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Abstract— In this paper, we design and build a power line
inspection robot capable of hybrid operation modes. Specifically, the developed robot is able to land on the overhead
ground wire (OGW) and to move as the climbing robot.
When to negotiate obstacles, it can vertically take off the
wire and fly over the obstacles as the unmanned aerial vehicle
(UAV). A customized trumpet-shaped undercarriage is used to
guarantee that the robot can land and move safely. With the
aid of a swingable 2D Laser Range Finder (LRF), the robot
can not only determine whether there are obstacles but also
detect the position and orientation of the OGW, making it
suitable for automatic inspection of power lines. The outdoor
experimental results1 demonstrate the effectiveness of the robot
in landing and obstacle negotiation. In addition, the average
power consumption of the robot is much lower than that of
traditional flying robots for power line inspection.

Fig. 1. Illustration of workspace of different power line inspection robots.

pick-up system in [13] is only feasible for power lines with
strictly consistent physical configuration. Hence, there is an
urgent need to develop a novel robot which can fulfill the
practical requirement for the normal running of power grid
systems.

I. I NTRODUCTION
Power line inspection is generally carried out by specialized workers under high voltage live-line conditions which
brings great risks and high labor intensity. During the past
decades, a large amount of research has been conducted in
the field of automatic power line inspection. The research is
mostly focused on two types of robots: one is the climbing
robot which travels along the conductors and the other is the
flying robot that flies above power lines [1-7]. The workspace
is illustrated in Fig. 1.
The climbing robot can be close to the line and reduce
vibrations which highly increase the quality of inspection
images and provides possibility for various tasks [8], [9].
However, development of a robot mechanism for overcoming
obstacles around the line is extremely difficult (Fig. 2).
Typically, LineScout [4] climbs over obstacles with the wheel
frame and [10] overcomes obstacles by two mechanical
arms. But crossing the complex connection structure on
pylon is still a huge challenge for them. By contrast, flying
robots, including fixed-wing UAVs and multi-rotor UAVs
are flexible enough to overfly various obstacles. The former
has the advantage of long cruising distance, but it is too
fast to get detail information [11], [12]. The latter is more
maneuverable in speed control. But the poor cruise time
limits its ability in the long range inspection. The power

To combine the major advantages of climbing and flying
robot may be a possible solution to the power line inspection,
but the relevant research is still rare. For the convenience
of description, we call it hybrid robot. As far as we know,
only SKIVE [14] and Hydro-Québec [15] have designed
aerial robots which can move on the power line with wheels
and fly over pylons when needed. But they are controlled
manually with little autonomy. Hence, there is a great need
of a suitable robot which can fulfill the requirements of
automatic power line inspection. Hybrid robot has lower
average power consumption and greater obstacle crossing
ability than the above kinds of robot, which makes it possible
to be used in the long range inspection. Meanwhile, landing
and obstacle crossing are critical to automatic inspection due
to the small diameter of OGW (see Fig. 2). In this paper, we
design a hybrid robot with the ability of climbing and flying.
Furthermore, we implement automatic OGW detection and
obstacle detection with a 2D swing LRF. By climbing on the
line, the robot can acquire much better images. By flying over
the obstacles, the robot can obtain the ability of crossing all
over the power line.
The rest of the paper is organized as follows. Section II
gives an overview of hardware system of the robot. Section III describes the coordinate system of the robot. Section IV
describes how to detect OGW and obstacle with 2D swing
LRF. Section V offers the experimental results on landing
and obstacle crossing, followed by analysis of the robustness
of detection algorithm and the average energy consumption.
Finally, conclusions are drawn in Section VI.
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Fig. 2.

The connection structure near the insulator.
Fig. 3.

II. S YSTEM D ESCRIPTION

Illustration of the developed hybrid robot.

TABLE I
S PECIFICATIONS OF THE DEVELOPED HYBRID ROBOT

In this section, the design and specification of the hybrid
robot prototype will be detailed. As shown in Fig. 3, the
robot is built on a drone platform (i.e., DJI MATRICE
100), where trumpet-shaped undercarriage is created and the
barycenter of the robot is properly adjusted. A 2D swing
LRF is equipped on the robot.

Weight

Size

A. Robot Prototype
The trumpet-shaped undercarriage is equipped at the bottom of the platform with two major roles. On the one hand,
two packs of Li-Po batteries are placed at the bottom of the
undercarriage, which makes the robot hangs on the OGW
with a low barycenter. The bilateral symmetry design balances robot without the power of airscrews when landing on
the wire. On the other hand, aerial manipulation robots normally need mechanical arms with multi-degree of freedom
[16], [17] or initiative equipment [18] to achieve centimeterlevel accuracy of operation at high altitude. Differently, we
design the undercarriage in the shape of a trumpet. At the
end of the landing, hybrid robot is driven by gravity to
move towards the OGW. The ability of adaptive position
adjustment is enhanced with the concise design.
There are two wheels equipped at the central axis of
the robot. The grooves on the wheels keep the robot from
lateral sliding. The quadrotor platform contains an attitude
controller. An embedded processor (i.e., NVIDIA Jetson
TX1) is utilized as main controller, which processes the
data from LRF and feedbacks control signals and the Robot
Operating System (ROS) runs on it. We set the rear wheel as
capstan with a servo motor (i.e., Dynamixel MX-28R) and
the front wheel as driven wheel. The rear wheel is controlled
by the main controller. We equip a 2D LRF (i.e., Hokuyo
UTM-30LX-EW) on the robot body and limit the swing
amplitude to lower down the barycenter of robot and keep
the scanning area of the LRF as large as possible. The main
specifications of robot are listed in Table I.

Communication

Hole weight
Batteries
Quadrotor platform
Airscrew
Frame size
Undercarriage height
Opening weight
Wheel diameter
TX1 and servo motor
TX1 and platform
TX1 and LRF

4.235 kg
1.271 kg
1.831 kg
33.02 cm
650 mm × 650 mm
30 cm
10 cm
24 mm
RS-485
UART
Network

point cloud of the environment is established after the two
kinds of data are synchronized. The LRF swings forward for
obstacle detection and scans with fix swing angle for OGW
detection.
C. Landing Strategy
Landing on the OGW is essential for hybrid robot. The
landing point detection is updated with the cycle of scanning.
The direction of OGW is detected with multi-scanning at
different views. The landing strategy is set as follows.
•

•

•

Approach Stage: The 2D landing point is detected by
the LRF in real-time with fixed swing angle. Then it is
translated into a 3D point at robot coordinate. The robot
keeps moving to OGW in a 2D plane.
Rotate Stage: The robot detects the direction of the
OGW with the LRF and turns its orientation to the
detected direction.
Landing Stage: The robot reduces the thrust and lands
on the OGW.
TABLE II
P ERFORMANCE OF LRF AND SERVO MOTOR

B. 2D Swing LRF

LRF

The LRF in this study scans 2D sector region. A servo motor swings it to obtain the 3D point cloud of the environment.
The parameters of the LRF and the servo motor are listed in
Table II. The main controller periodically obtains the swing
angle from servo motor and the range data from LRF. The

Servo Motor
Diameter
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Resolution
Accuracy (at 10 m)
Feedback cycle
Resolution
Maximum speed
Commond cycle
OGW

0.25◦
3 cm
25 ms
0.087◦
5 rad/s
20 ms
8 mm
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before calibration

X (mm)
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0
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Fig. 4. The high-speed motor rotates around z-axis of LC. The servo motor
swings around y-axis of SC. Rotation matrix transforms the points between
B
C and SC.

Fig. 5. Illustration of estimation of parameter d through minimizing pointto-plane.

800
600

Fig. 4 shows the coordinate system of the robot. There are
three coordinate systems, the LRF coordinate LC, swingable
LRF coordinate SC, and body coordinate BC. A high-speed
motor in LRF controls the direction of the laser. The 2D
points in LC are transformed to 3D point cloud in SC with
the swing angle.

400

Gradient(mm/1)

III. C OORDINATE S YSTEM

before filter
after filter
wire edge1
wire edge2

200
0
-200
-400
-600

S

P = Ry (θ ) · T x (d) · Rx (φ ) · T z (l) · S O

(1)

-800
-60

where S P is the measured point. S O is the origin point in
S
C. R and T respectively represent rotation and translation
matrix at x, y or z-axis. Swing angle θ , scanning angle φ
and measured distance l make up the variable parameters set
of 3D points. The precise position of the scanning center
in LRF is unknown. The static mechanical parameter d is
estimated as follows.
A wall that perpendicular to the x-axis of BC is used as
calibration object. Fig. 5 shows the distorted point cloud of
scanning result of the wall. The true plane and the parameter
d are estimated simultaneously by minimizing point-to-plane
distances.
SP · π
i
wall

n

∗
hπwall
, d ∗ i = arg min ∑

hπwall ,di i=1

k[π1 π2 π3 ]k

P = H · SP

-20
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40
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Scanning angle(°)

Fig. 6. The gradient of a signal scanning data. The wire edges are detected
with constraint 1).

gradient near the edge of the wire is large. Due to the
complex surroundings near the pylon, it is inappropriate to
set a threshold to distinguish the edge. Therefore, an adaptive
algorithm is proposed to detect the landing point. It contains
two constraints: 1) the gradients near the point are relatively
large and close to each other; and 2) the point is relatively
close to robot.
The measured distance li is limited in (lmin , lmax ]. The lmin
eliminates the points on robot itself (eg., airscrew) and the
lmax eliminates the outliers. The gradient gi is obtained by
(6) with ignoring the last point. The gradient is abandoned
when it is smaller than the threshold g0 . By this way, the
subsequent calculations are accelerated evidently.

li
li ∈ (lmin , lmax ]
li =
(4)
lmax
others

(2)

∗
where πwall = [π1 π2 π3 π4 ]T means the real plane. πwall
∗
and d mean the optimized results. Levenberg-Marquardt
(LM) [19] is chosen to directly calculate them. As shown
in Fig. 5, the corrected point cloud restores to the plane. S P
is transformed into BC as B P
B

-40

(3)

where H is a rotation matrix. The rotate parameters are
corresponding to the pitch angle and roll angle of the
quadrotor platform.

gi = li+1 − li , i ∈ [1, end − 1]

gi =

IV. F EEDBACK AND C ONTROL S YSTEM
A. Landing Point Detection

gi
0

|gi | > g0
others

(5)
(6)

The gradient is divided into two sets by the rule whether
they are positive or negative: gi1 ∈ G+ = {gi |gi > 0}, gi2 ∈
G− = {gi |gi < 0}. The adaptive algorithm satisfies constraint

Normally, scarce laser spots illuminate on the thin OGW.
Fig. 6 shows the gradient of a periodic scanning data. The
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1) as

|gi1 − gi2 |
i1 ∈ [1, m], i2 ∈ [1, n]
(7)
|φi1 − φi2 |
where φi1∗ and φi2∗ are scanning angles that correspond to
steep edges and they are close to each other. The scanning
angle of OGW is
φ ∗ + φi2∗
φ ∗ = i1
(8)
2
A list of thresholds ti are utilized to replace lmax . As
shown in Fig. 7, small ripples are washed off with smaller
ti . Different values of φ ∗ are elected at each ti and the
winner represents the real scanning angle of wire. Thus, the
adaptive algorithm satisfies constraint 2). The corresponding
measured distance (l) of the closest scanning angle (φ ) to
φ ∗ is considered as the distance in LC. The landing points is
transformed in BC with (1) and (3).
(φi1∗ , φi2∗ ) = max



Fig. 8. The extracted 3D line for OGW. The blue line segment is refined
3D line. Red points are landing points in different views. The color of the
other points represents the reflectivity.
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0
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Obstacle
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1
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B. Direction of OGW
The direction of OGW is utilized in the Rotate Stage. In
the previous section, the landing point is calculated with
fixed swing angle. When the LRF swings and scans OGW
in different views. The landing points are collected as 3D
points at B Pswing . Then the wire is extracted from the point
cloud as a 3D line. Here, the modify RANSAC is utilized to
estimate the 3D line. The point − to − line distances is
BP − BP
a
b
BP − BP
a
b

0.2

0.4

Y (m)

C. Obstacle Detection
When the robot moves on the conductor with its wheels,
the relative position between OGW and the robot is known.
Any object around the conductor is considered as the obstacle. As shown in Fig. 9, within a certain range, the space next
to the conductor is divided into three parts: 1) The robot itself
(Psel f ): the points that the x-axis value is less than threshold
tx . 2) Conductor (Pcon ): the rest points that y-axis between
[−ty ,ty ]. 3) Obstacle (Pobs ): the rest points of 1) and 2). It
is considered to encounter obstacle when Pobs /Pcon exceeds
the limit of the threshold.

(9)

where the B Pa and B Pb are the randomly selected points from
BP
B
swing and Pc is another point. A threshold d0 is set and
B P − B P > d . Moreover, the 3D line is refined with the
a
0
b

D. Motion Control
In the Approach Stage, the robot detects the landing point
in real-time and move in the y − z plane of BC. The distance
between robot and landing point in y-axis and z-axis is set as
the input of controller and the output is robot velocity. In the
Rotate Stage, robot rotates around the z-axis of BC. The yaw
angle is set as the input of controller and the output is angular
rate. To reduce the disturbance, a segmented controller with
deadband is utilized.

0
|u| < e0



k(u − e0 ) e0 < |u| < e1
v=
(11)
V
u > e1



−V
u < −e1

inner point pi .
n

hL∗ i = arg min ∑ L̂ · pi
hL̂i i=1

0

Fig. 9. The point cloud around the conductor is divided into three parts:
robot itself, conductor, and obstacle.

Fig. 7. The red line is the 2D scanning. The green star is the candidate
for landing point.

d = (B Pc − B Pa ) ×

-0.4

-0.2

(10)

Here, L̂ is the dual form of L, which is the Plücker form of 3D
line. L∗ is the optimization result. L = B pa · B pTb − B pb · B pTa
where B pa and B pb are preliminary result of RANSAC.
Fig. 8 shows the extracted
3D line, which intersects
planes
T
T
π1 = 1 0 0 0 and π2 = 1 0 0 −1 respectively at points B P1 and B P2 . The yaw angle in Rotate Stage is
atan(∆y/∆x) and (∆x/, ∆y, ∆z) = B P1 − B P2 .
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take off [see Fig. 11 (a) and (b)]. Then, it was switched into
the automatic mode [see Fig. 11 (c)]. After that it carried
out the actions with the proposed stages in Section II. The
robot slowly approached the OGW until stopped above it [see
Fig. 11 (d) and (e)]. Then the robot rotated to be parallel
with the OGW [see Fig. 11 (f)]. Finally, the robot landed
on OGW and ran forward with the wheels [see Fig. 11 (g)
and (h)]. In the outdoor environment, it took an average of
30 s from switching automatic model to landing. The wind
would prolong the time. Moreover, in the landing stage,
the deviations caused by wind, motion and detection were
offset well by the trumpet-shaped undercarriage. The landing
process was robust.
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Fig. 10. The reflectivity of white paper at 1m is chose as a standard. The
OGW detection algorithm is evaluated 1000 times at each distance for the
detection success rate.

C. Obstacle Crossing
To evaluate the function of overflying obstacle (see
Fig. 12), the robot moved on the wire with its wheels [see
Fig. 12 (a)] and swung LRF to detect the obstacle that we
put on the wire. It automatically took off when the obstacle
was detected [see Fig. 12 (b) and (c)]. Then robot overflew it
and landed on OGW again [see Fig. 12 (d) and (e)]. Finally,
the robot ran forward with the wheels [see Fig. 12 (f)]. In
the outdoor environment, it took an average of 25 s from
taking off to land on the wire. Typically, LineScout [4] takes
2 min to overcome obstacle between pylons.

Here, the v is output of controller and u is the input. [−e0 , e0 ]
is the range of the input deadband. ±e1 is the boundary for
the maximum velocity or angular rate. Different coefficients
k correspond to different modes of motion.
V. E XPERIMENTS AND A NALYSIS
A. Landing Point Detection
In this study, the low reflectivity for LRF of thin OGW
is detrimental to the detection of the landing point. But the
spot of the laser is divergent with distance, to a certain extent,
which improves the possibility of exposure to the wire. In
response to this ambiguity, we tested the reflectivity of the
conductor and the robustness of the detection algorithm at
different distances.
As shown in Fig. 10, the relative reflectivity decreases with
distance. But the robust of the landing point detection is not
affected. The detection success rate is not dropped down
until 4.5 m. In general, the workspace of hybrid robot is
tightly around the OGW. Therefore, the mentioned detection
distance can satisfy the normal inspection work.

TABLE III
C OMPARISON OF CONSUMED POWER

Hybrid robot
(ours)

Flying robot

Electronic equipment
Servo motor (wheel)
Move with wheels
Horizontal move (4.235 kg, 1 m/s)
Landing (30 s, average)
Overfly obstacle (25 s, average)
Assum one pylon in 1 km (average)
DJI M100 (3.031 kg, 1 m/s)

13.58W
4.34 W
17.92 W
953.03W
842.15 W
849.61W
20.51 W
372.35 W

B. Landing

D. Low Power

A real OGW segment of 8 mm in diameter was placed at
1.6 m in height over ground (see Fig. 11). An initial angle
between the orientation of the robot and the direction of the
wire was set. Firstly, the robot was manually controlled to

The power of robot in different modes was calculated
(see Table III). The airscrews consumed much more power
than the wheels. Therefore, increasing the wheel mode and
minimizing the hang time was beneficial to improving overall

Fig. 11.

Illustration of the landing of the robot.
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endurance. The velocity of hybrid robot on OGW approximated 0.1249 m/s. We assumed that the distance between two
pylons was 1000 m. On average, whether it was compared
with the flying mode (20.51 W vs. 953.03 W) or with other
aircraft with the same conditions (20.51 W vs. 372.35 W),
the power of hybrid robot has a magnitude of benefit than
the flying robot for power line inspection. The longer the
distance between the pylons, the less the average flight time,
the more obvious the endurance advantage.
VI. C ONCLUSIONS AND F UTURE W ORK
A hybrid robot for autonomic power line inspection has
been proposed in this paper. By using a 2D LRF and servo
motor with an on-board embedded processor, the accurate
pose of OGW is robustly detected. Combined with the
trumpet-shaped undercarriage, the robot can robustly land on
OGW and keep balance without the power of airscrews. An
adaptive algorithm is designed and the obstacle around the
conductor can be automatically recognized and crossed by
the robot. With the hybrid operation mode, the consumed
power is significantly reduced, making it flexible enough
to overfly pylons with great potential in the large-scale
autonomic inspection.
In the future, the landing time will be optimized and
shortened. Because under the same circumstances, the shorter
the landing time is, the longer inspection distance will be.
Furthermore, improved strategies to increase the robustness
in the wind will be explored, especially the challenge for
shaking wire. This could be achieved, for example, by using
two 2D LRF or LRF-camera combination to obtain the
landing point and the orientation of OGW in real time.

Fig. 12.

Illustration of the obstacle crossing of the robot.
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