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Abstract: When the high-voltage transmission line inspection robot (HVTIR) with a landing
gripper lands during flight, the rigid-flexible coupling vibration between the HVTIR and
the transmission line severely undermines landing stability. Therefore, investigating the
HVTIR-line coupling vibration characteristics during landing is critical for achieving stable
landing control. Ignoring wind and airflow disturbances, this study analyzes the input-output
characteristics of the HVTIR-line coupled vibration system and the interaction forces between
adjacent components, then derives their motion differential equations. The transmission line is
decomposed into a model of multiple unit-length Euler beams hinged by stiffness and damping,
and a stiffness-damping coupling model for the gripper-line contact force is established. On
this basis, a mass-stiffness-damping model of the HVTIR-line system is constructed to obtain
its rigid-flexible coupling vibration characteristics. A vibration test system is built using an
acceleration sensor wireless acquisition system, and the vibration characteristic curves of the
HVTIR gripper and transmission line are obtained and compared with the theoretical simulation
results. The results show that the experimental and simulation data share the same trend, with
a maximum error of no more than 13.64%; the interquartile range increment between them
ranges from 10.67% to 18.26%, verifying the model’s scientific validity. This study optimizes
the transmission line modeling method to ensure calculation accuracy and real-time analysis
efficiency, and constructs a novel HVTIR-line rigid-flexible coupling model, which provides a
theoretical basis for smooth and rapid HVTIR landing control.

Keywords: landing gripper; HVTIR landing on the line; rigid-flexible coupled
vibrations; HVTIR–line dynamics; multibody modeling

1. Introduction

With the trend of the world population towards the concentration of metropolises
and the regional restrictions of wind power, solar power, nuclear power, and other
electric power, remote power transmission is becoming increasingly significant.
High-voltage transmission lines have become the arteries of infrastructure construction
and social development in many countries in the world. Intelligent, efficient, and safe
patrol inspection of high-voltage transmission lines has become an urgent problem for
the development of the power industry [1–3]. There are two main types of HVTIR. One
is to use unmanned aerial vehicles to achieve rapid inspection of transmission lines, but

1

https://orcid.org/0000-0003-1437-4604
https://orcid.org/0000-0002-0179-7686
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Sound & Vibration 2025, 59(5), 3788.

due to the limitation of safety distance, it is impossible to carry out close and accurate
inspection [4–6]. The other is to achieve close inspection through a robot with arms
sliding on the line; the inspection accuracy is high, but it is difficult to get up and down
the transmission line, and the efficiency of climbing over large obstacles and the tower
is low [7–9]. Therefore, it is extremely important to study the high-voltage transmission
line composite mode inspection robot that can meet the requirements of quickly getting
up and down the line, crossing the large obstacles, and the tower [10–12]. Our team has
developed an HVTIR with the fly-climbing-sliding composite function, which solved
the above problems [13]. The team studied the coupling effect between HVTIR and
the transmission line during sliding. The study simplifies the transmission line into a
string model to investigate the coupled vibration between HVTIR and the transmission
line, which results in a large computational load. Based on vibration analysis, a control
method for smooth motion was studied.

During the transition from flight state to online mode of the fly-climbing-sliding
HVTIR, its smooth landing on the line is the key to realizing the transition. The
change law of the rigid-flexible coupling contact force between the HVTIR and the
transmission line during the flight landing is the basis for controlling the landing
stability. There is currently little research on the coupling force of multi-modal
inspection robots during flight and landing on transmission lines. The following
analyzes the research status of the coupling effect between the aerial manipulator and
targets.

In some studies, the coupling force between the actuator of the aerial manipulator
and the target is not studied in the process of studying the control of the actuator. It is
directly adjusted by the motion of the UAV. In Ye et al. and Luna et al. [14, 15], the
mutual distance is measured by the visual perception to achieve control. In Yigit et al.
and Ji et al. [16,17], the mutual distance is measured through a displacement sensor and
visual perception to achieve control. These methods directly use a distance sensor or a
visual sensor to adjust and control the coupling force between the actuator of the aerial
manipulator and the target, ignoring the coupling characteristics of contact force, and
the control accuracy is not high. Especially for the HVTIR in the process of landing,
the coupling force between the actuator of the robot and the transmission line is large,
and the coupling force has a direct impact on the stability of the landing line.

At present, the research on the coupling force between the actuator of an aerial
manipulator and the target mainly includes the following:

Some studies either ignore the coupling force characteristics between the aerial
manipulator and the target or treat the coupling contact force as a rigid connection. In
Hamaza et al. and Zhang et al. [18,19], the research treats the coupling force between
the actuator of the aerial manipulator and the target as a rigid action, and solves the
contact force through rotor lift and coordinate system transformation.

Some studies take the target as a rigid body, and the contact force is simplified as
a group of stiffness and damping. In Khanmirza et al. and Meng et al. [20, 21], the
contact force between the aerial manipulator and the object is simplified as a single
stiffness-damping, and the change law of the coupling force between them is studied,
but the target object is a rigid body.
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In some studies, the coupling contact force can be transformed into a flexible arm
for processing. In Wang et al. [12], the connecting rod between the aerial manipulator
and the tip mass block is treated as a flexible beam. Through the study of the vibration
characteristics of the mass block and the beam, the impact on the position and attitude
of the flying robot during flight is solved.

According to the above research, the rigid-flexible coupling law between the aerial
manipulator and the flexible target has not been studied yet. Therefore, it is very
innovative to construct a rigid-flexible coupling model between the robot and flexible
target, study their vibration characteristics, and obtain the interaction law of the contact
force.

In this study, the rigid-flexible coupling vibration of the HVTIR and the flexible
transmission line during the landing process is taken as the research object, the system
model is established, the law of the coupling vibration between the HVTIR and the
line is found, and the experimental system is constructed to verify the rationality of the
model analysis. This provides theoretical support for the accurate control of the smooth
landing of the inspection robot.

2. Methods

2.1. Analysis of the research object
The laboratory independently designed and developed a high-voltage transmission

line composite mode HVTIR combining flight mode and online inspection mode [22,23].
The structure of the HVTIR is composed of a four-rotor aircraft and two climbing and
sliding mechanical arms. The structure is shown in Figure 1.

Figure 1. Structure diagram of the HVTIR.

In the power system, high voltage transmission lines have single conductor, double
split, triple split, and quadruple split, and no split conductor is required below 110
KV. However, 220 KV, 330 KV, 500 KV, 1000 KV, and other voltage lines will use
split conductors in order to suppress corona discharge, optimize line parameters, and
improve the transmission capacity of the line and the stability of the power system
operation. The anti-vibration hammer, spacer, anti-dance device, and other hardware
between the split conductors also have a complex impact on the vibration of the
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transmission line [24, 25]. These structures are shown in Figure 2. This study is a
simplified model, and a single conductor is selected as the research object.

(a) (b) (c) (d)

Figure 2. Schematic diagram of a split conductor of a high-voltage transmission line. (a)
single bundle conductor; (b) two bundle conductor; (c) four bundle conductor; (d) six bundle
conductor.

The robot flies close to the power transmission line, the gripper at the front of the
mechanical arm catches the power transmission line, and the rotor decelerates to a stop
to realize the landing function. The process of the robot getting close to the high-voltage
transmission line and landing on the transmission line is shown in Figure 3.

Figure 3. Schematic diagram of HVTIR landing line.

Due to the large load of the HVTIR in this design, the flight parts adopt a large
wheelbase four-rotor with a blade diameter of 762 mm and a wheelbase diameter of
1380 mm. (In engineering, UAVs with wheelbase diameters greater than 1000 mm
are called large wheelbase UAVs) [23]. In the process of landing, the HVTIR with a
large wheelbase and a heavy load has a large impact on the transmission line, which
can easily cause the coupling time-varying force between the transmission line and the
HVTIR, affecting the stability and efficiency of landing. In this paper, a vibration tactile
sensing method is proposed to obtain the change law of the coupling force between the
HVTIR and the transmission line. That is, the change law of the contact force between
the HVTIR and the transmission line is obtained by studying the coupling vibration
characteristics between the transmission line and the HVTIR.

The vibration source of flying HVTIR mainly comes from its rotor vibration.
The rotor vibration of a large wheelbase UAV can be divided into rotary vibration,
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pulse vibration, and bandwidth vibration. The rotary vibration is mainly generated on
the blade, with low frequency; pulse vibration is mainly caused by the eddy current
interference of the blade, and its high frequency will bring high frequency noise
interference; bandwidth vibration is caused by the uneven air flow on the blade, and
the vibration amplitude and energy are very small, so the rotor rotating vibration has
the greatest impact on the attitude of the UAV [23]. Because the UAV rotor steering
gear uses a DC motor, the influence of its vibration can be ignored. The rotor rotating
vibration mainly comes from the rotor dynamic unbalance. If the higher-order array
of vibration signals is ignored, the rotor vibration frequency is the same as the rotor
rotating frequency. The rotor rotating vibration can be equivalent to the force T acting
on the rotor. Because the horizontal component of vibration has little influence on the
position and posture of theHVTIR gripper, it can be ignored, so the force is decomposed
in the coordinate system, and only the vertical component needs to be retained.

The vertical component is Equation (1):

TZ = A cos(ω t+ γ) (1)

Where, A is the magnitude of force, ω is the angular velocity of rotor rotation, γ is
the initial phase of vibration, and is related to the position of the rotor before starting.
According to engineering practice, A = 1 N. The rotor speed of this design is 1500–3600
rpm, and the vibration frequency is about 25–60 HZ, which belongs to low-frequency
interference.

In the process of landing, the change of rotor speed will bring about the change
of lift, which will cause the vibration of HVTIR system, that is, the rotor lift is the
input source of system vibration; at the same time, the equivalent force of rotor rotating
vibration is also the source of system vibration; ignore the position drift of the HVTIR
in the air caused by the positioning and navigation system error; then the input of the
whole vibration system from the rotor component to the wheel claw is the sum of the
rotor lift force F and the equivalent force of the vibration on it.

In the process of HVTIR landing, the transmission line will vibrate after being
impacted by the impact force of HVTIR landing. Because the transmission line has a
long span and a large weight, its own vibration is also large. The coupling force between
the transmission line and the HVTIR gripper can be obtained through the vibration
characteristics of the contact between the transmission line and the wheel claw.

In the process of landing, the interaction between the HVTIR gripper and the
transmission line is the key index that affects the stability and efficiency of the HVTIR
landing. The vibration tactile sensing is used to obtain the coupling force, so the
vibration characteristics of the robot-line coupling in the whole landing process are
the output of the system.

The mass-stiffness-damping method is used to study the vibration characteristics
of the system’s HVTIR and transmission line coupling, grasp its vibration rules, and
provide a theoretical basis for the precise control of the HVTIR’s smooth and efficient
landing.
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2.2. Coupled vibration model
The mass-stiffness-damping multi-degree-of-freedom model is used to simulate

the state of the robot-line coupling system of the HVTIR when landing. At this time,
the HVTIR vertical deceleration flight. The coordinate system is as shown in Figure 4.
The origin of the coordinate system is at the center of the HVTIR body, and the Z axis is
vertically upward. In order to analyze the vibration characteristics of each component,
the HVTIR is dissected and analyzed along the three directions of AC, BD, and EF.

(a) Coordinate system of HVTIR and line coupling. (b) Schematic diagram of HVTIR section direction.

Figure 4. Coordinate system and sectional sketch of HVTIR landing flight.

Transmission lines and towers do not exist independently. As shown in Figure 5,
they are connected with multiple transmission lines, so the vibration between adjacent
transmission lines and towers has a coupling effect. In order to simplify the complexity
of the study, this paper only studies the coupled vibration of the transmission line
between the two towers. And the model temporarily does not consider the influence of
wind power.

Figure 5. Transmission line and tower system.

As shown in Figure 6, the high-speed rotation of the four rotors produces vertical
upward lift (F1, F2, F3, F4) and rotary vibration of the rotors. The rotary vibration of
the rotor can be equivalent to the force (TZ1, TZ2, TZ3, TZ4) in the vertical direction.
Then F1, F2, F3, F4, and TZ1, TZ2, TZ3, TZ4 are the inputs of the vibration system, and
the vibration of the landing grippers is the output of the system.

6



Sound & Vibration 2025, 59(5), 3788.

(a) Vibration model of HVTIR in A–C section direction. (b) Vibration model of HVTIR in B–D section direction.

(c) Vibration model of HVTIR in the E–F section direction.

Figure 6. Vibration model of HVTIR and the line in landing flight.

TZ1/Z2/Z3/Z4 = A cos(ωZ1/Z2/Z3/Z4t+ γZ1/Z2/Z3/Z4) (2)

TZ1/Z2/Z3/Z4 are the vertical equivalent forces of the rotational vibration of the
four rotors, as shown in Equation (2); ωZ1/Z2/Z3/Z4 are the rotational angular velocity
of the four rotors; γZ1/Z2/Z3/Z4 are the initial phase of the rotational vibration of the
four rotors.

F1/2/3/4 = CFρ(
N1/2/3/4

60
)D4

p (3)

F1/2/3/4 are the vertical lift of four rotors, as shown in Equation (3); CF is the
dimensionless lift coefficient; Dp is the rotor diameter (m); ρ is the air density of the
flight environment (kg/m3), which is related to flight altitude h and temperature Tt.

ρ =
273Pa

101325(273 + Tt)
ρ0 (4)

ρ0 = 1.293 kg/m3 is the standard atmospheric density, as shown in Equation (4);
Pa is the atmospheric pressure (pa).

N1/2/3/4 are the four rotor speeds (rpm), as shown in Equation (5).

7



Sound & Vibration 2025, 59(5), 3788.

N1/2/3/4 =
ω1/2/3/4

2π
(5)

InFigure 6, ma1, mb1, mc1, andmd1 are themass centers simplified from the blades
to the rotorcraft arms; and the parameters Ka1, Kb1, Kc1, Kd1, and Ca1, Cb1, Cc1, Cd1 are
their corresponding stiffness and damping. ma2, mb2, mc2 and md2 are the mass centers
simplified from themass of each paddle arm to the connection point of the HVTIR body;
Za2(t), Zb2(t), Zc2(t), Zd2(t) are its vertical displacements from the equilibrium position
and the parameters Ka2, Kb2, Kc2, Kd2 and Ca2, Cb2, Cc2, Cd2 are the corresponding
stiffness and damping. The HVTIR body can be simplified into a compact cuboid with
a mass of mB, KB and CB are its corresponding stiffness and damping, its center of
gravity is G, the initial position of static balance of G is the HVTIR coordinate origin
O. The vertical displacement q1(t) of the body is the displacement of G, the center
of gravity, from the static equilibrium position, θx(t) is the rotation angle of the body
around the X axis, θy(t) is the rotation angle of the body around the Y axis. A, B, C, and
D are the connection points between the rotorcraft arms and the HVTIR body. E and
F are the connection points between the landing gripper manipulators and the HVTIR
body. me2 andmf2 are the centroids simplified from the E/F point to the HVTIR gripper.
Ze2(t) and Zf2(t) are their vertical displacement from the balance position, parameters
Ke2, Kf2, and Ce2, Cf2 are the corresponding stiffness and damping. me1, mf1 are the
centroid simplified from the mass of the gripper at the top of the manipulator, Ze1(t),
Zf1(t) are their vertical displacement from balance position, parameters Ke1, Kf1, and
Ce1, Cf1 are the corresponding stiffness and damping.

In the high voltage transmission line vibration system, the conductor span between
two poles and towers is tens of meters, or even hundreds of meters. In this study, the
conductor with a span of 100 m is selected as the research object, and the conductor is
divided into n parts. The stiffness and damping between the ends of the transmission
line and the poles and towers areKl1, Cl1, Kln+1, Cln+1, and the mass of the transmission
line per meter is ml. The slight error caused by the bending of the transmission line is
ignored. The stiffness between the transmission lines per meter is Kl, and the damping
is Cl. The included angle between the transmission line and the horizontal caused by
suspension and vibration is θxy(t).

According to D’Alembert’s principle, the vibration differential equations of each
part are listed from the four rotors of the HVTIR to the body of the HVTIR.

a) Vertical vibration differential equations of the four rotor components, as
shown in Equation (6):

miq̈i1(t)− ci1(q̇i1(t)− żi2(t))− ki1(qi(t)− zi2(t)) + Fj + TZj −ma1g = 0

(i = a, j = 1; i = b, j = 2; i = c, j = 3; i = d, j = 4)
(6)

b) Vertical vibration differential equations of four rotorcraft arms:
Because the rotorcraft arm is a carbon fiber tube with a length of 0.675 m, a
diameter of 0.025 m, and a wall thickness of 0.002, and both ends are connected
with the rotor components and the HVTIR body, respectively, it is treated as a
beam with spring mass blocks connected at both ends here.
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As shown in Figure 7, the inertia force of the beam element is ρA(y)dy∂z2(y,t)/∂z2.

(a) Transverse vibration of a beam. (b) Force and bending of the micro segment.    (c) Load of the whole beam.

Figure 7. Vibration analysis diagram of the boom.

Ignoring the influence of axial force, the relationship between bending moment
and shear force is as shown in Equation (7):

Q =
∂M

∂y
(7)

According to Euler-Bernoulli theory, the relationship between bending moment
and deflection of the beam is as shown in Equation (8):

M(y, t) = EI(y)
∂z2(y, t)

∂y2
(8)

From Equations (7) and (8), the vibration equation of the beam is as shown in
Equation (9): {

Q(x, t) = ∂
∂y (EI ∂z2

∂y2
) = a (kz + c∂z∂t )

EI ∂z2

∂y2
= 0

(8)

Because both ends of the beam are connected with spring damping, the end
resistance and shear force are balanced, and the bending moment is zero.

The stress analysis of the boom is shown in Figure 6; its far-end a2/c2 /b2/d2
vibration equations are as shown in Equation (10):



(EI
∂4zi2
∂y4

+ ρA
∂2zi2
∂t2

)

∣∣∣∣y = −
√
2

2
l − 0.53 =

ki1(zi2 − zi1) + ci1(ż i2 − ż i1)− [ki2(zi3 − zi4) + ci2(ż i3 − ż i4)]−mi2g

l

zi4 = z1 +
l

2
sinθj

∂

∂y
(EI

∂2zi2
∂y2

)

∣∣∣∣y = −
√
2

2
l − 0.53 = ki1(zi2 − zi1) + ci1(ż i2 − ż i1)

EI
∂2zi2
∂y2

∣∣∣∣y = −
√
2

2
l − 0.53 = 0

(i = a, j = x; i = c, j = x; i = b, j = y; i = d, j = y)

(10)

The vibration equation at the near-end a3/c3/b3/d3 are as shown in Equation (11):
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

(EI
∂4zi3
∂y4

+ ρA
∂2zi3
∂t2

)

∣∣∣∣y = −
√
2

2
l =

ki1(zi2 − zi1) + ci1(ż i2 − ż i1)− [ki2(zi3 − zi4) + ci2(ż i3 − ż i4)]−mi2g

l

zi4 = z1 +
l

2
sinθj

∂

∂y
(EI

∂2zi3
∂y2

)

∣∣∣∣y = −
√
2

2
l = ki2(zi3 − zi4) + ci2(ż i3 − ż i4)

EI
∂2zi3
∂y2

∣∣∣∣y = −
√
2

2
l = 0

(i = a, j = x; i = c, j = x; i = b, j = y; i = d, j = y)

(11)

c) Vibration differential equation of HVTIR body:
As shown inFigure 8, under the input excitation of rotor components, four vertical
displacements, Za3(t), Zb3(t), Zc3(t), and Zd3(t) are generated at four points A, B, C,
and D of the HVTIR body, respectively. θx(t) is the rotation angle of the HVTIR
body around the X axis. θy(t) is the rotation angle of the HVTIR body around the
Y axis of the HVTIR body. Because the vibration angular displacement is small,
θx(t) and θy(t) are as shown in Equations (12) and (13):

θx(t) = sin θx(t) =
zc3(t)− za3(t)√

2l
(12)

θy(t) = sin θy(t) =
zd3(t)− zb3(t)√

2l
(13)

Figure 8. Motion modal analysis diagram of the HVTIR body.

From Equations (12) and (13), the input vertical displacement of four points A, B,
C, and D of the HVTIR body can be obtained, as shown in Equations (14)–(17).

za3 = q1(t)−
√
2

2
lθx(t) (14)
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zb3 = q1(t)−
√
2

2
lθy(t) (15)

zc3 = q1(t) +

√
2

2
lθx(t) (16)

zd3 = q1(t) +

√
2

2
lθy(t) (17)

At the same time, the output vertical displacement of E and F points of the HVTIR
body can also be obtained, as shown in Equations (18) and (19).

ze3 = q1(t)−
√
2

4
l(θx(t) + θy(t)) (18)

zf3 = q1(t) +

√
2

4
l (θx(t) + θy(t)) (19)

Vertical vibration differential equation of the HVTIR body is as shown in Equation
(20):

m1q̈1(t) + ca2(ża2 − q̇1(t) +

√
2

2
lθ̇x(t)) + ka2(za2 − q1(t) +

√
2

2
lθx(t))

+cb2(żb2 − q̇1(t) +

√
2

2
lθ̇y(t)) + kb2(zb2 − q1(t) +

√
2

2
lθy(t))

+cc2(żc2 − q̇1(t)−
√
2

2
lθ̇x(t)) + kc2(zc2 − q1(t)−

√
2

2
lθx(t)) (20)

+cd2(żd2 − q̇1(t)−
√
2

2
lθ̇y(t)) + kd2(zd2 − q1(t)−

√
2

2
lθy(t))

+ce2(że2 − q̇1(t) +

√
2

4
l(θ̇x(t) + θ̇y(t))) + ke2(ze2 − q1(t) +

√
2

4
l(θx(t) + θy(t)))

+cf2(żf2 − q̇1(t)−
√
2

4
l(θ̇x(t) + θ̇y(t))) + kf2(zf2 − q1(t)−

√
2

4
l(θx(t) + θy(t)))−m1g = 0

a) Vibration differential equation of HVTIR body pitching around the X-axis
and Y-axis, as shown in Equation (21):

J1θ̈j(t) −
√
2

2
lci2(żi2 − q̇1(t) +

√
2

2
lθ̇j(t))−

√
2

2
lki2(zi2 − q1(t) +

√
2

2
lθj(t))

+

√
2

2
lch2(żh2 − q̇1(t) +

√
2

2
θ̇j(t)) +

√
2

2
lkh2(zh2 − q1(t) +

√
2

2
lθj(t))

−1

2
lce2(że2 − q̇1(t) +

√
2

4
l(θ̇x(t) + θ̇y(t)))−

1

2
lke2(ze2 − q1(t) +

√
2

4
l(θx(t) + θy(t))) (21)

+
1

2
lcf2(żf2 − q̇1(t)−

√
2

4
l(θ̇x(t) + θ̇y(t))) +

1

2
lkf2(zf2 − q1(t)−

√
2

4
l(θx(t) + θy(t)))−Mj = 0

(i = a, h = c, j = x; i = b, h = d, j = y)

Where Mx is the resultant moment around the X-axis of the robot body subjected
to external force, WhereMy is the resultant moment around the Y-axis of the robot body
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subjected to external force, and J1 is the moment of inertia of the robot body simplified
into a cuboid, as shown in Equation (22):

J1 =
1

1 2
(l2 + h2) (22)

b) Vibration differential equation of two mechanical arms, as shown in Equation
(23):

mi2z̈i2 − ci2(żi2 − q̇1(t)−
√
2
4 l(θ̇x(t) + θ̇y(t)))− ki2(zi2 − q1(t)−

√
2
4 l(θx(t) + θy(t)))

+ci2(q̇i1(t)− żi2) + ki1(qi1(t)− zi2)−mi2g = 0

(i = e, j)

(23)

c) Vibration differential equation of two landing grippers, as shown in Equation
(24):

mi1q̈i1(t)− ci1(q̇i1(t)− żi2)− ki1(qi1(t)− zi2) + ci3(żl(t)− żi1) + ki3(zl(t)− zi1)−mi1g = 0

(i = e, l = lx; i = f, l = lx+1)
(24)

d) Vibration differential equation of transmission line:

As shown in Figure 6 and Figure 9, the transmission line is treated as n mass
segments of 1 meter length, and the vibration differential equation is as follows.

Figure 9. Vibration model at both ends of the transmission line.

The vertical vibration differential equation is shown in Equation (25):

miz̈i(t)− ci3(żi − żi1)− ki3(zi − zi1) + ciżisinθi + klzlsinθi = 0

(i = e, l = lx; i = f, l = lx+1)
(25)

The differential equation of pitching vibration around the center of mass is as
shown in Equation (26):

12
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J2θ̈xy2(t) +
1
2 l2(cf3(żf3 − żf1) + kf3(zf3 − zf1))− 1

2 l2(ce3(że3 − że1) + k̇b3(ze3 − ze1))

+1
2 lθf4(t)(cf4żf4θ̇f4(t) + kf4zf4θf4(t))− 1

2 lθf4(t)(ce4że4θ̇e4(t) + ke4ze4θe4(t))−M2 = 0
(26)

The vibration differential equation of the HVTIR system is rewritten into matrix
form as shown in Equation (27).

MALLZ̈ALL + CALLŻALL +KALLZALL = FALL (27)

MALL is the mass matrix of the vibration system model.
CALL is the damping matrix of the system.
KALL is the stiffness matrix of the system.
ZALL is the vibration displacement matrix.
FALL is the system force matrix.
The vibration response of the system output can be calculated from the vibration

equation matrix.

3. Results and discussion

3.1. Simulation and analysis
This study simplifies the coupled vibration model without considering

measurement errors of components, sensor accuracy limitations, parameter changes,
airflow disturbances caused by rotor rotation in windless conditions, and the random
errors caused by personnel operations.

Due to space limitations, the laboratory has established a reduced version of the
transmission line tower system. The tower is made of a welded steel structure with a
height of 1.8 m. The transmission line uses 23.8 mm diameter steel-cored aluminum
stranded wire with a weight of 1.402 kg/m. The system, with a length of 3 m, is built
here. The transmission line is divided into three sections, each of which is 1 m. The
system is shown in Figure 10.

Figure 10. Schematic diagram of the robot-line system.

Themass, size, and torque parameters of the HVTIR are obtained bymeasuring the
physical prototype of the HVTIR. The parameters of the transmission line are calculated
according to the location of the landing point, as shown in Table 1, where L1 = 1 m and
L2 = 1 m.
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Table 1. HVTIR parameters 1.

Parameter Description Value

ma1/mb1/mc1/md1 Rotor component mass 0.2 kg
ma2/mb2/mc2/md2 Rotorcraft arm mass 0.3 kg
me1/mf1 Gripper component mass 1.2 kg
me2/mf2 Gripper arm mass 0.8 kg
mB HVTIR base mass 6.8 kg
l Rotorcraft arm length 0.32 m
ml1 Line 1 mass 1.402* l1 kg
ml2 Line 2 mass 1.402* l2 kg

The stiffness and damping parameters of the HVTIR and the transmission line are
obtained by the finite element analysis method, as shown in Table 2.

Table 2. HVTIR parameters 2.

Parameter Description Value

Ca1/Cb1/Cc1/Cd1 Rotor component damping 16 N•s/m
Ka1/Kb1/Kc1/Kd1 Rotor component stiffness 8,600,000 N/m
Ca2/Cb2/Cc2/Cd2 Rotorcraft arm damping 56 N•s/m
Ka2/Kb2/Kc2/Kd2 Rotorcraft arm stiffness 2,350,000 N/m
Ce1/Cf1 Gripper component damping 485 N•s/m
Ke1/Kf1 Gripper component stiffness 29,000,000 N/m
Ce2/Cf2 Gripper arm damping 380 N•s/m
Ke2/Kf2 Gripper arm stiffness 7,100,000 N/m
CB HVTIR base damping 46 N•s/m
KB HVTIR base stiffness 35,300,000 N/m
Cl1 Line 1 damping 25.963*l1 N•s/m
Kl1 Line 1 stiffness 416330*l1 N/m
Cl2 Line 2 damping 25.963*l2 N•s/m
Kl2 Line 2 stiffness 416330*l2 N/m

Using the Simulink module of Matlab and according to the transfer function, the
coupling vibration model of the system from the rotor component input to the gripper
and the transmission line is constructed.

Figure 11 shows the details of the four rotor input forces of the flying HVTIR
from the fixed point flight to the stop flight mode during the landing process. The input
forces F1/F2/F3/F4 decelerate from 31.85 N to 0 N after 2 S.

Figure 11. Rotor input force.
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It can be seen from Figures 12 and 13 that after 2 S, the vibration trend of the
HVTIR gripper is similar to that of the transmission line coupling point. It can be seen
from Figure 14 that the vibration simulation value of the upper quartile Q3 is 1.54, the
lower quartile Q1 is −0.82, and the interquartile range of the interquartile range is 2.36
during the deceleration of the gripper landing; the upper quartile Q3 of the simulation
value at the coupling contact of the transmission line is 0.58, the lower quartile Q1 is
−0.31, and the interquartile range is 0.89. The normal distribution of the simulation data
and the experimental data is centralized, and the two sets of data are in good condition.

Figure 12. Vibration simulation curve of HVTIR gripper.

Figure 13. Vibration simulation curve of transmission line coupling point.

Figure 14. Vibration simulation curve of transmission line coupling point.
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3.2. Experiment and discussion
The experiment simulates the landing process, as shown in Figures 15 and 16.

First, the HVTIR flies to the transmission line at a fixed point, and the HVTIR
gripper is ready to contact the transmission line, as shown in Figure 15. When
the HVTIR lands, the HVTIR gripper contacts with the transmission line, the output
tension of the blade is reduced to 0, and finally, the landing is completed, as shown in
Figure 16. The experimental system uses MPU6050 to measure the input and output
vibration acceleration of the system. The system structure is shown in Figure 16. Two
MPU6050s are fixed near the coupling point of the transmission line, and oneMPU6050
is fixed at the center of the gripper. The data adopts an offline real-time acquisition
method.

Figure 15. Schematic diagram of HVTIR pre-landing on line.

Figure 16. Schematic diagram of HVTIR landing on line, installation position of vibration
sensor.

Through experimental data, the vibration characteristics at the coupling point
between the HVTIR gripper and the transmission line are obtained as shown in Figures
17 and 18.
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Figure 17. Vibration Experimental curve of the HVTIR gripper.

Figure 18. Vibration Experimental curve of transmission line coupling point.

As shown in Figure 19, the maximum simulation value of HVTIR gripper
vibration is 15.98 m/s2, the maximum experimental value is 18.16 m/s2, and the
error is 13.64%; the maximum simulation value of vibration at the coupling point of
transmission line is −6.23 m/s2, and the maximum experimental value is −6.62 m/s2,
with an error of 11.08%.

Figure 19. Maximum vibration of the simulation and experiment.

The box diagram of the simulated and experimental values of the vibration at the
coupling of the HVTIR gripper and the transmission line is shown in Figure 20.
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Figure 20. Steady vibration box diagram.

The experimental data of the robot gripper (RED) during the deceleration of
landing is 2.65 in the upper quartile Q3, −1.17 in the lower quartile Q1, and 3.82 in
the interquartile range; the simulation data of the robot gripper (RSD) of the upper
quartile Q3 is 2.31, the lower quartile Q1 is −0.92, and the interquartile range is 3.23,
an increase of 18.26%.

The experimental data at coupling point of transmission line (LED) during
deceleration is 0.68 in the upper quartile Q3, −0.31 in the lower quartile Q1, and 0.99 in
the interquartile range; the simulation data at coupling point of transmission line (LSD)
of the upper quartile Q3 is 0.58, the lower quartile Q1 is −0.31, and the interquartile
range is 0.89, an increase of 10.67% (Table 3).

Table 3. Numerical analysis table.

State Max Max Ratio (Q1, Q3) IR IR Ratio

RSD 15.98
13.64%

(−0.92, 2.31) 3.23
18.26%

RED 19.89 (−1.17, 2.65) 3.82

LSD 6.23
11.08%

(−0.31, 0.58) 0.89
10.67%

LED 6.92 (−0.31, 0.68) 0.99

As shown in Figures 21 and 22, the simulation values of the vibration acceleration
at the coupling point between the robot wheel claw and the power transmission line are
highly consistent with the Quantile-Quantile distribution of the experimental values.
This demonstrates the scientific validity of the simulation model.

Figure 21. Quantile-Quantile of Robot Gripper (Sample data-Standard Normal).
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Figure 22. Quantile-Quantile of Landing Line point (Sample data-Standard Normal).

It is found by comparison that the maximum error between the RSD and RED
during the HVTIR landing is not more than 13.64%. Although the interquartile spacing
in the box diagram has increased by 18.26%, its numerical concentration is good, and
the normal distribution is basically consistent. The maximum error between the LED
and LSD is not more than 11.08%. In the box diagram, the values are concentrated,
and the interquartile spacing increases by no more than 10.67%, and the consistency
of the normal distribution of Quantile-Quantile is good, which proves the scientific
consistency of the experiment and simulation.

4. Discussion

The purpose of this article is to obtain the law of coupling vibration between
robots and power lines during the HVTIR landing process. Therefore, this paper uses
the method of theoretical model and experiment to analyze the coupling vibration
characteristics of the HVTIR and the transmission line in landing flight; the results
are as follows:

(a) Comparing the experimental data with the model simulation data, it is found
that the vibration trend of the HVTIR gripper is similar, the numerical value is
relatively concentrated, and the maximum increase of vibration is not more than
13.64%. In the box plot, the interquartile spacing at the contact point increases
by 10.67%. The error range is basically reasonable. The reason for such errors is
that the simplified model did not take into account factors such as measurement
errors of component quality, stiffness, and damping; measurement accuracy of
MPU6050; and random errors of operators.

(b) Comparing the experimental data with the model simulation data, it is found
that the vibration trend of the transmission line is similar, the numerical value
is relatively concentrated, and the maximum increase of vibration is not more
than 11.08%. In the box plot, the interquartile spacing at the contact point of
transmission ne increases by 10.67%. The error range is reasonable. This proves
the rationality of the transmission line model. The reason for the error is the
measurement error of the transmission line and the measurement accuracy of the
MPU6050.

(c) The research on model simulation and experiment shows that the rigid-flexible
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coupling vibration model of HVTIR during landing is reasonable. The main
reason for the occurrence of errors is that themodel did not consider factors such as
measurement errors, sensor accuracy, and random errors of operators. Subsequent
research can incorporate measurement errors, sensor accuracy, and parameter
changes into the model. It is possible to reduce data errors through multiple
measurements, reduce random errors of operators through multiple experiments,
and obtain corresponding patterns of error changes through changes in the size of
transmission lines.

5. Conclusion

This article studies the characteristics of transmission lines and constructs a
transmission line model with stiffness and damping links between multiple unit beams;
constructs a stiffness-damping coupling model for the contact force between the robot
gripper and the power transmission line. By analyzing the dynamics of each component,
a rigid-flexible coupling vibration model of the robot and the power transmission
line during the robot landing process was ultimately constructed. The coupling
law between the robot and the line is obtained. The scientific effectiveness of the
established rigid-flexible coupling model has been demonstrated through simulation
and experimental comparison.
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