0 to

100%. opy is the diffusion parameter of smoke in the direction

D, which can be obtained through the diffusion parameter table.

The height of the smoke area is Dy = D—=D\—D,—D..
Therefore, the breakdown voltage, Us can be expressed as,

U =E;(D-D —D,—D,) (36)

Combining the breakdown voltage of the flame zone, ion

zone and smoke zone, the total breakdown voltage of air gap
during wildfire conditions is,

Uy =U+ U, + U, 37

2.3.2 | Phase-to-phase breakdown

The phase-to-phase breakdown occurs on transmission lines
with rated voltages higher than 220 kV, accompanied by phase-
to-ground breakdown. The phase-to-phase breakdown voltage
during wildfire conditions is,

Uy = K{K K E (38)

The calculation methods for Kﬂc and K/j' are similar to those
of the phase-to-ground breakdown case. The temperature of
transmission line can be expressed as,

3.972/3

— 0

2.3.3 | Calculation of comprehensive tripping
probability

The transmission line tripping probability during wildfire can be
calculated as,

0, U <0.7560,,
U = 07560, “0)
=\————, 07560, <U
Pep T = 07560, 0.756U,, < U < Uy,
L, U2z Uy
Pe> U, <220 kV
by = 41)
1—(1—p) (1=py)» U 2220kV

where p, is the probability of phase-to-ground fault; p, is the
probability of phase-to-phase fault; p, is the probability of total
breakdown; U is the rated voltage of transmission lines, kV.

2.4 | Resilience assessment model under
wildfire disaster

Wildfire disasters significantly elevate the risk of large-scale
power outages on transmission lines. A method for evaluating
the resilience of transmission system considering the wildfire
spread characteristics is proposed to improve the power grid’s
ability to respond to wildfire disasters.

When the transmission system is subjected to extreme wild-
fire disasters, numerous power equipment may shut down. To
ensure the safety and security of the power system, necessary
emergency measures such as load reduction will be ensured
[41]. The whole response process of power system against wild-
fire disasters can be divided into the following four stages:
(i) preparation and prevention, (i) resistance and absorption,
(iii) response and adaptation, and (iv) recovery, as shown in
Figure 5.

The transmission lines begin to malfunction when wildfire
disaster occur at time 4, and the system is forced to curtail
load at #, until the load dectreases to a lower level at 4. The
load is maintained at a low level between #, and #;, and the sys-
tem remains stable. As the maintenance personnel repair the
faulty lines, the system performance gradually recovers at 7.
The effect of wildfire disasters on the transmission system has
completed at 7;; the load on the system does not return to its
initial level until 7.

In this paper, the missing area of the system load curve dur-
ing extreme wildfire disasters is utilized as a metric to assess
the transmission system’s resilience. The missing area takes into
account both the load loss experienced during disasters and the
time required for the system to return to normal operation.

JARZG N I ) :“ L()dr
AR=FEl———— = ) p| 7—— (42)
ft 71.(t)d =1 ff(' T1.(2)dr

where £() represents the expected value; py is the occurring
probability of scenario 4; £, is the total number of scenarios;
L(?) is the actual load curve of the system subjected to a wildfire
disaster; 77.(7) is the normal load curve of the system without
faults; AR refers to the resilience of the power transmission
during wildfire disasters.
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The main steps of resilience assessment are as follows:

1. Location of the fire point, vegetation information, and
transmission line parameters are to be provided as inputs.
Calculate the tripping probability for each line and obtain
typical fault scenarios.

2. Location of fault on the line in typical fault scenarios is
provided as input to the component repair model. Opti-
mal repair time in each scenario and the line state during
repair process are obtained and provided as inputs to the
transmission response model.

3. Determine the optimal load reduction in each fault scenario
based on the simulation studies.

4. After eliminating all faults in the system, the resilience index
of the system is calculated according to Equation (42).

2.4.1 | Faultscenario generation for transmission
system caused by wildfire disasters

It is crucial to select the fault scenarios involving wildfire for
the transmission system’s resilience assessment. Since there are
several transmission lines and possible fault scenarios, it is nec-
essaty to select a typical fault scenario under extreme wildfire
conditions to evaluate the transmission system’s resilience [42].

Considering the scale of calculations and the applicability of
the model, the non-sequential Monte Catlo simulation method
is chosen to sample the states of power system components
during wildfire disasters and generate possible fault scenarios.
Finally, the information entropy method is implemented for
screening the fault scenarios. The state of the system can be
determined using the non-sequential Monte Carlo simulation
method and the fault probability of the elements in a given state
can be sampled to derive the state of the elements in the sys-
tem. The component has two states during the extreme disaster
event: (i) normal state and (ii) outage state. Say, X (7) is the state
of transmission line /at time % If X, (§ = 1, the transmission

o 4 t

|
|
|
|
|
1
5] 121 Time

The whole response process of power system against wildfire disasters.

line /is in outage state. Similarly, if X, () = 0, the transmission
line /is in normal state. X/(7) is obtained by comparing the com-
ponent failure probability, p;, with the random number rand,,
which obeys the uniform distribution U (0,1).

_J 1, p;,>rand,
)(/U) B {0’])/.1 S randw (43)

where X (7) is the state of component » at time # rand,, is a
random number; p;, is the failure probability of component /.
The characteristic of Monte Catlo method is that as the sim-
ulated sampling time increases, the result approach the actual
value. The information entropy proposed by Shannon can elim-
inate the redundancy of known information [43], by obtaining
the average of remaining important information and quantify-
ing the uncertain variables. Therefore, the information entropy
for different scenarios during a single wildfire disaster event is
obtained by using the information entropy method to screen the
fault scenarios. The information entropy can be expressed as,

¢ = (—log,p1s) . (44)

/€B

where p,, is the failure probability of component /at time 7 £ is
the information entropy; B is the transmission network line set;
%+ represents the fault indicator of line /at time £ When a fault
occurs, 3, is 0 during normal operation.

The system information entropy value of the selected typical
fault scenario should meet the following requirement:

Wiia < ., (<108,21.)%0 < Winas (45)
/eB

where, W, and W,

max are the minimum and maximum system

information entropy in the selected fault scenario, respectively.
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2.4.2 | Response model for transmission system
during wildfire disasters

To ensure the safety of the system, it is necessary to resched-
ule the generators or balance the supply and demand of the
transmission network through load curtailment. The optimal
power flow model based on DC power flow is commonly used
for fast calculation in risk assessment of transmission systems.
This paper establishes an optimal power flow model with the
goal of minimizing the amount of load reduction. The objective
function of the transmission network’s disaster response can be
expressed as [44],

min 3, 3. 75 (46)

where P is the load reduction of node ; at time 7% Np is the
number of nodes with load.

The constraints of generator and load power balance, out-
put maximum and minimum limits, and load curtailment can be

expressed as,

Ng Np
G _ L ur
DED) (f;-,f-f?;) &
i=1 =1
/,max
cur L
0< P <Pl 49)

where PG is the output active power of /th generator unit during

time 4 P/ is the load demand of jth node at time 4 Pl?m\ is the
upper limit of output active power of 7th generator unit; N is
the number of nodes of the generator.

The power flow equation and constraints of the line are
expressed as,

F=@F —6°)/x (50)

_ﬁ,max' (1_%/,/) SF/ Sﬁ,max' (1_@,1‘) (51)

where £ is the active power flow for transmission line / Gfr nd
9“’ are the voltage phase angle of the first and end nodes of line
4, respectlvely, Fyand f) .« are the active power flow and active
power flow limits for line / respectively.

2.4.3 | Post-disaster recovery model for
transmission system

In the post-fire recovery stage, the maintenance team will follow
a predetermined route to reach the fault line, quickly extinguish
the fire around the line, repair all the faults, and return to the
maintenance centre. Due to the large span area of the transmis-
sion system, the time the maintenance team spends travelling
cannot be disregarded; therefore, the component repair time is

considered as the sum of the journey time and the maintenance
time.

The goal of the model is to minimize the total repair time of
all faulty lines as,

min )T, (52)
reN\{0}

where 7, is the repair time of faulty component 7 /Vis the faulty
lines set.

Assuming that the maintenance team set is C and the fault
line set is /V, binary variables are used to define the maintenance
situation of the team. The value of the binary variable is 1 when
the maintenance team ¢ passes the fault variable rand it is 0 oth-
erwise. All fault lines only need to be repaired once during the
maintenance process. After completing all maintenance tasks,
the maintenance team ¢ must return to the maintenance center

from where they started. This constraint can be expressed as,

Z z X0,r,¢ Z Z Xr0,0 = nerey (53)

€C reN\{0} c€C reN\{0}

where C'is the maintenance team set; x; ,., and x;, . are all deci-

sion variables for scheduling paths, representing the departure

and return of maintenance teams from the maintenance center;
7"V represents the number of maintenance teams.

After repairing a line, maintenance team ¢ will go to the next

faulty line based on the following criteria.

Y Ne— D %, =07EN (54)

yel\'\{r} seN\{r}

and x

where x; e

oy are all decision indicators for the scheduling

path of maintenance personnel, representing the departure and
return of maintenance team ¢ from point 7 to point s.

The time for the maintenance team ¢ to arrive at the next fault
line s meets,

t)‘,[ - Z.r,[ + fr + trr,gfﬁ,tf < M (1 - Xr,.r,:) (55)

0< fr,r <M Ires T € N\{O} (56)
L =1,r€ {O}

where 7, is the time when maintenance team ¢ arrives at faulty
line 7; #;, is the time when maintenance team ¢ arrives at faulty
line s; 7, is the time required for repair team to repair faulty com-
ponent 7/, is the time for maintenance team ¢ to travel from
point r to point 5; M is a big enough positive number; % is the
time to prepare the overhaul team for departure.

When the fault line ris repaired, its status is set as 1, otherwise

it is 0. The maintenance time of the fault line » meets,

7,2 ) (4, +10,,),r € N\{0} (57)
eC’
D e =1,r€ N\{0} (58)
ceC

T, <Y teh, ST, 41— € F\{0} (59)
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TABLE 4  Transmission line wildfire warning threshold.
51.12°
Lein Alarm level
hin < 500 m Level 1
51.09° L
500 < Ly < 1000 m Level 2
1000 < Ly < 3000 m Level 3
51.06°
L
=
S 51.03°
g . . .
£ 3.1.2 | Results of wildfire spread in specific scene
3
& 3P o - o
For the simulation studies, it is assumed that the spread time is
100 min, step length is 0.5 min, temperatute is 20°C, ait humid-
50.97° ity is 70%, and fuel water contentis 10%. The spread of wildfires
is simulated in flat and real scenatios.
The vegetation type is set to fir tree and K is 0.8. The spread
R4 results for 100 and 200 min without wind and in flat conditions
125.65° 125.7° 125.75° 125.8° 125.85° are simulated. The spread characteristics of wildfires with the
East longitude south wind and the west slope are also simulated and the results
are shown in Figure 7.
FIGURE 6 Simulated results of time sequence map of wildfire sprcad and It can be seen from Figure 7 that as the WlIld Speed and Slope

comparison with actual final wildfire.

where j,, is the binary variable whether maintenance team ¢
passes through the line 7 4,, is the component repair completed
binary coefficient; € is any small real number.

Assuming that there is only one maintenance crew overall for
the purposes of this paper,

”Cfew = 1 (60)
3 | RESULTS AND DISCUSSION
3.1 | Results of wildfire spread
3.1.1 | Accuracy verification

In order to verify the accuracy of the model constructed in this
papert, a case of meadow forest fire caused by outdoor smoking
in the Daxinganling of Heilongjiang Province on April 30th [45]
was selected for comparative analysis. After 77 h of emergency
fighting, the fire was successfully brought under control on May
3rd. This paper subdivided the fire into seven time periods, each
time period was 11 h. The coordinate of fire point is longitude
125.675° east, latitude 51.009167° north. The size of the fire site
was 20 kmX20 km and the side length of cell is 100 m, as shown
in Figure 6. The black curve is the actual boundary of the fire
site. Due to the harsh environment of the fire site at that time
and the limitation of monitoring means, it is difficult to output
the size of the fire site in real time. Therefore, only the actual
area of the final fire site was compared with the simulated result
of the proposed wildfire spread model. As can be seen from
Figure 6, the proposed model shows high accuracy in predicting
the trend of wildfire spread.

increase, the propagation speed of the downwind and uphill
case increases, while the propagation speed of the upwind and
downbhill case decreases. The fire site’s area grows as wind speed
and slope rise, and it progressively shifts from a circular to a
flatter shape.

3.1.3 | Analysis results of actual scenarios

A 500 m by 500 m area in Gushan, with longitude and
latitude ranging from (119.43735, 26.09186) to (119.442348,
26.087374), has been chosen to serve as the experimental area.
Mixed forest type of vegetation is considered with an average
height of 8 m, a daily relative minimum humidity of 70%, and a
wind speed of 3 m/s in southern ditection. There is a transmis-
sion line in the northeast direction The real-time alarm levels
of the transmission line are shown in Table 4. The topographic
map of Gushan is shown in Figure 8, while the spread map is
shown in Figure 9.

3.2 | Calculation results of tripping
probability of transmission line

3.2.1 | Model accuracy verification

To verify the accuracy of the proposed transmission line
tripping probability model proposed in this paper, three rep-
resentative fire points were selected from the transmission
panoramic monitoring platform of a province in China to calcu-
late the tripping probability, and compared with actual fire scene
information, as shown in the Table 5. The results indicate that
the predicted tripping probability is consistent with the actual
occurrences of wildfires near the transmission line.
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FIGURE 7

calm, tang = 0.3, (¢) 100 min, flat, 2, = 3 m/s, (f) 100 min, flat, », = 6 m/s.

720 720

0

Numy 20 2
Mbe,. Of cqy 30 10
lulay. , . 40 5
8rigg 50 <
FIGURE 8 Topographic map of Gushan.

3.22 | Example analysis

The probability of tripping the transmission line is computed
when the wildfire spreads beneath it. The calculation exam-
ple shown in Section 3.1 is used for analysis, while assuming

Results of wildfire spread under different conditions, (a) 100 min, calm, flat, (b) 200 min, calm, flat, (c) 100 min, calm, tang = 0.1, (d) 100 min,

that the smoke and dust concentration is 25%, the absolute
humidity is 11 g/m?, and clear weather with no terrain obsta-
cles between the fire point and the line. The breakdown voltage
is corrected considering the coefficient correction formula. Fur-
ther, the breakdown probabilities between phase and ground,
and between phase and phase for each voltage level are cal-
culated using the aforementioned method, and the results are
presented in Tables 6 and 7.

Considering that vegetation height is more easily obtained
than other variables, and has certain impact on factors such
as wildfire spread, flame height, temperature and humidity,
and pressure. Therefore, Pinus massoniana and cedar that are
common in Fujian are considered to predict the tripping prob-
ability of transmission lines under different vegetation heights,
as shown in Figures 10 and 11. The results presented in these
figures reflect the relationship between the outage probabilities
for two types of faults on the overhead transmission lines and
vegetation height under two types of vegetation. The probability
of both types of faults continuously increases with the increase
in vegetation height. The height of vegetation has a linear rela-
tionship with the probability of phase-to-ground breakdown,
and in a particular community, this relationship rapidly increases
with an increase in vegetation height, posing a significant
risk.
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FIGURE 9  Results of fire spread below the transmission line. (a) 60 min. (b) 87.5 min.
TABLE 5 Model accuracy verification.
Voltage level =~ Main vegetation  Predicted tripping
Line No. (kV) type probability Effect of the wildfire on the transmission line
1 220 Cedar 97.98% The warning message was not received in time. The wildfire spread below the
transmission line and caused a tripping accident.
2 220 Cedar 84.71% The shortest distance between the wildfire and the transmission line was 50 m when the

warning message was received, and the reclosing was exited in advance. The staff

extinguished the wildfire in time and prevented the transmission line from tripping;

3 110 Marshy grassland 3.67% The shortest distance between the wildfire and the transmission line was greater than
200 m when the warning message was received. There was a river between the wildfire
and the transmission line, so the wildfire had little effect on the transmission line.

TABLE 6  Probability of phase-to-ground breakdown of conductors at —3— Phase to ground and total trip probability === Phase to phase trip probability

different voltage levels.
1.0
Voltage level (kV) 110 220 500 L)
°
Height of conductor to ground (m) 11.5 14 35 .08
Probability of phase-to-ground breakdown 0 0.8559 0.4424 ._(E '
=
S 0.6
-
=3
=]
TABLE 7  Probability of phase-to-phase breakdown at different voltage % 04 4
levels. o
5
Voltage level (I 110 220 500 2
g (V) & 02
Interphase distance (m) 4.25 8 17
Probability of phase-to-ground breakdown — 0.165728 0 0.0
L] T L] : l L) L]
5 6 7 8 9 10 11
) ] Vegetation height (m)
From the study of two vegetation types, it can be found
that Phase‘to'gfound breakdown is more common Compafed to FIGURE 10 Variations in trip probability of overhead transmission line
phase-to-phase breakdown. When evaluating the impact of veg- with Pinus massoniana’s height.

etation height on trip probability, the transmission line’s fault
state can be roughly judged using phase-to-ground faults to
minimize computational burden.
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FIGURE 11 Variations in trip probability of overhead transmission line Probablitty with fwo voltage feve's
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FIGURE 12  Geographical location of IEEE RTS-79 system in Fujian
province.
3.3 | Results of resilience assessment of

transmission lines during wildfire conditions

3.3.1 | Fault scenario generation
In this article, IEEE RTS-79 system is considered as an exam-
ple, which consists of 24 nodes and 34 lines. The system
parameters are detailed in [46], while the fire point information
is detailed in [30]. The longitude and latitude of each node in the
system is shown in Figure 12.

The node system data and fire point information are
imported to obtain the vegetation height and trip probability
of 34 lines in the system, as shown in Figure 13.

3.3.2 | Screening of typical fault scenarios

Based on Monte Carlo sampling, the tripping probability of a
single transmission line during wildfires is used to select possible
fault scenarios.

The fault scenarios are generated based on the line failure rate
calculated in Section 2.3, and the system entropy correspond-
ing to each scenario can be calculated by combining the fault
lines in different fault scenarios with Equation (44). Then the
probability distribution of each fault scenatio corresponds to
the respective system entropy distribution. The magnitude of
entropy is related to the characteristics of the system. The higher
the probability of entropy, the greater the probability of the
corresponding scene appearing in the wildfire disaster. In this
paper, the scenario with entropy between 11 and 15 is selected
as a typical fault scenario.

To streamline the selection process, 20 typical fault scenatios
with 68 faults are selected for analysis. The influence of load
change and improvement measures on the system resilience of
each scenario is analysed by controlling a single variable.

3.3.3 | Resilience assessment results

Considering a team of maintenance personnel, the time required
to repair each line is 2 h. Say, the wildfire disaster is detected
at 1 o’clock and the step size is set to 1 h, the following four
scenarios are discussed using the CPLEX solver in MATLAB:

Case 1: Line voltage of the system is 220 kV.

Case 2: Line voltage of the system is 500 kV.

Case 3: Based on Case 1, lines 19, 25, and 34 with high
tripping probability are cut off before the wildfire, while
the loads on these lines are connected to the standby
line. Loads are connected back to the original lines after
the disaster.
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TABLE 8 Resilience assessment of electric power transmission system
under four conditions.

Case Case 1 Case 2 Case 3 Case 4

AR 0.8561 0.8328 0.8903 0.8713

1300 -
1200 4
:
< 1100 -
g
g
21000 4 —a— Noemal load
& —o—Case 1
—o— Case 2
900 4 —o— Case 3
—o— Case 4
800 T T T T
0 5 10 15 20 25
Time (h)
FIGURE 14 24-hload curve during the four cases.

Case 4: Based on Case 2, lines 19, 25, and 34 with high
tripping probability are cut off before the wildfire, while
the loads on these lines are connected to the standby
line. Loads are connected back to the original lines after
the disaster.

The simulation results are shown in Table 8 and Figure 14.

From Figutre 13, it can be concluded that the system has
undergone a large-scale load curtailment at the beginning of first
hour. In case 2, the 500 kV line has the largest load curtailment
of 383.95 MW while the 220 kV line has slightly lower load cur-
tailment of 376.54 MW in Case 1. This indicates that under the
same circumstances, the 500 kV line was more severely affected
by wildfires. Strengthening the lines with a high probability
of failure enhances their anti-interference ability and prevents
them from tripping due to wildfire disasters as evident from
cases 3 and 4. In case 3, the load curtailment was reduced to
338.63 MW. The load was restored to 37.91 MW compared to
case 1 before the reinforcement. While the required recovery
time was also less than case 1, the initial state was restored after
20 h. According to the results presented in Table 7, the repair
measures proposed in this article can effectively improve the
system’s resilience but only for systems with dual-circuit power
supply. At present, high-cost measures such as installing isola-
tion belts, pruning the vegetation along the line and improving
the efficiency of system restoration are being used to improve
the system’s resilience for systems without dual-circuit power

supply.

1.00
0,982 0.984 0.984
0973 0974
0.951
®
z
80.90
2
2
~
0.85o.
0.804— T T T r T T r r r T r r T r r
0 1 2 3 4 5 6 7 § 9 10 11 12 13 14 15
Number of lines installed with isolation belt
FIGURE 15 Resilience index of different numbers of spacers.
3.4 | Resilience enhancement measures
34.1 | Additional isolation belt

The isolation belt around the transmission lines can effectively
protect the line from wildfires, but it is too expensive to install
the isolation belt on all the lines. Therefore, lines with higher
tripping probability must be selected for installing the isola-
tion belts. The relationship between the system’s elastic index
and the number of isolators installed on the line is shown in
Figure 15 (taking the 220 kV line as an example).

It can be seen from Figure 14 that the resilience index of the
system is 0.8422 when the isolation belt is not installed. The
resilience index grows at its highest rate when there are seven
isolation belts; after that, it begins to slow down and even-
tually approaches 1. Thus, considering the expenses and the
proper installation of the isolation belt, the system offers some
flexibility to improve the assistance.

3.42 | Trim the vegetation along the line

In addition to installing the isolation strips along the trans-
mission line, it is also possible to prevent the wildfires by
pruning vegetation. The system’s resilience index increases with
the amount of vegetation that is pruned, as does the probabil-
ity of a transmission line wildfire tripping. Based on this, the
relationship between resilience indicators and the percentage
of vegetation pruned is explored. Here, the pruning coeffi-
cient, ¢; is introduced to represent the percentage of vegetation
pruned. The relationship between trimmed vegetation height
and conventional vegetation height is given in Equation (61).
The relationship between system’ resilience and vegetation
pruning coefficient is shown in Figure 16.

DJ\/} = (1 - 61) X D[ (61)

where Dy is the trimmed vegetation height; 7, is the origin
vegetation height; ¢; is pruning coefficient.
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FIGURE 16 Resilience indicators with different pruning coefficients.

From Figure 10, it can be seen that the system’s resilience
increases with an increase in vegetation pruning coefficient,
showing a trend of first quick, then slow. When the construction
coefficient is 0.05, the increase in resilience index is the largest.
When the trimming coefficient is 0.5, the system resilience
reaches 1. At this point, the transmission line is unlikely to
experience a trip incident due to wildfire, and the system can
withstand wildfire disasters to the maximum extent possible.

3.43 | Improve the efficiency of system
restoration

The restoration efficiency of the system is inversely propot-
tional to its recovery time. The quality of various maintenance
teams corresponds to different testoration efficiency. Main-
tenance efficiency can be improved by recognizing the fault
types and locations quickly, strengthening professional train-
ing, improving maintenance equipment, and improving driving
tools. The system is more resilient and needs less recovery time
when its components repair team operates more efficiently. In
this article, the repair time of faulty lines under conventional
configuration is set to 2 h, and the relationship between sys-
tem resilience and the percentage reduction in repair time is
explored. Here, the repair coefficient, e, is introduced to rep-
resent the percentage reduction in repair time. The relationship
between the repair time after improving the efficiency and the
repair time under conventional configuration is given by Equa-
tion (62). Similarly, the relationship between system resilience
and repair coefficient is shown in Figure 17.

e = (1= ) X1, (62)

where, #y is repair time after improving efficiency; 7. is repair
time under conventional configuration; ¢, is repair coefficient.
As shown in Figure 17, there is a positive correlation between
the resilience index and maintenance efficiency. When the repair
coefficient is 1, the resilience index approaches 1. However, due
to the time taken for the maintenance team to reach the faulty
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Repair coefficient
FIGURE 17  Resilience index values under different repair coefficients.

line and the ideal state at this time, the resilience index cannot
reach 1.

4 | CONCLUSIONS

This article uses Python as a platform to accurately anticipate
the spread process of wildfire. It is based on the Wang Zhengfei
model and combines the featutes of cellular automata and wild-
fire. The time when wildfire spreads below the transmission line
is calculated, and the trip probability of the transmission line
is obtained. Finally, the IEEE RTS-79 system was simulated
using the CPLEX solver to analyse the effectiveness of vari-
ous resilience improvement measures in responding to wildfire
disasters. The following conclusions were drawn:

1. In the mixed forest with cedar and Pinus massoniana, the
speed and spread area of fire have gradually increased with
the increase of downwind speed and uphill slope. The fire
began to spread below the transmission line 87.5 min after
it began, and it grew over time. It is necessary to control the
fire as soon as possible, and within 1 h is the best.

2. When the wildfire spreads beneath a transmission line, the
lines may trip. As the vegetation height below the trans-
mission line increases, the probability of phase-to-ground
fault and phase-to-phase fault will increase. In the same cal-
culation example, the probability of phase-to-ground fault
occurring is higher than that of phase-to-phase fault, which
can serve as a benchmark for judging the trip of the
transmission line.

3. The effect of enabling backup lines, installing isolation sttips,
pruning vegetation along transmission lines, and improving
restoration efficiency on system resilience was analysed using
IEEE RTS-79 system. The simulation results show that
the above resilience improvement measures can effectively
improve the system resilience.
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This article simulates the wildfire spread trends under differ-
ent slopes and wind speeds to predict the spread area of wildfire,
which can act as a technical support for quickly predicting the
developments in trends of wildfire. The probability models of
wildfire faults proposed in this article can be applied as trans-
mission line wildfire warning system. The resilience assessment
method can quantitatively analyze the improvement effect of
various resilience improvement measures, providing a reference
for formulating an optimal resilience improvement decision.
This has a significant impact in reducing the loss of transmission
lines during wildfires.
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