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Abstract: With the increasing application of unmanned aerial vehicles (UAVs) to the inspection of
high-voltage overhead transmission lines, the study of the safety distance between drones and wires
has received extensive attention. The determination of the safety distance between the UAV and
the transmission line is of great significance to improve the reliability of the inspection operation
and ensure the safe and stable operation of the power grid and inspection equipment. Since there is
no quantitative data support for the safety distance of overhead transmission lines in UAV patrol,
it is impossible to provide accurate navigation information for UAV safe obstacle avoidance. This
paper proposes a mathematical model based on a multi-sensor data fusion algorithm. The safety
distance of the line drone is diagnosed. In these tasks, firstly, the physical model of the UAV in the
complex electromagnetic field is established to determine the influence law of the UAV on the electric
field distortion and analyze the maximum electric and magnetic field strength that the UAV can
withstand. Then, based on the main factors affecting the UAV such as the maximum wind speed,
inspection speed, positioning error, and the size of the drone, the adaptive weighted fusion algorithm
is used to perform first-level data fusion on the homogeneous sensor data. Then, based on the
improved evidence, the theory performs secondary fusion on the combined heterogeneous sensor
data. According to the final processing result and the type of proposition set, we diagnose the current
safety status of the drone to achieve an adaptive adjustment of the safety distance threshold. Lastly,
actual measurement data is used to verify the mathematical model. The experimental results show
that the mathematical model can accurately identify the safety status of the drone and adaptively
adjust the safety distance according to the diagnosis result and surrounding environment information.

Keywords: overhead transmission line; UAV inspection; safe distance; multi-source data fusion;
adaptive threshold

1. Introduction

With the continuous development of power systems, in order to ensure the safe and stable operation
of a power system, the power industry needs to conduct regular inspections on overhead transmission
lines, grasp the environment around the transmission line and its operation in a timely manner, and
deal with potential problems accordingly [1–3]. The traditional transmission line inspections are
mostly manual. In this way, the inspection line is very hard, and the operation period is very long. It is
difficult to reach some blind spots with complicated or even dangerous terrain [4]. Due to its strong
maneuverability, simple operation, various forms, high efficiency, and low cost, the unmanned aerial
vehicle (UAV) inspection line has been widely used by domestic and foreign power companies for the
inspection of transmission lines [5,6].
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In order to accurately and clearly collect the operation and fault information of the power line,
the UAV needs to be inspected close to the tower and the transmission line. However, the complex
electromagnetic field environment around the high-voltage transmission line has a great influence
on the inspection system, the navigation, and the communication system of the UAV. If the distance
between the transmission line and the drone is too close, the complex electromagnetic environment
will cause interference to the electronic components that make up the control system, resulting in
data transmission interruption and equipment failure, affecting the flight performance of the drone,
and even causing the drone to crash into the power line or other safety accidents. In such cases,
the UAV will not complete the line inspection task. However, if this distance is too far, the drone’s
inspection system will not have the best inspection effect [7]. Accurate measurement of the safety
distance between the UAV and the transmission line is a key factor restricting the development of
the UAV transmission line inspection system. Accurately measuring the safe distance of the drone
relative to the overhead transmission line is a challenge in the UAV line-of-sight system. An accurate
measurement of the safety distance can not only ensure the safety of the power grid, the equipment,
and the drones, but also improve the quality and reliability of the drone’s inspection of long-distance
outdoor high-voltage transmission lines.

In order to improve the mobility of the UAV inspection, to enable the UAV to perform inspections
under a variety of working conditions, and to improve the safety and reliability of the UAV line
inspection operations, accurately determine the safety between the drone and the transmission line
distance is very important. Therefore, it is necessary to quantify the safe distance between the UAV
and the transmission line. Some researchers have judged the safety distance through the detection and
identification of power lines and achieved good research results. There are some more representative
methods. Some researchers have used spectrum-space methods to detect power lines in UAV remote
sensing images. Using k-means and the expectation maximization (EM) algorithm for spectral
clustering, the pixels are divided into power lines and non-power lines. Thereby, the autonomous
inspection of the power line by the drone can be further achieved [8]. Other researchers have used
lidar, vision sensors, and infrared cameras to detect transmission lines for navigation and obstacle
avoidance [9–11]. However, these methods have certain limitations. Although the laser ranging has
high accuracy and the laser scanning method is used to realize the transmission line detection, it has a
significant effect on the inspection of the drone. The load of the aircraft reduces the flying efficiency
of the drone. At the same time, the processing of data is complicated because the information of
power transmission lines and towers extracted from the pictures taken by laser point clouds and vision
sensors is affected by the complex environment. The data collected by these methods mainly depend
on manual processing, and the work efficiency is low.

In order to solve the detection errors problem of infrared cameras and lidars due to environmental
factors such as temperature differences and the atmosphere, some researchers have used the edge
detection method to effectively extract power lines and suppress non-power line features [12]. However
this method is easily affected by straight roads and rivers and cannot extract the characteristics of
transmission lines well. In [13], Matikainen et al. provided an extensive overview of the possibilities
offered by modern remote sensing sensors in power line corridor surveys and discussed the potential and
limitations of different approaches. The monitoring of power line components and their surrounding
vegetation uses visual, near-infrared, and multispectral images. In [14], the researchers proposed
a method to process continuous images with telemetry data sent by the autopilot, identify online
vegetation, trees, and building areas near the power line, and calculate the relationship between
power lines and vegetation, trees, and buildings the distance. At the same time, the system processes
the images captured by the infrared camera to detect the poor conductivity and hot spots of power
lines, transformers, and substations. In [15], a method for determining the safe flight area of a UAV
patrol inspection based on an electromagnetic field calculation was proposed. The field strength
distribution around the transmission line and the maximum electromagnetic field strength of the
electronic equipment carried by the UAV were analyzed through simulation to realize the control of
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the prediction of a safe flight distance for UAV inspection. In [16], a method for avoiding obstacles of
overhead transmission lines based on multi-sensor information fusion and cylindrical space inspection
was proposed. These methods can better realize the detection and identification of power lines to a
certain extent. They can also better solve the inspection of transmission lines by line inspection drones
and achieve autonomous obstacle avoidance. However, these methods need to extract the transmission
lines from a messy background due to its characteristics, it is difficult to process the data, the real-time
performance is poor, and the efficiency of UAV inspection cannot be met.

The accurate measurement of safety distance is a key technology. At present, in the practical
application of UAV inspection power line engineering, there is still no stable and reliable method to
achieve autonomous line inspection and autonomous obstacle avoidance navigation. Operators still
need to judge by subjective experience. Under the premise of ensuring that the drone is in a controllable
range, the operator can use the control handle to make the drone is as close to the transmission line
as possible to complete the inspection work [17]. This method can effectively avoid the occurrence
of line inspection safety accidents; however, when the drone is far away from the control personnel,
it is difficult to accurately control it, which limits the performance of the drone operation to a great
extent. Relying on the stable electric field and magnetic field information around the transmission line
to navigate the UAV can effectively solve the limitations of traditional sensors and the difficulty of data
processing. The accurate measurement of the safety distance between the UAV and the transmission
line has become a key factor affecting the development of the UAV transmission line inspection
system [18]. Therefore, the study of the safety distance threshold can provide data support for the
navigation of the UAV inspection operation, and it is of great significance for the navigation of the
UAV autonomous obstacle avoidance navigation and the improvement of the safety and reliability of
the inspection operation.

Based on the status of the research, this paper proposes an adaptive multi-sensor data fusion
algorithm for multi-sensor data fusion on the electromagnetic field strength of the UAV’s safe flight,
the performance of the UAV control system, and the size of the UAV. According to the result and the
type of proposition set, we judge the current safety status of the drone to realize the UAV’s adaptive
adjustment of the safety distance threshold. Finally, the mathematical model was verified by using
certain inspection data. The experimental results show that the mathematical model can accurately
identify the safety status of drones. UAVs that use this mathematical model for line inspection
can be adaptively adjusted according to the surrounding environmental factors’ safe distance. The
multi-sensor adaptive fusion has a clear distinction of credibility, which better solves the problem that
a single safety threshold adapts to a single condition, which brings about a large cruise error due to the
field source positioning error.

The rest of the paper is organized as follows. Section 2 establishes the physical model of the UAV
patrol overhead transmission line, analyzes the influence of the UAV on the electric field distribution
and the variation law of the maximum distorted electric field on the surface of the UAV, and analyzes
the anti-electromagnetic interference performance of the UAV. In Section 3, based on the multi-sensor
data fusion algorithm, the mathematical model of autonomous obstacle avoidance navigation is
established. The main influencing factors affecting the safety distance of the UAV are considered
comprehensively, and the decision of the UAV inspection status based on the fusion result and the
set proposition is realized. In Section 4, according to the actual situation of the UAV patrol overhead
transmission line, the patrol data is collected to verify the mathematical model in the text, the results are
analyzed, and finally, the scientific, practical, limitations, and considerations of the proposed algorithm
and mathematical model are discussed in Section 5.
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2. Materials and Methods

2.1. Analysis of the Influence of Distorted Electric Field on UAV

When a patrol drone is placed as an electric conductor in an electric field, an induced electric
charge is generated on its surface to form an induced electric field. The superposition of the induced
electric field with the original electric field changes the distribution of the original electric field to
form a "distorted electric field" [19]. When the UAV is inspected near the overhead transmission line,
the influence of the "distortion field" on the drone is much greater than that of the original field on the
drone, the distortion is not linear, and it is difficult to completely eliminate it. Therefore, the analysis
of the distortion generated by the UAV in the electric field is of great significance for the accurate
identification of the safety distance threshold.

During the inspection of the overhead transmission line with a power frequency voltage, when the
UAV is located under the transmission line for inspection, a capacitor series circuit is formed between
the UAV, the overhead transmission line, and the ground. Its equivalent physical model is shown in
Figure 1.
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As shown in Figure 1, where U is the phase voltage of the overhead transmission line, C1 is the
equivalent capacitance between the UAV and the transmission line, and C2 is the equivalent capacitance
between the UAV and the ground.

It can be seen from the analysis in Figure 1 that when the UAV is near the transmission line for
patrol inspection, a capacitor series circuit is formed among the UAV, the overhead transmission line,
and the ground, and there will be impedance among the UAV, the transmission line, and the ground.

Here, the impedance between the UAV and the transmission wire can be expressed as:

Z1 = kD1 (1)

where k is the rate of impedance change, which is related to external environmental factors, and D1 is
the distance between the UAV and overhead transmission wire.

Therefore, the physical model of the field strength between the drone and the wire during the
inspection process can be expressed as:

E1 =
Uk

Z1 + Z2
(2)
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where U is the voltage between the conductor and the ground, Z1 is the impedance between the UAV
and the transmission conductor, and Z2 is the impedance between the UAV and the ground.

Since the distance between the UAV and the conductor is far less than the distance between the
UAV and the ground, the impedance change between the UAV and the ground in the inspection
process is much smaller than that between the UAV and the transmission conductor, so the impedance
between the UAV and the ground can be regarded as a fixed value [20]. Therefore, the analysis in
Formula (2) shows that with the voltage U remaining unchanged, as the distance D1 between the drone
and the wire decreases, the field strength E1 between them gradually increases, and if D1 is extremely
small, the air between the drone and the transmission line is broken down, causing the phenomenon of
induced electrification. The field strength E1 enhancement will interfere with the normal operation of
the drone. In order to study the distortion of the electric field by the drone, the drone line is established.
The simulation model is shown in Figure 2.
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Figure 2. Modeling of a UAV in an electric field.

The main components of the patrol drone are modeled, and the finite element analysis method
is used to simulate the UAV model placed in the electric field in order to study the effect of electric
fields on drones through the inspection of power lines by drones. As shown in Figure 3, the electric
field distortion caused by the drone’s patrol operation is on the same horizontal plane as that of the
edge conductor.

Electronics 2019, 8, x FOR PEER REVIEW 5 of 21 

 

between the drone and the wire decreases, the field strength E1 between them gradually increases, 
and if D1 is extremely small, the air between the drone and the transmission line is broken down, 
causing the phenomenon of induced electrification. The field strength E1 enhancement will interfere 
with the normal operation of the drone. In order to study the distortion of the electric field by the 
drone, the drone line is established. The simulation model is shown in Figure 2. 

Overhead transmission line

UAV

Ground

 

Figure 2. Modeling of a UAV in an electric field. 

The main components of the patrol drone are modeled, and the finite element analysis method 
is used to simulate the UAV model placed in the electric field in order to study the effect of electric 
fields on drones through the inspection of power lines by drones. As shown in Figure 3, the electric 
field distortion caused by the drone's patrol operation is on the same horizontal plane as that of the 
edge conductor. 

 

Figure 3. Effect of UAV on electric field distortion. 

It can be seen from the analysis in Figure 3 that when the patrol drone is close to the 
transmission line for patrol inspection, the rotor, the tripod, and the internal electronic components 
of the fuselage will have distortion effects on the spatial electric field distribution around the line, 
especially near the motor. At the tip of the wing or at the stand, charge accumulation and field 
distortion are prone to occur, especially in the electric field distortion around the motor. This kind of 
distorted electric field will have a great impact on the navigation system and communication system 
of the drone, even causing the drone to get out of control and cause a safety accident, leading to an 
inability to complete the safety inspection. The analysis of the distortion field under actual working 
conditions has an extremely important influence on the accurate identification of the safety distance. 
Therefore, this paper simulates and analyzes the influence of a distorted electric field on a UAV 
inspection system in 500 kV and 220 kV common voltage transmission lines. 

According to the relevant standards of China's GB 50545-2010 "110–750 kV overhead 
transmission line design" and "National Power Transmission and Transformation Engineering 
Universal Design (2011 Edition)", the related parameters such as wire type, ground height, and wire 
diameter of the overhead transmission line are set. Our experiments consider a wire to be a smooth 

Figure 3. Effect of UAV on electric field distortion.

It can be seen from the analysis in Figure 3 that when the patrol drone is close to the transmission
line for patrol inspection, the rotor, the tripod, and the internal electronic components of the fuselage
will have distortion effects on the spatial electric field distribution around the line, especially near
the motor. At the tip of the wing or at the stand, charge accumulation and field distortion are prone
to occur, especially in the electric field distortion around the motor. This kind of distorted electric
field will have a great impact on the navigation system and communication system of the drone,
even causing the drone to get out of control and cause a safety accident, leading to an inability to
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complete the safety inspection. The analysis of the distortion field under actual working conditions
has an extremely important influence on the accurate identification of the safety distance. Therefore,
this paper simulates and analyzes the influence of a distorted electric field on a UAV inspection system
in 500 kV and 220 kV common voltage transmission lines.

According to the relevant standards of China’s GB 50545-2010 “110–750 kV overhead transmission
line design” and “National Power Transmission and Transformation Engineering Universal Design
(2011 Edition)”, the related parameters such as wire type, ground height, and wire diameter of the
overhead transmission line are set. Our experiments consider a wire to be a smooth cylinder with
infinitely long straight parallel ground and the surface of the wire as an equipotential surface. Ignoring
the end effect of the wire and the sag, the earth is approximated as an equipotential body with a
potential of 0. After simplifying the high-voltage overhead transmission line, the AC/DC module of the
finite element analysis software COMSOL Multiphysics 5.3 multiphysics simulation software is used to
analyze the transient transmission lines of 500 kV and 220 kV AC voltage lines. The three-dimensional
wire model uses a horizontally distributed four-split wire, the material is taken to be copper, and the
wire is added to a three-phase alternating current. The simulation results are shown in Figures 4 and 5.
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From the simulation results of Figures 4 and 5, the distribution law of the electric field intensity
on the y–z plane perpendicular to the three-phase transmission line is as follows. At the 500 kV
voltage level, the highest field strength is on the three transmission lines, and the maximum electric
field strength is 6.87 × 105 V/m. At the voltage level of 220 kV, the highest field strength is on the
three transmission lines, and the maximum electric field strength is 6.21 × 105 V/m. The maximum
electric field strength appears on the wire, and the electric field strength contour intersects between
the two transmission lines. The field strength of the electric field is gradually reduced away from the
transmission line, and the field strength decreases faster as it moves away from the wire.

Then, we need to further analyze the influence of the UAV on the field strength distortion during
the operation of the UAV patrol overhead transmission line and the variation of the distortion field
with the distance between the transmission lines. In order to do so, we establish a four-rotor UAV
inspection 500 kV, 220 kV high-voltage overhead transmission line simulation model and carry out
simulation experiments. In the experiment, the distance from the wire is 0.5–12 m, and the maximum
field strength of the surface of the patrol UAV is scanned. The scanning result is shown in Figure 6.
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the distance.

It can be seen from the analysis in Figure 6 that the maximum field strength of the surface of the
220 kV voltage class overhead transmission line is reduced with the increase of the distance from the
conductor, and the field strength and distance are roughly inversely proportional. The farther the
distance, the smaller the rate of change. The variation of the distortion field strength in relation to the
distance between the outer side and the middle line of the edge conductor is similar. The maximum
field strength at a distance of 1 m is about 150 kV/m, and when the distance is 3.5 m, the field strength
is attenuated to 40 kV/m. When the UAV patrols the 500 kV voltage class overhead transmission line,
the maximum field strength and the field strength change rate of the UAV surface gradually decrease
with the increase of the distance.

When the UAV is 1 m away from the side conductor, the maximum field strength is 180 kV/m, and
when the distance is 5 m, the field strength is attenuated to 50 kV/m. The electric field distortion of the
500 kV voltage level has a greater influence on the surface of the UAV than the voltage level of 220 kV,
but the variation of the field strength with the distance and the rate of change of the field strength
are similar under the two voltage levels. For the electronic components that make up the UAV flight
control system and the inspection system, as well as the conditioning circuit and protection circuit
of the sensor, the maximum electric field strength that can resist electromagnetic interference under
normal operation is generally 50 kV/m [21,22]. Therefore, in order to operate the UAV and the normal
collection of environmental information, the maximum electric field strength of the UAV surface is
generally less than 50 kV/m. In this paper, this electric field strength value is used as the safety field
strength threshold of the normal inspection operation of the unmanned aerial vehicle.

2.2. Analysis of the Influence of Magnetic Field on UAV

The complex electromagnetic environment during the inspection of the unmanned aerial vehicle
will cause interference to the electronic components that constitute the UAV patrol system and
communication system, affecting the flight performance of the UAV. If the distance between the
inspection drone and the transmission line is too close, the electromagnetic field will have a greater
impact on the flight performance of the drone. When the electromagnetic interference is serious, the
effect is macroscopic: due to the occurrence of clutter, the data transmission is not accurate, causing
the equipment to malfunction and the drone to hit the power line. At the same time, according to
Biot–Savart Law, the magnetic field strength at a point around the wire through which the current is
passed is proportional to the current in the wire and inversely proportional to the distance from the
point to the wire. When the UAV moves in a complex magnetic field, it will be attracted by the wire
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and hit the line; subsequently, it will be unable to complete the line inspection task. A current-carrying
wire generates a magnetic field around the space as shown in Equation (3):

→

B =

∫
L

µ0I
4π

dl×
→
er

r2 (3)

where µ0 = 4π × 10−7 is the vacuum permeability, I is the source current, L is the integral road force, dl is
the microfluidic source, and r is the distance between a point in the space and the current-carrying wire.

The patrol UAV is generally composed of a magnetic field sensor, a GPS positioning system, an
accelerometer gyroscope, a barometer, a motor, a flight control system, and a digital transmission
module [23]. The magnetometer provides patrol navigation for the UAV, which is resistant to a
magnetic interference that is three to four times the magnetic field strength. Therefore, during the
inspection operation, if the magnetic induction generated by the current in the transmission line is
greater than 220 µT, the magnetometer of the unmanned aerial vehicle will be disturbed, which will
affect the normal operation.

The GPS receiver contains circuits of various frequencies, and the electronic components that
make up the GPS internal circuit system are also subject to interference from electromagnetic fields.
The national standard GB/T18314-2001 "Global Positioning System (GPS) Measurement Specifications"
stipulates that when GPS observation is performed, the observation instrument should be 50m away
from the high-voltage transmission line, affecting the inspection and monitoring of transmission lines
using drones that carry GPS. In the literature [24], Silva and Whitney et al. carried out related research
on the influence of the power carrier wave on the accuracy of NGPS (National GPS) received signals
in the United States. The quality has a certain impact, because NGPRS uses a mid-band modulation
signal. However, in [25], Xingfa and Hui et al. analyzed the impact of high-voltage transmission lines
on GPS received signals by comparing positioning errors at different distances from the high-voltage
transmission lines. Field tests were conducted under AC high-voltage transmission lines. The test
results showed that the GPS positioning coordinate accuracy did not significantly decrease at different
distances from the transmission lines, and there were no obvious rules for GPS positioning accuracy,
distance, or whether the line was live. It proves that the error of the high-voltage transmission line on
the GPS receiving signals of nearby operations is not enough to affect the navigation of the line-drone
UAV. At the same time, research analysis shows that the carrier signal L1 frequency of the GPS satellite
is 1575.42 MHz, and the L2 frequency is 1227.6 MHZ. The frequency used by overhead transmission
lines in China is 50 Hz. The radio interference in this frequency band is close to background noise.
The impact on GPS is within the range of the UAV positioning and navigation error. Therefore, under
normal circumstances, the electromagnetic field radiation around the transmission line will not affect
the operation of the GPS positioning system;

The servo motor is an important part of the UAV, and the internal reluctance is easily interfered by
the electromagnetic field. The magnetic field required for normal operation is about 600 µT. The UAV
used to analyze the distorted electric field was placed in the magnetic field for simulation analysis by
finite element analysis. Taking the unmanned aerial vehicle in the same horizontal plane as the side
conductor, the simulation results are shown in Figure 7.
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From the analysis in Figure 7, it can be seen that in the simulation model, the UAV has a small
effect on the spatial magnetic field distribution around the wire; this is mainly because the constituent
materials of the UAV inspection system are mainly carbon fibers, which have a small magnetic
permeability and are not easy magnetized.

In order to further analyze the relationship between the influence of the magnetic field on the UAV
and the distance of the transmission line during the operation of the UAV patrol overhead transmission
line, the four-rotor UAV patrols two 500 kV and 220 kV high-voltage overhead transmission lines
as examples to carry out simulation experiments. The finite element analysis method is used to
simulate the influence of the magnetic field distribution around the high-voltage transmission line on
the patrol UAV. The transmission current of China’s 220 kV overhead transmission line is 0.6–1.2 kA.
The simulation model established in the paper applies 1.2 kA, the transmission current of the 500 kV
transmission line is 2–4 kA, and the current applied to the two poles of this simulation line is 3 kA.
The variation law of the maximum magnetic induction intensity on the surface of the drone inspection
operation and the distance between the transmission wires is shown in Figure 8.
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It can be seen from the analysis of Figures 7 and 8 that the surface magnetic field distortion law
of the UAV patrol overhead transmission line is similar to the electric field distribution. Taking the
unmanned aerial vehicle in the same horizontal plane as the side-phase conductor as an example,
the inspection model of the UAV in the complex electromagnetic field is established, and the rate
of change of the magnetic field strength of the UAV surface is simulated and analyzed. The rate of
change of the magnetic induction intensity on the surface of the UAV and the distance between the
drone and the transmission line changes are shown in Figure 8. When the UAV patrols a 220 kV
high-voltage overhead transmission line with a current intensity of 1.2 kA and a 500 kV voltage-grade
high-voltage overhead transmission line with a current of 3 kA, the surface magnetic field changes with
distance similar to the electric field. The magnetic field at the 500 kV voltage level has a greater impact
on the drone, but its rate of change is similar. Generally, the overhead transmission line inspection
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has polarization effects and performance differences related to its components. In order to ensure
the normal operation of the UAV, the magnetic field strength should be less than 220 µT. As can be
seen from the analysis of Figure 8, the relationship between the minimum safe distance d and the
transmission current I is [17]:

d = I. (4)

2.3. Electromagnetic Field Experiment Results and Analysis

In the laboratory environment, a high-voltage transmission line simulation experiment platform
was built to simulate and analyze the minimum safe distance of the electromagnetic interference
caused by the inspection of the UAV. In the high-voltage laboratory, a 100 kV experiment transformer
without local power-off frequency was built to generate a power-frequency electromagnetic field to
conduct experimental research on the model of UAV being interfered by the electromagnetic field.
According to the operation requirements, the UAV is fixed on the side of the transmission wire, and
self-inspection is completed. Then, we gradually increase the voltage and current strength according
to the experimental requirements, after which we observe the stability and controllability of the UAV.
During the test, the model DJI-NAZA quadrotor experimental drone was used. The drone used for the
experiment was 0.68 m long, 0.68 m wide, and 0.4 m high. It was made of carbon fiber and had good
hover stability. The experimental steps are shown in Figure 9.
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The experiment is completed according to the experimental steps shown in Figure 9, where the
experimental layout equivalent diagram is shown in Figure 10, and the experimental scene diagram
is shown in Figure 11. The UAV is fixed at a distance of 1 m from the conducting wire. During
the experiment, the voltage control console is used to control the transformer to generate a high
voltage of 0–80 kV. During the voltage regulation process, we observe the drone controllability and the
transmission system stability while recording the voltage level and electric and magnetic field strength
at each moment.
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During the experiment, when the field strength around the UAV is 70–80 kV/m, the UAV platform
starts to shake, and the phenomenon of delay occurs when the unmanned aerial vehicle is controlled by
the ground control terminal. The image transmission has streaks, snowflake spots, and occasionally the
black screen appears; the picture transmission is interrupted, and the UAV communication system and
the control system are disturbed, which affects the stability of the data transmission system, and the
drone cannot perform normal inspection operations. When the magnetic field strength is 200–210 µT,
the UAV platform starts to shake, the magnetometer starts to be disturbed, and the drone slowly drifts
toward the wire side; subsequently, abnormal handling performance and abnormal data transmission
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occur, and the inspection operation cannot be performed normally. In the actual implementation of
the inspection operation, in order to ensure the safety inspection of the UAV, a certain safety margin
should be left. Experimental research and simulation analysis show that in order to prevent the
electromagnetic pulses generated between the UAV and the overhead wires from causing interference
to the drone’s communication and control system, and to avoid the electromagnetic field around the
power line from affecting the normal inspection operations of the UAV. It is reasonable to set the safety
threshold of the field strength to 50 kV/m and the magnetic field strength to 180 µT.

3. Adaptive Security Threshold Data Fusion Algorithm

3.1. Analysis of the Safe Distance of the UAV Patrol Power Line

In order to ensure the stability of the inspection of the unmanned aerial vehicle, in addition to the
electronic components to meet certain anti-electromagnetic interference performance, the flight speed,
wind speed, navigation positioning error, and the size of the drone structure and these factors have a
great influence on the determination of the safe distance of the UAV line [20].

Assume that the positioning error of the navigation system of the patrol drone is D1. In order
to indicate the influence of the structure of the unmanned aerial vehicle on the determination of the
safety distance, the length of the maximum diagonal of the lined drone is D2. At the maximum wind
speed of the allowed flight, the deviation due to the wind speed V1 is D3, the patrol speed of the drone
is V2, the communication time is recorded as t, The maximum electric field strength experienced by a
UAV equipped with an electronic device during normal operation is E, and the maximum magnetic
field strength experienced by the electronic device is B. The analysis in this paper is based on the
D-S multi-source data fusion algorithm; the sensor data is collected and processed to give decision
results in real time, and the adaptive adjustment of the safety distance threshold is realized. The block
diagram of the decision system is shown in Figure 12.
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3.2. Homogeneous Multi-Source Data Adaptive Weighted Fusion Algorithm

Each sensor can extract a part of the obstacle-avoiding navigation information, and the extracted
part of the information cannot accurately reflect the accurate information of the target or can only
extract a certain part of the target information due to interference of other factors. The state of the target
object cannot be accurately determined. Multi-sensors are used to detect and fuse various navigation
information during the inspection process, and different sensors are used to collect and detect changes
of the external environment and extract meaningful information from the collected information. When
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different sensors distributed in different spatial positions of the unmanned aerial vehicle are used to
measure obstacles such as transmission lines, towers, and electromagnetic field strength, the sensors
will be different at different times and in different spaces to form a set of observations [26,27]. It is
assumed that there are m sensors in the process of patrolling to measure the same variable. In a certain
period of time, a single sensor obtains n measurement data, and the set is represented by Z as:

Z =


Z1(1) Z1(2) · · · Z1(n)
Z2(1) Z2(2) · · · Z2(n)

...
...

. . .
...

Zm(1) Zm(2) · · · Zm(n)

 (5)

where Zm(n) represents the measured value of the n-th sensor at the m-th moment.
Suppose there is an estimated true value X. At the first moment, the estimated mean and variance

of the X acquired by the same sensor are: {
Z+

i = Zi(1)
P+

i = σ2
i (1)

. (6)

Based on the time recursive estimation theory, after the sensor collects the information, the
estimated mean Z+

i and variance P+
i are used as the statistical characteristics of the next measurement,

and the new measurement data is used to correct the one-time recursive calculation. The time fusion
estimation value Z+

i (k) and variance P+
i (k) after k measurement of the same sensor can be obtained as

follows:

Z+
i (k) =

P+
i (k− 2) + σ2

i (k)

2[P+
i (k− 2) + P+

i (k− 1) + σ2
i (k)]

Z+
i (k− 1)

+
P+

i (k− 1) + P+
i (k− 2)

2[P+
i (k− 2) + P+

i (k− 1) + σ2
i (k)]

Z+
i (k)

(7)

P+
i (k) =

P+
i (k− 1)σ2

i (k)

P+
i (k− 1) + σ2

i (k)
(8)

where the measurement variance can be obtained by calculating the auto-covariance factor and
cross-covariance factor of a single sensor. For the k-th measurement, the estimation value of m sensors is
Z+

1 (k), Z+
2 (k), . . . , Z+

m(k); the mean square error is P+
1 (k), P+

2 (k), . . . , P+
m(k), the weighting coefficient

is W1(k), W2(k), . . . , Wm(k), and the optimal result of sensor space fusion is
−

Z(k):

−

Z(k) =
m∑

i=0

Wi(k)Z+
i (k),

m∑
i=0

Wi(k) = 1. (9)

Since the measured estimates Z+
1 (k), Z+

2 (k), . . . , Z+
m(k) are independent of each other, the total

mean square error of the k-th multi-sensor measurement spatiotemporal fusion is:

σ2(k) = E[(X −
−

Z(k))
2
] =

m∑
i=0

Wi
2P+

i (k). (10)

From the above formula, σ2(k) is a quadratic function of Wi(i = 1, 2, . . . , m); then, the minimum value
of σ2(k) can be obtained by using the weighting coefficients W1(k), W2(k), . . . , Wm(k) to satisfy the
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constraint multivariate function extremum. The weighting factor of the total mean square error is
shown in Equation (11):

Wi(k) = 1/(P+
i (k)

m∑
j=1

1
P+

j (k)
), i = 1, 2, . . . , m. (11)

The corresponding total mean square error at this time is as shown in Formula (12):

σ2
min(k) = 1/(

m∑
j=1

1
P+

j (k)
). (12)

3.3. Evidence-Based Multi-Source Information Fusion Algorithm

Multi-source information fusion is based on the comprehensive processing of multiple kinds of
information to accurately determine the state of the target object. D-S evidence theory is a reasoning
method that was first proposed by Dempster and further developed by his student Shafer; it is also
known as Dempster–Shafer evidence theory (D-S evidence theory). As a reasoning method, D-S
(Dempster–Shafer) evidence theory can combine heterogeneous data information based on Bayes
theory. It has outstanding features related to solving the problem of uncertainty, satisfies the conditions
weaker than Bayes probability theory, and has the ability to directly express "uncertainty". The core
idea is the combination rule of evidence theory. D-S (Dempster–Shafer) evidence theory is widely used
in many fields such as medical diagnosis, target recognition, military command, etc., which need to
comprehensively consider uncertain information from multiple sources [28]. The three basic elements
of D-S (Dempster–Shafer) evidence theory are as follows: the basic probability assignment function m,
the reliability function Bel(A), and the likelihood function pl(A). Firstly, the pre-processing of various
sensor data is performed to solve the basic probability distribution function m, the belief function
Bel(A), and the plausibility function Pl(A). Then, according to the combination rule, each value under
the comprehensive evidence is solved. Finally, the reasonable judgment principle is adopted to take
the maximum assumption of the belief function and the plausibility function as the final result of the
data processing [29–31].

Let the set of all possible propositions in the universe be a recognition frame Θ. The basic
probability distribution on the recognition frame Θ is a function m of 2Θ

→ [0, 1], which satisfies:

m(φ) = 0 (13)∑
A⊆Θ

m(A) = 1 (14)

where Φ represents an empty set; m (A) is a basic probability distribution function, which represents
the degree of trust of the focus element A. The belief function Bel (A) and the plausibility function Pl (A)
respectively represent the degree of support and possibility for the proposition A, and the expressions
are expressed as follows.

Assuming ∀A ⊆ 2Θ, then:
Bel(A) =

∑
B⊆A

m(B) (15)

Pl(A) =
∑

A∩B,φ

m(B). (16)
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The synthetic rules of D-S (Dempster–Shafer) evidence theory provide a synthetic formula that
can fuse multiple evidence elements to provide evidence:

K =
∑

Ai∩B j=φ

m1(Ai)m2(B j) < 1. (17)

Then:

m(A) =


∑

Bi∩Cj
m1(Bi)m2(C j)

1−K A , φ
0 A = φ

. (18)

K is a collision factor, reflecting the degree of conflict of evidence, and 1/(K − 1) is called a
normalization factor. This combination rule is equivalent to assigning an empty set (conflict) to each
set in the combination.

In view of the actual working conditions of the UAV while inspecting an overhead transmission
line, the various influencing factors of the safety distance are mutually influential, and one of the
factors will cause the other factors to change. For example, the inspection speed of the drone will
affect the measurement of the relative wind speed and affect the detection of the electric field and
magnetic field strength. When the evidence conflict is more serious, the D-S (Dempster–Shafer)
algorithm cannot focus according to different weights. Some identification frameworks may have a
probability of 0. The combined result will often have a large error with the actual situation, which
makes the system unable to make a more accurate judgment on the safe distance of the inspection.
Therefore, this paper improves the D-S (Dempster–Shafer) evidence theory synthesis Formula (18),
and uses the improved evidence theory synthesis formula as the global fusion algorithm of each
environmental factor information data. Assuming the degree of conflict between evidences in the
formula is represented by the parameter K, the evidence trust degree is represented by the parameter ε,
and the evidence average trust degree function is represented by q(A), then:

m(φ) = 0 (19)

m(A) = p(A) + Kεq(A) (20)

p(A) =
∑

Bi∩Cj

m1(Bi)m2(C j) (21)

q(A) =
1
n

n∑
i=1

mi(A) (22)

ε = e−s (23)

s =
K

n(n− 1)/2
(24)

where s is the sum of each pair of evidence sets in n evidence sets, which reflects the degree of conflict
between the two sides of the evidence. Meanwhile, ε is a decreasing function of s, reflecting the
credibility of the evidence; when the conflict between the evidences increases, the degree of trust of the
evidence will decrease; s is different from K in the D-S (Dempster–Shafer) theory. K can reflect the
overall degree of conflict of evidence. When K increases, s does not necessarily increase.

In the D-S (Dempster–Shafer) decision theory to solve the decision process based on multi-objective
fusion, the evidence acquisition is very difficult. It embodies the scientific rationality of constructing
the basic probability distribution function, and whether the allocation of basic probability numbers
is reasonable directly determines whether the conclusions after the combination of evidence are
credible [32,33]. The traditional solution is to ask for help in the field, but the credibility of the
information given by the authoritativeness of the experts has a certain deviation. In order to avoid
unnecessary deviation caused by human subjectivity, this paper uses the typical sample-based method
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to automatically perform basic probability distribution. This paper also uses the distance between the
measured value and the typical value to construct the density function of the normal distribution curve,
and then constructs the basic probability distribution function. In this paper, the BPA (Basic Probability
Assignment) is obtained by constructing a normal curve from the Hamming distance between each
evidence and a typical sample. Based on the above analysis, the specific steps of implementing the
adaptive safety threshold algorithm for the overhead transmission line of the UAV are as follows.

It is assumed that there are m sensors in the process of patrolling to measure the same variable.
In a certain period of time, a single sensor obtains n measurement data, and the set is represented by
Z as:

Z =
{
Zi(k)

}
(i = 1, 2, . . . , m; k = 1, 2, . . . , n). (25)

Then, we perform the first-level fusion of the data measured by the same variable according to
the homogenous multi-source data adaptive weighting fusion algorithm described in the paper, and
obtain the estimation result after the fusion of each parameter variable.

Assuming that the number of target patterns is p, the number of evidence is l, and the construction
recognition framework is Θ =

{
X1, X2, · · · , Xp

}
, in this framework, the typical value of each target

pattern Xj on each evidence is
{
Z1 j, Z2 j, · · · , Zl j

}
( j = 1, 2, · · · , p), and the results of the adaptive

weighted fusion of the measured values of the evidences are {Z1, Z2, . . . , Zl}.
The average Hamming distance between them is solved based on the measured fusion results

and typical sample values:

Hi j =
∣∣∣Zi −Zi j

∣∣∣, Hi =
1
p

p∑
j=1

Hi j. (26)

Using the normal curve to find the similarity between the evidence Zi and the corresponding
typical value Zij in the target pattern Xj:

Pi j = e−Ak2
(27)

where
A = 0.5, k = Hi j/Hi. (28)

The basic probability of evidence Zi and the corresponding target mode Xj is:

Mi(X j) = Pi j/
p∑

j=1

Pi j. (29)

According to the D-S (Dempster–Shafer) evidence fusion algorithm, the target mode A basic
probability distribution function m(A) can be calculated and solved, and the decision is made based
on this.

4. Results

Data Fusion Algorithm Verification and Analysis

In order to detect the safety distance of the inspection UAV according to the real-time data of
each sensor under the current unmanned aerial vehicle inspection condition, judging the security
status of the current location according to the matching of the data collected by various heterogeneous
sensors and the evaluation rules, the patrol UAV can conduct an autonomous obstacle avoidance
navigation control according to the decision result, or transmit the decision result to the ground
terminal. Based on the decision result, the operator can make accurate judgment on the real working
condition of the patrol inspection of the UAV and carry out a remote control of it. When performing
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data fusion of heterogeneous sensors, the identification framework should be constructed reasonably.
The identification framework constructed in this paper is assumed to be:

Θ = {A, B, C} (30)

where A = {Farther away}, B = {Suitable distance}, and C = {Dangerous distance}.
According to a large number of experiments and principle analysis, and using the expert knowledge

to give the basic probability assignment, the attribute interval of each detection condition is set as
shown in Table 1 below.

Table 1. Conditional attribute discrete interval setting.

Conditional
Attribute

Electric Field
Strength
(kV/m)

Magnetic Field
Strength

(µT)

Wind
Speed
(m/s)

Navigation
Error
(m)

Inspection
Speed
(m/s)

UAV
Size (m)

Farther
away (0, 50) (0, 180) (0, 3) (0, 1.5) (3, 5) (~, 1.5)

Suitable
distance (50, 150) (180, 225) (3, 8) (1.5, 3) (5, 10) (1.5, 3)

Dangerous
distance (150, ~) (225, ~) (8, ~) (3, ~) (10, ~) (3, ~)

In the experiment, four power frequency electric field sensors are used to collect the electric field
intensity signals around the transmission lines. Four magnetic field sensors collect the magnetic field
strength signals around the transmission lines, and the accelerometer is used to measure the speed
of the UAV. The measurement of wind speed and direction is realized by the anemometer, and data
fusion of various sensors such as the structural size parameters of the drone and the positioning error
is used to realize the decision of the safety distance.

First, we select a set of data collected during the inspection process of a drone as the verification of
the data fusion algorithm. Then, we select the data collected by each sensor within a certain period of
time, according to the adaptive weighted fusion method described in the paper, by firstly merging the
same sensor in time, and then adapting the fused data result between homogenous sensors. The result
of the weighted fusion data is used as the detection data of this type of sensor. In a certain period of
time, the data of each type of sensor after adaptive weighted fusion is selected as the D-S evidence
theory algorithm to verify the UAV patrol overhead transmission line conditions.

In this paper, based on the typical sample method, the density function of normal distribution is
constructed by elastic Hamming distance [26], and then the basic probability distribution function
is constructed. The basic probability assignment of each influencing factor obtained through the
processing of the data is shown in Table 2.

Table 2. Basic probability assignment assignment table.

A B C

Electric field strength 0.752 0.203 0.045

Magnetic field strength 0.876 0.113 0.011

Inspection speed 0.658 0.241 0.101

Wind speed 0.381 0.528 0.091

Positioning error 0.274 0.456 0.27
UAV size 0.525 0.373 0.102

The evidences of electric field strength, magnetic field strength, wind speed, inspection speed,
and UAV positioning error are m1, m2, m3, m4, and m5, and the value of the obtainable probability
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assignment function m(A) is calculated according to the DS fusion algorithm. The m(A) obtained by
fusing each proposition case is shown in the following table.

From the analysis of the fusion results and propositional hypotheses in Table 3, we can see that
the UAV inspection status is proposition A; that is, the UAV is far away from the transmission line, and
the inspection sensor carried by the UAV is not optimal. The inspection effect should control the drone
to approach the field source to achieve a proper inspection distance, which can ensure the safety of the
inspection of the drone, and also enable the detection sensor to reach the optimal detection state.

Table 3. Fusion results under various propositional conditions.

Proposition Hypothesis A B C

Fusion result 0.97 0.025 0.005

At the same time, for this theory, we take the 220 kV and 500 kV high-voltage AC transmission
lines of the patrol line unmanned aerial vehicle inspection as an example to analyze the safety distance
of the inspection. In the case where all error parameters take the maximum value, the positioning error
of the navigation system of the UAV inspection system is set to 2.5 m; the maximum wind speed of the
patrol UAV that allows the drone to operate during wind-resistant flight under the normal inspection
and the standard deviation allowed is 1.5 m. Therefore, the deviation due to the wind speed is 1.5 m,
and the distance between the unmanned aerial vehicle and the wire is 3 m under the condition of the
AC 220 KV voltage level and the maximum electric field strength required for the normal operation
of the electronic equipment of the UAV. When the electronic device is working normally under the
maximum magnetic field strength required, the distance between the drone and the wire is 1.2 m;
under the condition of an AC 500 KV voltage level and the maximum electric field strength required
for the normal operation of the electronic equipment of the drone, the distance between the UAV and
the wire is 5 m.

Under the condition of the maximum magnetic field strength required for normal operation of
electronic equipment, the distance between the UAV and the conductor is 3 m. In this model, the
maximum diagonal length of the unmanned aerial vehicle (taking into account the length of the wing)
is 1 m. Here, we assume that the patrol unmanned aerial vehicle speed of the aircraft is v = 5 m/s, and
the communication time between the UAV and the ground is t = 0.2 s. Therefore, the safety inspection
distance of patrol unmanned aerial vehicle inspection at the 220 kV voltage level is about 8 m; at the
500 kV voltage level, the safety inspection distance of the inspection line drone is about 11 m. However,
it is less likely that the error parameters will take the maximum value at the same time during the actual
inspection. It is unreasonable to judge the safety status of the high-voltage overhead transmission
line of the UAV with a fixed safety threshold as a standard. This method adapts to a single working
condition and does not achieve the optimal inspection effect.

The safety distance threshold is different under different environmental factors. If the decision
is made with a fixed threshold, in some cases, the safety distance threshold is too close to cause
the inspection accident, while in other cases, the fixed safety threshold is larger. The inspection
equipment carried by the drone can not exert the best test performance, so that the situation of missed
detection and misjudgment will not be achieved, and the expected inspection effect will not be achieved.
The multi-sensor data fusion algorithm is used to perform multi-source data fusion on each sensor data
and intelligently determine the current safety distance threshold to avoid problems caused by a single
safety distance threshold. According to the analysis of the fusion results, the probability assignment of
the corresponding propositions is more concentrated after D-S (Dempster–Shafer) evidence theory
fusion, and the credibility distinction is more obvious. The adaptive security threshold algorithm has
good rationality and scientificity.
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5. Discussion and Conclusions

(1) In this paper, we establish a physical model of the UAV in the complex electromagnetic field
environment, combined with the anti-electromagnetic interference capability and the influence of the
electric field distortion of the electronic components that constitute the UAV inspection system. Finally,
the electric field strength of the UAV safety inspection is 50 kV/m, and the magnetic field strength is
180 µT. The comprehensive analysis of the common voltage level of the UAV inspection shows that the
relationship between the UAV safety inspection distance d (m) and the through current I (kA) in the
wire is approximately:

d = I. (31)

(2) Analysis of the simulation results shows that the electric field distribution on the surface
of the UAV is not uniform. The field strength distribution at the tip of the rotating motor and the
wing is concentrated, and the electric field distortion is large. Therefore, in the design of the UAV,
the installation of the electric field measuring device should be as far as possible. Here, we avoid
burrs or tips to prevent electric field distortion from affecting the measurement and determination of
safety distance.

(3) This paper adopts a multi-sensor data fusion decision-making method to the data fusion of
the main factors affecting UAV flight speed, wind speed, navigation positioning error, and structural
size. According to the fusion result and the set proposition, the UAV inspection status is determined,
and the UAV is adaptively adjusted according to the inspection operation environment. Then, the
algorithm is verified. According to the analysis of the fusion results, the reliability of the multi-sensor
adaptive fusion is more obvious, which better solves the single safety threshold adaptation condition
and brings about a large cruise error due to the field source positioning error.

By studying the safety distance of overhead transmission lines for unmanned aerial vehicles, it can
provide reference for improving the safety and reliability of UAV power inspection operations, and
ensure the safe and stable operation of UAVs, power grids, and inspection equipment. The important
significance provides a theoretical basis for the next step of studying with UAV.
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