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Intelligent robotic inspection of power transmission lines has proved to be an excellent
alternative to the traditional manual inspection methods, which are often tedious,
expensive, and dangerous. However, to achieve effective automation of the robots
under different working environments, the dynamic analysis and control of the robots
need to be investigated for an efficient inspection process. Nonetheless, the application of
control techniques for the position, speed and vibration control of these robots has not
been explored in detail by the existing literature. Thus, an approach for precise motion
control of the sliding inspection robot is presented in this paper. The main contribution of
the study is that the chattering problem associated with the traditional command shaping
time delay control (TDC) was minimized by smoothing the chattered input signal. Then, the
improved control (iTDC) which is effective for oscillation control is hybridized with a pole
placement based feedback control (PPC) to achieve both position and the sway angle
control of the robot. The nonlinear and the linearized models of the sliding robot were
established for the control design and analysis. Three parameters of the robot, namely, the
length of the suspended arm, the mass of the payload, and the friction coefficient of
different surfaces, were used to assess the robustness of the controller to model
uncertainties. The iTDC + PPC has improved the velocity of TDC by 201% and
minimizes the angular oscillation of PPC by 209%. Thus, the results demonstrate that
the hybridized iTDC + PPC approach could be effectively applied for precisemotion control
of the sliding inspection robot.
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INTRODUCTION

As the world is continuously becoming over-dependent on electricity, any power transmission failure
could cause a catastrophic impact on people’s livelihood, including national security, health system,
education, and economy. Thus, to ensure stable and reliable electricity transmission from the
generation stations to consumers, the power line cables and its supporting equipment need to be
routinely monitored for early fault detection and maintenance (Chen and Wang, 2021; Chen et al.,
2021). Effective identification and localization of faults on the power line system are crucial as they
significantly minimize the maintenance cost and avoid unnecessary power outages. Traditionally,
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most of the power line inspection tasks were carried out manually
by linemen (line crawling), ground cranes, and telescopes, which
are often dangerous, ineffective, slow, and expensive (Jalil et al.,
2019; Gao et al., 2020).

Interestingly, with the introduction and advancement of
intelligent robotics, the power transmission line inspection
robots gained a lot of recognition and have been in constant
development to replace the tedious manual inspection
approaches (Menendez et al., 2017). These inspection robots
can be classified into three, namely, the ground robots for the
inspection of substations (Wang et al., 2012, Wang et al., 2019,
Wang et al., 2020), the flying robots (UAVs) (Máthé and Buşoniu,
2015; Shakhatreh et al., 2019), and the suspended robot that
climbs and slide along the power line. Although the flying robots
(UAVs) were also deployed to inspect the power lines, the existing
research focused on the climbing robots due to their proximity to
the lines. Hence, they provide more accurate inspection results.
Thus, among the most advanced power line inspection (PLI)
robots that have been deployed for live power line inspection
includes the Linescout of Hydro Quebec research institute,
Canada (Pouliot and Montambault, 2011; Pouliot et al., 2015),
Expliner of HiBot Corporation, Japan (Debenest and Guarnieri,
2010), TI of American Electric Power Research Institute (Phillips
et al., 2012), POLIBOT (Limall et al., 2018), LineRanger (Richard
et al., 2019), LineBot (Wang et al., 2013), LineDrone (Hamelin
et al., 2019), and LineRover (Zhao et al., 2010). In addition, the
types and developmental trends of the intelligent robotic power
line inspections were reviewed in (Zhang and Dai, 2021).
However, these robots were often heavy and difficult to be
placed on the power line or had complex operating
mechanisms. Thus, the robot presented in this work is
lightweight and can be automated easily.

Furthermore, due to the complexity of the working
environment and the impact of external disturbances, a
control algorithm is highly required to stabilize the
automation of the robot along the power line. Nonetheless,
most of the current inspection robots only set up the control
system for the robot’s communication on the line and the ground
control unit (GCU) as a teleoperated control. Debenest et al.
(2008), presented an example of the teleoperated control for the
Expliner robot, whereby two omnidirectional antennas were
placed on the robot body and one-directional antenna on the
GCU. The robot motion can be controlled by the directional
antennal, joysticks, and manual switches on the GCU. Yet, this
type of control can only serve for the communication of the robot
and its operator, motion planning, or a start and stop operation of
the robot.

Thus, it is essential to comprehensively study the dynamic
behavior and control of the PLI robots for effective automation of
the robots along the power line. Nonetheless, some studies
presented the control and analysis of the inspection robot for
a specific operation of the robot. For instance, Shruthi et al.
(2019a); Shruthi et al. (2019b) presented an optimal crossing
control of a dual-arm biotic inspection robot. The study performs
the kinetic and dynamic analysis of the robot for crossing tension
towers through jumper wires. Another dynamic and kinematic
analysis for a specialized cable-climbing robot was presented for

the inspection of cable-stayed bridges (Xu et al., 2015). The GA-
based PID control was designed and simulated for the path
crossing control. A PID-based position control of an
inspection robot was designed and implemented using a robot
operating system (ROS) platform (Xu et al., 2019). As one of the
vital aspects of the power line inspection, some studies analyzed
the obstacle avoidance process using fuzzy logic control (Jin,
2013; Li and Choi, 2013).

Tao Zhao and Dian investigate the stabilization problem of
nonlinear systems under model parameter variations and time-
varying delays using fuzzy logic control (Zhao and Dian, 2018).
Also, the authors established the simplified dynamic model of a
2DoF PLI robot for the balance adjustment posture. They
analyzed its performance using the adaptive gain-scheduled
backstepping control (Dian et al., 2019) and the Fuzzy Gain
Scheduling PID Controller (Zhao et al., 2020). Wei et al. (2021)
presented the stability analysis of a dual-arm inspection robot
moving along a catenary power line. The study established that
for a stable inspection of a flexible power line, the walking posture
of the robot should be changeable in relation to the slope of the
line. Moharam et al. (Korayem et al., 2010) investigate the
payload carrying capacity of the inspection robot using a
feedback linearization control approach on both flexible and
rigid power cables. In (Kakou et al., 2021; Kakou and Barry,
2022), a PID-based control of a dual-purpose robot for vibration
suppression and inspection of power lines was presented. Yang
et al. (2021) presented an optimal control technique for
preventing the overheating of the inspection robot’s walking
motor under unpowered downslope speed. As most of the
mathematical models only partially represented the dynamics
of the physical systems, the performance of the model-based
controllers could be effected during practical applications or due
to uncertain disturbances. In (Tutsoy and Barkana, 2021), a
model-free adaptive control scheme was introduced to handle
model and environmental uncertainties. Also, large control
actions and digital chattering could cause chaotic dynamics in
the control systems. Thus, a reinforcement learning based
approach was utilized to investigate the chaotic dynamics
associated with digital chattering (Tutsoy and Brown, 2016).

However, those studies did not provide comprehensive
dynamic modelling and control of the complete PTLI robot
for sliding inspection process. Thus, to develop a more precise
motion control of the robot, its position, speed, and angular
displacement need to be controlled efficiently. As reported in our
recent in-depth review of the robotic power line inspection
(Alhassan et al., 2020), it was highlighted that the current
inspection robots had not studied the dynamic analysis and
precise motion control of the robot on the power line in
detail. In this paper, the command shaping time delay control
(TDC) and the pole placement based state feedback control
(PPC) were designed and investigated for the precise motion
control of the dual-arm PLI robot. The TDC has been proven to
suppress the oscillation of the flexible systems effectively. The
TDC is a typical pre-filter whereby a series of impulses is
convoluted with the input command to generate shaped input,
effectively eliminating the system vibration or oscillation mode
(Ha et al., 2018).
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The main advantage of the TDC is that it does not need
continuous feedback and only requires the natural frequency and
damping ratio of the system, which can either be estimated using
the system output response or from the system model. TDC is
usually used to control continuous-time systems from
unnecessary oscillations such as crane control, vibration
control, and robot control (Mohammed et al., 2020). On the
other hand, PPC is the process of changing the location of the
poles of the uncontrolled system to a stable region. The main
advantage of the PPC is that the desired performance of the
control system, namely, overshoot and settling time, can be pre-
defined based on the system behavior. Though it is a model based
controller, PPC has been applied effectively for numerous control
systems, including motor position control (Ahmad et al., 2018;
Iswanto and Ma’arif, 2020), process control (Ramezani Khosro
and Fatehi, 2020), virtual synchronous generators control
(Pourmohammad et al., 2020), and other multivariable
systems (Abdelaziz, 2017; Mammadov, 2021).

Thus, this work presents a precise motion control of an
inspection robot on power transmission line, which utilizes the
advantages of the TDC and the PPC. However, the traditional
TDC has chattering problem due to the number of delays
added to the control signal. Thus, the main innovation of this
paper of this paper is that the traditional TDC was improved
(iTDC) by smoothing the input signal with first order filter
which minimized the chattering problem of the TDC. Also, the
iTDC was hybridized with a PPC to achieve a precise position
and oscillation control of the dual-arm PTLI robot. The
dynamic model of the sliding robot was initially established,
and then the controllers were designed based on the model.
The TDC was designed using the natural oscillatory response
of the uncontrolled system for the oscillation suppression,
while the PPC was designed for the position control.
Simulation analysis was conducted to assess the
effectiveness of the designed controllers. Moreover, a
robustness analysis was carried out to investigate the
influence of model uncertainties on the robot.

The paper is divided into five sections. The second section
presents the description of the system and its dynamics. The
third section presents the control design while the simulation
analysis and discussions were presented in section four.
Finally, the summary of the complete study is given in
section five.

SYSTEM DESCRIPTION AND DYNAMIC
MODELING

The Dual-Arm PLI Robot
The PLI robot considered in this work is illustrated in the
conceptual design of Figure 1A. As shown, the robot is a dual-
arm robot that climbs and rolls along the power transmission
line for the inspection process. The structure is chosen due to
its proximity to the line that provides improved stability and
high inspection accuracy compared to the flying PLI robots.
The system has two identical arms, two triangular grippers,
and a rectangular trunk. Therefore, the automation of the

robot is operated by eight motors. The gripper system
comprises two motors (ROL-M1 and ROL-M2) that drive
the wheels along the line and another two motors (ADJ-M1
and ADJ-M2) that adjust the grippers for appropriate
positioning the wheels on the line. The remaining four
motors (ROT-M1–4) adjusts the cylindrical arms, especially
during the obstacle avoidance process. The arrangement of the
wheels and other parts of the robot is illustrated by the plan
view of the robot-line system of Figure 1B. Moreover, the
trunk or the robot’s base housed the electronic circuits, the
onboard battery, and other payloads. Thus, to achieve smooth
motion of the robot along the line, three wheels are attached to
each gripper that carries the whole robot body. Amongst the
three wheels of each arm, two wheels, including the driven
wheel, climb the power line while the other wheel provides
support when moving along an inclined cable.

In addition, as the power line system is associated with many
obstacles, the robot should be able bypass them. The robot can
either roll over the obstacles or bypass them by lifting its arms.
Figure 1C demonstrated the objectives of the adjustment motors
for an obstacle bypassing process (circular warning ball), whereby
the front arm is raised and rotated away from the power line. As
illustrated, once the robot is near the obstacle, the robot stops, and
the front adjustment motors (ROT-M1 and 2) raise the front arm
from the line, and then the ADJ-M1 rotates the arm away from
the line. The rear arm then moves the robot towards the obstacle
to allow the front arm to avoid the obstacle. Then, the front arm
will be re-climbed to the line using ADJ-M1 and ROTM1 and 2. At
this moment, the obstacle is in the middle of the arms. Therefore
the same process is repeated for the rear-arm using ROT-M3 and 4
and ADJ-M2 to bypass the obstacle finally. However, the scope of
this work focuses on the motion control of the robot on the power
line for the sliding inspection process.

Dynamic Modelling
To design and assess any control algorithm, a dynamic model of
the system is highly required. Here, the dual-arm robot is
represented by considering the two cylindrical arms to exhibit
oscillatory motion when the robot moves along the transmission
line, as illustrated in Figure 2. As shown, the forces (F1 and F2)
that move the two wheels along the line from a reference point, O,
cause the arms to oscillate for small angular displacements (ψ1

and ψ2) for arm 1 and 2, respectively. Also, the two symmetrical
arms of lengths l1 and l3 were coupled by a horizontal rectangular
base of length l3. The masses m1 and m4 of the wheels move to a
horizontal distance of γ1 and γ 2, respectively. The masses of the
arms (m2 and m3) were considered to be concentrated at the base
of the robot.

Moreover, as the robot moves along the power line, which is
not smooth, the effect of frictional force cannot be neglected. This
frictional force which is the resistive force between the two wheels
and the power line prevents the wheels from moving freely along
the lines. Thus, it is very important to incorporate the effects of
friction into the derived model for a more realistic analysis (Li
et al., 2017).

However, since the robot is symmetrical and perfectly
coupled at the base, the angular displacement of the first
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arm and the second arm can be considered to be the same.
Thus, the schematics of the robot shown in Figure 3 can
sufficiently describe the behavior of the system. Therefore, the

force (F) that moves the wheel along the line from a reference
point, O to a distance, γ, causes the arm to oscillate for small
angular displacement, ψ. Here, the two wheels move with the

FIGURE 2 | The schematics of the dual-arm PTLI robot represented as two rollers attached to two coupled cylindrical arms.

FIGURE 1 | The structure of the dual-arm PTLI robot. (A) Side view; (B) Obstacle avoidance; (C) Plan view. The system has eight motors, two motors (ROL-M1
and2) drives the wheels, two motors (ADJ-M1 and 2) aligns the grippers on the line, and four motors (ROT-M1–4) adjusts the arms.
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same speed and experienced similar angular displacement.
Therefore, the mass of the wheel, mw, is the total combined
masses of the two wheels, while the mass of the arms, mt, was
considered to be concentrated at the base of the robot.

Moreover, the Lagrangian formulation of Eq. 1 was utilized to
derive the robot’s dynamic model, where mi is the mass, Qi is the
total non-conservative forces, and qi is the independent point for
ith coordinates. Then the total kinetic (T) and potential (U)
energies given in Eq. 2 can be expressed in Eq. 3 and Eq. 4,
respectively, for the robot.

d

dt
(dT
d _qi
) − dT

dqi
+ dU

dqi
� Qi ; i � 1, 2, 3 . . . n (1)

T �∑n
i�1

1
2
mi _q

2
i ; U �∑n

i�1
(mighi) (2)

T � 1
2
mw _γ

2 + 1
2
mt( _γ2 + _ψ2l2 cos2 ψ + 2 _γ _ψl cosψ) (3)
U � −mtgl cosψ (4)

By solving Eq. 1 using Eq. 3 and Eq. 4, the generalized
equation for each coordinate are expressed for the whole
dynamic of the robot as shown in Eq. 5 and Eq. 6:

(mw +mt)€γ +mtl€ψ cosψ −mtl _ψ
2 sinψ � F − Fr (5)

mtl€γ cosψ +mtl
2 €ψcos2 ψ +mtgl sinψ � 0 (6)

Also, to represent the dynamics in state space for the
control design, the nonlinear models should linearized
about a small angular displacement. Thus, using the
Taylor’s series approximation, the angle can be linearized
using Eq. 7.

sinψi ≃ ψi ; cosψi ≃ 1 ; i � 1, 2 (7)
Moreover, as illustrated in schematics, the linear force that

derives the robot along the power line is produced by the
DC motor connected to the wheels. Thus, to incorporate
the motor dynamics into the derived model, the relationship

between the motor torque, Tm, reference voltage, Vref, and
the linear force, F shown in Eq. 8 and Eq. 9 are utilized,
where rp is the radius of the wheel or pulley, Rm is the
motor electrical resistance, Tm is the DC motor torque, km is
the motor torque constant, ke is the motor electrical constant,
and ωm is the motor angular velocity as described (Shehu et al.,
2019).

Tm � rpF � km
Rm

Vref − kmke
Rm

ωm (8)

ωm � _γ

rp
(9)

Finally, the state space representation of the system after
substituting the motor dynamics and the friction can be
expressed based on the controllable form of Eq. 10 in Eq.
11, where yopt is the output matrix containing the robot’s
position, velocity, and angular displacement. The constant
parameters A, B, and C, are the system matrix, input matrix,
and output matrix, respectively, for the states variables, z,
input vector, u. The parameters of the model are illustrated in
Table 1.

_z(t) � Az + Bu(t) ; yop � Cz(t) (10)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ _γ
€γ
_ψ
€ψ

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1 0 0

0 −⎛⎝fv

mw
+ kmke
mwRmr

2
p

⎞⎠ mtg

mw
0

0 0 0 1

0 ⎛⎝ fv

mwl
+ kmke
mwRmr

2
pl
⎞⎠ −(mw +mt)g

mwl
0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ γ_γψ
_ψ

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0

km
mwRmrp

0

− km
mwRmrpl

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦(Vref)

yopt � ⎡⎢⎢⎢⎢⎢⎣ 1 0 0 0
0 1 0 0
0 0 1 0

⎤⎥⎥⎥⎥⎥⎦⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ γ_γψ
_ψ

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (11)

TABLE 1 | Model parameters of the robot.

Parameter Value Unit Description

l 0.45 m Length of cylindrical arm
mw 2.40 kg Mass of the wheel
mt 3.80 kg Combined mass of arm and trunk
rp 0.03 m Radius of the wheel or pulley
γ — m Robot linear position
ψ — deg Robot angular displacement
Rm 0.46 Ω Motor electrical resistance
km 0.18 Nm/A Motor torque constant
ke 0.29 Vs/rad Motor electrical constant

FIGURE 3 | The simplified schematics of the robot represented as a
single roller carrying a payload.

Frontiers in Robotics and AI | www.frontiersin.org February 2022 | Volume 9 | Article 7469915

Alhassan et al. Motion Control of Inspection Robot

https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles


CONTROL APPROACHES

This section presents the comprehensive design and analysis of
the control algorithms for the dual-arm robot’s oscillation,
position, and speed control. The analysis includes time delay
control to control the angular displacements (oscillations) and
the pole placement-based feedback control for the precise
position and speed control. However, before designing these
kinds of controllers, it is required to check whether the system
under consideration can be controlled. The controllability of the
linearized system can be calculated using the controllability
matrix, Gc, given in Eq. 12. After testing with the parameters
of Eq. 11, the determinant of the matrix is non-zero, which
confirms that the system is controllable, and thus, the controllers
can be designed.

Gc � [B AB A2B A3B ] ; |Gc| ≠ 0 (12)

Time Delay Based Oscillation Control
Approach
The time delay method reduces the oscillation of the payload by
delaying some part of the command signal before feeding to the
system. The delayed signal cancelled out the effect of the un-

delayed signal leading to a zero oscillation (ZO). TDC is one of
the cheapest control methods that provide oscillation control of
flexible systems without redesigning the physical system. TDC is
simply designed using the estimated damping ratio and natural
frequency of the system. The process of TDC containing two
impulses (ZO) is demonstrated in Figure 4.

To obtain the appropriate amplitude and their respective time
delays of the TDC, the general representation of the oscillation
amplitude of a second-order underdamped system of Eq. 13 or Eq.
14 in the time domain is considered, where Ai is the ith impulse
amplitude, ti is the ith impulse,ω is the natural frequency, and ζ is the
damping ratio of the system as presented in our TDC analysis on
rotary cranes (Alhassan et al., 2018).

G(s) � ω2

s2 + 2ζωs + ω2
(13)

A � ω�������(1 − ζ2)√ e−ζωti

���������������������������������������������������������⎛⎝∑n
i�1
Aieζωti cos(ωti �������(1 − ζ2)√ )⎞⎠2

+⎛⎝∑n
i�1
Aieζωti sin(ωti �������(1 − ζ2)√ )⎞⎠2

√√
(14)

The non-dimensional amplitude of oscillation can be
determined by dividing Eq. 14 by the oscillation amplitude of
a single impulse of unity magnitude. Thus, the amplitude of the
residual oscillation from the applied single unity magnitude at
rest is given in Eq. 15. Thus, dividing Eq. 14 and Eq. 15 gives the

FIGURE 4 | The process of time delay control: (A) Block diagram; (B) Convolution of two responses; (C) Resulting cancelled oscillation.
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residual vibration as in Eq. 16. This shows the amount of
oscillations generated by an impulse sequence for any given
frequency of an underdamped system (ζ< 0). Depending on
the chosen constraints, Eq. 16 can be equated to calculate the
amount of tolerable oscillation. Assuming no residual oscillation
is needed (i.e. zero oscillation after the last impulse), then R1 and
R2 of Eq. 17 should be directly set to zero. This is called zero
oscillation (ZO) constraint. To obtain a similar rigid body motion
of the original command signal, the summation of the TDC’s
amplitudes of total impulses should be unity, as shown in the
summation constraint of Eq. 18.

A↑ � ω�������(1 − ζ2)√ (15)

V(ω, ζ) � A

A↑
� eζωti

�����������
(R1)2 + (R2)2
√

(16)

R1 �∑n
i�1
Aie

ζωti cos(ωti �������(1 − ζ2)√ ) ;
R2 �∑n

i�1
Aie

ζωti sin(ωti �������(1 − ζ2)√ ) (17)

∑n
i�1
Ai � 1 (18)

In addition, to avoid unwanted response delay, the time of
application of the first impulse is set at t1 = 0. Therefore, to design

a ZO, two impulse sequences are needed. However, the ZO TDC
does not justify the robustness to parameter errors. This
robustness can be improved by equating the derivatives of
both R1 and R2 to zero, which will produce small changes in
oscillation in relation to the parameter errors. In general, the
derivative (D) of the residual oscillation has the form of Eq. 19.
The TDC can also take the form of ZO(D)i, with i≥ 0 as the
derivate order. To design ZODDTDC, the second derivative of R1

and R2 is considered, i.e., i � 2. Thus, solving the constraints gives
the four impulse ZODD TDC’s parameters as in Eq. 20:

ziR1

zωi
� 0 ;

ziR2

zωi
� 0 (19)

⎡⎣Ai

ti
⎤⎦ � ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 1

(1 + k)3
3k

(1 + k)3
3k2

(1 + k)3
k3

(1 + k)3

0 τd 2τd 3τd

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
τd � π

ω
�������(1 − ζ2)√ ; k � e

−πζ����(1−ζ2)√ (20)

Thus, the parameters of Eq. 20 are the time delay control
(TDC). Moreover, the most important parameters for the design
of any TDC are the natural frequency and damping ratio of the
uncontrolled system. In this study, a logarithmic decrement
approach is employed due to its effectiveness and simplicity in
determining the natural frequency and damping ratio directly
from the time response curve. To estimate the damping ratio of
the system of Figure 5, any two successive peaks can be selected,
and the corresponding control parameters can be calculated using
Eq. 21 (Ha and Kang, 2013).

ζ �
ln(y1y2)��������������

4π2 + (ln(y1y2))2√ ; ω �
ln(y1y2)

ζ(t2 − t1) (21)

Pole Placement Based Position Control
Approach
Inherently, an uncontrolled system is unstable or at least
marginally stable, with its poles located either on the right half
s-plane or the imaginary axis. These kinds of systems can be
controlled by adjusting their poles to the left half-plane (stable
region), which is the main objective of any control algorithm.
Interestingly, pole placement control (PPC) is one of the control
strategies for adjusting the poles to the stable region. The main
advantage of the PPC is that the designer can pre-determine the
desired poles locations of the closed-loop system in the s-plane
based on the required performance criteria.

The percentage overshoot (POS) and the settling time (Ts)
given in Eq. 22 and Eq. 23 are the two essential design
requirements for the PPC algorithms, where ξc and ωc are the
damping ratio and natural frequency of the desired closed-loop
system, respectively. For our system, it is required that the robot
smoothly moves along the power line to the desired reference
position. Since a precise positioning is needed that allows the

FIGURE 5 | The process of calculating the natural frequency and
damping ratio from a response curve.
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robot to stops at the desired position, the POS and the Ts should
be set to achieve the desired goal:

POS � e
−πζc���
1−ζ2c

√
· 100% (22)

Ts � 4
ζ cωc

(23)

Thus, the calculated parameters can be substituted in Eq. 24 to
generate the closed-loop poles of the new system. However, with
this result, only the poles of a second-order system can be
obtained. To get the remaining two poles to make the fourth-
order system, it is recommended that the calculated poles be
made the dominant poles while the other two be located at least
10 times farther away from calculated poles:

λ1,2 � −ζ cωc ± j( �����
1 − ζ2c

√ ) (24)

New Approach Based on Hybrid TDC + PPC
In this section, the hybridized TDC + PPC approach is discussed. In
a stand-alone configuration, the TDC has been proven to suppress
the oscillation of the flexible systems effectively. The TDC is a typical
pre-filter whereby a series of impulses is convoluted with the input
command to generate shaped input, effectively eliminating the
system vibration or oscillation mode (Ha et al., 2018). To find
the control parameters of the TDC for the robot oscillation control,
the dynamics of the system is driven by a step input and the
corresponding responses are recorded. The formulation of Eq. 21
was then used to generate the natural frequency (4.6002 Hz) and
damping ratio (0.0143) of the system. These parameters were then
substituted in the TDC formulation of Eq. 20 to generate the desired
control gains. Although, the TDC provides angular sway control, it
has poor position control and the delayed signal which is fed to the
system lead to chattering. Thus, TDC was improved (iTDC) by
added a first order filter to the feed-forward path to smooth the input
signal, as shown in Eq. 25.

[Ai

ti
] � [ 0.1716 0.4116 0.3291 0.0877

0 0.6745 1.3490 2.0235
].( 2.5

s + 2.5
) (25)

On the other hand, the PPC was used for the feedback position
control as it changes the location of the poles of the uncontrolled
system to a stable region. Thus, for precise positioning of the
robot, the POS and the Ts is set at 1% and 5 s, respectively. Thus,
after performing the required computations, the desired poles (p)
were found as in Eq. 26. Moreover, the control gains, K can be
calculated in Matlab using the “place” command, whereby K =
place (A,B,p), places the closed-loop poles p by calculating a state-
feedback control gain matrix K. It can be seen that the poles were
placed on left s-place ensuring the stability of the target closed
system. Also, this approach considers all the inputs of the system
to be control inputs. The algorithm uses the extra degrees of
freedom to find an optimal solution that optimizes the sensitivity
of the closed-loop poles to changes in the system parameters.
Thus, the control gains were calculated as shown in Eq. 27:

p � [ − 0.8000 ± 0.5458i, − 8.0000 ± 5.4575i] (26)
K � [ k1 k2 k3 k4 ]

� [ 0.7440 −8.2612 −4.9764 −0.8322 ] (27)
Once all the required control parameters are found, the iTDC

is installed at the input side to shape the signal and the PPC in the
feedback path as presented in Eq. 28. The overall block diagram
for the simulation analysis is shown in Figure 6.

u(t) � r(t).TDC.Gp − PPC.z(t)

0⎛⎝r(t)⎡⎣ 0.1716 0.4116 0.3291 0.0877

0 0.6745 1.3490 2.0235
⎤⎦.( 2.5

s + 2.5
)⎞⎠

−⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝[ 0.7440 −8.2612 −4.9764 −0.8322 ]⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ γ_γψ
_ψ

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (28)

FIGURE 6 | The block representation of the Simulink model of the iTDC + PPC approach.
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As shown, the friction compensator is added to counter the
effect of the frictional force between the robot and the power line.
One of the friction compensation techniques is to add a gain of
equal magnitude to the friction components of Eq. 5. This leads to
the cancellation of the friction effect. However, the compensator
would be removed for the robustness analysis of the controllers to
changes of friction coefficients. In sum, the TDC + PPC utilized

the advantages of the TDC and PPC for the precise motion
control of the sliding robot. The main advantage of the iTDC +
PPC approach is that the desired performance of the control
system for precise position and oscillation control can be achieved
with a little delay penalty. This is possible since the control
objectives of the sliding robot, namely, stability, and settling
time (braking), can be pre-defined based on the system
behaviour.

RESULTS AND DISCUSSION

In this section, the designed controllers were analyzed using the
dynamic equations of Eq. 5 and Eq. 6 in Simulink environment. The
response to a step input signal is shown in Figure 7. The position
and the speed of the robot are unstable with infinite magnitude,
while the angular displacement (sway angle) and its velocity are
marginally stable, which reaffirmed the need for effective control.

Performance Comparison of TDC, PPC, and
iTDC + PPC
For the performance comparison of the designed controllers, the
PPC and the TDC were applied to the system using the Simulink
model of Figure 6. Initially, the PPC structure was only
implemented without the TDC and then later combined

FIGURE 7 | A step response of the uncontrolled system showing its
unstable behavior.

FIGURE 8 | Performance comparison of TDC, iTDC, and iTDC + PPC. (A) Control signal of TDC and iTDC showing the improved smooth signal of iTDC; (B)
Position tracking of the robot showing the unstable response of TDC; (C) Linear velocity; (D) Sway angle of the arm showing the weak sway control of PPC.
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together. As shown, the time delays were added to the feed-
forward configuration while the design control gains of the PPC
were used for the feedback scheme. Figure 8A shows the control
input signal for the convectional TDC and the improved TDC
(iTDC). As shown, the iTDC has smoothed the chattering
problem associated with the delay constraints of the TDC.
Thus, after applying the control signal to the system, the
responses of the convectional TDC, iTDC, PPC, and the
hybrid iTDC + PPC algorithms were recorded and analyzed.
The TDC has poor position control with infinite position
response while the PPC and iTDC + PPC remarkably
demonstrated a good position and sway control, as shown in
Figure 8B. The PPC and iTDC + PPC controllers precisely
reached the desired position with no overshoot and settled at
about 5 and 6 s, respectively. Note that one second is deducted
from the final the settling time since the initial time of applying
the control signal was at one second, as shown in the time axis.

Also, the maximum velocity of the TDC (0.1 m/s) was the
slowest among the controllers and was maintained infinitely
(against the required specifications), as shown in Figure 8C.
However, the PPC and iTDC + PPC demonstrated good velocity
control and precisely stopped after reaching the desired position.
Off course, the effect of the time delay can be seen where the
maximum velocity of the PPC (0.3850 m/s) is 271% faster than
the velocity of TDC (0.1036 m/s). Nonetheless, the impact of
adding the TDC can be observed in Figure 8D, where the

maximum sway angle of PPC (−3.7327°) is at least 400%
higher than the sway of TDC (−0.6935°). Finally, with the
maximum velocity of 0.3125 m/s and sway angle of −1.2066°,
the iTDC + PPC has improved the velocity of TDC by 201% and
minimizes the angular oscillation of PPC by 209%. Thus, results
demonstrated that the proposed iTDC + PPC have utilized the
advantages of PPC for position control and the oscillation control
of the TDC to achieved precise motion control of the robot.

Robustness Analysis
In the previous section, it has been established that the iTDC +
PPC algorithm improves the control performance of the system.
However, the analysis was conducted for the exact parameters of
the system. Thus, to further investigates the robustness or
sensitivity of the design controllers to variations of system
parameters or model uncertainties, the effect of the main
parameters of the robot, namely, the length of the suspended
arm, the mass of the payload, and the friction coefficient of
different surfaces, were analyzed. Here, the trunk (payload) mass,
the length of the cylindrical arm, and the friction coefficient were
decreased by 50% and then increased by 100%. The analysis is
performed within the control system and does not require a
separate algorithm. The idea of the analysis is that some system
parameters are varied to investigate how the performance of the
control system can be affected. Initially, the controllers were
designed based on constant values of the system parameters,

FIGURE 9 | Robustness of iTDC + PPC scheme to changes of payload mass: (A) Position Tracking; (B) Linear Velocity of the roller; (C) Oscillation angle control of
the arm.
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namely, length, the mass, and the friction coefficient. These
parameters are very crucial to the operation of the robot on
the power line. Therefore, only the values of the robot parameters
were changed while maintaining the same control parameters in
the simulation environment. Hence, if the control system is not
good enough, changing the values of the parameters will affect the
performance of the controllers.

Influence of Changing Payload Mass
The operation of the robot could be affected by the mass of the
payload as sometimes the onboard electronics component can be
added or removed from the trunk. Thus, it is crucial to assess the
robustness of the controller to those changes. Therefore, the
influence of changing the mass of the payload for the position,
velocity, and sway angle of the iTDC + PPC were recorded and
analyzed. Figure 9A shows the influence of changing the mass of
the payload for the position control of the robot. The system
maintained good tracking performance of the desired position.
Although, the settling time has been slightly increased from 5.8 to
7.4 s with an overshoot of 4% when the mass of the payload is
doubled.

Figure 9B shows the corresponding velocity of the robot,
where it is shown that the velocity of the system is maintained
within 0.3125 ± 0.008 m/s. Finally, the angular displacement
has been maintained as well as shown in Figure 9C, with the

maximum sway angle of 1.2066 ± 0.07°. In sum, the responses
show that increasing the payload mass slightly increases the
oscillation and the overshoot of the system while reducing the
robot speed. Nonetheless, the control is robust enough to
maintain the variation of payload mass within an
acceptable range.

Influence of Changing Friction Coefficient
As the robot moves along the power line, which is not smooth,
the effect of frictional force cannot be neglected, especially
under certain conditions (e.g., dust, snow). In the previous
analysis, a friction compensator was added to the system that
has a negative magnitude of the frictional force of Eq. 5.
However, in this section, the effect of friction is analyzed.
Initially, we used a weighing scale to move the robot along the
line manually and then record the force required to overcome
the static friction, which gives the resulting friction coefficient
of 0.155. Then, the coefficient was decreased by 50% and later
increased by 100% representing different contact surfaces.
Finally, the effects of these three different coefficients for
the position, velocity, and sway angle of the TDC, PPC, and
iTDC + PPC were analyzed.

Figure 10A shows the influence of changing the friction
coefficient for the position control of the robot. The system
maintained good tracking performance of the desired position.

FIGURE 10 | Robustness of iTDC + PPC scheme to changes of friction coefficient: (A) Position Tracking; (B) Linear Velocity of the roller; (C)Oscillation/sway angle
control of the arm.
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The settling time for all the cases have been robustly
maintained at 7 s, as shown. The corresponding velocity of
the robot shown in Figure 10B illustrates that the velocity of
the system is maintained within 0.3109 ± 0.002 m/s. Finally,
the angular displacement has been maintained as well as
shown in Figure 10C, with the maximum sway angle of
1.2053 ± 0.009°, which shows little effect of the friction
force to the controllers.

Influence of Changing Arm’s Length
The length of the suspended arm plays an essential role in the
automation of the robot. Thus, it is essential to assess its
influence on the performance of the designed controllers. The
responses of changing the length of the cylindrical arm of the
robot (l) for the position, velocity, and sway angle of the TDC,
PPC, and iTDC + PPC were respectively recorded and
analyzed. As shown in Figure 11A, the system maintained
good tracking performance of the desired position with a
settling time of 6.4 s for the three cases. Figure 11B shows
the corresponding velocity of the robot, where it is shown that
the velocity of the system is maintained within 0.3850 ±
0.001 m/s. Finally, the angular displacement has been
maintained as well as shown in Figure 11C, with the
maximum sway angle of 1.2066 ± 0.02°. Thus, it can be
seen that the control system is highly robust and
insensitive to the changes in arm length.

However, the effect of changing the arm length can be seen
for the traditional TDC in Figure 11D, where the angular sway
changes drastically unlike the proposed iTDC + PPC. Thus, it
is essential to assess the robustness of the traditional
controllers. The comprehensive robustness analysis of the
three controllers was conducted. The performance criteria,
namely, settling time, maximum linear velocity, and
maximum angular displacement, were analyzed for different
scenarios as summarized in Table 2. As shown, apart from the
changes of friction coefficient which has little effect to all
the controllers, the changes in payload mass or arm length
affects the conventional controllers. Furthermore, r.m.s value
which summarized performance of the three controllers were
analysed for the angular displacement of the robot. The analysis
assess the oscillation or vibration generated for each controller
using the three different model parameters.

To clearly compare the robustness of the controllers, the r.m.s
values were normalized about the results of the exact parameters for
the three scenarios. Here, the deviation from unity show how
sensitive a particular control is to parameter variations. Note that
the TDC cannot provide position control. Figure 12 show the
visualization of the robustness analysis of the three controllers.
The PPC is insensitive to the change in length while the TDC is
highly affected. In contrast, the TDC shows robustness to the change
of payloadwhile the performance of PPC is weak. Thus, our notion of
improving the TDC and hybridizing it with the PPC showed a

FIGURE 11 | Robustness of iTDC+PPC and TDC to changes of arm length: (A) Position Tracking; (B) Linear Velocity of the roller; (C)Oscillation control of the arm;
(D) Oscillation control of TDC.
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promising robustness for effective automation of the power line
inspection robot.

CONCLUSION

The main objective of this work is to investigate an approach for
precise motion control of a dual-arm inspection robot based on
the possible application of two controllers, namely the improved
input shaping time delay control (iTDC) and the state feedback-
based pole placement control (PPC). The controllers were
designed and implemented on the system in Matlab software.
Then, the robustness analysis to the changes of three
parameters, namely, the length of the suspended arm, the
mass of the payload, and the friction coefficient of different
surfaces, were analyzed. Finally, the simulation responses of the
control system were recorded and analyzed based on the final
settling time, maximum linear velocity, and angular oscillation
of the robot. The conclusion of the complete study is
summarized as follows:

1) The dynamic model of the inspection robot on the power

line was derived using the Lagrangian equations, and the
controllers were implemented on the model.

2) Although the PPC has demonstrated good position
tracking, adding the iTDC significantly improves the
sway angle suppression with little delay penalty.

3) The iTDC + PPC has improved the velocity of TDC by
201% and minimizes the angular oscillation of PPC by
209%. Thus, results demonstrated that the proposed iTDC
+ PPC have utilized the advantages of PPC for position
control and the oscillation control of the TDC to achieved
precise motion control of the robot

4) The robustness analysis showed that changes of the arm’s
length had the smallest influence on the controller, followed
by friction and mass of the payload. In each case, the
controller showed strong robustness to parameter variations.

Finally, the simulation study of the selected control algorithms
demonstrated a guaranteed stability and robustness for the
precise motion control of the inspection robot. Our future
work will focus on implementing the controller on the lab-
scale dual-arm robot for real-time applications.

FIGURE 12 | Normalized r.m.s based robustness analysis of TDC, PPC, and iTDC+PPC: (A) Change of arm length; (B) Change of payload mass.

TABLE 2 | Robustness performance comparison for TDC, PPC, and iTDC + PPC.

Parameter Cases Max. velocity [m/s] Max. angle [−deg] R.M.S [deg]

TDC PPC iTDC
+

PPC

TDC PPC iTDC
+

PPC

TDC PPC iTDC
+

PPC

Payload (mt) −50% 0.1036 0.4050 0.3166 0.6899 4.1109 1.2433 0.1281 0.8796 0.4873
Exact 0.1036 0.3850 0.3125 0.6935 3.7327 1.2066 0.1286 0.8131 0.4645
+100% 0.1036 0.3569 0.3046 0.6931 3.1077 1.1330 0.1283 0.6911 0.4429

Length (l) −50% 0.1062 0.3851 0.3134 1.3711 3.7714 1.2083 0.2865 0.7970 0.4505
Exact 0.1036 0.3850 0.3125 0.6935 3.7327 1.2066 0.1286 0.8131 0.4645
+100% 0.1042 0.3838 0.3105 0.6330 3.4892 1.2317 0.1549 0.8639 0.4910

Friction Coef. (fv) −50% 0.1035 0.3841 0.3116 0.6971 3.7280 1.2076 0.1286 0.7984 0.4668
Exact 0.1034 0.3832 0.3109 0.6966 3.7234 1.2053 0.1288 0.7987 0.4667
+100% 0.1033 0.3813 0.3092 0.6960 3.7141 1.1959 0.1280 0.8072 0.4538

Frontiers in Robotics and AI | www.frontiersin.org February 2022 | Volume 9 | Article 74699113

Alhassan et al. Motion Control of Inspection Robot

https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles


DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

AA wrote the first draft of the manuscript. XZ, and HX
contributed to conception and supervision of the study. HS,

KH, and GM organized the graphs and Tables. All authors
contributed to manuscript revision, read, and approved the
submitted version.

FUNDING

The authors greatly appreciate the financial support from Key
project of key research and development program in Shaanxi,
China (No.2018ZDXM-GY-093).

REFERENCES

Abdelaziz, T. H. S. (2017). Pole Assignment of Multivariable Systems Using
Proportional-Derivative State Feedback. Int. J. Syst. Sci. 48, 2871–2886.
doi:10.1080/00207721.2017.1359349

Ahmad, M., Khan, A., Raza, M. A., and Ullah, S. (2018). “A Study of State
Feedback Controllers for Pole Placement,” in Proceedings of the 2018 5th
International Multi-Topic ICT Conference: Technologies For Future
Generations, Jamshoro, Pakistan, 25-27 April 2018 (IEEE), 1–6. IMTIC
2018 - Proceedings. doi:10.1109/IMTIC.2018.8467276

Alhassan, A. B., Zhang, X., Shen, H., and Xu, H. (2020). Power Transmission
Line Inspection Robots: A Review, Trends and Challenges for Future
Research. Int. J. Electr. Power Energ. Syst. 118, 105862. doi:10.1016/j.
ijepes.2020.105862

Alhassan, A., Mohamed, Z., M. Abdullahi, A., A. Bature, A., Haruna, A., and M.
Tahir, N. (2018). Input Shaping Techniques for Sway Control of a Rotary Crane
System. Jurnal Teknologi 80, 61–69. doi:10.11113/jt.v80.10297

Chen, M., Tian, Y., Xing, S., Li, Z., Li, E., Liang, Z., et al. (2021). Environment
Perception Technologies for Power Transmission Line Inspection Robots.
J. Sensors 2021, 1–16. doi:10.1155/2021/5559231

Chen, N., and Wang, Y. (2021). Design and Collaborative Operation of
Multimobile Inspection Robots in Smart Microgrids. Complexity 2021, 1–11.
doi:10.1155/2021/6695688

Debenest, P., and Guarnieri, M. (2010). “Expliner — from Prototype towards a
Practical Robot for Inspection of High-Voltage Lines,” in Proceedings of the 1st
International Conference on Applied Robotics for the Power Industry, CARPI,
Montreal, QC, Canada, 5-7 Oct. 2010 (IEEE), 1–6. doi:10.1109/CARPI.2010.
5624434

Debenest, P., Guarnieri, M., Kensuke Takita, K., Fukushima, E. F., Shigeo Hirose,
S., Kiyoshi Tamura, K., et al. (2008). “Expliner - Robot for Inspection of
Transmission Lines,” in Proceeding of the 2008 IEEE International Conference
on Robotics and Automation, Pasadena, CA, USA, 19-23 May 2008 (IEEE),
3978–3984. doi:10.1109/ROBOT.2008.4543822

Dian, S., Chen, L., Hoang, S., Pu, M., and Liu, J. (2019). Dynamic Balance Control
Based on an Adaptive Gain-Scheduled Backstepping Scheme for Power-Line
Inspection Robots. Ieee/caa J. Autom. Sinica 6, 198–208. doi:10.1109/JAS.2017.
7510721

Fengyu, X., Jingjin, S., and GuoPing, J. (2015). Kinematic and Dynamic Analysis of
a cable-climbing Robot. Int. J. Adv. Robotic Syst. 12, 99. doi:10.5772/60865

Gao, Y., Song, G., Li, S., Zhen, F., Chen, D., and Song, A. (2020). LineSpyX: A
Power Line Inspection Robot Based on Digital Radiography. IEEE Robot.
Autom. Lett. 5, 4759–4765. doi:10.1109/LRA.2020.3003772

Ha, C.-W., Lee, D., Rew, K.-H., and Kim, K.-S. (2018). An Impulse-Time
Perturbation Approach for a Symmetric Extra-insensitive Input Shaper.
Int. J. Control. Autom. Syst. 16, 1239–1246. doi:10.1007/s12555-017-0045-y

Ha, M.-T., and Kang, C.-G. (2013). “Experimental Analysis of Natural
Frequency Error to Residual Vibration in ZV, ZVD, and ZVDD
Shapers,” in Proceeding of the 2013 10th International Conference on
Ubiquitous Robots and Ambient Intelligence, URAI, Jeju, Korea (South),
30 Oct.-2 Nov. 2013 (IEEE), 195–199. doi:10.1109/URAI.2013.6677341

Hamelin, P., Miralles, F., Lambert, G., Lavoie, S., Pouliot, N., Montfrond, M.,
et al. (2019). “Discrete-time Control of LineDrone: An Assisted Tracking

and landing UAV for Live Power Line Inspection and Maintenance,” in
Proceeding of the 2019 International Conference on Unmanned Aircraft
Systems (ICUAS), Atlanta, GA, USA, 11-14 June 2019 (IEEE), 292–298.
doi:10.1109/icuas.2019.8798137

Iswanto, I., and Ma’arif, A. (2020). Robust Integral State Feedback Using
Coefficient Diagram in Magnetic Levitation System. IEEE Access 8,
57003–57011. doi:10.1109/ACCESS.2020.2981840

Jalil, B., Leone, G. R., Martinelli, M., Moroni, D., Pascali, M. A., and Berton, A.
(2019). Fault Detection in Power Equipment via an Unmanned Aerial
System Using Multi Modal Data. Sensors 19, 3014–3015. doi:10.3390/
s19133014

Jin, T.-S. (2012). Obstacle Avoidance of Mobile Robot Based on Behavior
Hierarchy by Fuzzy Logic. Int. J. Fuzzy Logic Intell. Syst. 12, 245–249.
doi:10.5391/ijfis.2012.12.3.245

Kakou, P.-C., and Barry, O. (2022). Towards a Mobile Robot for Vibration
Control and Inspection of Power Lines. ASME Lett. Dyn. Syst. Control. 2,
1–13. doi:10.1115/1.4050957

Kakou, P., Bukhari, M., Wang, J., and Barry, O. (2021). On the Vibration
Suppression of Power Lines Using mobile Damping Robots. Eng. Structures
239, 112312. doi:10.1016/j.engstruct.2021.112312

Korayem, M. H., Tourajizadeh, H., and Bamdad, M. (2010). Dynamic Load
Carrying Capacity of Flexible cable Suspended Robot: Robust Feedback
Linearization Control Approach. J. Intell. Robot Syst. 60, 341–363. doi:10.
1007/s10846-010-9423-x

Li, F.-T., Ma, L., Mi, L.-T., Zeng, Y.-X., Jin, N.-B., and Gao, Y.-L. (2017). Friction
Identification and Compensation Design for Precision Positioning. Adv.
Manuf. 5, 120–129. doi:10.1007/s40436-017-0171-z

Li, X., and Choi, B. J. (2013). Design of Obstacle Avoidance System
for mobile Robot Using Fuzzy Logic Systems. Int. J. Smart Home 7,
321–328. doi:10.14257/ijsh.2013.7.3.30

Lima, E. J., Bomfim, M. H. S., and Mourão, M. A. d. M. (2018). POLIBOT -
POwer Lines Inspection RoBOT. Ir 45, 98–109. doi:10.1108/IR-08-2016-
0217

Mammadov, K. (2021). Pole Placement Parameterisation for Full-State
Feedback with Minimal Dimensionality and Range. Int. J. Control. 94,
382–389. doi:10.1080/00207179.2019.1595156

Máthé, K., and Buşoniu, L. (2015). Vision and Control for UAVs: A Survey of
General Methods and of Inexpensive Platforms for Infrastructure
Inspection. Sensors 15, 14887–14916. doi:10.3390/s150714887

Menendez, O., Auat Cheein, F. A., Perez, M., and Kouro, S. (2017). Robotics in
Power Systems: Enabling a More Reliable and Safe Grid. EEE Ind. Electron.
Mag. 11, 22–34. doi:10.1109/MIE.2017.2686458

Mohammed, A., Alghanim, K., and Taheri Andani, M. (2020). An Adjustable
Zero Vibration Input Shaping Control Scheme for Overhead Crane
Systems. Shock and Vibration 2020, 1–7. doi:10.1155/2020/7879839

Phillips, A., Engdahl, E., McGuire, D., Major, M., and Bartlett, G. (2012).
“Autonomous Overhead Transmission Line Inspection Robot (TI)
Development and Demonstration,” in Proceedinf of the 2012 2nd
International Conference on Applied Robotics for the Power Industry,
CARPI, Zurich, Switzerland, 11-13 Sept. 2012 (IEEE), 94–95. doi:10.1109/
CARPI.2012.6473343

Pouliot, N., and Montambault, S. (2011). Field-Oriented Developments for
LineScout Technology and its Deployment on Large Water Crossing

Frontiers in Robotics and AI | www.frontiersin.org February 2022 | Volume 9 | Article 74699114

Alhassan et al. Motion Control of Inspection Robot

https://doi.org/10.1080/00207721.2017.1359349
https://doi.org/10.1109/IMTIC.2018.8467276
https://doi.org/10.1016/j.ijepes.2020.105862
https://doi.org/10.1016/j.ijepes.2020.105862
https://doi.org/10.11113/jt.v80.10297
https://doi.org/10.1155/2021/5559231
https://doi.org/10.1155/2021/6695688
https://doi.org/10.1109/CARPI.2010.5624434
https://doi.org/10.1109/CARPI.2010.5624434
https://doi.org/10.1109/ROBOT.2008.4543822
https://doi.org/10.1109/JAS.2017.7510721
https://doi.org/10.1109/JAS.2017.7510721
https://doi.org/10.5772/60865
https://doi.org/10.1109/LRA.2020.3003772
https://doi.org/10.1007/s12555-017-0045-y
https://doi.org/10.1109/URAI.2013.6677341
https://doi.org/10.1109/icuas.2019.8798137
https://doi.org/10.1109/ACCESS.2020.2981840
https://doi.org/10.3390/s19133014
https://doi.org/10.3390/s19133014
https://doi.org/10.5391/ijfis.2012.12.3.245
https://doi.org/10.1115/1.4050957
https://doi.org/10.1016/j.engstruct.2021.112312
https://doi.org/10.1007/s10846-010-9423-x
https://doi.org/10.1007/s10846-010-9423-x
https://doi.org/10.1007/s40436-017-0171-z
https://doi.org/10.14257/ijsh.2013.7.3.30
https://doi.org/10.1108/IR-08-2016-0217
https://doi.org/10.1108/IR-08-2016-0217
https://doi.org/10.1080/00207179.2019.1595156
https://doi.org/10.3390/s150714887
https://doi.org/10.1109/MIE.2017.2686458
https://doi.org/10.1155/2020/7879839
https://doi.org/10.1109/CARPI.2012.6473343
https://doi.org/10.1109/CARPI.2012.6473343
https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles


Transmission Lines. J. Field Robotics 29, 25–46. doi:10.1002/rob10.1002/
rob.20418

Pouliot, N., Richard, P.-L., and Montambault, S. (2015). LineScout Technology
Opens the Way to Robotic Inspection and Maintenance of High-Voltage
Power Lines. IEEE Power Energ. Technol. Syst. J. 2, 1–11. doi:10.1109/jpets.
2015.2395388

Pourmohammad, M., Toulabi, M., and Ranjbar, A. M. (2021). Application of
State Feedback Controller to Ensure Robust D-Stable Operation of Virtual
Synchronous Generators. IEEE Trans. Energ. Convers. 36, 602–610. doi:10.
1109/tec.2020.3018586

Ramezani Khosro, E., and Fatehi, A. (2020). Design of State and Output
Feedback Pole Placement Controller in the Presence of Slow-Rate
Integrated Measurement. J. Process Control. 85, 214–226. doi:10.1016/j.
jprocont.2019.11.005

Richard, P.-L., Pouliot, N., Morin, F., Lepage, M., Hamelin, P., Lagacc, M.,
et al. (2019). “LineRanger: Analysis and Field Testing of an Innovative
Robot for Efficient Assessment of Bundled High-Voltage Powerlines,” in
Proceeding of the 2019 International Conference on Robotics and
Automation, Montreal, QC, Canada, 20-24 May 2019 (IEEE),
9130–9136. doi:10.1109/icra.2019.8794397

Shakhatreh, H., Sawalmeh, A. H., Al-Fuqaha, A., Dou, Z., Almaita, E., Khalil, I.,
et al. (2019). Unmanned Aerial Vehicles (UAVs): A Survey on Civil
Applications and Key Research Challenges. IEEE Access 7, 48572–48634.
doi:10.1109/ACCESS.2019.2909530

Shehu, M. A., Li, A.-j., Huang, B., Wang, Y., and Liu, B. (2019). Comparative
Analysis of Neural-Network and Fuzzy Auto-Tuning SlidingMode Controls for
Overhead Cranes under Payload and Cable Variations. J. Control. Sci. Eng.
2019, 1–13. doi:10.1155/2019/1480732

Shruthi, C. M., Sudheer, A. P., and Joy, M. L. (2019a). Dual Arm Electrical
Transmission Line Robot: Motion through Straight and Jumper cable.
Automatika 60, 207–226. doi:10.1080/00051144.2019.1609256

Shruthi, C. M., Sudheer, A. P., and Joy, M. L. (2019b). Optimal Crossing and
Control of mobile Dual-Arm Robot through Tension Towers by Using
Fuzzy and Newton Barrier Method. J. Braz. Soc. Mech. Sci. Eng. 41, 1–25.
doi:10.1007/s40430-019-1744-5

Tutsoy, O., and Barkana, D. E. (2021). Model Free Adaptive Control of the
Under-actuated Robot Manipulator with the Chaotic Dynamics. ISA Trans.
118, 106–115. doi:10.1016/j.isatra.2021.02.006

Tutsoy, O., and Brown, M. (2016). Chaotic Dynamics and Convergence
Analysis of Temporal Difference Algorithms with Bang-Bang Control.
Optim. Control. Appl. Meth. 37, 108–126. doi:10.1002/oca.2156

Wang, B., Guo, R., Li, B., Han, L., Sun, Y., and Wang, M. (2012). SmartGuard:
An Autonomous Robotic System for Inspecting Substation Equipment.
J. Field Robotics 29, 123–137. doi:10.1002/rob.20423

Wang, C., Ye, L., Zhao, W., and Wu, G. (2013). “Design of the Linebot for Power
Transmission Lines Inspection,” in Proceeding of the 2013 IEEE
International Conference on Robotics and Biomimetics (ROBIO),
Shenzhen, China, 12-14 Dec. 2013 (IEEE), 2593–2598. doi:10.1109/robio.
2013.6739863

Wang, C., Yin, L., Zhao,Q.,Wang,W., Li, C., and Luo, B. (2020). An Intelligent Robot
for Indoor Substation Inspection. Ir 47, 705–712. doi:10.1108/IR-09-2019-0193

Wang, H., Li, J., Zhou, Y., Fu,M., and Yang, S. (2019). “Research on the Technology
of Indoor and Outdoor Integration Robot Inspection in Substation,” in Proc.
2019 IEEE 3rd Inf. Technol. Networking, Electron. Autom. Control Conf.
ITNEC, Chengdu, China, 15-17 March 2019 (IEEE), 2366–2369. doi:10.1109/
ITNEC.2019.8729355

Wei, Y., Zhang, J., and Fang, L. (2021).Walking Characteristics of Dual-Arm Inspection
Robot with Flexible-Cable. J. Robotics 2021, 1–14. doi:10.1155/2021/8885919

Xu, H., Huang, W., Fan, X., and Lin, Y. (2019). Design and Research of Position
Controller for Power Line Inspection Robot Flight Mode Based on ROS. ACM
Int. Conf. Proceeding Ser., 6–11. doi:10.1145/3387304.3387307

Yang, Z., Fang, Q., Zhang, Z., Liu, X., Xu, X., Yan, Y., et al. (2021). Research on
Optimal Control Strategy for Unpowered Downslope of High-Voltage
Inspection Robot Based on Motor Temperature Rise in Complexity
Microgrid Networks. Complexity 2021, 1–13. doi:10.1155/2021/6659941

Zhang, T., and Dai, J. (2021). Electric Power Intelligent Inspection Robot: A
Review. J. Phys. Conf. Ser. 1750, 012023. doi:10.1088/1742-6596/1750/1/012023

Zhao, J., Guo, R., Cao, L., and Zhang, F. (2010). “Improvement of lineROVer: A
mobile Robot for De-icing of Transmission Lines,” in Proceeding of the 2010 1st
International Conference on Applied Robotics for the Power Industry, CARPI
2010, Montreal, QC, Canada, 5-7 Oct. 2010 (IEEE), 5–8. doi:10.1109/CARPI.
2010.5624458

Zhao, T., Chen, Y., Dian, S., Guo, R., and Li, S. (2020). General Type-2 Fuzzy
Gain Scheduling PID Controller with Application to Power-Line
Inspection Robots. Int. J. Fuzzy Syst. 22, 181–200. doi:10.1007/s40815-
019-00780-1

Zhao, T., and Dian, S. (2018). State Feedback Control for Interval Type-2
Fuzzy Systems with Time-Varying Delay and Unreliable Communication
Links. IEEE Trans. Fuzzy Syst. 26, 951–966. doi:10.1109/TFUZZ.2017.
2699947

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Alhassan, Zhang, Shen, Xu, Hamza and Masengo. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Robotics and AI | www.frontiersin.org February 2022 | Volume 9 | Article 74699115

Alhassan et al. Motion Control of Inspection Robot

https://doi.org/10.1002/rob10.1002/rob.20418
https://doi.org/10.1002/rob10.1002/rob.20418
https://doi.org/10.1109/jpets.2015.2395388
https://doi.org/10.1109/jpets.2015.2395388
https://doi.org/10.1109/tec.2020.3018586
https://doi.org/10.1109/tec.2020.3018586
https://doi.org/10.1016/j.jprocont.2019.11.005
https://doi.org/10.1016/j.jprocont.2019.11.005
https://doi.org/10.1109/icra.2019.8794397
https://doi.org/10.1109/ACCESS.2019.2909530
https://doi.org/10.1155/2019/1480732
https://doi.org/10.1080/00051144.2019.1609256
https://doi.org/10.1007/s40430-019-1744-5
https://doi.org/10.1016/j.isatra.2021.02.006
https://doi.org/10.1002/oca.2156
https://doi.org/10.1002/rob.20423
https://doi.org/10.1109/robio.2013.6739863
https://doi.org/10.1109/robio.2013.6739863
https://doi.org/10.1108/IR-09-2019-0193
https://doi.org/10.1109/ITNEC.2019.8729355
https://doi.org/10.1109/ITNEC.2019.8729355
https://doi.org/10.1155/2021/8885919
https://doi.org/10.1145/3387304.3387307
https://doi.org/10.1155/2021/6659941
https://doi.org/10.1088/1742-6596/1750/1/012023
https://doi.org/10.1109/CARPI.2010.5624458
https://doi.org/10.1109/CARPI.2010.5624458
https://doi.org/10.1007/s40815-019-00780-1
https://doi.org/10.1007/s40815-019-00780-1
https://doi.org/10.1109/TFUZZ.2017.2699947
https://doi.org/10.1109/TFUZZ.2017.2699947
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles

	Precise Motion Control of a Power Line Inspection Robot Using Hybrid Time Delay and State Feedback Control
	Introduction
	System Description and Dynamic Modeling
	The Dual-Arm PLI Robot
	Dynamic Modelling

	Control Approaches
	Time Delay Based Oscillation Control Approach
	Pole Placement Based Position Control Approach
	New Approach Based on Hybrid TDC + PPC

	Results and Discussion
	Performance Comparison of TDC, PPC, and iTDC + PPC
	Robustness Analysis
	Influence of Changing Payload Mass
	Influence of Changing Friction Coefficient
	Influence of Changing Arm’s Length


	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


