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Abstract: With the rapid development of microelectronics, unmanned aerial vehicles (UAVs) for
electric inspection tasks have become popular. Among these tasks, transmission line inspections are
more complicated than component and tower inspections owing to the small size, poor functionality,
and severe magnetic field interference of transmission lines. Existing solutions invariably use high-
precision devices and maintain safety distances during inspections. However, capturing detailed
transmission line information over long distances is challenging. Moreover, sophisticated equipment
implies high costs and considerable value risks. This work proposes a method using RGB cameras and
mm-wave radar to accomplish close-range transmission line inspections. A heading correction and
two correction modules address waypoint mission mismatch and wind interference during tracking.
In addition, adaptive complementary fusion is designed to solve anomaly identification. Finally,
the proposed method validated in a 10 kV transmission line environment demonstrates successful
close-range inspection while acquiring high-definition (HD) images. The validation results prove the
practical feasibility of the proposed low-cost transmission line inspection method, which is of great
significance for reducing inspection costs and promoting the popularization of UAV inspections.

Keywords: power line inspection; low-cost sensor; waypoint correction

1. Introduction

Electricity resources are irreplaceable in safeguarding industrial and agricultural pro-
duction, military and national defense, and livelihoods. Power plants are generally built in
remote areas for safety and environmental reasons, and the generated electricity is trans-
ported to residential and industrial areas through transmission lines. A harsh environment
can easily lead to abnormalities and damages in the transmission lines; therefore, regular
inspections are essential to ensure the safety of transmission lines and equipment. In
addition to traditional manual inspection, advanced robots, such as climbing robots [1],
unmanned aerial vehicles (UAVs) [2–5], and hybrid robots [6,7], have been designed to
accomplish inspection tasks more efficiently and conveniently[8,9].

Electric power inspection involves components, transmission lines, towers, and defect
inspection tasks, and the two popular methods in UAV-based inspection are 3D reconstruc-
tion [10,11] and the waypoint-based method. In the waypoint-based scheme, several relatively
perfect inspection methods for components, towers, and defects have been proposed: staff
manually operate the UAV to collect waypoints, using which an intelligent system automatically
generates a trajectory [12]. Finally, the UAV with an information capture device autonomously
follows the trajectory while collecting and analyzing data [13,14]. The same process can also be
used in transmission line inspections: staff manually operate the UAV and keep the specified
altitude directly above the transmission line to collect waypoints, and then generate a flight
path based on the collected waypoints for autonomy inspection. However, transmission lines
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span long distances, which means numerous waypoints need to be collected, and it is difficult
to maintain the same distance from the transmission line and keep the lines within the capture
area for a long period during manual operations. Hence, such a standard process may not be
well suited for transmission line inspections.

In recent years, numerous works have been proposed for transmission line identifica-
tion. Based on pre-collected images, the authors of [15] used the Hough transform [16] to
detect transmission lines and then filter them using the fuzzy C-mean clustering algorithm;
the authors of [17] enhanced the Hough transform to improve their accuracy and efficiency.
In [18], the authors proposed imaging features and knowledge-based identification meth-
ods. Similarly, parallel features were utilized in [19] to identify transmission lines quickly
and accurately, and a deep learning method was proposed in [20] to extract transmission
lines. In a dynamic environment, the authors of [21] calculated the pixel velocity based on
the recognition results and combined it with the Kalman filter to estimate the lines’ location.
In [22], the authors used an event camera to achieve robust transmission line tracking with
correctness, instantiation, and persistence. Although these works were not validated in
real-world environments, they hold the potential to provide benefits for line identification
in actual transmission line inspection tasks.

For transmission line inspection, the authors of [23] proposed an intelligent system for
line tracking and defect identification; the system was mounted on DJI M600 Pro and main-
tained a safe distance of 25 m from the lines to avoid Global Navigation Satellite System
(GNSS) distortion and magnetic interference. Similarly, the authors of [24] proposed a direc-
tional line segment histogram method to determine the line direction and safety distance
for waypoint flight. In [25], a transmission line inspection system was designed based on a
quadcopter, utilizing a Kalman filter to fuse dual-antenna GNSS and 3D LiDAR to obtain
the lines’ locations. However, this method can only realize single-line identification and
retain the safety distance. To detect close-range transmission line information, the authors
of [26] designed a multi-rotor UAV to land on transmission lines. The attitude during
landing was estimated by combining a monocular camera and LiDAR, but the landing
process was operated manually, increasing staff burnout. In [27], the authors designed
vision-LIDAR and dual-LIDAR frameworks for autonomous identification, whereas in [28],
the authors proposed an advanced embedded system based on mm-wave radar and RGB
camera. However, refs. [27,28] overlooked the along-line flight and were validated in
simulated and deenergized transmission line environments; magnetic interferences in the
energized transmission lines were not considered.

Table 1 compares the proposed system with state-of-the-art methods in terms of the
size and weight of the platform, the sensors used, and the inspection method. The size and
weight of the platform are related to safety during inspection; larger and heavier platforms
have a greater potential risk. Sensor selection is also essential, as expensive devices can
avoid problems but increase the system’s cost. For example, a real-time kinematic system
can prevent the magnetic interference of the transmission line; however, its cost is far higher.
The final consideration is the inspection mode, including the distance during the inspection
and the ability to track the line. The system is considered safe when the distance from
the transmission line is above 10 m [29]; hence, within 10 m can be recognized as close
range; conversely, more than 10 m is considered as long range. Magnetic interference can be
avoided by maintaining a long-range distance from the transmission line; however, higher
quality information is difficult to capture, whereas the ability to track the line means that
the inspection results can be continuous and complete.

This work proposes a low-cost multi-rotor UAV method for transmission line in-
spection. First, we summarize the characteristics of transmission lines and implement a
knowledge-based line identification system. The UAV’s heading is corrected to deal with
the magnetic interference according to the identification results. Second, to cope with
the low accuracy characteristic of GNSS sensors, we proposed two correction modules
(CMs) to improve the standard waypoint mission. Compared to the works in [3,25,30], the
proposed method excludes high-precision sensors. Compared to [23,24], we realize the
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close-range transmission line inspection, and compared to [28], the proposed method com-
pletes the tracking line flight and is validated in energized transmission line environment.
The advantages of this work are summarized as follows:

1. A novel low-cost transmission line close-range inspection method using a GNSS
receiver, RGB camera, and mm-wave radar is proposed. Line identification provides
the relative distance and heading deviation of the UAV to the transmission line. The
relative distance is further processed with the UAV states to improve robustness to
identification failures. The mm-wave radar provides the relative horizontal distance.
The relative information ensures that the UAV can fly along the transmission line
within close range;

2. Heading correction and two correction modules, waypoint correction and auxiliary
controller, are proposed to ensure that the UAV can always maintain its position above
the line. The waypoint correction solves the problem of the deviation between the
planned mission and actual line position, caused by the low GNSS receiver accuracy.
The auxiliary controller copes with the unknown disturbances during inspection,
ensuring that the transmission line is always within the capture area;

3. Based on the developed UAV, the proposed method was finally verified in actual
flight in a 10 kV energized transmission line environment; the verification process
can be found at https://www.youtube.com/watch?v=jwAD2eolVRI (accessed on 5
October 2023). The UAV could fly along the transmission line during the experiment
and capture HD images. Hence, the proposed low-cost method can be practically
applied to transmission line inspection tasks.

The remaining sections are organized as follows. The current state of transmission
line inspection and the system structure of the proposed method are discussed in Section 2.
Line identification and relative position estimation to the transmission line are explained
in Section 3. The heading correction and two correction modules, crucial for realizing
the along-line flight, are presented in Section 4. Finally, the validation states and actual
inspection results are discussed in Section 5.

Table 1. Comparison between the proposed and state-of-the-art transmission line inspection works.

Platform Weight Primary Sensors Inspection Method

[3] DJI Matrice 300 >6.3 kg RTK, RGB Camera,
Thermal Camera; Long-Range;

[23] DJI M600 Pro 8.7 kg GNSS, UV Camera; Long-Range
[24] DJI 550 >1.3 kg GNSS, RGB Camera; Long-Range;

[25] TQuad1000 >2.0 kg Double Antenna GNSS,
3D LiDAR;

Long-Range,
Line-Tracking;

[26] Commercial UAV
(1.12 × 1.12 × 0.63 m) 14.0 kg GNSS, Camera,

LiDAR;
Close-Range,

Line-Tracking;

[28] Holybro QAV250 0.61 kg
(No Battery)

GNSS, RGB Camera,
mm-Wave Radar; Close-Range;

[30] DJI Matrice 210 >3.8 kg RTK, RGB Camera,
3D LiDAR; Long-Range;

Proposed Self Developed 0.48 kg GNSS, RGB Camera,
mm-Wave Radar;

Close-range,
Line-Tracking;

2. Problem Statement and System Overview
2.1. Problem Statement

The available line inspection systems were discussed in Section 1, and considering our
interests, the current state of the transmission line inspection can be summarized as follows.

First, regarding the inspection platform, due to carrying high-precision sensors, many
works rely on platforms with larger size and weight. However, the large-size platform

https://www.youtube.com/watch?v=jwAD2eolVRI
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has more significant security risks and costs, and it is not conducive to promotion and
popularity.

Second, long-range inspection is the most adopted mode regarding inspection type.
Long-range inspection can avoid magnetic influence on the sensors used in the platform;
moreover, the capture area of the inspection device can be expanded by increasing the
distance; hence, the low accuracy problem of the low-cost positioning device can be ignored.
However, long-range capture cannot obtain detailed information about the transmission
line, as shown in Figure 1.

(a) Long-Range Capture (b) Close-Range Capture

Figure 1. Captured images of close-range and long-range inspection: (a) capture at 10 m above the
transmission line, (b) capture at 2 m above the transmission line.

Figure 1a shows the information of the transmission line captured at long range, where
the UAV is kept 10 m away from the transmission line, while (b) is the result of the close-
range capture, where the UAV is only 2 m away from the transmission line. The image of
the close-range inspection shown in Figure 1b can provide more detailed information, such
as checking the transmission line for aging and cracking. Therefore, close-range inspections
will be an essential indicator in future transmission line inspection tasks.

Finally, the ability of the UAV to fly along the transmission line has only been partially
realized. The UAV should fly along the transmission line to collect complete line infor-
mation, which requires identifying and detecting the lines. Therefore the identification or
detection failure should be addressed; in addition, the wind interference during the flight
along the line must be solved.

2.2. System Overview

Based on the above discussion, this work provides a UAV transmission line inspection
method using low-cost sensors. The system structure is designed in Figure 2.

In Figure 2, the black line partly depicts the standard cascade structure of the UAV con-
trol system, comprising position, altitude, and inner loop controllers. The target trajectory
planned in the ground station contains Tarpos and Taralt, corresponding to the position and
altitude controllers. The position controller combines the UAV feedback Pos to calculate the
inner loop controller’s target (Taratt), while the altitude controller outputs thrust T. Finally,
the inner loop controller is combined with the feedback Att to calculate the target rotor
speed Ωr for each rotor. The additional cameras and mm-wave radar used in the inspection
system are indicated by light blue and orange, respectively.

The orange part of Figure 2 shows the mm-wave radar. In addition to being involved
in estimating deviation distance Dc f , it is mainly involved in the altitude controller as the
feedback state during line tracking, thus allowing the UAV to remain at the close range of
the transmission line. In addition, the light blue part of the structure indicates how the
added cameras act on the system, where relative angle deviation ϕip is directly applied to
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the inner loop controller to correct the UAV’s heading, while Dc f is involved in the two CMs.
CM-1 is directly applied to the position controller; CM-2 is used to cope with disturbances
during line tracking and outputs θCM, the auxiliary roll reference, to participate in the inner
loop controller.

Position

Control

Radar

Altitude

Control

CM-1

CM-2Camera

Inner

Control

and

Mixer

Figure 2. System structure of transmission line inspection UAV.

With a combination of the two sensors mentioned above, the proposed system is able
to track the transmission line at close range. With regard to checks on inspection results,
an approach similar to that in [31] is adopted, and the saved HD photos, which were
recorded by the camera simultaneously during inspection, are checked by the staff after the
inspection is finished.

The following section will present the implementation of the two designed CMs.

3. Transmission Line Position Estimation
3.1. Transmission Line Identification

This section briefly introduces the transmission line identification method based on the
Hough transform. Generally, a pre-processing step, such as the grayscale process, grayscale
enhancement, filtering, and edge detection, is performed before extracting information
from the raw images.

The computational burden is reduced after grayscaling the raw image using the
weighted average method, which is highly efficient and computationally quick. Because
the grayscale image may lose detailed information, we employed the piecewise linear
transformation method to distinguish the specific target and enhance the contrast. An
easy-to-implement median filtering method filters out noise generated by the sensors,
environments, and transmission. The canny operator is adopted to accurately identify the
transmission line edge, which has better anti-interference.

In addition, the extracted edge may accompany interference edges because electric
towers are primarily built on highways, fields, and rivers, which serve as noise backgrounds.
Therefore, removing the edges generated by the invalid background is necessary after
extracting the edges. This process is achieved by masking, which involves ignoring the
detection in partial areas.

The entire preprocessing process is shown in Figure 3.



Remote Sens. 2023, 15, 4841 6 of 23

Original RGB image

Canny edge detection

Contrast Enhanced Grayscale ImagesGray scale image

Median filter processingImage after masking

Figure 3. Pre-processing of raw images.

However, some interference or discontinuity remains in the pre-processed images.
Therefore, the Hough transform extracts all the straight lines that meet the threshold, includ-
ing the target and interference lines. UAV needs to be maintained above the transmission
line during inspection, and the line close to the image center is required. Based on the
pre-collected images, we draw the following assumptions, which is beneficial in proposing
specific rules for convenient line identification.

1. The transmission lines from the same tower are made of the same material and have
similar characteristics.

2. The UAV’s heading should be consistent with the direction of the line; the transmission
lines are parallel and share the same direction. In cases of significant direction changes
in the transmission line, additional waypoints can be included. This involves dividing
the line into multiple directions of unchanged segments for sequential inspection.

3. In unique situations, such as tilted cameras, the transmission line may coincide and
intersect.

Accordingly, the following selection rule is proposed: First, straight lines whose angle
deviation ϕip exceeds the threshold are ignored; the remaining lines are then divided based
on the angle and grouped into respective sets. Finally, the set with the most significant
number is considered as the transmission line set, and the pixel error Pip closest to the
image center is regarded as the target line, as shown in Figure 4.

3.2. Transmission Line Distance Conversion

In this subsection, along with the mm-wave radar measurements Hr, the process of
converting Pip into the standard distance is explained. According to the imaging properties
of the camera, the distance between the image distance di and object distance dT satisfies

1
fc

=
1

dT
+

1
di

, (1)

where fc is the focal length. According to the principle of pinhole imaging, there is
symmetry between the object length lT , image length li, object distance dT , and image
distance di, as shown in Equation (2):

lT
li

=
dT
di

. (2)
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𝑷𝒊𝒑

Hough Line Detection Straight Line after Filter

𝜑𝑖𝑝

Figure 4. Illustration of line identification results: The Hough transform detects three lines in the
original image, as shown by the red lines in the upper left image. Subsequently, the filter can isolate
the desired one. Afterward, the relative information between the target line and the image center can
be extracted. ϕip represents the angle deviation between the UAV’s heading and the transmission
line, while Pip represents the relative pixel distance between them.

The image length li can be calculated based on the pixel deviation Pip and unit length
Lip. The object distance dT = Hr can be obtained by radar measurement. Then, the actual
distance between the transmission line and UAV is

Dip = lT = (
Hr

di
− 1)PipLip. (3)

In a typical underactuated system, the motion of the multi-rotor UAV is carried
out by adjusting the rotor speed, indicating that the camera fixed to the airframe may
be tilted during inspection, as shown in Figure 5a, leading to distorted identification.
This problem can be solved using a gimbal; however, the addition of devices implies an
increase in cost and the UAV’s weight, which is inconsistent with the design concept of our
proposed method. Therefore, we present an attitude compensation solution that combines
UAV’s attitude, especially roll (θ), to process the estimated relative distances. Pitch is not
considered since UAV flies forward at a specified velocity during inspection, and thus pitch
remains fixed as well; therefore, its impact on the recognition results can be ignored.

With the camera tilted by θ, the identification results are longer relative to the actual
situation, as shown in Figure 5a. For convenience, the relationship between the UAV and
transmission line is simplified in Figure 5b.
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a



ipD

rH

cipD

ipD

rH

(a) (b)

Transmission 

Line

Figure 5. Identification distortion caused by roll tilt: (a) shows detection distortion caused by tilt,
and (b) describes the attitude compensation. Hr represents the vertical distance between UAV and
transmission line, Dip is the standard distance calculated following Equation (3) based on Pip and Hr,
θ is the tilt angle of roll, and Dcip is the actual relative distance between UAV and transmission line.

The auxiliary distance a = Hrtan(θ) is introduced, and the relationship between
the actual distance Dcip, auxiliary distance a, and line identification result Dip satisfies
Equation (4). Therefore, the actual horizontal distance between the transmission line and
UAV can be calculated from Equation (5).

a + Dcip =
Dip

cos(θ)
. (4)

Dcip =
Dip

cos(θ)
− Hrtan(θ). (5)

The process described above explains the conversion of pixel Pip of the line identifica-
tion into the actual distance Dcip, using the mm-wave radar and roll of the UAV. However,
Dcip is performed based on the case where line identification works. How to obtain the hori-
zontal relative distance in the case of abnormal identification needs to be further addressed,
which is discussed in Section 3.3.

3.3. Transmission Line Position Estimation

Under normal line identification, Dcip indicates the relative distance between the UAV
and transmission lines. However, given that there is a significant change in the lighting
conditions, or the ground background environment is highly similar to the transmission
line, this might lead to identification failure. Therefore, calculating continuous and accurate
relative distances can guarantee line-tracking flight.

The results of line identification provide high accuracy but suffer from identification
failure, indicating highly accurate but discontinuous signals; in contrast, UAV’s lateral
velocity has continuous characteristics but experiences an integral drift problem, which
is a constant, relatively low-accuracy signal. Based on the characteristics of these two
signals, we propose an adaptive complementary filter in Equation (6) to estimate the
relative distance.

Dc f (k) = (1− w)(Dc f (k− 1) + Ts f vl(k)) + wDcip(k). (6)

Dc f represents the estimated relative distance between the transmission line and UAV,
k denotes the time series, Ts f is the update period of the filter, which depends on the
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update frequency of line identification, and vl denotes the lateral velocity of the UAV
corresponding to the relative distance. w represents the adaptive factor, updated as follows:

w = w0 + wTrtanh(KAC). (7)

where w0 > 0.5 is the initial weight, and wTr = 1− w0 is the positive constant weight. In a
desirable situation, KAC ≈ 1, which means the recognition result’s variation is consistent
with velocity variation. Meanwhile, for the irregular situation, for instances where the
UAV’s velocity is distorted or misrecognition occurs during movement, KAC � 1; thus, the
hyperbolic tangent function tanh(·) is selected to constrain such an anomalous result [32].
This design ensures that vl is involved in the estimation process as a reliable continuous
signal, while Dcip plays the auxiliary role, ensuring the continuity of the fusion results.
KGa ∈ [0, 3] adjusts the weight of v1 when detection fails and KAC > 0 is a variable related
to the reliability of the identification, updated using Equation (8).

KAC =

{ Ts |vl(k)|+δ

|Dcip(k)−Dcip(k−1)|+δ
, i f detected

KGa , otherwise
(8)

KAC updating considers variations in the line identification results. Specifically,
when line identification is normal, we evaluate the “velocity” of the relative distance
by
∣∣Dcip(k)− Dcip(k− 1)

∣∣/Ts, and then compare it with vl . Such rules are formulated to
prevent mistaken identification and GNSS velocity anomalies. For example, in the event
of misidentification, causing data discontinuity,

∣∣Dcip(k)− Dcip(k− 1)
∣∣/Ts will be larger

than vl , KAC < 1, tanh(KAC) will tend to 0, w will be close to the initial w0, and the weight
corresponding to Dcip will decrease during fusion; conversely, when line identification is
normal and vl is distorted, w is close to w0 + wTr, and the weight corresponding to Dcip
will be increased. δ is a small positive constant to prevent singular results.

4. Transmission Line Inspection System
4.1. Heading Correction

During the close-range inspection, the UAV is within the magnetic field of the trans-
mission line, and the compass-measured result differs from the actual situation. However,
the UAV’s heading is necessary for autonomous flight. Therefore, the inspection requires
an accurate heading to be obtained first.

Since the results of compass measurement are unreliable, the proposed method con-
sidered the accurate transmission line’s direction as a reference, and combined it with the
image processing results ϕip; thus, the real-time accurate UAV heading can be inverted.

The transmission line’s actual direction ϕM can be obtained from the waypoint mission.
Generally, the inspection waypoint mission contains the 3D position of the start and
endpoints; then, ϕM can be computed according to the latitude and longitude of the two
points. Although the 3D positions of the start and endpoints in the waypoint mission
may deviate from the actual situation, the relative information in the mission is the same
as the actual location, suggesting that the direction calculated from the mission points is
consistent with the transmission line’s direction. Based on the identification results, the
actual heading of the UAV ϕT = ϕM + ϕip, as shown in Figure 6. Additionally, the case of
line identification failure is taken into account: noting that ϕ is the heading calculated by
the compass, then introducing angular deviation ϕb, ϕb = ϕT − ϕ will be updated if the
identification worked. Moreover, when identification fails, ϕb will be compensated into ϕ.
Therefore, the UAV’s actual real-time heading can be obtained by Equation (9).

ϕT =

{
ϕM + ϕip, i f detected

ϕ + ϕb, otherwise
(9)
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N

E

𝜑𝑀

𝜑𝑖𝑝

Transmission Line

Camera Perspective

𝜑𝑇

Figure 6. Illustration of the heading correction: Based on the north direction, which is indicated by
the green dotted line, ϕM represents the direction of the transmission line calculated based on the
waypoint mission; the calculated heading ϕ is indicated by the red dotted line, and ϕip is the angle
deviation provided by line identification; thus, the UAV’s actual heading ϕT can be calculated.

4.2. Correction Module 1: Waypoint Correction

The standard waypoint mission can be planned as follows: UAV takes off from ground
O, rises in altitude, reaches auxiliary point S above the transmission line start point A,
slowly descends to point A, and, finally, flies directly to the transmission line endpoint
B and acquires information during the flight. After reaching point B, which signals the
completion of the inspection task, the UAV executes the ’Homing’ instruction and returns
to point O. The process is shown in Figure 7.

𝑆

𝑂

𝐴

𝐵

Figure 7. Illustration of the standard waypoint mission: The UAV takes off from ground O, elevates
and moves to the auxiliary point S, which is directly above the mission’s starting point A, then
descends to A and flies to the end point B. After reaching B, the UAV returns to the ground O.

However, in practical applications, two undesired situations arise with the standard
waypoint missions in Figure 7.
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1. Case 1: The planned mission trajectory does not match the actual line position. This
situation will be further aggravated by the positioning deviation of the UAV’s sensors
and the measurement deviation of the start and endpoints of the transmission line.

2. Case 2: The UAV flies from A to B without considering external interferences; if the
UAV deviates from the trajectory due to wind interference, line information will be
lost, leading to incomplete inspection results.

To address case 1, we improved the standard waypoint process and designed CM-1,
shown in Figure 8, to address the mismatch problem between the planned and actual
position.

𝑆

𝐴 𝐶

𝐴′

𝑂

𝐵

𝐵′

Figure 8. CM-1: Illustration of the improved waypoint mission: 1. Pilot’s initial correction (S→ C),
C is an arbitrary point close to the actual starting point A′ that can recognize the transmission line,
selected by the pilot; 2. Autonomous precision correction (C → A′); 3. Mission offset correction
(A→ A′, B→ B′), B′ indicates actual end point.)

In the improved waypoint mission, the process from O to S and ‘Homing’ are consis-
tent with the standard waypoint mission. The CM-1 operates from the period the UAV
arrives at point S till the end of the mission. At point S, the UAV enters the ‘Manual Opera-
tion’ mode, in which the pilot operates the UAV above the actual transmission line’s start
point A′. In contrast to that in [26], this manual process has no strict technical requirements
for the staff; however, the acquisition device can recognize the transmission line. Note that
the UAV’s current position C is (CLat, CLon). Combining Dc f with ϕT , the position of A′,
(A′Lat, A′Lon), can be calculated according to Equation (10).{

A′Lat = CLat + KconvDcip sin(ϕT),
A′Lon = CLon − KconvDcip cos(ϕT).

(10)

Kconv is the conversion factor between degrees and standard distances, and (A′Lat, A′Lon)
is the actual transmission line’s position under the current GNSS receiver’s measurement
coordinates. Then, the exact position of endpoint B′ under the measurement coordinates can
be obtained. {

B′Lat = BLat + (A′Lat − ALat),
B′Lon = BLon + (A′Lon − ALon).

(11)

The process described above explains the horizontal coordinate correction in the
mission. In contrast, the line-tracking process reflects an aspect different from the standard
waypoint, as shown from the green curve in Figure 8. During line tracking, the UAV always
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maintains a close range to the transmission line, implying vertical position correction
during tracking. This process relies on the mm-wave radar.

When the UAV is located at point C, the line identification is valid; simultaneously,
Hr will also be recognized as the real-time altitude feedback, and altitude control can
be pre-set to a target value; the target will depend on the acquisition capability of the
inspection device.

4.3. Correction Module 2: Auxiliary Controller

After the completion of waypoint corrections, the UAV is at point A′, and the endpoint
is corrected to B′. Under ideal circumstances, the UAV can reach the destination accord-
ing to the improved trajectory. However, wind disturbance at high altitudes should be
addressed, particularly for small UAVs with weak wind resistance. Therefore, the problem
of ensuring that UAVs can always fly along the line under wind disturbance remains to be
solved. Therefore, we propose CM-2 to alleviate this situation.

The direction of wind interference is random during the along-line flight; however,
distinguished by the UAV body coordinates, the headwind (parallel to the UAV heading)
is less influential, whereas the crosswind may cause the UAV to be blown off the route.
Therefore, an auxiliary controller is added to the inner attitude controller to enhance the
anti-wind disturbance capability. The feedback of the auxiliary controller is Dc f while the
target is at Dr = 0 m. Since this controller acts on the UAV sideways, the output of the
controller θCM corresponds to θ, and θCM is superimposed as an additional auxiliary value
to the inner roll control.

Considering that it is difficult to model the relationship between the relative distance
and roll, the PI algorithm is considered, which does not require a system model and is
easier to implement. Note that, if eD = Dr − Dc f , θCM can be calculated by

θCM = KCMpeD + KCMi ∑ eDTs. (12)

where KCMp and KCMi are the gain coefficients, and Ts is the calculation period. The
enhanced autonomous control system is shown in Figure 9. Note that the computation of
θCM is independent of the position controller.

CM-2

Inner

ControlPosition

Control

PI
cfD

rD
+

-
CM

−CM   2

−

Figure 9. CM-2: PI-based auxiliary controller. The auxiliary control output θCM is calculated based on
the relative distance Dc f . θCM is then used as an additional roll target in the inner loop attitude control.

5. Experiment and Verification
5.1. Validation Platform

To validate the practical feasibility of the proposed method, we designed a small-size,
low-cost quadcopter UAV, as shown in Figure 10. The UAV is also adaptable to the ground
station developed by our team in order to receive the planned trajectory.
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a

b c

d

Figure 10. Independently developed quadcopter inspection UAV. The total weight of 0.484 kg,
0.24 × 0.24 × 0.15 m, mainly consists of a GNSS receiver (a), mm-wave radar (b), RGB camera (c),
and main control board (d).

The designed platform has dimensions of 0.24 × 0.24 × 0.15 m, is fitted with a 5-inch
propeller, and has a take-off weight of only 0.484 kg; other characteristics of the platform
are listed in Table 2. As shown in Figure 10, the platform consists of a GNSS receiver (a),
PLK-LC2001l radar (b) [33], OAK-1 RGB camera (c) [34], and main control board (d). The
GNSS receiver is mounted on the platform’s top to receive the satellite signals. During
inspection, the quadcopter remains above the transmission line; therefore, the mm-wave
radar and camera are mounted on the bottom to capture or detect the transmission line. In
addition, we removed the shell of the PLK-LC2001l and connected its core board directly to
the main control board to reduce weight. The main control board is placed at the center and
integrates essential components such as an inertial measurement unit, barometer, compass,
and log record module to support autonomous flight.

Table 2. Quadcopter inspection platform characteristics.

Characteristic Parameters

Navigation System GNSS + Compass
Size 0.24 × 0.24 × 0.15 m

Total Weight 484 g
Components Weight (Camera) 53.1 g

Components Weight (Radar, Battery) 12 g
Components Weight (Battery) 118.3 g

Endurance 15 min
Maximum Wind Resistance 5 m/s

The line identification process is performed in the processor integrated with the camera,
while the results of the radar detection are handled within it, before the processed results
are sent out. The identification and mm-wave radar detection results are sent to the main
control board using the serial port, and the communication frequency is 10 Hz. The main
control board adopts a dual Microcontroller Unit (MCU) structure with STM32F4, where
the main MCU is used for processing various sensor signals and operating the control
system, and the secondary MCU is used for recording the data during flight. The flight
control software was developed in the IAR environment [35] using C language. During the
running of the quadcopter, the system states and the solutions collected by each sensor are
stored in the log record module at 20 Hz.
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5.2. Relative Distance Verification

This section examines the proposed line identification and attitude compensation in a
static environment. We verify the performance of the proposed adaptive complementary
filter with a set of pre-collected data.

Regarding line identification and attitude compensation, we positioned the quadcopter at
a fixed altitude from the ground in the indoor environment. Then, we placed a cable on the
ground and moved in the left and right direction at intervals of 0.2 m, with the cable directly
below the quadcopter at 0 m. Pip and Dip were recorded during the movement. The parameters
of the used camera are di = 4.81 mm, and Lip = 1.15 mm. In addition, we adjusted different
altitudes and tilts for each experiment. The verification results are shown in Figure 11.

𝑷𝒊𝒑

𝜽

𝐻𝑟

Figure 11. Static verification of distance identification and attitude compensation. The quadcopter is
fixed at the specified altitude Hr with the roll tilt θ; then, the cable is moved and the line identification
and processing results recorded as (a1,a2) Hr = 1.83 m, θ = 0 rad, (b1,b2) Hr = 2.75 m, θ = 0 rad,
(c1,c2) Hr = 1.27 m, θ = 0.1 rad, and (d1,d2) Hr = 2.75 m, θ = −0.05,−0.1, 0.05 rad.

Figure 11 shows the results of the four experiments. Experiments (a1, a2) and (b1, b2)
show the distance estimation of the horizontal situation (θ = 0 rad) at different altitudes.
These two experiments are designed to verify the accuracy of the relative distance Dip
calculated in Section 3.2. Experiments (c1, c2) and (d1, d2) explain attitude compensation
at different altitudes and tilts.

In experiment a, the quadcopter was placed at 1.83 m; line identification results are
shown in Figure 11a1. The identification results change as the cable is moved at 0.2 m
intervals. During 5–10 s, the cable was placed 0.2 m to the right of the quadcopter (right
lateral direction was defined positive), Pip = 352 and the relative distance Dip = 0.203 m,
which almost coincides with the ground truth, as represented by the light coral. Similarly,
from 13 to 18 s, the cable was moved directly underneath the quadcopter, Pip = 240 and
Dip = 0 m. The pixel acquisition range is 0–480; hence, Pip = 240, indicating that the target
object is at the center. Subsequently, in experiment b, we raised the altitude (Hr = 2.75 m)
and moved the cable to the left three times during 0–40 s. Pip is detected as 160, 82, and 2;
correspondingly, Dip is −0.206 m, −0.4 m, and −0.612 m, respectively.

For the case where the quadcopter is tilted, at 30–50 s of experiment c, we placed the
cable at 0 m and placed the quadcopter at 1.27 m, tilted −0.1 rad, as shown in Figure 11c2,
where Dip changed from 0 m to 0.15 m, while Dcip remained at 0.008 m. In experiment d,
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we placed the quadcopter at 2.75 m while adjusting θ several times. Figure 11d2 shows
that the maximum error of Dcip with the actual (0 m) is only 0.06 m.

The above four static experiments show the correctness and validity of the relative
distance calculation and attitude compensation.

5.3. Adaptive Complementary Filter Verification

We validated the adaptive complementary filter using pre-collected data, as shown in
Figure 12. Data collection was conducted in an outdoor environment to obtain the lateral
velocity. The cable was placed on the ground, the quadcopter was powered, and line
identification was executed; the UAV was laterally swung over the cable, while recording
the relevant data, including the relative distance Dcip and lateral velocity vl . During data
collection, we masked the camera appropriately to simulate identification failures, as at
11.5–13.9 s and 19.4–21.1 s in Figure 12a.

Figure 12. Pre-collected relative distance and lateral velocity: The adaptive complementary filter is
validated using pre-collected data, where the pilot operates the UAV to move laterally above the
transmission line, simultaneously recording (a) the detected relative distance Dcip, and (b) the lateral
velocity vl .

Following Equation (6), we select w0 = 0.6, wTr = 0.4, and KGA = 1 to fuse the
pre-collected data. The results are presented in Figure 13a.

Figure 13. Adaptive complementary filter results and partial states: The red curve in (a) represents
the fusion result Dc f , achieved by the proposed filter; in (b) the variation of the adaptive factor w
during fusion is depicted, and (c) illustrates the variation of KAC.
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Compared to the measured Dcip, Dc f can better explain distance variation and solve
identification failure appropriately. Figure 13b,c present variations in the adaptive factor
w and KAC, where w exhibits a variation between 0.2 and 0.6. When KAC outputs more
significant results (more than 3), it indicates that the line identification variation is greater
than vl ; moreover, w tends to 0.2, increasing the weight of Dcip. In contrast, the weight of vl
increases, which is consistent with the expected design results.

To further reflect the advantages of the proposed adaptive solution, a fixed-parameter
complementary filter is similarly implemented for comparison, Dcomp(k) = w0(Dc f (k−
1) + Ts f vl(k)) + (1− w0)Dcip(k). The results of the two methods are shown below.

Line identification worked at 14.3–19.1 s, as shown in Figure 14, in which the proposed
Dc f has better accuracy compared to Dcomp. There is a significant error between Dcomp and
Dcip at 16.1 and 18 s, with a magnitude of 0.04 m. In contrast, Dc f almost overlapped with
Dcip. At 27.3 s, Dcomp shows a maximum error of 0.07 m with Dcip, while that with Dc f is
only 0.02 m.

Figure 14. Comparison of different fusion methods for relative distances.

Moreover, when line identification fails, at 11.4–14 s, Dcomp can be intuitively consid-
ered to be inconsistent with the actual situation. However, when line identification recovers
at 14 s, Dcomp = 0.04 m, while Dcip = −0.32 m. Similar performance can be found at 21.1,
24.9, and 33.5 s. Compared to the fixed-parameter complementary filter, the designed
adaptive complementary filter does not exhibit such a phenomenon, demonstrating the
superiority of the proposed adaptive solution.

5.4. Heading Correction Verification

Before actual inspection, the validity of the heading corrections was verified. Under
the same environment as that for the relative distance validation, the quadcopter was
positioned at a specified altitude, and a cable was placed underneath. The actual direction
of the cable was 28◦ (rotating clockwise from north, 0–360◦); the quadcopter was put
at 1.27 m at 45◦. A magnetic sheet placed around the quadcopter during the validation
process simulated the close-range magnetic interference, as shown in Figure 15. In addition,
we simulated anomaly recognition by masking the camera and then recorded compass
measurements and state variables related to heading correction.
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Magnetic Sheet

Figure 15. Quadcopter in transmission line inspection.

The compass measurements and ϕ are displayed in Figure 16, and the magnetic sheet
was placed near the quadcopter at 123 s.

Figure 16. Compass measurements under magnetic interference: (a–c) display the original com-
pass measurements in the X, Y, and Z directions, with magnetic interference introduced at 123 s;
(d) illustrates UAV’s heading ϕ, calculated based on the compass.

Figure 16a–c show the components of the current magnetic field measured by the
compass of each axis under the body coordinate system, while Figure 16d records vari-
ations in ϕ. With no external interference, the compass accurately calculates the current
heading as 45◦. However, with the magnetic sheet, the magnetic field environment changed
significantly, and correspondingly, ϕ calculated by relying on the compass measurements
continuously drifted by 12◦ in 48 s. Therefore, during the close-range inspection of the
transmission line, the interference caused by the magnetic field should not be ignored. The
results of the proposed heading correction are shown in Figure 17.

The red curve in Figure 17a shows the compensated heading ϕT ; it maintains the actual
direction with a maximum error of 2◦. The ϕip recorded in Figure 17b is always maintained
at 17◦, which is consistent with the actual situation. During the line identification work,
ϕb is constantly updated. In contrast, the identification fails from 150.3 to 159 s, ϕb stops
updating, and ϕT is calculated from ϕ and ϕb. In the 8.7 s failure period, ϕT is also
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maintained within 2◦ of the actual situation. Thus, the proposed heading correction can
effectively deal with the close-range interference of the transmission line.

Figure 17. Validation of heading correction: In the presence of magnetic interference, (a) presents the
results of the compass-based calculations alongside the proposed correction results; (b) records the
actual heading deviation of the UAV from the transmission line; and (c) shows the variation of the
defined angular deviation ϕb.

5.5. Transmission Line Inspection Application

After confirming the critical data, the proposed method was validated according
to an actual inspection task using a 10 kV energized transmission line. Following the
procedure in Figure 8, the inspection process is executed. First, the standard waypoint
mission trajectory is planned at the ground station, the altitude of points A and B is set
to 14.1 m (the transmission line altitude is about 12 m), and the distance between the two
points is set to 87.9 m. During inspection, it was pre-set to maintain 2 m between the
quadcopter and transmission line. In addition, for security reasons, the altitude of the
auxiliary point S is set to 25 m. When the quadcopter received the waypoint task, the
autonomous ‘Take Off’ instruction was executed and entered the ‘Waypoint Mode’. CM-1
and CM-2 were performed during this process; the RGB camera acquired the HD image of
the transmission line. Finally, the quadcopter entered the ‘Homing’ mode automatically.
The quadcopter during the inspection and the acquired images are displayed in Figure 18.

The system states during the inspection process are recorded in the log recording
module. The flight trajectory of the quadcopter is shown in Figure 19.

In Figure 19, the deviation of the mission start point to the actual situation is reflected
according to the difference in the horizontal position between the auxiliary point S and
actual transmission line start point A, which exemplifies the necessity of the proposed
CM-1. After the quadcopter reaches point S, it is operated by the pilot (given by the purple
trajectory). Upon reaching the area near the transmission line, where the line identification
works, the pilot is no longer operating, and the quadcopter is located at point C; meanwhile,
A′ is calculated according to Equation (10) and the endpoint is adjusted to B′; the feedback
of the altitude control is switched to Hr, and the quadcopter reaches the point directly above
the transmission line (the orange line represents this process). The green line represents
the line-tracking process, while the quadcopter targets B′ and executes CM-2. Finally, the
quadcopter completes the task and executes the ’Homing’ command, as shown by the
blue line.
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Figure 18. Quadcopter in transmission line inspection.
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Figure 19. Flight trajectory of the transmission line inspection: The UAV takes off from the ground
and travels to the auxiliary point (O→ S, shown in blue), where the pilot operates the UAV for line
identification work (S→ C, depicted in purple). Subsequently, the UAV flies autonomously over the
actual transmission line (C → A′, represented in yellow-brown) and begins the inspection (A′ → B′,
in green). Finally, the UAV returns to the ground upon completing the mission (B′ → O, shown
in blue).

The line identification results are presented in Figure 20. Figure 20a illustrates the
angular deviation ϕip, which reflects that the quadcopter’s heading was disturbed several
times during inspection, at 160–180 s and 212–232 s; notably, ϕip reaches a maximum
of 5◦ at 220 s. Figure 20b illustrates ϕT , where after compensation, the quadcopter is
always maintained at 36◦, consistent with the actual direction of the transmission line. The
relative distances, Dcip and Dc f , are shown in Figure 20c. Dc f is calculated at 190 s, when
the quadcopter starts from point A′. Dc f is smoother and avoids abnormal identification
compared to Dcip, as shown from 218 to 223 s.
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CM - 1 CM - 2

CM - 1 CM - 2 CM - 1 CM - 2

Figure 20. Distance and heading deviation during inspection: (a) records the heading deviation
of identification results; (b) displays the heading calculated by the compass; and (c) illustrates the
deviation distance of identification Dcip and processed Dc f .

During line tracking, the maximum relative distance is 0.72 m, and the transmis-
sion line is always within the acquisition range of the camera, proving the proposed
CM-2’s effectiveness.

In Figure 21, we present the results of recording the radar and barometer measurements
to analyze the quadcopter’s altitude variations.

CM - 1 CM - 2

Figure 21. Altitude during inspection: The dashed line shows the radar measurements during the
inspection, which indicate that the UAV remained 2 m above the transmission line, within ± 0.2 m
error.

In Figure 21, the blue and magenta curves represent the radar trace and barometer mea-
surements, respectively. During 0–139 s, the quadcopter completed take-off and reached
the target altitude S. Horizontal position adjustments were then made, reaching S at 143 s.
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During this period, Hr exhibited detection failure between 132 and 140 s, caused by being
outside the measurement range; therefore, we only used the sensor in the transmission
line close range, and this situation can be ignored. At 187.5 s, the quadcopter was located
at point C; Hr was then controlled to the target at 2 m and maintained throughout the
line-tracking process from 190 to 270 s.

Figures 20 and 21 reveal that the quadcopter maintains a close range of 0.65 m hor-
izontally and 2 m vertically with the transmission line during flight, ensuring that the
low-cost camera captures the transmission line images. Finally, by checking the photos
captured during the inspection, our staff confirmed that the line section we inspected
was undamaged.

Thus, the proposed method can be practically applied in transmission line inspection
tasks. It is worth mentioning that we only use an RGB camera as the acquisition device as
an example; the designed platform can be replaced or different devices added to realize
inspection for different purposes. For example, an infrared camera could be added to detect
temperature.

6. Conclusions

This work presents a power line inspection method using low-cost sensors, such as
GNSS, RGB camera, and mm-wave radar, which collects image information at a close range
of the transmission line. Line identification is performed using the knowledge-based Hough
transform method. The identified angular deviation is used to cope with the magnetic
interference on the compass, while the relative distance between the UAV and transmission
line is calculated using the identified pixel deviation. Furthermore, we performed attitude
compensation in the relative distance, using an adaptive complementary filter designed
to process this distance and enhance the distance estimation robustness. Static and pre-
collected data validated the attitude compensation and adaptive filter performance. In
addition, we proposed two correction modules to improve the standard waypoint mission.
Finally, we designed a small-size quadcopter using low-cost sensors for inspection tasks in
a 10 kV energized transmission line environment. The experimental results demonstrate
that the proposed method could solve magnetic interference problems for UAV heading,
the mismatch between waypoint mission and actual location, and wind interference during
line tracking. Therefore, our method offers a valuable reference for the cost-effective
and lightweight development of transmission line inspection UAVs, and contributes to
promoting the widespread adoption of UAVs for inspection tasks.

However, the line-tracking effect using the proposed method can be further improved,
and more advanced control algorithms can be explored to enhance the wind resistance.
Moreover, despite using an HD camera and flying within close range of the line, tiny
damages are difficult to detect, as are damages on the underneath and side. Therefore, in
the future, we will enhance UAV’s wind resistance and increase the variety of targets, such
as defects, in the inspection process.
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