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To solve a series of problems, such as damage, increased impurities and obstacles caused by medium corrosion, and erosion in the long-term
use of the pipeline, a multi-body distributed adaptive pipeline plugging and repairing robot with good driving performance and strong reliability
is proposed by using the modular design method. By establishing the obstacle-crossing model of the robot, the traction equation and obstacle-
crossing equation of the driving wheel and supporting wheel are studied. It can be seen from the equation that reducing the deflection angle
of the driving wheel or reducing the speed of the motor spindle can improve the obstacle-crossing ability. The driving unit model is established
in ADAMS software, and its running speed, driving force, and obstacle-crossing height are simulated and analysed. The model prototype is
established and verified with experiments. When the deflection angle of the robot driving wheel is set to 20° to 35°, it meets the design
requirements. When the deflection angle of the driving wheel is set to 20°, the robot has large traction, good running stability and high
obstacle-crossing height. The maximum obstacle-crossing height is 6 mm. At this time, the robot reaches the best running state. The design
of an adaptive leakage plugging robot for buried pipelines provides an important reference for the research and development of pipeline

emergency prevention and control equipment.
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Highlights

*  Apipeline leakage self-adaptive sealing robot was designed to realize pipeline leakage detection, rapid plugging and repair, and

stable and reliable operation.

*  This robot has a certain degree of self-adaptive ability, sufficient driving force, better blocking ability, and good obstacle-crossing

ability.

*  The optimum deflection angle of the driving wheel is obtained by analysis. The influence of the change of deflection angle on
the obstacle-crossing performance of the robot. Under the optimal deflection angle, the pipeline robot runs smoothly and has a

good ability to pass over obstacles.

0 INTRODUCTION

As the fifth-largest transportation method, pipeline
transportation has the advantages of low cost, safety,
and reliability and is widely used [1] to [3]. With
the large-scale use of pipelines and the increase in
their service time, they can be affected by internal
corrosion and human intervention, and thus pipelines
will always be prone to rupture and erosion [4] to
[6]. Buried pipelines will transport oil and natural
gas to avoid the interference of external factors and
save space [7] to [9]. When there is a leak in a buried
pipeline, it is usually excavated directly to find the
leakage point and then treated by sectional plugging
and repair [10] and [11]. Both pipe wells and buried
pipelines encounter difficulties locating leaks and a
working environment that is too small, which is not
conducive to manual operation [12] to [14]. Therefore,
this paper proposes a multi-body distributed pipeline
leak self-adaptive plugging robot composed of a
pipeline robot and a leak-plugging unit. The driving
unit provides a dynamic for the adaptive pipeline-
plugging robot to detect the location of pipeline leaks.

The leak-plugging unit seals and repairs the pipeline
leaks. Numerous in-depth studies have examined this
problem. In terms of pipeline robots, the Brazilian
CLIDADE team designed an oil and gas pressure-
driven robot based on the principle of medium
pressure difference. It has built-in ultrasonic flaw
detection equipment to detect pipeline leaks and leak
point sizes [15]. At Shandong University, Han Meng
designed a four-wheeled robot that adopts a modular
tandem design and is connected by two robots with
universal coupling [16] and [17]. Liu of Southwest
Petroleum University in China designed a spiral-
driven pipeline robot. He reduced the torque of the
spindle motor through the bevel gear and acted on
the robot driving wheel. Theoretically, he deduced
the relationship between the helical inclination of the
driving wheel, the load and the moving speed [18]
to [20]. The Canadian company Inuktun developed a
crawler robot that can smoothly pass through complex
pipelines and is suitable for pipelines with more
damage or severe corrosion [21] and [22]. Woongsun
Jeon et al. in the United States developed a four-link
peristaltic robot, in which the front and rear bodies
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can be locked or moved relative to the soft axis, and
the relative movement between the two bodies can
achieve the purpose of moving in the pipe [23] to [25].
Zagler et al. at the Technical University of Munich,
Germany, developed the eight-legged robot MORITZ,
which is equipped with precision instruments such
as angle sensors, microgravity sensors and five-axis
acceleration sensors. Although it has good adaptability,
its structure is complex, and control is difficult [26]
and [27]. A spiral robot makes use of a driving wheel to
create spiral motions on the inner wall of the pipeline
and transform the circumferential rotation force into
axial forward power. It has the characteristics of a
high driving force, stable operation, and a simple
control mode and is suitable for running in complex
pipelines, which has become the focus of this paper.
In terms of leakage and plugging, the Oil-States
Hydro Tech company was the first to use a device for
plugging pipeline leakage points by external pressure,
which used the fixture to compress the pipeline
leakage point to achieve the purpose of plugging and
repairing, mainly for small single-point leakage [28]
and [29]. The in-pipe intelligent plugging mechanism
designed by Bowie et al. is an in-pipe repair platform
composed of a drive system, a plugging system and
a carrying system [30]. The United States Furman-
Ite company was the first to develop a perforated
plugger that integrates perforation, plugging, and
transmission, which is widely used in deep-sea high-
pressure pipeline leakage [31]. Many scholars have
studied different pipeline leakage situations and
proposed different plugging and repair methods to
achieve the effect of rapid plugging and repair, but at
present, few combine pipeline robots with plugging
and repair devices. In this context, this paper focuses
on the single-point leakage, multipoint leakage, and
multipoint long-spacing scattered section leakage of
diameter 150 mm buried pipeline, aiming to design a
new type of pipeline leakage adaptive plugging robot
that integrates in-pipe plugging and quick repair. This
article aims to study and analyse the walking stability
and obstacle-crossing performance of the robot
device, which can lay a theoretical foundation for the
in-depth research of a future blockage repair robot.

1 DESIGN OF A PLUGGING ROBOT STRUCTURE
1.1 Overall Structure
The buried pipeline leak self-adaptive plugging
robot is primarily intended for pipeline leakage and

plugging operations. The buried pipeline environment
is complex; the space is small, and over time,

various impurities will accrue in the pipe. Therefore,
the designed device must have the following
characteristics: operability in a complex environment,
a certain degree of self-adaptive ability, sufficient
traction and driving force, accurate identification of
pipeline leakage points and leakage patterns, good
operational stability, good plugging ability, and a
defined operating speed.

This article intends to design a pipeline
emergency plugging and repairing robot that can work
smoothly under various complex working conditions
to meet the above requirements. According to the
previous research results of pipeline robots, the overall
structure design needs to meet the design indicators
in Table 1. Since the materials transported by buried
pipelines are generally flammable and explosive,
such as oil and natural gas, and may be corrosive, the
mechanical structure of the buried pipeline leakage
self-adaptive plugging robot is designed with a
protective shell. The buried pipeline leak self-adaptive
plugging robot consists of two self-adaptive plugging
robots connected by electromagnetic adsorption
modules, which can realize docking and separation
according to actual working conditions.

Table 1. Design index of the adaptive plugging robot for buried
pipeline leakage

nir%nt?ér Design indicators
1 Pipe diameter fitting range $140 mm to ¢160 mm
9 The radius of minimum curvature =550 mm
that can pass through the bend

3 Plugging pressure range 0.1 MPa

4 Walking speed in straight pipe 0.01 m/s to 0.04 m/s
5 Walking speed in curved pipe 0.005 m/s to 0.01 m/s
6 Drive unit mass m;<5Kkg

7 Drive unit length L; <300 mm

8 System traction F=20N

9 Mass of plugging unit my <5Kkg

10 Plug unit length L, <300 mm

The adaptive plugging robot comprises a drive
unit, a leak-plugging unit, and a control unit. The
driving unit is the power source of the whole system
and provides the driving force for the system; the
control components of the whole robot are integrated
into the control unit box; and the leakage plugging
unit is the working unit of the system, which can plug
and repair the leakage point. The parallel coupling
connects each unit into a whole, and the structure of
the self-adaptive plugging robot for buried pipeline
leakage is shown in Fig. 1. The pipeline robot can be
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Fig. 1. Structure diagram of a buried pipeline leak self-adaptive plugging robot

applied to pipeline leakage detection and intelligent
emergency treatment. In case of leakage, the leakage
point can be quickly blocked and repaired, and the
uninterrupted oil and gas transmission and leakage
port cannot be expanded. Only one is selected for
analysis because the main structures of the two
adaptive plugging robots are exactly the same.

1.2 Drive Unit

The drive unit adopts a closed design, as shown in
Fig. 2. It comprises a screwdriver mechanism, a drive
motor, and a supporting mechanism. The drive unit
adopts a screw-drive as the main transmission mode,
and the support mechanism adopts the telescopic
spring support. The drive motor provides torque for
the screw drive mechanism.

Screw drive
mechanism

Support

Drive motor :
mechanism

/
/

Fig. 2. Drive unit structure diagram

The components of the screw drive mechanism
include a fixed shell, a driving wheel, a wheel frame,
an angle steering gear, a wheel axle, a spring, a fixed
frame, and a protective shell, as shown in Fig. 3.

The shell of the screw drive mechanism is
composed of a fixed shell and a protective shell. The
fixed frame is connected with an adjustable angle
steering gear, a wheel frame, and a driving wheel.

The fixed housing is connected with the drive motor.
The fixed shell is connected with the drive motor.
‘When the drive motor rotates, the motor shaft drives
the fixed housing to rotate. At the same time, the
fixed shell can rotate the angle-adjusting steering
gear, wheel carrier and driving wheel. The driving
wheel is installed on the wheel frame, and the wheel
frame is fixedly connected with the steering gear
axis, so the steering gear can be used to control the
wheel frame deflection. The wheel frame limits the
position of the angle-adjusting steering gear in the
drive unit, and the wheel frame is designed to ensure
that the angle-adjusting steering gear can only move
up and down. A spring is installed on the bottom of
the angle-adjusting steering gear, and the spring is
used to connect the steering gear to the wheel frame.
The spring plays an adjustment role so that the driving
wheel and the steering gear can move up and down
with the expansion and contraction of the spring,
thereby completing the robot’s self-control adaptation.
The drive motor is the power core of the entire system
and provides torque for the drive unit.

Fixed shel
Fig. 3. Structural diagram of the screw drive mechanism

The supporting mechanism is composed of nine
parts: a supporting wheel, a supporting wheel frame,
an inner shell, a supporting wheel shaft, a connecting
rod, a spring fixing shell, a spring, an assembly shell,
and an outer shell, as shown in Fig. 4. The outer shell
structure of the supporting mechanism is composed
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of an inner shell and an outer shell, which guide the
direction of the supporting wheel. The lower end of
the connecting rod is connected with a spring, and
the upper end is connected with the supporting wheel
frame. The spring fixing shell restricts the connecting
rod in a circumferential direction so that it can only
move up and down. The inner shell is designed
with a notch that matches the outer structure of the
supporting wheel frame so that the supporting wheel
frame can only move up and down. The expansion
and contraction of the spring act on the support wheel
through the connecting rod so that it can expand and
contract within a certain range to enable the functions
of support and obstacle crossing. The two parts of the
screw drive mechanism and the support mechanism
work in coordination so that the entire robot can run
adaptively and smoothly in complex pipelines.

Suppo
wheel shaft

Support  Assembly
wheel shell

Fig. 4. Schematic diagram of support mechanism

1.3 Leak Plugging

The leakage plugging unit primarily comprises seven
parts: an electromagnetic adsorption plate, a fixed
ring, a plugging airbag, a drainage valve, a support
mechanism, an airbag support ring, a plugging layer,
and a repairing airbag. The overall structure is shown
in Fig. 5.

Repairing  Electromagnetic
adsorption plate

Support Plugging
mechanism layer

Drain  Plugging

valve air bag
Fig. 5. Schematic diagram of the leak-plugging unit

The plugging airbag and the repairing airbag are

installed on the airbag support ring, and the airbag

Air bag
support ring

Fixing ring

support ring has vent holes through which the airbag
can be inflated and deflated. When inflating the
repairing airbag, the plugging layer connected to the
outside of the airbag will be tightly pressed to the
leak point of the pipeline for plugging repair work. A
drainage valve is installed at both ends of the airbag.
When the drainage valve is opened, the medium in the
pipeline can pass through the leakage plugging unit
through the drainage valve, reducing the resistance to
the robot.

2 ANALYSIS OF ROBOT MOTION CHARACTERISTICS
2.1 Robot Traction Analysis

The driving unit provides power for the adaptive
pipeline plugging robot. The driving mode of the
driving unit is a screw drive. Assuming that the
working condition of the robot is ideal, there will be
no relative sliding between the driving wheel and the
pipe wall, and a force analysis is performed on one of
the driving wheels, as shown in Fig. 6.

a)

Fig. 6. Traction analysis model diagram;
a) vertical crawling analysis, and b) driving wheel force analysis

In Fig. 6a, V is the direction of movement of the
drive unit, S is the trajectory when the single wheel is
in spiral operation, N is the positive pressure between
the pipe and the drive wheel, and F is the upward
friction of the driving wheel of the driving unit under
the action of positive pressure. F, is the friction force
generated by the driving wheel in the direction of
the spiral movement, and f; is the dynamic friction
coefficient; then, F=f-N, and 6 is the deflection
angle of the driving wheel. When the drive unit spirals
forward in the pipeline, the traction force can be
expressed as Eq. (1):

F=3f-N-3F, -sinf. 1)

In Fig. 6b, the force of a single driving wheel in
the pipeline is analysed, and according to the static
balance equation > Fy =0, Eq. (2) is obtained:
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R r

This is simplified as Eq. (3):

LR+ fir

F,=N-
: 2R?

: (3)
where f, is the rolling friction coefficient of the
driving wheel in the pipeline, f; is the rolling friction
coefficient of the driving wheel on the axle, 7 is the
radius of the axle, and R is the radius of the driving
wheel.
Simultaneously solving Egs. (1) and (3) can solve
the driving force F, as shown in Eq. (4):
R+ fyr .
F=3N(ﬁ—%sm0j. o

2

According to Eq. (4), when the drive unit runs
in an ideal non-slippery pipe, the supporting force
provided by the pipe to the drive unit is constant.
In this case, the magnitude of traction force is only
affected by the deflection angle of the drive wheel,
and the relationship between the magnitude of traction
force and the sine value of the rotation angle of the
drive wheel is negatively correlated. In the range of 0°
to 90°, when the traction force needs to be increased
to complete the climb or pass obstacles in the system,
the driving force can be increased by reducing the
deflection angle of the drive wheel. To increase the
availability of the data, the angle range still needs
to be tested by experiment and simulation in the
subsequent process.

2.2 Analysis of the Robot’s Ability to Surmount Obstacles

A pipeline environment is complex, and obstacles
are unavoidable during the robot’s operation [32] and
[33]. When the adaptive plugging robot passes through
obstacles, the changes of speed and force between its
driving wheel and the whole robot are complex, and
many factors affect its motion. Constructing obstacle-
crossing equations from the main influencing factors
helps to improve the robot’s ability to operate in
the pipeline. There are many types of obstacles in
a pipeline, and a circular weld is set as the research
object here in [34] to [36]. The following is a force
analysis of the robot’s obstacle-crossing ability under
this working condition, as shown in Fig. 7.

obstacle obstacle

Fig. 7. Analysis diagram of driving wheel obstacle

When the robot crosses obstacles, point O is
assumed to be the geometric centre of the driving
wheel. The convex height of the welding seam is H.
Only when the height of the driving wheel lift is / can
the driving wheel pass the obstacle smoothly. When
the driving wheel touches the welding seam, it will
receive a reaction force N given to it by the welding
seam. The direction of the reaction force passes
through the geometric centre of the wheel. This is
the traction force F required by the driving wheel to
cross obstacles. The elastic force given by the variable
diameter spring on the driving wheel is F'g, the radius
of the driving wheel is 7, and the deflection angle of
the driving wheel when crossing the obstacle is 6.

The spring force acts as resistance when the drive
unit crosses the weld. To ensure that the drive unit
passes by the welding seam smoothly, the relationship
of Egs. (5) to (10) must be satisfied:

M=F-L>M,=F,-L, %)
T
= (6)
3(R—h)tan0
F, = F, +kn, (7
L=r+h—H, )
L =sinO\r’ —(r+h-H)*, 9)
7 9350P (10)
n

In Eq. (10), 7 is the motor torque and 7 the motor
speed. Incorporating Egs. (6) to (10) into Eq. (5)
solves Eq. (11):

9550P S F, +kh

3n(R—h)Wr* —(r+h—H)tan6-sind r+h—H

.(11)

In Eq. (11), P is the motor power, R is the inner
diameter of the pipe, F) is the spring preload, and £ is
the spring stiffness coefficient. According to Eq. (11),
during the process in which the driving unit crosses
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the welding seam, the spring is a standard part,
and the spring preload and stiffness coefficient are
only related to the properties of the selected spring.
The parameters do not change when the attribute is
determined, the pipe radius and the wheel’s radius do
not change, and the convex height of the welding seam
remains unchanged. Under this working condition, the
main factors that affect the obstacle passage of the
robot are the motor torque and the deflection angle of
the driving wheel.

During the obstacle-crossing operation of the
drive unit, when the steering gear deflection angle is
kept constant, the torque of the drive motor is reduced,
and the obstacle passing performance is improved.
This means that the motor speed can be reduced to
increase the obstacle-crossing ability of the drive unit.

When keeping the motor speed constant, the
deflection angle of the driving wheel can be adjusted
to change the obstacle-crossing ability of the robot.
tand increases monotonically in the range of 0° to
90°, and sind also increases monotonically in the 0°
to 90° interval, so tand-siné increases in this interval.
Therefore, the obstacle-climbing ability of the robot
can be improved to a certain extent by appropriately
reducing the deflection angle of the driving wheel.

When the supporting wheel crosses the welding
seam barrier, the driving wheel has already passed the
welding seam. The driving wheel provides traction
for the supporting wheel to pass the obstacle, and the
obstacle-crossing process of the supporting wheel is
analysed. The diagram for model analysis is shown
in Fig. 8. When the support wheel crosses the weld
seam, it will contact the weld seam. The contact point
is set as O;. The weld will give the support wheel a
corresponding support force N. The spring has a
vertical downward force Fg on the support wheel. The
friction between the support wheel and the pipe is FF,
and F is the traction force of the robot.

Fy

Fig. 8. Analysis diagram of the supporting
wheel obstacle-crossing process

For the support wheel to cross the weld smoothly,
the following conditions must be met, as shown in
Egs. (12) and (13):

> M(0,)=0, (12)

F-(R-H)+F,-H>F, R =(R-H)*. (13)

When the support wheel crosses the obstacle, the
friction force of the pipe on it is 0, which is brought
into Eq. (13) and simplified to obtain Eq. (14):

2 2
F>F —VR_(R_H) (14)
) R-H

According to Eq. (14), increasing the traction
force can improve the robot’s ability to cross the weld
seam during the obstacle course of the support wheel.
According to Eq. (6), when the deflection angle of
the driving wheel decreases, the traction force will
increase accordingly. According to Egs. (11) and (14),
when the deflection angle of the driving wheel is
constant, reducing the motor speed can also increase
traction.

In summary, when the robot crosses obstacles,
the main factors that affect the robot’s obstacle-
crossing performance are motor speed and driving
wheel deflection angle. During the work of the
adaptive pipeline plugging repair robot, the passing
performance of the robot at obstacles such as welds in
the pipe can be increased by reducing the motor speed
or reducing the deflection angle of the driving wheel.

3 SIMULATION ANALYSIS OF ROBOT DRIVER UNIT

3.1 Simulation Analysis of the Running Speed of the Drive
Unit in a Straight Pipeline

A dynamic simulation analysis is performed
with ADAMS software [37] and [38]. During the
simulation, when the driving unit is running in a
straight pipe, the deflection angle of the driving wheel
is adjusted by the angle-adjusting steering gear, and
the rotation angles of the three driving wheels need
to be consistent. The selection range of the deflection
angle is from 0° to 90°, every 5° is a sampling point,
and the motor speed is set to 30 r/min. The simulation
result is shown in Fig. 9.

When the deflection angle of the driving wheel
is from 5° to 45°, the speed of the drive unit increases
continuously. When the rotation angle is 45°, the
travel speed is the highest, and the speed is 0.051 m/s.
The speed increase gradually slows down from 30°
to 45° because of the side of the driving wheel. The
resistance to the pipeline will gradually increase, but
the driving force is still greater than the resistance.
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When the deflection angle is from 45° to 90°, the
speed decreases continuously and is unstable. Due to
the axial friction between the driving wheel and the
pipe, the speed of the drive wheel gradually decreases
within 45° to 90°. In this range, the resistance is
greater than the traction provided by axial motion,
resulting in a decrease in speed. When it is between
15° and 40°, the speed increases smoothly, and the
running effect is the best.
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Fig. 9. Simulation value of the running speed of the drive unit
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To meet the design requirements, the operating
speed of the robot should be within the range of 15° to
40°, and the actual operating index can also be higher
than the design index. From the speed simulation
diagram of the robot running in the straight pipe, it can
be seen that the running speed of the robot increases
with the increase of the deflection angle within a
certain range. Therefore, based on the simulation
results, it is better to adjust the deflection angle of
the robot driving wheel in the range of 15° to 40° in
the actual running process to reach a better working
condition.

3.2 Simulation Analysis of the Traction Force of the Driving
Unit Running in a Straight Pipeline

In the simulation analysis of the traction force
experienced by the drive unit in straight pipe
operation, it can be seen from the previous section
that it is better to set the deflection angle of the drive
wheel from 15° to 40° and simulate and fit the drive
wheel angle and the traction force. The simulation
diagram is shown in Fig. 10.

When the driving wheel angle of the driving unit
is set between 15° and 45°, the simulation diagram
shows that the relationship between the driving wheel
angle and the traction force of the robot is negatively
correlated. As the driving wheel angle increases,
the traction force gradually decreases. The reason is

that when the deflection angle increases, the axial
friction force of the driving body increases, resulting
in a smaller traction force along the pipe axis. When
the deflection angle is 45°, the traction force is less
than 20 N, which does not meet the actual design
requirements. Therefore, by comparing with the
deflection angle range obtained by simulation, it can
be seen that setting the working deflection angle of the
driving unit within the range from 15° to 40° has the
best effect.

52.5

IS
=)
T

Traction [N]
W
(=}
T

O 1 1 1 1
10 15 20 25 30 35 40 45 50

Drive wheel deflection angle [deg]

Fig. 10. Traction simulation diagram of traction robot

3.3 Simulation Analysis of Obstacle Surmounting Stability
of the Drive Unit

In this simulation process, the weld of the pipe is set to
3 mm. Set the speed of the spindle motor of the drive
unit to 30, and the range of deflection angle is from
15° to 40°. Taking the centroid of the driving unit as
the reference point, the stability of obstacle crossing
is judged by analysing the offset displacement of
the centroid on the y-axis. Take points every 5° as a
simulation value from the moment that the driving
wheel contacts the weld to when the rear wheel
completely leaves the weld. Starting from the driving
wheel just contacting the weld, adjust the deflection
angle of the driving wheel to 15°, and carry out a
simulation to obtain the centroid offset displacement
of the robot. Then, add 5° each time. The deflection
angles of the driving wheel are selected as 20°, 25°,
30°, 35°, and 40° respectively for simulation. The
simulation diagram is shown in Fig. 11.

Fig. 11 is analysed; Fig. 1la shows a running
diagram with a deflection angle of 15° and a speed of
30 r/min. It can be seen that the y-axis displacement
slowly climbs within 1 second to 1.7 seconds. In
addition, Figs. 11b to f show all the crossed obstacles
from 1 second to 1.5 seconds. The reason for the
analysis is that under this working condition, the
traction robot has too small a driving wheel deflection
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Fig. 11. Simulation diagram of obstacle-crossing stability of traction robot with different rotation angles at the same speed 30 r/min;
a) 15 deg, b) 20 deg, c¢) 25 deg, d) 30 deg, e) 35 deg, f) 40 deg

angle, the wheel rim and the welding seam have large
circumferential friction, and the axial traction is small.
Although this approach can continuously improve the
position of the centre of mass of the robot, it can never
pass the welding seam. Therefore, it can be judged
that the traction robot cannot cross the welding seam
when the driving wheel angle is 15° and can pass
the welding seam at 20° to 40°. Then, the obstacle-
crossing stability is analysed when the driving wheel
angle is 20° to 40°. It can be seen in the figure that
as the deflection angle of the driving wheel increases,
the fluctuation amount also increases, and the stability
of obstacle crossing continues to deteriorate. When
the deflection angle of the driving wheel is 20°, the
obstacle crossing is the most stable.

3.4 Simulation Analysis of the Maximum Obstacle
Surmounting Height of the Driving Unit

The internal environment of a pipeline is complex and
diverse. When the drive unit traverses the pipeline,
it may need to cross obstacles of different heights
[39] and [40]. In the analysis of the previous section,
we use a weld of 3 mm as an obstacle condition for
analysis. By adjusting the deflection angle of the
driving wheel, it is found that the driving unit can pass
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through the weld smoothly. This simulation takes a
150 mm pipeline as the object and sets the height of
the weld to 5 mm for analysis to test the passability of
the robot. The drive unit parameters are set as follows:
the deflection angle of the drive wheel is 20°, and the
motor speed is 30 r/min. The simulation is carried out
when the driving wheel crosses the 5 mm weld seam,
and the simulation result is shown in Fig. 12.
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Fig. 12. Simulation diagram of driving unit by 5 mm weld

The process of crossing obstacles takes 1.5 s
to 2.5 s. At this time, the spring is compressed and
contracted, and the drive wheel shifts upward. The
upward displacement of the driving wheel during the
obstacle course is approximately 5.5 mm. Because the
robot can be designed to meet the diameter change
in the range of 20 mm, the drive unit can pass the 5
mm weld under this working condition to meet the
design requirements. Second, under the condition that
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Fig. 13. Simulation diagram of the driving unit through a) 6 mm, and b) 7. mm welds
the parameter setting is unchanged and the working plugging robots was 3.5 kg, the overall mass of the
conditions are the same, the weld height is set to 6 mm two sets of robots was 7 kg, the length of the drive unit
and 7 mm. Under these two conditions, a simulation was 230 mm, the length of a single adaptive plugging
analysis of the drive unit’s passability is performed. robot was 765 mm, and the length of the combined
The simulation diagram is shown in Fig. 13. robot was 1530 mm. The control unit mainly controls
It can be seen in Fig. 13a that when the drive unit the steering gear of the driving wheel, the motor, the
passes through the 6 mm weld seam, the maximum drainage valve, the airbag deflation valve and the
displacement of the drive wheel is 6.5 mm. Therefore, airbag inflator.
the drive unit can pass the 6 mm weld seam smoothly. The results of a speed test for the prototype are
It can be seen in Fig. 13b that when the drive unit shown in Fig. 15. It can be seen in the figure that
passes through the 7 mm weld seam, the maximum the running speed curve of the prototype obtained
offset displacement cannot exceed 7 mm. Combined during the test is roughly the same as the curve of the
with the simulation, it can be seen that the 7 mm weld simulation analysis, but the result of the simulation
seam jams the drive unit driving wheel, and the drive analysis is always greater than the experimental result.

body continues to rotate after being jammed, causing
the displacement of the driving wheel to perform
periodic motion under the action of spring force and
gravity.

From the above analysis, it can be concluded that
the maximum obstacle-crossing height that the drive
unit can pass smoothly is 6 mm, which meets the
design requirements.
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A prototype of an adaptive plugging robot for buried
pipeline leakage is manufactured and assembled in
full accordance with the above design requirements,
as shown in Fig. 14.

Drive wheel deflection angle [deg]
Fig. 15. Comparison of running speed of test prototype

It can be seen from the operating speed
comparison chart that when the deflection angle
is between 5° and 45°, the deflection angle of the
drive wheel gradually increases, and the speed
of the prototype also increases. The speed of the

Adaptive Leakage Control Drive unit prototype reaches its peak at 45°, and the peak speed

plugging robot plugging unit unit is approximately 0.039 m/s. This result also meets the
Fig. 14. Prototype of an adaptive plugging robot design requirements.

for buried pipeline leakage When testing the traction force of the prototype,

it is necessary to use a spring dynamometer for

The mass of the driving unit was measured to measurement. The spindle speed of the drive unit is set

obtain 1.3 kg, the total mass of a single set of adaptive to 30 r/min, the drive wheel angle is set to 15° to 45°
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in turn, the system is started, and the drive unit drags
the leakage plugging unit and the control unit forward
until it is completely pulled by the dynamometer,
which reads the dynamometer and indicates the
number. The comparison between the experimental
result and the simulation is shown in Fig. 16.
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Fig. 16. Comparison diagram of driving force test of prototype

Comparing the simulation results with the
experimental results, it can be concluded that the
trends of the two curves are roughly the same, which
proves the correctness of the simulation results. It
can be seen in Fig. 16. that the experimental value is
always lower than the simulation value. The reason
for this phenomenon is that the simulation is moving
under ideal conditions, and the design and installation
of the experimental prototype and the experimental
environment will have certain accuracy errors. After
the deflection angle of the drive wheel is greater
than 20°, the gap between the simulation results and
the experimental results is larger than before, mainly
because as the speed continues to increase, the
impact of the assembly accuracy of the drive system
on the operating state gradually appears. When the
deflection angle is 35°, the traction force is 20 N,
which is the most basic requirement of the design. In
the simulation analysis, 20 N is reached at 40°. The
assembly accuracy of the prototype has a significant
impact on its specific operating state. Therefore, based
on the original simulation conclusions, the upper limit
of deflection angle during stable operation of the
system shall be further reduced from 40° to 35°. The
lower limit of deflection angle during stable operation
of the system is 20°.

The obstacle-crossing ability test of the prototype
adopts the driving unit test method. The obstacle-
crossing ability test is carried out in a 2000 mm
straight pipe. Several rubber sealing rings are bound
and bonded on the inner wall of the pipeline to

simulate obstacles, and the main protrusion heights
are 5 mm, 6 mm, and 7 mm, respectively. Because the
friction coefficient between the outer surface of the
rubber seal ring and the inner wall of the experimental
pipe is almost the same, the simulation as an obstacle
is close to the real obstacle. The simulation results
show that the drive unit can pass by 6 mm welds, so
the test directly simulates 5 mm, 6 mm, and 7 mm
welds to test the possibility of the prototype. The
experimental environment is shown in Fig. 17.

Master Obstacle Control  Plugging Control
station simulation panel robot system
Fig. 17. Test diagram of the obstacle-crossing ability
of the test prototype

The results of the prototype’s obstacle-crossing
capability are shown in Table 2.

An analysis of Table 2. shows that when the
driving wheel rotation angle is set to 15°, the angle
formed between the outer surface of the driving wheel
and the obstacle is too small, which results in slipping
and an inability to cross the obstacle. Therefore, 20°
is the minimum passing angle when the driving wheel
crosses the obstacle, which is consistent with the
simulation results. When the driving wheel angle of
the prototype is 20°, it can pass 6 mm obstacles but
cannot pass 7 mm obstacles.

Table 2. Obstacle clearance results for prototype

Height 5mm 6 mm 7 mm
Angle
15° Unpassable Unpassable Unpassable
20° Accessible Accessible Unpassable
25° Accessible Accessible Unpassable
30° Accessible muIiJi;T: :Ltg(rjl ng Unpassable
35° Accessible Unpassable Unpassable

Although 25° can pass 6 mm obstacles, the
exercise state is not good and cannot pass 7 mm
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obstacles. At 30°, the drive unit has difficulty passing
the 6 mm obstacle. When the running speed increases,
the manufacturing accuracy and installation accuracy
of parts are low due to the assembly process of the
prototype. The vibration and centroid fluctuation
of the prototype robot for adaptive plugging and
repairing pipeline are large, which reduce the ability
to overcome obstacles. The camera shakes more
severely at 35° and cannot pass 6 mm obstacles.

In the simulation results, when the prototype
passes through the welding seam, the driving wheel
deflection angle is set to 20°, and when the motor
speed is 30 r/min, the maximum obstacle height that
can be passed is 6 mm. The experiment is consistent
with the simulation results.

5 CONCLUSIONS

(1) To meet the design requirements, the robot uses
a multi-body distributed structure in which
each unit is connected in series. The main body
connects two sets of adaptive plugging robots
with electromagnetic adsorption modules. The
self-adaptive plugging robot is composed of a
drive unit, a control unit, and a leak-plugging
unit, and each unit is connected by a parallel
coupling. The drive unit adopts the driving form
of a motor drive and spiral travel, incorporates
the expansion and contraction of the spring to
match the diameter, and uses a corrugated airbag
to complete the plugging.

(2) Through an analysis of the obstacle-crossing
mechanism of the robot, it is concluded that
reducing the rotational speed of the motor or
reducing the deflection angle of the driving wheel
can increase the passing performance of the robot
at obstacles such as welds in the pipe.

(3) Aprototype is assembled, and related experiments
are conducted to determine that the overall
structure of the prototype meets the design
requirements. The traction force and obstacle-
crossing ability of the prototype are verified
experimentally. The results show that the running
index meets the design requirements when the
driving wheel deflection angle is set at 20° to
35°. The deflection angle of the driving wheel is
in this range; the smaller the angle is, the better
the running effect is, and the best running angle
is 20°. Under the best operating conditions, the
maximum obstacle height of the prototype is 6
mm.

(4) The design of the buried pipeline leakage self-
adaptive plugging robot provides an important

reference for the research and development
of equipment in the field of pipeline leakage
emergency prevention and control.
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