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ABSTRACT Airborne LiDAR has been adopted as a powerful survey tool for overhead power transmission
line (TL) cruising so that the operator can quickly search for, locate and eliminate the risk objects at the
power line corridor scene. However, the TLs are moving objects, which positions are dynamically affected by
working conditions (e.g. temperature variation, wind-induced conductor motion) while they are acquired by
airborne LiDAR. The point clouds data acquired by airborne LiDAR only reflect the geometric relationship
between the TL and its surrounding objects at the transient moment of the data acquisition. In order to
overcome the shortcomings of the instantaneously acquired laser scanning data, this article presents an
approach for simulating the dynamic TL shape under different working conditions based on mechanical
computation of the overhead line. The proposed approach considers the tension variation of TL resulting
fromweather conditions, such as temperature, wind and ice, while simulates TL sag curve using the parabolic
catenary equation combined with the tension. A performance evaluation was conducted over the TLs data
with multiple voltage levels. Experiments results show that the proposed approach is effective for simulating
the 3D shape of TL under different working conditions. The simulation error achieved was less than 0.65m
and the maximumDiff-Ratio was about 1.57%. This provides a scientifically sound predicting and modeling
approach for TL risk assessment and warning along the corridor.

INDEX TERMS Airborne laser scanning, remote sensing, power line modeling, risk management,
transmission line simulation.

I. INTRODUCTION
The safety of overhead power transmission line (TL) infras-
tructure is of importance to the quality of both daily life
and industrial activities. High-voltage transmission lines are
regarded as the most crucial part of the TL infrastructure.
Automated and timely monitoring of high-voltage transmis-
sion lines is required for the surveying of transmission line
corridors [1]. Generally, there are two components of TL
corridor surveys: the analysis of TL structural stability and the
detection of potential hazards, especially vegetation [2]. Trees
growing close to the TLs can damage the infrastructure and
cause widespread electrical failures or bush fires. Therefore,
the safety distance must be maintained in order to prevent the
occurrence of such incidents [3]. Specifically, it’s necessary
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for regular inspections of vegetation inside and near to the
TL corridor to detect and cut the trees or tree branches that
dissatisfy safety distance requirements [4], in order to ensure
the safe operation of electrical networks [5].

For the last decade, many approaches have been proposed
for monitoring and modeling TLs, mainly including field
surveys and airborne surveys [6], [7]. The field survey
depend on human visual observations using telescopes, which
is labour-intensive, inefficient and uneconomical. Airborne
survey based on a variety of remote sensing methods for
TL monitoring tasks. For example, low-altitude unmanned
aerial vehicles (UAV) have been used combined with remote
sensing technology in order to monitor TL safety distances
[8]. TLs have been documented by aerial images manu-
ally or in a semi-automatedmanner (e.g. using stereo-images)
[9], [10]. The general ideas behind the methods which use
images to detect the safety distance are basically similar: the
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three-dimensional (3D) coordinates of the TL and the ground
points are extracted first, and then the distance is judged.
However, as they are limited by the image quality, scene com-
plexity and stereo-image matching process, the image-based
methods are time-consuming and are not sufficiently reliable.

As an alternative to the optical imagery, airborne LiDAR
can directly obtain accurate 3D coordinates of the power
line scene using laser range data and the precise instanta-
neous position, and orientation information are acquired by
a high-precision Positioning and Orientation System (POS).
Pointclouds data that can describe the 3D geometric relation-
ship between corridor objects are then created [11], with-
out the need for the time-consuming stereo-image matching
process that is involved when using computer vision and
photogrammetry techniques. Therefore, this process can con-
duct distance detection more effectively than an image-based
method. Using airborne laser scanning techniques, a high
density and highly accurate 3D point cloud of the TL corridor
can be acquired [12], [13]. It can be used to accurately mea-
sure the distance between the TL and the ground objects in
a TL corridor (especially trees and buildings) for power line
safety distance detection, obstacle warning analysis or power
line plane-section map drawing [2], [14], [15]. Numerous
methods have been proposed for the extraction and recon-
struction of TLs [16]–[20] based on point clouds acquired
by airborne LiDAR. These mainly focus on modeling TLs
from laser scanning data that have been acquired at a transient
moment. For TL safety distance detection using point clouds,
the main procedure used in conventional methods includes
classification of the TL, reconstruction of the TL [21], [22],
[29], and detection of the safety distance.

Previous methods described above are based on a
data-driven approach, and most of them have strict require-
ments in terms of the original data. Specifically, good extrac-
tion results can be achieved when the point cloud density
is high, while relatively poor results may be obtained when
point cloud data are missing or when the point density is low.
Furthermore, neither image-basedmethods nor LiDAR-based
methods are able to detect the variations in the TL sag due to
different weather conditions. Due to the influences of various
factors, e.g. ambient temperature change, wind vibration and
icing, the shape of TL and the distance from TLs to ground
objects vary and this will threaten power grid security when
the distance is too small [23], [24]. Therefore, it is essential
to develop an effective approach predicting and modeling
the dynamic changes in the TL shape according to actual
conditions.

In this article, a TLmodelling framework that can provide a
simulated TL shape under different weather conditions is pro-
posed in order to overcome the shortcomings of the instanta-
neously acquired laser scanning data. The main contributions
of this work include: a TL simulation method is developed
by combining the influence of weather conditions on the TL
tension, the TL wire parameters and the 3D-description of
the TL derived from point clouds, in order to simulate the TL
shape under different operating states.

FIGURE 1. The framework proposed for transmission line simulation and
warning.

The rest of this article is organized as follows: the proposed
TL modelling framework is introduced in Section II-A. The
simulation method is presented in detail in Section II-B. The
experiment that was carried out to simulate the TLs under
different weather conditions is introduced, and the verifica-
tion of these results using laser scanning data is described
in Section III. Some discussions about the proposed method
are also given in this section. Lastly, Section IV gives the
conclusions extracted from the work.

II. METHODS
Our TL simulation and warning procedure framework is
composed of three stages as shown in Fig.1. First of all, data
preprocessing for extracting TL points from raw point clouds
and calculating the initial sag of TL. Next, the TL simulation
based on mechanical computation. Finally, the TL safety
distance detection after merging the simulated TL points into
the point clouds.

A. SIMULATION ALGORITHM DESCRIPTION
Numerous studies have focused on identification and
extraction of digital models of TLs from point clouds
[14]–[22], but few studies has been devoted to elucidating
how to use acquired data to provide some extra information
to the TL operator. In this section, we proposed an overall
description for the TL simulation combining the influence of
weather conditions on the TL tension to provide supplemental
information for TL risk assessment and warning along the
corridor.

Sag and tension are the mechanical limiting factors for
TL conductors [30]–[32]. Conductor elongate from initial
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FIGURE 2. Sag and tensions in overhead transmission line span.

installation to a state of operation, because of temper-
ature increase or working load increase (wind pressure,
icing or their combinations). This elongation leads to
increased sag. Sag is indirectly proportional to the tension
applied to the conductor. Fig. 2 shows the sag and tensions
in a TL span.

An overhead TL is suspended by two suspension points
A and B of tower. The value of the horizontal component σ0
of the tension of TL remains the same at any point on the TL,
and equivalent to that of the tension at the lowest point of the
TL. In the steady state, the horizontal tension σ0 along the
line section is constant and, therefore taking the horizontal
tension as the basis for analyzing the force on the TL, such
tension being uniform throughout any one span.

Sag primarily depends on the conductor type, length,
weight, modulus of elasticity, temperature and tension [38],
[39]. There is a relationship between these parameters, which
can be expressed as the change-of-state equation of the over-
head line [32], [33], [33]–[35]. The equation shows how the
parameters relate to the transmission line sag under different
weather conditions [36].

The shape of the TL catenary is approximately a parabolic
curve when the overhead TL sags when suspended between
two ends of tower supports. Hence, the parabolic catenary
equation is used in this work to model the mechanical behav-
ior of an overhead TL. Finally, the 3D shape of the TL under
different working conditions can be calculated and modeled
by the parabolic equation, combining the tension with the 3D
position information for the suspension points.

B. PROPOSED APPROACH
1) DATA PREPROCESSING
The main purpose of data preprocessing is to obtain the initial
sag for TL simulation, while classifying the LiDAR data of
TL corridor for safety distance detection. Data preprocessing
in our study consisted of three sub-steps: (1) classify the
raw LiDAR point data into TL, pylon, vegetation and ground
points using Terrasolid software; (2) identify the suspension
points of TLs; (3) calculate the size of sag of each TL span
according to the topological relation between point and line.

The sag of an overhead TL is defined as the vertical dis-
tance from the lowest points of the TL to the imaginary line
connecting the two suspension points of the TL. Note that the
precise identification of location of suspension point has an
important effect on sag calculation. Thus, in order to obtain

FIGURE 3. Force diagram for a TL in cross-section: (a) the self-gravity and
wind-pressure load on the TL form a combined load; (b) vertical load due
to ice coating and wind-pressure, forming a combined load. (color legend:
wire - gray; ice - blue).

the highly precise location of suspension points, the points
are manually identified by after-processing.

2) MECHANICAL STATE ESTIMATION
In this section, we focus on elaborating the TL tension related
to TL simulation in different weather conditions. This process
is composed of an initial tension calculation, a working load
calculation and the tension calculation for the target state.
A more detailed description of the three parts of is given as
follows.

a: INITIAL TENSION CALCULATION
The tension in the TL vary in different weather conditions
[30], [31]. The sag fm of TL needs to be extracted from the
point clouds firstly in order to calculate the tension at the
moment of data acquisition by laser scanning; this is taken
as the initial tension of the known states. The horizontal
conductor tension can be calculated using Equation 1:

σ0 =
γ l2

8fm cosβ
(1)

where σ0 (units: N/mm2) is the horizontal conductor tension,
γ (units: N/m · mm2) is the TL load, l (units: m) is the
horizontal distance between conductor-insulator attachment
points —span length, β (units: degree) is the elevation angle,
fm (units: m) is themaximum sag in the TL derived from point
clouds.

b: WORKING LOAD CALCULATION
Theworking load of a TL refers to the load per unit length and
unit cross-sectional area. The TL load can comprise a variety
of forces in the external and interior environment, as shown
in Fig. 3.

The loads, γ , on a TL include the self-gravity, ice weight
and wind pressure, which are generally considered as having
a uniform distribution along the TL [32], [35]. Taking the
load on the TL as a vector, the magnitude and direction of
the load are different due to the TL’s weight, the ice coating
and the wind pressure. The different loads can be calculated
as follows:

Self-gravity load: γ1 =
m0g
A
· 10−3 (2)

Ice weight load: γ2 =
ρ1πb(b+ d)g

A
· 10−3 (3)
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Load with ice coating: γ3 = γ1 + γ2 (4)

Wind pressure load: γ4 =
ρ2αµdv2sin2θ

2A
· 10−3 (5)

Wind pressure load with ice coating:

γ5 =
ρ2αµv2(2b+ d)sin2θ

2A
· 10−3 (6)

Combined load with wind: γ6 =
√
γ 2
1 + γ

2
4 (7)

Combined load with wind and ice coating:

γ7 =

√
(γ1 + γ2)2 + γ 2

4 (8)

where, g is gravitational constant (units: m/s2), m0 is the
weight per unit length (units: kg/km), A is the cross sectional
area (units: mm2), ice density ρ1=0.9kg/m3, standard air
density ρ2=1.25kg/m3, b is the icing thickness (units: mm),
d is the TL diameter (units: mm); α is the unevenness factor
for the wind speed, and v is the wind speed (units: m/s), θ
is the angle between the wind direction and the direction of
TL. µ is the shape coefficient for the wind load: when the
diameter of the TL is less than 17 mm, µ = 1.2; when the
diameter of the TL is greater than or equal to 17mm,µ = 1.1.

c: CALCULATION OF TENSION FOR THE TARGET
If the tension, the load and temperature for a given set of
weather conditions are known, the tension for another set
of weather conditions (target states) can be obtained using
the change-of-state equation. The state equations are mod-
eled using the relationship between sag, tension, elongated
conductor length, and other conductor parameters [27]. The
change-of-state equation for an overhead TL is formulated as

σn −
Eγ 2

n l
2 cos3 β

24σ 2
n

= σ1 −
Eγ 2

1 l
2 cos3 β

24σ 2
1

− αE cosβ(tn − t1) (9)

where α is the thermal elongation coefficient for the TL, E is
the elasticity modulus, β is the elevation angle, σ1 and σn are
the horizontal tension in the TL for two different states, and
γ and t are the TL load and temperature, respectively.
The change-of-state equation refers to the task of

determining the unknown states from a given set of measure-
ment and knowledge of the wire erosion over time using.
The equation shows how the parameters relate to the TL
sag under different weather conditions. The air temperature
was employed for the change-of-state model. Considering
the temperature difference value betweenmeasured condition
and reference condition should be insensitive to the actual
conductor temperature, the effect can be partially cancelled
when both temperatures are similarly affected by these factors
for the change-of-state equation.

3) TRANSMISSION LINE MODELING
According to the above-mentioned procedures, the tension
of TL for target state was obtained using the sag-tension
calculation. After the calculation, the TL shape can be sim-
ulated based on the parabolic catenary equation combining

FIGURE 4. Transmission line lying in the deviated plane. (Curve a and
Curve b is the projections of the TL in the horizontal plane and the
vertical plane, respectively.)

the tension. The parabolic catenary equation needs to be
calculated under the given condition that the overhead TL is
the compliant cable chain without stiffness, and the loads act
on the TL and the temperature distributes uniformly along
the length of TL. Based on this, the TL sag curve can be
simulated easily. In this part, two kinds of sag curve case for
TL modeling are considered, which are windless and windy
condition.

a: TRANSMISSION LINE UNDER WINDLESS CONDITIONS
Under windless conditions, the only load on a TL is in the
vertical direction. Assuming that the loads are uniformly
distributed along the TL, the sag curve can be described as a
function of the horizontal tension andweight permeter. In this
work, a variant of the parabolic catenary equation was used
to simulate the sag:

y = x tanβ −
γ x(l − x)
2σ cosβ

(10)

In the above equation, l is the span length, γ is the load on
the TL, σ is the tension corresponding to the target weather
conditions, β the is vertical angle of the two suspension points
in a span, and x is the horizontal distance from a given point
on the TL to the suspension point.

b: TRANSMISSION LINE UNDER WINDY CONDITIONS
Under windy condition, there is both a vertical load, γv, and a
horizontal load, γh, on a TL. And due to the horizontal load,
the line rotates around the line joining the two suspension
points. When the TL is subjected to a transverse force by the
wind acting, a deviated plane is formed. In order to analyze
the sag in the deviated plane, the sag curve is projected to both
the vertical plane and the horizontal plane.

In the vertical projection plane, the inclined parabola for-
mula of the TL for the wind deviation is

yv = x tanβ −
γvx(l − x)
2σ cosβ

(11)

In the horizontal projection plane, the height of the two
suspension points is the same and the horizontal projection
length of the inclined span, lAB, is equal to actual span, l. The
sag of the TL at any position in the horizontal projection plane
is then described as:

yh =
γhx(l − x)
2σ cosβ

(12)
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TABLE 1. Characteristics of point clouds of transmission lines corridors.

FIGURE 5. Transmission line simulation results. (a) Superposition of
simulated TLs and scanned TL points from Span 1;
(b) superposition of simulated TLs and scanned TL points from Span 2;
(c) superposition of simulated TLs and scanned TL points from Span 3.
(legend: original scanned transmission line and pylon points - blue;
simulated transmission line points - red.)

III. RESULTS AND DISCUSSION
A. DATASETS AND EVALUATION METRICS
1) DATASETS
Our study site consisted of three overhead TL corridors under
operation, 110kV, 220kV, 500kV, respectively, in Guangdong
Province, southeast China. The point clouds data were
acquired using Riegl VUX-1LR laser system (laser pulse
rate: 50kHZ∼820kHZ, accuracy: 15mm, scanning range:
5m∼1350m) mounted on a large unmanned helicopter
(payloads: 50kg∼80kg, endurance time: 4∼6h) with flying
altitude AGL about 150m for TL cruising. From the three
corridors data, we selected one testing span in each corridor
and corresponding point clouds characteristics are shown in
Tab. 1. The point clouds of the three TLs span are shown
in Fig. 5.

The weather conditions were monitored on-line by the
monitoring equipment installed on pylons in the corridors.

TABLE 2. Parameter of conductor and weather conditions.

TABLE 3. Comparison of the experimental results obtained using Span 1.

Temperature and wind speed were the average in ten minutes.
The weather conditions in the study area at the laser scanning
time are shown in Tab. 2. Additionally, the conductor mate-
rial type is GB1179-83 standard, China. Each span included
three or six TLs. Each phase of the TL included one to four
bundle conductors.

2) EVALUATION METRICS
To analyze the simulation results, the simulated TLs were
compared with the original laser points. In order to evaluate
the results of the simulation quantitatively, a map showing the
deviation of X values and Z values from the 3D coordinates
of the sampled TL was constructed. In addition, we used the
following measure to evaluate the TL simulation results:

Difference Ratio =
(SS)− (AS)

(AS)
(13)

where Actual Sag (AS) refers to the sag of TL as derived from
the original point clouds and Simulated Sag (SS) is the sag of
simulated TL obtained using the proposed method.

B. PERFORMANCE OF THE PROPOSED METHOD
In this section, we presented simulated results corresponding
to the working conditions at the moment of the LiDAR data
acquisition. Given one suspension point of a span as the
starting point together with the sampled interval distance,
e.g. 0.1 m, the 3D sag curves were modeled according to the
proposed method; then the simulated TLs can then be output
as 3D point clouds (see Fig.5). The amounts of sag in the
lowest layers of each span were shown in Tabs 3∼5.

As shown in Fig.5, the red and blue TLs overlapped well,
which the blue TLs are the original scanned TL points, and
the red TLs are the simulated TL points corresponding to the
working conditions at the moment of the data acquisition.
From Tabs 3∼5, the sag bias of Span 1 was the least (0.34m),
followed by Span 2 (0.47m) and Span 3 (0.65m). The differ-
ence ratios of the three spans were all less than 1.57%. The
consistency between the original and the simulated TLs was
overall satisfactory.
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TABLE 4. Comparison of the experimental results obtained using Span 2.

TABLE 5. Comparison of the experimental results obtained using Span 3.

FIGURE 6. Comparison results of experimental and simulation results of
X values and Z values. (a) and (b) Deviations of X and Z values from
Span 1; (c) and (d) Deviations of X and Z values from Span 2; (e) and
(f) Deviations of X and Z values from Span 3.

To accurately assess the performance of the proposed
approach, the 3D point clouds of the simulated TL and
the scanned TL were compared after sampled respectively
according to the same distance interval along the TL. One
TL of each span was selected for performance evaluation.
Fig.6 shows the distribution of the deviation of the X and Z
coordinate values of the sampled points of the three spans
data.

As shown in Fig.6, the deviation of X values was relatively
stable. The deviation in the value of X for the three spans
ranged from −0.2m to 0.2m; the maximum deviations in
Z for the three spans were less than 0.65m. The Data with
maximum deviation in Z was Span 3 which has maximum
span length and pylon height difference.

TABLE 6. Sag estimation data and results.

FIGURE 7. The dependency of (a) sag and (b) tension related with
temperature.

C. SIMULATION RESULTS UNDER VARIOUS WORKING
CONDITIONS
The sag estimation data and results for the three spans
TLs under various working conditions were presented in
Tab. 6. The temperature data for each set were shown in
column 1 of the table. The estimated tensions were shown
in columns 2, 4 and 6. The values of increased sag due to
thermal effects (directly related to the temperature) evaluated
at each measurement instant were also shown in columns 3,
5 and 7.

The sensitivities of tension and sag with respect to
temperature were shown in Fig.7. This plot was obtained by
using a set of varying temperature for Span 1. In the case of
temperature variations, the transformation of the temperature
to sag and tension appeared to be linear. It can be seen that the
sag increased with the increase of temperature, whereas the
tension decreased with the increase of temperature. This also
indicated that the increase of temperature leads to the tension
reduction and the extension of the TL length. This sensitivity
analysis was an important because the temperature was the
critical parameter under windless working conditions in the
state estimation process.

The wind speed estimation data and results for the three
spans TLswere presented in Tab. 7. The simulatedwind speed
data for each set were shown in column 1 of the table. The
transverse tensions were shown in columns 2, 4 and 6. The
values of increased tension due to wind pressure (directly
related to the wind speed) evaluated at each measurement
instant were also shown in columns 3, 5 and 7.
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TABLE 7. Sag estimation data and results.

FIGURE 8. The characteristics of the tensions dependency on the wind
speed.

The sensitivities of tensions with respect to the wind speed
were shown in Fig.8. This plot was obtained by using a
set of varying wind speeds and their corresponding tensions
for Span 1. Given the wind direction is perpendicular to
the TL along the horizontal direction. It was demonstrated
in Fig.8 that the tension varies with the increased wind speed.
The vertical tension remained unvaried due to the unchanged
self-weight of the TL. The horizontal tension perpendicular to
the TL increased with the increase of wind pressure. This sen-
sitivity analysis was also important because the wind speed
was the critical parameter under windy working conditions
in the state estimation process.

Thus, the sag computation based on a nonlinear state
estimation model captured gradual sag level increases. This
would enable the operator to know the potential encroaching
points in TL corridors based on safety distance detection
and to take appropriate counter measures to avoid further
clearance violations and cascading failures. The varied ten-
sion measurements also verified the accuracy of the TL state
estimation process. Although there is no access to actual
measurements on TL under extreme working conditions is
available, we have verified our method through an indirect
approach. The sensitivity analysis about varied tension mea-
surements verified the accuracy of the TL state estimation
approach. The increase in sag levels due to reduced ten-
sion values were provided to verify the accuracy of the TL
simulation method.

1) APPLICATION OF SIMULATION UNDER EXTREME
WORKING CONDITIONS
In this section, we primarily focus on simulating TLs under
extreme working conditions. The main aim of the proposed
method is to merge the simulated transmission line points into

TABLE 8. Comparison of original sag and simulated sag under typical
climatic conditions.

FIGURE 9. Superposition of original scanned transmission lines and
simulated transmission lines under extreme weather conditions.
(temperature: t, wind speed: v, ice thickness: b). (a) Extreme high
temperatures (t=40◦, v=0m/s, b=0mm); (b) Extreme low temperatures
(t=−20◦,v=0m/s, b=0mm); (c) Extreme high wind speed(t=10◦, v=35m/s,
b=0mm).

the point clouds of TL corridor and to calculate the distance
between object points and the simulated TL. If the distance
between tree or building points to the TL does not meet
the safety regulations requirements, the points are identified
as potential encroaching points. This can provides the more
information for TL inspection and maintenance so that the
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operator can quickly search for, locate and eliminate the risk
objects at the scene. In extreme weather conditions, TLs can
be affected seriously and there is a higher possibility for a
serious power failure to occur. Therefore, it is important to
estimate TLs under various extreme weather conditions.

Taking Span 1 as an example, the three kinds of TL shape
can be obtained using the TL simulation method described
earlier. The original TLs collected by airborne LiDAR were
used as a reference to calculate the sag variation. The results
were shown in Tab.8. Fig.9 shows the contrast between the
original TLs points and the simulated TLs: the blue curve is
formed from the original TLs points whereas the red curves
show the simulated TLs.

The three spans are located within Meteorological Area I
of the nine typical Meteorological Areas of China. In the
Meteorological Area, the air temperatures corresponding to
three typical extreme weather conditions − i.e., maximum
temperature, minimum temperature and maximum wind
speed−are 40◦C, -5◦C and 10◦C, respectively. Themaximum
wind speed, v, is 35m/s. Note that the maximum ice coating
thickness, b, is 0mm in the Meteorological Area I. Three
kinds of typical extreme weather conditions in the study
area are considered: extreme high temperatures, extreme low
temperatures and extreme high wind speed.

In the case of extreme temperature variations, the
transformation of the temperature to sag appeared to be obvi-
ous. It can be seen that the sag increased with the increase
of temperature, whereas the sag reduced with the decrease
of temperature (see Figs. 9a & 9b). In the case of windy
conditions, there is a load on the TL due to the wind acting
coupled with self-gravity. The TL will then deviate from the
vertical plane and rotate around the line connecting the two
suspension points. Assuming the wind direction is perpendic-
ular to the TL along the horizontal direction, the simulated
results for extreme high wind speed were shown in Fig. 9c.
The maximum deflection value of the TL in the transverse
direction was 3.75m.

IV. CONCLUSION
This article provides an approach for TL simulation based on
mechanical computation for risk analysis using point clouds.
Different from traditional methods, which directly detect dan-
gerous ground objects based on the LiDAR point clouds, our
approach provides TLs sag under the extreme weather con-
ditions which is difficult to acquire by the means of airborne
LiDAR remote sensing technology. The proposed approach
combined with point clouds and weather parameters is car-
ried out in order to provide early warning of encroaching
objects along TL corridors. The simulated TLs under extreme
weather conditions can be combined with TL safety distance
detection to assess potential encroaching objects. This pro-
vides a scientifically sound simulation approach for TL safety
distance assessment and warning along the corridor.

The performance of the proposed approach was evaluated
and visualized with three span TLs dataset. The accuracies of

Span 1were the highest (i.e., the deviation in Z values: 0.34m,
D-Ratio: 1.22%), followed by Span 2 (i.e., the deviation in Z
values: 0.47m,D-Ratio: 1.46%) and Span 3 (i.e., the deviation
in Z values: 0.65m, D-Ratio: 1.57%). The results suggested
that the TL simulation method is effective to simulate the 3D
shape of TL. These results also provide a quantifiable basis
for TL simulation in the safety distance detection processing
chain. Besides, we have demonstrated the potential of TL
simulation under various working conditions particularly for
extreme weather condition. The sensitivity analyses were
preformed to estimate the variation of sag and tension with
respect to temperature and wind speed. The results showed
that the sag computation based on a nonlinear state estima-
tion model captured gradual sag level increases. This could
provide an indirect approach to verify the state estimation
model. However, there are still some limitations in TL sim-
ulation, especially for TLs with long span length and large
pylons height difference. Future studies are required for TL
simulation, particularly on combiningmeasurement and input
parameters as mentioned in this work to improve the accu-
racy of larger span TL simulation. In addition, tree growth,
which significantly influences the detection of potential risk
points, especially during the growing season or during the
interval between cruising flights, will be considered in order
to improve the risk analysis results.
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