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ABSTRACT The stability of the inspection robot during crossing the jumper lines of the live lines of the
110kV power transmission is very important. In this study, a novel inspection robot was designed, equipped
with a centroid adjusting mechanism to increase the stability during crossing the jumper line. The various
obstacle crossing modes of the robot and the corresponding planning are designed. The dynamic modeling
method for the rigid-flexible coupling of the robot in the flexible cable environment is studied, which helps
to understand the influence of the robot on the transmission line in the environment. The simulation is carried
out to analyze the deformation of the jumper line when the robot is on it. The results can be utilized to plan

the motion to improve the robot’s efficiency and stability when the robot crosses the jumper line.

INDEX TERMS Power transmission line, inspection robot, jumper line, obstacle-crossing.

I. INTRODUCTION

Power transmission lines inspection is to master the operation
status of the line, find out the defects of power facilities and
channels along the line in time, and provide data for trans-
mission line maintenance. Compared with traditional man-
ual inspection, transmission line inspection robots have the
advantages of low inspection cost, high safety, high reliabil-
ity, satisfactory inspection in close range, and easy operation
[11, [21, [3], [4]. Power line robotics is now considered a part
of the solution in the development of maintenance practices
(51, [6].

Hibot company and Tokyo University of Technology in
Japan have developed a teleoperation robot Expliner which
can inspect and cross obstacles on 500kV and above trans-
mission lines with a double-line structure [7]. The mechanism
crosses the obstacles by adjusting the robot’s center of mass
position through the mechanical arm. The robot can cross
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straight-line towers and spacer bars. The disadvantage of the
robot is that the structure is not compact, and the size is
large. It is mainly used for multi-split conductors. The Quebec
Hydropower Research Institute of Canada developed a robot
LineDrone [8] that lands on a power line and then rolls along
it to perform an inspection. The LineDrone can carry a sig-
nificant payload directly onto energized lines and land there;
several high-value inspection and maintenance tasks can be
performed more efficiently. C. M. Shruthil [9] et. propose a
novel robot mechanism that can cross tension towers through
the jumper cables. The energy-based optimal trajectory from
an initial position on the straight transmission line to the goal
position on the jumper cable is designed by using the interior-
point optimization technique for a ten-DoF dual robotic arm.

The Institute of automation of the Chinese Academy of
Sciences and Shandong University of science and technol-
ogy jointly developed a 110kV transmission line inspection
robot [10]. The robot comprises of three flexible swing arm
mechanisms and self-propelled driving devices, which com-
bines the advantages of a multi-joint split mechanism and
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a wheel arm composite mechanism. The robot combines
two motion modes of rolling movement and step creeping,
ensuring a certain locomotion speed. The robot has signifi-
cant overall stiffness, good attitude stability, and substantial
obstacle-crossing ability. Shenyang Institute of Automation,
the Chinese Academy of Sciences, proposed the AAPE series
overhead transmission line inspection robots in 2002 [11],
[12]. This robot generally employed a wheel-arm complex
mechanism with substantial obstacle climbing ability and
fast locomotion speed. The obstacle-climbing stability of the
robot can be improved through the mass center adjusting
mechanism. The robot can drive and inspect independently
in the straight pole and tower line section and cross the
tension tower by erecting auxiliary guide rails. These robots
have obstacle-crossing ability, but there are still significant
deficiencies in the ability to cross tension towers.

The line inspection robot travels along the overhead trans-
mission line to complete the inspection operation and forms
a rigid-flexible coupling system with the transmission wire.
Therefore, the coupling effect between the robot and the
working environment must be considered in the dynamic
research of the line-patrol robot. Establishing the coupling
dynamic model between the line-patrol robot and the flexible
working environment and studying its coupling characteris-
tics are the basis for realizing the fully automatic operation of
the power line inspection robot.

The early research mainly explored the dynamic response
of the suspended flexible cable itself. Irvine and Caughey [13]
studied the linear free vibration theory of the flexible cable
with slight sag fixed at both ends. Hagedorn and Schafer [14]
studied the vibration theory of nonlinear suspended flexible
cables. Subsequent researchers used these theories to study
the dynamic response of high-altitude cables. Wu and Chen
[15] used Lagrangian theory and the finite element method
to establish the nonlinear dynamic model of the high-altitude
flexible cable environment. Al-Qassab [16] used Hamilton’s
theory to construct the dynamic model of the high-altitude
flexible cable environment. Williams [17] simplified the
model by simplifying the cable car as a moving mass point
to study the dynamic response of the moving load speed and
mass to the suspending cable.

When the robot conducts inspection and maintenance oper-
ations, it needs multi-joint linkage. The robot is a com-
plex dynamic system, the multi-joint motion will cause the
vibration of the robot itself, which will be transmitted to
the line through the coupling with the line. The dynamic
equation of the Hamilton principle and finite element method
was established by Zhang Tingyu et al. of Shanghai Uni-
versity. Using the Newton Euler method, transformation
matrix and Jacobian matrix of the inspection robot, the kine-
matics equation, auxiliary coordinate transformation matrix,
rigid flexible coupling dynamics model of the transmis-
sion line and the inspection robot are established.According
to the rigid-flexible coupling dynamic model, the dynamic
response of the robot inspection process to the transmis-
sion line under different working conditions was analyzed.
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FIGURE 1. Environment schematic of 110kV transmission line.

Xiao Xiaohui et al. [18] of Wuhan University used the finite
element method to establish a finite element model of a
transmission line. They transferred the dynamic model of the
transmission line to the transmission line inspection robot
through boundary conditions. Using ADMAS as a platform,
the simulation analysis of dynamic response under different
working environments is carried out.

Most researches about the transmission line robot mainly
focused on the autonomous control strategy, line fault detec-
tion, and maintenance methods. However, the research on
the coupling relationship between the robot and the power
transmission line was rarely studied. Because the transmis-
sion line is a flexible cable with variable stiffness, it is a
challenge to establish the dynamic coupling model in the flex-
ible cable environment [9], [19]. The computer programming
and simulation is an effective method of simulating rigid,
flexible coupling dynamics. Therefore, this paper analyzes
the robot’s configuration and reasonably plans the process
of the robot when it crosses the jumper line according to the
environmental characteristics. And the real-time environment
model of the jumper line when the robot is crossing it is
analyzed by simulation. Finally, the validity of the simulation
model is verified through experiments.

Il. ENVIRONMENT DESCRIPTION AND ROBOT
CONFIGURATION ANALYSIS

A. ENVIRONMENT DESCRIPTION

According to the inspection task requirements for 110kV
power transmission lines, the robot must travel along the
power transmission line, navigate the obstacles, and carry the
visible light camera and infrared camera to inspect the power
transmission line and the auxiliary equipment.

The structure of the 110kV power transmission lines is very
complicated, as there are straight towers, strain towers, con-
ductors, OGWs, vibration dampers, and other electric power
equipment. A general schematic of the 110kV transmission
line is presented in Figure 1. There are many obstacles to con-
ductors, such as vibration dampers, suspension clamps, strain
clamps, and jumpers. The strain towers in the transmission
grid are typical as they change the grid’s direction due to ter-
rain or avoidance of privately-owned land. A jumper is a short
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FIGURE 2. Schematic diagram of robot.

wire, not under mechanical tension, making an electrical
connection between two separate sections of a line. Jumpers
at strain towers are one of the most complex obstacles to
traverse; they are flexible cables that are not as stiff as main
spans and appear complex spatial curves. At the end of the
jumper, it is nearly vertical, and its layout varies considerably
from tower to tower. In order to accomplish the inspection
task, the robot should be able to navigate the obstacle around
straight-line towers and strain towers.

Because of the flexibility and un-tensioning, the posture of
the jumper cable would change when the robot moves on it.
Moreover, the jumper has many obstacles, such as strain and
parallel groove clamps. The robot mechanism must be highly
stable, simple, and have navigation capability. When gripping
the jumper, the robot should not damage the cable. As the
inspection tasks are carried out on energized lines, reducing
the electromagnetic effect on the robot’s performance is very
important.

B. MECHANISM CONFIGURATION

The schematic diagram of the inspection robot is shown in
Figure 2. The robot consists of two locomotion mechanisms,
two arms, a centroid adjusting mechanism, and an electrical
box. The locomotion mechanism ensures that the robot rushes
on the cables. Each locomotion mechanism comprises of a
wheel and two grippers (the fore-gripper and rear-gripper).
J1 and J2 are revolving joints. When the robot navigates the
strain clamp, the fore-gripper or the rear-gripper can rotate
to grasp the jumper. Each arm includes a rotation joint and
two translational joints. J3 and J4 are translational joints that
provide a linear sliding movement for the forearm or the rear
arm. They are designed to move the forearm and the rear arm
upward and downward.

When the forearm or the rear arm hangs on the cable in the
obstacle navigation process, the rear arm or the forearm is on
or off the wire. With the help of the centroid adjusting mech-
anism, the robot’s body can keep horizontal, which improves
the stability of navigating obstacles. When the forearm hangs
on the cable and the reararm is off the cable, the body of the
inspection mechanism can turnabout the axes under the J5
and J6 driving and implement obstacle navigation. J7 and J8
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FIGURE 4. Brachiation maneuver.

are translational joints that drive the arm mechanism back
and forth. J9 is a prismatic joint for centroid adjustment.
The center of gravity can be located under the forearm or
the rear arm by intentionally actuating the robot joints when
navigating obstacles.

According to the configuration of the proposed inspec-
tion robot, obstacle navigation can be accomplished by two
modes, namely, the brachiation mode and the inchworm
mode.

As shown in Figure 3, when the inspection robot rolls on
the line at a large angle, the process of obstacle navigation in
the inchworm model is as follows:

Step 1: Make sure both wheels of the robot are on the cable.
Then the rear locomotion mechanism grasps the cable, and
the fore locomotion mechanism releases the cable;

Step 2: The centroid adjusting mechanism drives the fore-
arm to move forwards and the forearm extents at the same
time while the fore wheel is rolling on the cable;

Step 3: The inspection robot can roll on the prominent
angle cable by repeating the above steps.

As shown in Figure 4, when the inspection robot encoun-
ters a damper, the process of obstacle navigation in brachia-
tion maneuver mode is described as follows:

Step 1: The rear arm extends outwards until there is a gap
between the damper and the rear arm;

Step 2: The centroid adjusting mechanism drives the rear
arm to move forwards across the damper;

Step 3: With the help of the camera mounted on the rear
arm, the cable is positioned, and the rear arm grasps the
cable behind the navigated obstacle. The inspection robot
can navigate obstacles by lifting two arms and repeating the
abovementioned steps.

C. NAVIGATION PROCESS OF THE JUMPER
The characteristics of the jumper line itself make it difficult
for the robot to cross. When the robot needs to cross the
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FIGURE 5. Three sections of the jumper line.

jumper line, the jumper line is divided into three sections
according to the obstacle crossing methods required by the
robot at different jumper positions, i.e., the tension clamp,
the large-angle, and the gentle jumper. The obstacle crossing
motion of the robot is planned in these three sections respec-
tively to improve the obstacle crossing ability and efficiency,
and the robot can pass through the jumper line smoothly.
Figure 5 shows three different sections of the jumper line.

According to the 110kV transmission line environment
analysis, jumpers represent the most challenging type of
obstacles to traverse. The process of navigating strain clamps
is a typical representative of the obstacle negotiation pro-
cess. Taking a jumper obstacle as an example, the detailed
descriptions of the tension clamp navigation sequence are as
following:

(a) The robot stops in front of the obstacle to cross. The
gripper of the forearm clamps firmly onto the conductor from
above to ensure the robot’s safety.

(b) The electrical box slides forwards so that the center of
the gravity of the mechanism is located below the forearm.
Then, the rear arm extends until there is enough clearance
between the arm and the strain clamp, and the rear arm turns
to move the rear locomotion mechanism away from the cable.

(c) The rear and forearms swing to move the closer mech-
anism into proximity to the jumper. The electrical box slides
backward so that the center of the gravity of the mechanism is
still located below the forearm. The rear arm rotates to align
the rear gripper with the jumper, and the gripper clamps onto
it, providing a new set of supports for the robot.

(d) The gripper of the forearm opens and moves away from
the conductor.

(e) The rear and forearms swing to move the fore locomo-
tion mechanism closer to the jumper.

(f) The forearm rotates to align the fore gripper with the
jumper, and the gripper clamps onto it.

lIl. RIGID FLEXIBLE COUPLING DYNAMIC MODEL

The equations of motions of the jumper due to a moving
robot could be derived from Hamilton’s principle [20], [21].
Providing that the jumper suspended between two points at
any arbitrary level. All dependent variables will be referenced
to the stretched static shape described by the Cartesian coor-
dinates x(s) and y(s), where s is the spatial variable measured
along the cable length of the stretched configuration. The
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dynamic displacements in the longitudinal and transverse
directions are described by u(s, t) and v(s, t), respectively,
where ¢ is time (Figure 7). Denoting the distance the robot
has traveled along the cable as s,(¢), its position vector p,(t)
can be represented as follows:

Do(t) = [x(s0) + u(s,, I + [¥(so) + v(so, )]

where, 7 and}' are the fixed international unit vectors in the

horizontal and vertical directions. For the general case of the

characteristic motion of the moving mass, it is assumed that

the mass has a local velocity ds,(t) /df and a local acceleration

d?s,(r) /dr? along the arc length of the cable with a direction

tangent to the cable at the location of the moving mass.
Then the velocity vector of the moving mass will be

dp0
dt

d t d d. 0 t n
u(so,t) | dso (dx(so)  0ulso, D)\
dt dt dso aso

v (so,1)  dso (dy(so) 9v(so, 1)\
+< ot + dt < dso + as0 >>J

ey

Vo (1) =
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Equation (1) and the velocity vector of the cable at any
arbitrary point on the cable, which is du(s, 1)/ ot I+ av(s,
t)/ E)t}, can be used to obtain the kinetic energy of the system
as follows:

l

1
K= l/pﬁo-l—fldS*l— E/MS(S—SO(Z‘))
2 2
0 0

X (Gt Sol +ul) + (0 + oy + W)}ds (2)

where, dot means partial differentiation concerning time, ¢,
and the prime means partial differentiation concerning the
space variable s, [ is the cable length, p is the mass of the
cable per unit length, M is the mass of the moving particle
and §(s) is the Dirac delta. If dS is the current arc length of
the cable, the Lagrange strain ¢ (s, t) becomes
ds —d

S w6 e =1 G

s
The potential energy can be written as
l

IT= / (Ts + %EA&Z — pgv — Mgéb (s — s (1)) v) ds (4)
0

where, T is the static cable tension and it is a function of s, g is

the acceleration of gravity, E is the modulus of elasticity and

A is the cross sectional area of the cable. Using Equation (2)

and (4) in the Hamilton’s principle:

e(s, 1) =

19}
5f(l<—n)dt=0 5)
n

performing the variation on u and v and integrating by parts
lead in (6), as shown at the bottom of the next page.

Note that the boundary terms of integration have been set
equal to zero, which are

I
[ Lot 318 5 = 50 G50 (< 440 )) o
0

+ [o9 + M5 (s — s0) (v + 50 ( + )] v} Z ds=0
l
/MS(S—SO){[it+S0 (x/+u/)]8u
0

[
Odt_O

and the following relation has been used
a8 (s — s0) 38 (s — s0) _
TR P
The boundary conditions of a fixed cable at its two ends
are given by
u@,)=v0,)=0 ul,t)=v(l,1)=0 @)

and the initial conditions are
du (s, 0)
p =

+ [f/ + 5o (y/ + v/)] 8v}

0

av (s, 0)
I, t)y=——==0 — =
u(l, 1) o7

5 v(l, 1) =

0 @®
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TABLE 1. Physical parameters of power transmission line.

Parameter value

Aluminium (alloy) Aa  181.34

/mm?
Sectional area

Steel As/mm? 29.59

total area St /mm? 210.93
Elastic coefficient E/Pa 7.7X1010
Calculated breaking force T/N 3.152X105
Horizontal component of tension H/N 4.068 X104
Diameter of transmission line D/mm 18.88

Horizontal distance between two adjacent towers 522
L/m
Mass per unit length p/(kg/m) 1.5955

IV. SIMULATIONS AND EXPERIMENTS

A. SIMULATION ANALYSIS

The jumper line at the strain tower is the most challenging
obstacle for the inspection robot to cross. Because there is
no tension at both ends of the jumper line, it is in a spatial
flexible cable state under its gravity. The jumper line will
be significantly deformed under the robot’s action when the
robot rolls. If the state of the jumper line cannot be predicted
in advance, it will increase the difficulty of the robot to cross
obstacle and reduce the obstacle crossing efficiency. Using
the dynamic coupling model of the robot and the flexible
cable environment established above, the real-time posture of
the jumper line during crossing obstacle can be established.
It provides a basis for the line grasping of the robot’s loco-
motion mechanism and obstacle crossing planning, it signif-
icantly improves its efficiency.

The span of the jumper line in the simulation model in
this paper is 3670mm, the wire diameter of the cable is
18.9mm, and the physical parameters of the standard steel
cord aluminum strand are shown in Table 1.

The alternating crossing of two arms mainly completes the
robot crossing the jumper line, and the centroid adjusting
mechanism completes the attitude adjustment of the robot.
The simulation process is to simplify the robot as a mass point
acting on the position of the locomotion mechanism grasping
the jumper line. Simulation analysis of the shape changes
of the jumper line when the locomotion mechanism grasps
different positions of the jumper line is shown in Figure 8.

Figure 9(a) is the simulation results obtained from the
above algorithm. The changing shape of the jumper line
obtained in the laboratory at the same position is shown in
Figure 9(b). By comparing the simulation results with the
laboratory test process diagram, it can be found that the sim-
ulation results are consistent with the test results, indicating
the correctness of the simulation calculation.

Because there is no tension at both ends of the jumper line,
it will produce great deformation when the robot rolls on the
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jumper line. The locomotion mechanism of the two arms is
on line simultaneously to increase the contact area, reduce
the jumper line’s deformation, and improve the obstacle
crossing efficiency. Figure 10 shows the shape comparison
of the jumper line when the single arm and two arms are
on line. The change of the jumper line when two arms are
on line is significantly less than that of one arm on line,
so the condition of one arm on line should be avoided as
much as possible in obstacle-crossing planning. Therefore,
the subsection planning of jumper line obstacle crossing is
feasible and reasonable.

It can be seen from Figure 11 that when the robot rolls
along the jumper line, the posture of the jumper line will
change significantly, which will increase the difficulty of
obstacle crossing and reduce the efficiency of obstacle cross-
ing. In this study, the centroid position of the robot can be
adjusted through the centroid adjusting mechanism to signif-
icantly reduce the deformation of the jumper line, increase the
obstacle crossing efficiency and reduce the obstacle crossing
difficulty.
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FIGURE 10. The jumper shape comparison with one arm and two arms
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FIGURE 11. The deformation of the jumper line with the centroid
adjusting mechanism.

B. EXPERIMENT VERIFICATION
To verify whether the designed robot can successfully cross
the tension tower’s jumper line, the robot’s stability when
crossing the obstacle, and the validity of the obstacle crossing
planning of the jumper line, experiments have been designed
and carried out under different working conditions. A high-
voltage transmission line composed of a tension tower, a tan-
gent tower, and cables is built up under laboratory conditions.
The main power fittings are the jumper line, tension clamp,
suspension wire, and shock hammer.

The experimental steps are as follows:

Step 1: Firstly, the online work of the robot is completed,
the posture detection of the robot is started up and completed,

th I

//{(piz+M8 (s =50 () [+ 2o + 3 (" + ') + (v + )] ) ou

o0

+ (pV + M3 (s —s0 (1)) [v + 250V + 53 (V) + (0 + V/)]) Sy

T + EAe
e+1
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FIGURE 12. Experiments of strain clamp navigation.

and the robot rolls along the line from one end of the trans-
mission line.

Step 2: When the robot sensor detects the damper, the robot
slowly approaches the damper, the forearm rises, and the rear-
wheel drive robot moves forward to cross the obstacle. After
the front arm completes the obstacle crossing, the rear arm
rises, and the rear-wheel drive robot crosses the obstacle,
as shown in Figure 12 (a).

Step 3: After crossing the damper, the robot continues to
move forward. When the tension clamp is detected, the robot
stops. Then the robot starts the brachiation maneuver to make
the rear locomotion mechanism complete the clamping of the
tension clamp to prepare for obstacle crossing, as shown in
Figure 12 (b) ~ (d).

Step 4: When the rear locomotion mechanism completes
the grasping work, the forearm crosses the tension clamp
in the brachiation maneuver. After crossing, the front loco-
motion mechanism clamps the jumper line, the centroid
adjusting mechanism adjusts the robot centroid to reach the
forearm, and the rear locomotion mechanism is disconnected.
Figure 12 (e) ~ (f) shows the obstacle-crossing process.

Step 5: The rear arm is off line, and the brachiation maneu-
ver is adopted to cross the tension clamp. After the obstacle
crossing is completed, the rear locomotion mechanism drops
the line, and the obstacle crossing process of the tension
clamp is completed, as shown in Figure 13 (a) ~ (¢).

Step 6: When the angle of the jumper line is too large,
the robot cannot roll along the line employing two-wheel
drive. The robot continues to cross the jumper line in the

VOLUME 10, 2022
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FIGURE 13. Experiments of large angle jumper navigation.

brachiation maneuver. Figure 13(d)~(f) shows the obstacle-
crossing process.

Step 7: When the inclination angle of the jumper line is
within 24 degrees, the robot crawls along the jumper line
employing two-wheel drive, as shown in Figure 14(a)~(c)

Step 8: By detecting the real-time inclination angle of the
jumper line, the robot rolls along the jumper line using differ-
ent obstacle crossing modes and finally completes the obsta-
cle crossing of the jumper line, as shown in Figure 14(d)~(f).

The experimental results show that the robot can success-
fully cross the tension clamp and jumper line. In the real
obstacle crossing process, the stability of the robot attitude
can always be guaranteed through the robot centroid adjust-
ing mechanism, and the deformation of the jumper line is
reduced. Through proper obstacle crossing planning of the
jumper line, the obstacle crossing efficiency has been dramat-
ically improved to ensure the smooth realization of obstacle
crossing. When the distance between two arms is 360mm,
both the stability and efficiency of obstacle crossing can be
considered.

The robot can successfully cross obstacles through exper-
iments such as the hammer, tension clamp, and jumper
line. The robot centroid adjusting mechanism can effectively
reduce the change of robot posture and ensure the safety
of robot obstacle crossing. According to the environmental
model obtained from the simulation results, the robot can
effectively and quickly cross obstacles, shorten the obstacle
crossing time, and reduce the deformation of the jumper line
and the damage to the line. The experimental results show
that the simulation results are accurate and effective.
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V. CONCLUSION

According to the transmission line’s environmental charac-
teristics and the inspection task’s requirements, a novel trans-
mission line inspection robot is designed. Using the various
obstacle crossing modes of the robot, through the proper
planning of the obstacle crossing of the jumper line, the
obstacle crossing efficiency of the robot is improved, and the
deformation of the jumper line is reduced. The simulation
model can provide an accurate environment model for robot
obstacle crossing, increasing the obstacle crossing efficiency
of the robot, and realizing the whole line inspection by the
robot.
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