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ABSTRACT To repair leaking pipelines for oil, natural gas and other dangerous media, a kind of pipeline
sealing robot is proposed. The device is mainly divided into a robot drive unit, connection unit, and blocking
unit. The robot drive unit is used to pull the blocking unit, allowing it to move in the pipeline. The connection
unit is used to connect the robot drive unit and the blocking unit. The blocking unit is used to complete the
repair at the leakage point. When the robot operates, the drive unit drags the blocking device to the pipeline
leakage location, and the front camera can detect the size and shape of the leakage hole. The sealing unit is
located at the leakage point, an airbag is inflated, and the adhesive in it is used to seal and repair the leak.
Two performance indices (climbing performance and curve passing performance) are evaluated when the
robot drive unit is walking. A 3D model of the robot is established, and the performance index of the robot is
simulated and analyzed using virtual prototype technology. An experimental platform is built for verification.
The conclusions are as follows: (1) A spring with a 13 N/mm rigidity yielded the best performance, and the
robot could crawl up a 37° slope. (2) When the deflection angle of the driving wheel was set to 30°, the robot
could smoothly pass a bend with a radius of curvature of 500 mm. Thus, the robot performance met the design

requirements.

INDEX TERMS Pipeline plugging robots, passing ability, climbing performance, ADAMS.

I. INTRODUCTION

With the widespread application of fluid energy [1], such as
oil and natural gas [2], pipeline transportation has become
an increasingly important energy transportation method [3].
In addition, pipelines also play an important role in urban
water transport [4]. With the large-scale development of
pipeline engineering [5], the service lives of pipelines have
been prolonged [6], and accidents caused by human dam-
age, media corrosion, and other factors leading to pipeline
leakage have increased annually [7]. Once leakage occurs,
a large-scale dangerous chemical spill can easily occur [8],
which not only causes property loss, but also significantly
threatens human lives and safety [9].
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Traditional pipeline leak detection uses a random extrac-
tion method, which has a high degree of uncertainty [10],
as there are toxic and harmful gases in the pipeline [11].
It is difficult to manually complete pipeline detection and
plugging repair tasks [12]. Thus, pipeline robots are increas-
ingly favored by scientific researchers [13], engineers, and
technical personnel. Many scholars have also begun to study
suitable plugging repair methods for different pipeline leak-
age scenarios to repair pipelines quickly, efficiently, and
safely [14].

Existing pipeline robots are classified as fluid-driven,
wheeled, crawler-type, driving-type, peristaltic, and spiral-
driven types according to their motion modes and mechanical
structures. A pipeline inspection gauge (PIG) is a kind of
driven robot without its own power input [15]. Its power is
derived from the pressure difference of the fluid medium
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TABLE 1. Advantages and disadvantages of different driving methods.

Motion modes | Fluid-driven Wheeled Crawler-type | Driving-type Peristaltic Spiral-driven
o Simple mechanism
) Large driving o
. Simple Strong large driving force
Simple ) ) force, can )
structure, easy | barrier-crossi Simple easy to control,
structure, o complete
Advantages ) to control, ng ability, structure and speed, large load
high o ; complex ) ) o
large driving | good motion ) light weight capacity high
endurance movements in T
force performance positioning
tube
accuracy
Only suitable
Poor Unstable . for pipes with
. Complex Complicated
controllabili energy ) . small
mechanism, | drive system, ) .
. ty, poor supply . . diameters, Weak ability to
Disadvantages - difficult to high cost
ability to small battery . unable to cross obstacles
) ) control, poor difficult to
Cross capacity slips o pass through
] flexibility control speed
obstacles easily bent and
inclined pipes

at both ends of the equipment, and it moves against fric-
tion [16]. PIGs have simple structures and high endurance
properties [17]. However, they have the disadvantages of poor
controllability and weak obstacle surmounting abilities [18].
Ho Moon Kim ez al. [19], a scholar at Sungkyunkwan Uni-
versity in South Korea, proposed a wheeled in-tube robot
based on a multi-axis differential gear mechanism, called
MRINSPECT VII. This robot had a simple structure and
was easy to control, but the power source capacity was
small and the robot could easily slip. Nagase et al. [20],
a scholar at Ryukoku University in Japan developed a cylin-
drical elastic crawler robot for pipeline inspection [21]. This
extremely simple structure had a unique steering mecha-
nism, which enabled the robot to perform well in verti-
cal pipelines, curved corners, and uneven narrow pipeline
areas [22]. The Andreas Zagler team at the Munich University
of Technology in Germany developed a walking pipeline
robot named MORITZ. This robot could complete com-
plex movements, but its body drive system was too com-
plicated, the cost was high, and the speed was difficult to
control [23]. Yuki et al. [24], a scholar from Chuo University
of Japan designed a peristaltic robot for underwater pipeline
inspection [25] and studied its control system for contraction
forces [26]. Kamata et al. [27] developed a pneumatic peri-
staltic pipe robot for long-distance pipe inspection, but this
robot could not pass elbows or straight tubes with inclination
angles. By comparing the advantages and disadvantages of
the different movement methods shown in Table 1 and con-
sidering the complex working environment of the plugging
and repairing robot designed in this study, we selected the
spiral driven type robot [28].
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At present, few scholars have simultaneously studied
pipeline inspection and plugging repair. Based on existing
conditions, a pipe sealing robot was developed in this study
that can complete the inspection and repair of small holes,
cracks, and other defects in pipes with inner diameters
of 200 mm. The device can pass through a curved pipe
smoothly because the walking unit of the device contains
a spring, and the expansion and contraction of the spring
ensures that the wheels are in close contact with the pipe
wall. The climbing performance and bendability of the robot
are primarily examined in this article. The rationality and
superiority of the robot design was verified.

Il. STRUCTURAL DESIGN OF PLUGGING

ROBOT IN PIPELINE

The designed robot mainly operates in a pipeline with a dan-
gerous medium such as oil and gas, and its working environ-
ment is complex. Therefore, the performance requirements of
the robot are relatively high [29], mainly including climbing
and curve passing [30].

A. DESIGN REQUIREMENTS OF PLUGGING

ROBOT IN PIPELINE

The in-pipe plugging robot designed in this study mainly
performs emergency treatment and disposal of the leaking
pipeline to complete the repairing function. The plugging
robot in the pipeline mainly includes a robot drive unit and
a plugging unit. The technical requirements that the overall
system must meet when completing the structural design are
shown in Table 2.
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TABLE 2. Technical requirements for plugging robots in pipelines.

Project Index
Pipe Diameter Range 180210 mm
Slope Climbing Capability Not less than 30°
Driving Speed in Straight Tube v >3 m/min
Tractive Force F>30N
Radius of Curvature £>500 mm
Total Length of Pluggmg Robot in <600 mm
Pipeline
Total Weight of l?lug_gmg Robot in m<10 kg
Pipeline
Effective Plugging Pressure 1 MPa

B. OVERALL STRUCTURE OF PLUGGING

ROBOT IN PIPELINE

To increase the robot’s ability to adapt to bends, the overall
structure is designed in a modular series. This mainly includes
a robot drive unit, a connection unit, and a plugging unit.
The overall structure is shown in Figure 1. A robot drive
unit can connect several plugging units in series through the
connection unit to realize the multi-point discrete plugging of
a leaking pipeline, thereby increasing the plugging area and
enhancing the overall plugging reliability.

Robot Unit Connection Unit Plugging Unit

B~

2200mm

- 25mm | 244mm
595mm

FIGURE 1. Overall structure of the plugging robot in the pipeline.

1) ROBOT DRIVE UNIT DESIGN

For a plugging robot in a pipeline, the robot drive unit mainly
provides power for operation within the pipeline. Based on
the design requirements, the robot must operate smoothly
in a complex pipeline environment, which creates higher
requirements for the robot drive unit, such as sufficient trac-
tion, strong environmental adaptability, and suitable driving
speeds. Therefore, a reasonable design of the robot drive unit
is key for improving the performance of the plugging robot
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in the pipeline, and it is also the focus of the entire device
design.

Front Drive Mechanism

FIGURE 2. Robot drive unit of the structure diagram.

The robot drive unit includes a front drive mechanism,
a motor, and a rear support mechanism. The overall structure
is shown in Figure 2. The front driving mechanism adopts a
spiral-driving walking method, and the rear supporting part
adopts a spring supporting method.

a: STRUCTURAL DESIGN OF FRONT DRIVE MECHANISM
The servos can control the deflection of the wheel frame,
thereby controlling the deflection angle of the driving wheel.
The front drive mechanism is mainly composed of a driv-
ing frame, steering gear cover, steering gear, driving wheel,
wheel frame, and spring. It is the power output component
of the entire robot, and it drives the steering gear, steering
gear shield, and wheel frame to perform circular rotation.
The driving frame is the supporting structure of the overall
driving mechanism. The steering gear cover is mainly used
to protect the steering gear and prevent wear and damage due
to the direct contact between the steering gear and the driving
frame. The steering gear is installed inside the steering gear
protective cover, which can ensure the rigid connection of
the driving wheel and the steering gear protective cover. The
steering gear is connected to the wheel frame, which can con-
trol the deflection of the wheel frame and thus the deflection
angle of the driving wheel. The structure of the front drive
mechanism directly affects the robot’s capabilities, such as its
traction and bendability. The steering gear is installed inside
the steering gear protective cover, which can ensure the rigid
connection of the driving wheel and the steering gear protec-
tive cover. The front drive mechanism adopts a spiral drive
walking mode, and the structure diagram is shown in Figure 3.
The spring is used to assist the robot to adapt to pipes of
different pipe diameters. The designed front drive mechanism
can adapt to a pipe diameter range of 180 — 210 mm.

b: MOTOR COMPONENT

The motor component is mainly composed of the connecting
front plate, connecting rear plate, connecting pipe, and motor.
The front and back plates are fastened by screws to the
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Wheel Frame

Springs Servos

Servo Shields

FIGURE 3. Structural diagram of the front drive mechanism.

connecting pipe, which supports and protects the motor, and
the entire unit can also provide an explosion-proof function.

Rear Connection Panel

FIGURE 4. Structure of the motor.

The motor is used as the power input of the entire robot.
Considering that the plugging device must be connected,
and a certain load capacity is required, a 775 DC geared
motor was pre-selected. The structure of the motor is shown
in Figure 4.

¢: STRUCTURAL DESIGN OF REAR SUPPORT MECHANISM
The rear support mechanism is composed of an elastic arm,
spring, support frame, sleeve, sleeve cover, wheel frame, and
support wheel. During operation, it cooperates with the front
drive mechanism to support and adapt to different pipeline
environments. The back-support mechanism uses a spring
support with a simple structure and strong applicability. The
overall structure is shown in Figure 5.

2) CONNECTION UNIT DESIGN

The function of the connection unit is to flexibly connect
the robot drive unit and the plugging unit so that the robot
can smoothly pass through the turning point of the pipeline.
Meanwhile, the connection unit must ensure that during the
turning of the entire robot, problems such as interference of
various parts cannot occur. After screening and comparison,
the connection scheme selected was a universal connection.
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FIGURE 5. Structure of the rear support mechanism.

The joint mechanism of the connecting unit does not involve
relative rotation, so the number of degrees of freedom of the
joint mechanism of the connection unit is 2.

3) PLUGGING UNIT DESIGN

The plugging unit includes the rear support mechanism and
the plugging mechanism, which are the key operating parts of
the robot when performing the plugging task. It mainly aims
to repair leaks, such as small holes or cracks, that may occur
during long-term service of a pipeline. The overall structure
of the plugging unit is shown in Figure 6. The back-support
mechanism is the same as the back-support mechanism of
the robot drive unit. The plugging mechanism uses a double
airbag plugging method, which has the advantages of a wide
plugging area, strong adaptability, and a fast response speed.

Blocking Mechanism

Rear Support Mechanism

FIGURE 6. Schematic diagram of the overall structure of the plugging unit.

The plugging mechanism is composed of a solenoid valve,
end cap, quick-plug inflation interface, support ring, plug-
ging airbag, and fixed ring. The overall structure is shown
in Figure 7. The end cap is provided with a diversion port
and a quick-plug inflation interface, and a solenoid valve is
connected to the diversion port. The role of the solenoid valve
is to control the opening and closing of the diversion port.
Controlling the solenoid valve to open the diversion port can
reduce the resistance of the fluid medium to the blocking unit
when the robot drives in the liquid pipe. The plugging airbag
is sleeved on a fixing ring, the plugging airbag equipped
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FIGURE 7. Schematic diagram of the overall structure of the plugging
mechanism.

with the fixing ring is installed on the support ring, and the
end cap is tightly closed to complete the installation of the
plugging airbag. At the same time, the robot is equipped
with an automatic inflation device, which is connected to a
rapid inflation interface. When blocking is required, the host
computer controls the start button to complete the inflation
and blocking. When a single point leak occurs in the pipeline,
a robot can be used to plug it, and the sealing air bag can
be inflated to fully fit the leakage point of the pipeline wall
for plugging. At the same time, the solenoid valve opens the
diversion port, so that the fluid in the pipeline can continue
to flow through the diversion port. When the pipeline leak or
damage is severe, two sets of robots and plugging devices are
operated simultaneously. The cover layers of the two sets of
plugging airbags are pressed on both ends of the pipe wall
rupture, so that the fluid medium between the two sets of
plugging devices forms an isolated space, and then the broken
pipe is cut for replacement.

Ill. KINEMATIC ANALYSIS OF PLUGGING

ROBOT IN PIPELINE

The analysis of the motion characteristics of the pipeline
robot involves two tasks: the first is the representation of the
motion equation of the pipeline robot in the process of walk-
ing, i.e., forward kinematic analysis, and the second is the
solution of the motion equation of pipeline robot, i.e., inverse
kinematic analysis. In this paper, the analysis of the motion
characteristics of the pipeline robot belongs to the first kind of
problem. The Denavit-Hartenberg D-H method is used [31],
which is a coordinate conversion method. It mainly analyzes
the motion characteristics of the pipeline robot when walking
in two different pipelines: straight and curved [32].

A. ANALYSIS OF MOTION CHARACTERISTICS OF
PLUGGING ROBOT IN STRAIGHT PIPELINE

Straight pipes are the main components of pipelines, and they
are also the most basic type of oil and gas pipeline [33].
The analysis of the kinematics of a robot in a straight pipe
is the most basic and necessary task. The driving state of
the proposed robot in a straight pipe is shown in Figure 8.
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FIGURE 8. Schematic diagram of the robot driving in a straight pipe.

The influence of the robot’s own weight on the deviation of its
central trajectory is ignored, and it is assumed that the contact
statuses of all the wheels and the pipe wall are the same. The
following parameters are defined:

R is the radius of the straight pipe, r is the radius of the
inner plugging robot wheel, « ’ is the speed of the drive frame
(motor speed), and 6 is the deflection angle of the drive wheel.

FIGURE 9. Rotation angle representation of the drive frame.

To study the motion state of the robot in a straight pipe,
a coordinate system was established in the driving schematic
diagram shown in Figure 8. {O} is the global coordinate
system, which is established on the ground, and the central
axis of the robot is the Z axis in {O}. {O} is the dynamic
coordinate system on the robot drive frame. Its origin is the
intersection of the plane formed by the central axis of the
pipe and the centerline of the three servo shafts in the drive
frame. The origin is represented in {O} as (0 0 z)7. The Z;
axis is collinear with the Z axis in the global coordinates,
and the Y axis is collinear with the centerline of the output
shaft of servo I. The XY plane in {O} rotates around the
Z axis in {O}, and the rotation angle is denoted as « (the
angle between the X; and X axes is denoted as o). As shown
in Figure 9, o ’ can represent the rotation speed of the driving
frame, that is, the rotation speed of the motor. {O} is the
dynamic coordinate system on the geometric center of the
driving wheel of the robot, and its origin is expressed as
(OR-r O)T in {O1}. Its Y axis is collinear with the Y| axis
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FIGURE 10. Driving wheel deflection angle representation.

of {O7 }, and the Z; axis is perpendicular to the radial center
plane of driving wheel I. The deflection angle of the Z, axis in
{O,} relative to the Z axis of {O1} is 8 (the deflection angle
of the driving wheel of the robot), as shown in Figure 10.

Different reference coordinate systems are set in differ-
ent regions based on the movement of the robot, and each
reference coordinate system can be converted to the others.
The coordinate conversion method is used to convert each
reference coordinate system into a matrix coordinate system.
The specific expression is as follows:

[cosa¢ —sine 0 0

0 | sine  cosa O O

=10 0 1 z M
| 0 0 0 1
[ cos® 0 sind 0

1 _ 0 1 0 R—r

o7 =] _ sinf 0 cosf 0 @)
0 0 0 1

The contact between the driving wheel and the inner wall
of the pipe is assumed to be a point contact, and the contact
point between driving wheel I and the inner wall of the pipe is
set to P. The point P in the {O;} dynamic coordinate system
is expressed as follows:

=0 r 0) 3)

According to the coordinate transformation relationship,
the contact point P is expressed in {O} as follows:

OP ZP
)=t ] @

Substituting the above formulas into Equation (4) gives the
following:

—Rsina
Rcosa &)
Z

0p _

Assuming that the driving wheel of the robot does not
slide axially during the spiral advancing process, the speed
projection of driving wheel I in the Z, axis direction is 0,
which is expressed as follows:

0p' Oez, =0 (6)
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The direction vector of the Z; axis in {O3} is expressed as
follows:

2epn=[0 0 1] )

The direction vector of the Z, axis in {O,} is expressed in
{O} as follows:

Oz, = "RIR%e, 8)

In these equations, (1)R and éR are expressed as follows:

cose —sina O
?R = | sin«a coso 0 O]
| 0 0 1
[ cos6 0 sinf
IR = 0 1 0 (10)
| —sind 0 cos0

Substituting Equations (9) and (10) into Equation (8) gives
the following:

cosa sinf
Oezz = | sinasin® (11)
cosf
which in turn yields
7 = Ro'tané (12)

The analysis shows that when the robot walks in a straight
pipe, its motion characteristics obey the following rules:

(1) The deflection angle of each driving wheel must be kept
the same.

(2) Because the deflection angle of the driving wheel is
generally between 0° and 90°, the tangent value of the deflec-
tion angle is always a positive value. Thus, the velocity of
the robot motion is only related to the velocity of the drive
frame, i.e., it is related to the forward and reverse rotation of
the motor.

(3) The speed is related to the rotation speed of the drive
frame and the deflection angle of the drive wheel, which is
tangentially proportional to the deflection angle of the drive
wheel and proportional to the rotation speed of the drive
frame (motor speed).

Integrating Equation (12) over time and replacing it with
Equation (5) yields the following:

—Rsina
Rcosa (13)
Ra tan 6

OP=

Using Equation (13), the walking trajectory equation of the
robot in the straight pipe can be obtained, and the walking
trajectory of the robot is shown in Figure 11 (the diameter of
the pipe was set to 200 mm and the deflection angle of the
driving wheel was set to 25 °).
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FIGURE 11. Driving trajectory of wheel I in a straight pipe.

B. ANALYSIS OF MOTION CHARACTERISTICS OF
PLUGGING ROBOT INSIDE BENT PIPE

Elbow joints are the main connection component for turns
when laying oil and gas pipelines, and they are also unavoid-
able obstacles during the driving process of a sealing robot
in a pipeline. This paper mainly examines the passing perfor-
mance of the robot in a curved pipe with a 500 mm radius of
curvature.

FIGURE 12. Schematic diagram of the robot driving in a curved pipe.

The driving process of the robot in the curved pipe is shown
in Figure 12. The parameters used are basically the same as
those described above. The radius of curvature of the curved
pipe was set to p.

To study the motion state of the robot in the curved pipe,
a coordinate system is established in Figure 12. {O} is the
global coordinate system established on the ground, and its
origin is the center of curvature of the bend. During the turn-
ing process, the robot rotates around the Z axis in {O}. {O1}
is the dynamic coordinate system of the geometric center of
the robot, whose origin can be expressed as (p sin Bpcosp 0)
in {O}, and B is the steering angle of the robot. {O;} is the
dynamic coordinate system on the drive frame. Its origin is
at the intersection of the plane formed by the central axis of
the robot and the centerline of the output shafts of the three
servos in the drive frame. It is represented as (00 z)” in {0 }.
The Z, axis coincides with the Z; axis of {O;}, and the Y,
axis coincides with the centerline of the rotation axis of the
servo. The XY, plane of {O;} rotates around the Z; axis
of {O1}, and the rotation angle is o, where « ’ can represent
the drive speed of the rack. {O3} is the dynamic coordinate
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system on the center of the driving wheel, and its origin can be
expressed as (0'y 0)7 in {O,}, whose Y3 axis coincides with
the Y, axis in {O }. The Y5 axis deflection angle in {O, } is 6
(the deflection angle of the drive wheel set by the robot when
turning).

The transformation between different coordinate systems
is described in the form of a matrix, which is described as
follows:

[cosp —sinp 0 psing

0 _ | sinp cos B 0 pcosp

i 0 1 0 (14)
o0 0o 0 1
[cosa —sina 0 0

1 _ | sina cos o 0 0

o7 = 0 0 1 z (15)
0 0o 0 1
[ cos@ 0 sinf® O

P Y T Y B

3T=1 _sn6 0 cos6 0 (16)
0 0 0 1

It is assumed that each of the driving wheels is in contact
with the tube wall during the driving process, and the contact
form is point contact. The contact point between the driving
wheel and the inner wall of the tube is denoted as P, and the
point P in {O3} is expressed as follows:

3Sp=0 r 0 (17)

Yy | 0@

FIGURE 13. Mechanical analysis of the robot through the curved pipe.

The following is a qualitative analysis of the robot’s turning
characteristics from the perspective of analytic geometry. The
movement of each drive wheel during the robot’s turning
process is shown in Figure 13, as shown in the mechanical
analysis diagram when the robot passes through the bend.
The curvature center of the bend is not in the plane where
the centerline of the output rotation axis of the three drive
wheels of the robot is located, indicating that the contact
condition of each wheel and the bend is inconsistent during
the robot’s turning process. In addition, the robot’s turning
diagram shows that the driving wheels rotate at different
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speeds around the z-axis of the global coordinate system.
In the turning stroke of the inner blocking robot, the bending
speed components of each driving wheel have the following
relationship:

vi:v:v3i=R|:Ry:R;3 (18)

R, Ry, and R3 are constantly changing during the turning
of the robot, and R; #R, #Rs. Thus, the speeds of the
driving wheels of the robot during turning are not equal, and
the driving speeds of the driving wheels near the center of
curvature of the curved pipe are slow.

According to the above analysis, the movement charac-
teristics of the robot during the turning process obey the
following rules:

(1) The speed of each driving wheel is different. The speed
near the inside of the curved pipe is smaller than the outside
speed, and the speed of each driving wheel undergoes the
same periodic variation.

(2) In the process of turning, the robot needs to ensure that
each wheel contacts the inner wall of the pipeline at the same
time to prevent slipping as much as possible. This requires
each wheel to have a certain adaptive ability.

The specific process of each turn is different, but the
characteristics are the same throughout the turn. The driving
wheel is the entry point for each process. It is assumed that
the driving wheel is always in contact with the inner wall of
the elbow during the turning process, and the contact point
is denoted as P. The representation of point P in {O} is as
follows:

Ro tan 6
(o + Rcosa) cos —

0
— Ro tan 6
P = (,0+Rcosa)sinﬂ (19)
0

Rsin«

where p is the radius of curvature of the curved pipe, R is the
inner radius of the pipeline, « is the corner of the drive frame,
and 0 is the deflection angle of the drive wheel.

Pipe Diameter(mm)

Curvature Radius(mm)

Curvature Radius(mm)

FIGURE 14. Walking path of driving wheel I during the turn.

Using Equation (19), the walking path equation of the robot
in the elbow can be obtained, an example path is shown
in Figure 14 (the diameter of the pipe was set as 200 mm,
the radius of curvature was 500 mm, and the deflection angle
of the driving wheel was 25°).
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Through the analysis of the two main motion states of
the pipeline robot, it was found that the factors affecting its
passing performance are the deflection angle of the driving
wheel and the rotation speed of the driving frame. The speed
of the driving frame can be controlled by the motor, and the
deflection angle of the driving wheel is controlled by the
servo steering gear.

IV. IN-PIPE PLUGGING ROBOT ANALYSIS

A. ESTABLISHMENT OF SIMULATION MODEL AND
PARAMETER SETTING

The simulation analysis of the plugging robot in the pipeline
was mainly performed using virtual prototype technology to
simulate and measure the performance indicators and evalu-
ate the rationality of the robot model design [34].

A three-dimensional model of the robot was built using
the Solidworks software. To shorten the simulation time and
reduce the interactions of the various components in the
simulation software, the motor unit and the rear support frame
were integrated as a single part. Furthermore, the steering
gear, steering gear cover, and wheel frame of the driving
wheel were integrated, and the rear support arm and the wheel
frame supporting the wheel were integrated. The established
model was exported and imported into ADAMS, and the
motion pairs between each part were added.

First, a fixed constraint between the pipeline and the
ground was added, a mobile pair between the servo unit and
the drive frame was added, and a mobile pair between the
support arm and the support frame was added. A rotation
constraint was added between each wheel and the wheel
frame, and a rotation pair was added between the drive frame
and the motor. Second, based on the set position of the spring
when the robot drive unit was designed, a spring was added to
the simulation model. Finally, the contact constraints of the
driving wheels, support wheels, and pipe wall were added.
In the simulation, the friction coefficient between each wheel
and the pipe wall was set to 0.8, the rotation speed of the
motor was 30 r/min, and the inner diameter of the pipe was set
to 200 mm. The simulation software automatically calculated
the addition. No medium was added inside the pipe, and the
pipe was surrounded by air for this study. Figure 15 shows
the completed robot drive unit model.

B. CLIMBING PERFORMANCE ANALYSIS OF

PLUGGING ROBOT IN PIPELINE

One of the most common obstacles is a slope obstacle when
the robot is operating in a pipeline.

1) FORCE ANALYSIS

The driving part of the robot drive unit provides power for the
entire system, and the study of the climbing performance of
the entire system was simplified to the study of the climbing
performance of the robot drive unit. The driving diagram of
the robot drive unit during the climbing process is shown
in Figure 16. It was assumed that all the wheels of the robot
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FIGURE 15. Simulation model of the robot drive unit.

FIGURE 16. Schematic diagram of the climbing process of the robot drive
unit.

drive unit were in contact with the inner wall of the pipeline,
and the force analysis of its driving wheels was performed.

Analysis of the forces on the front wheels showed that
when the robot is climbing a hill, the front drive wheels are
affected by gravity, the support, and the driving forces. The
three driving wheel frames of the robot are arranged in a
circular array of 120°. The driving force received by each
driving wheel is one third of the motor torque, expressed as
follows:

Tw
N = 3R (20)

where Tw is the torque of the motor, R is the radius of the
pipe, and N is the driving force of the single driving wheel.

The force of gravity acting on a single driving wheel is
related to the robot’s posture. Ignoring the influence of the
attitude, it is assumed that the weight supported by a single
driving wheel is one half of the robot’s weight, expressed as
follows:

Mg
G= > (21)

where M is the mass of the robot, g is the acceleration due
to gravity, and G is the gravitational force acting on a single
drive wheel.

The traction force of the robot when climbing the inclined
pipe is expressed as follows:

F =Nsinf — Gsina (22)
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where 6 is the deflection angle of the drive wheel, and « is
the angle of the slope.

For the robot to climb the inclined pipe smoothly,
F > 0 must be satisfied. Thus, the sufficient condition for
the robot to climb the inclined pipe is N-sinf > G-sinw.

During the climbing of the robot, the robot will also slip
due to insufficient static friction between the driving wheels
and the tube wall, which will cause the robot to slide. There-
fore, another sufficient condition for the robot to climb up the
inclined pipe is f > N-sina.

2) SELECTION OF SPRING STIFFNESS

As discussed above, the robot torque and static friction force
play key roles in the climbing process of the robot. The motor
model was determined. The static friction between the driving
wheels and the tube wall is not only related to the quality of
the robot and the material of the wheel but also to the selection
of the spring stiffness in the design of the robot. The selected
springs are shown in Table 3.

TABLE 3. Selected spring specifications.

Outer diameter

Diameter (mm) (mm) Length (mm)
0.8 8 20
1.0 8 20
1.2 9 20
1.4 9 20

The spring stiffness is calculated as follows:

Gd*
8D @3)
where: K is the spring stiffness, G is the elastic modulus of the
spring (generally 79,000 MPa), d is the diameter of the spring
wire, D is the diameter of the spring, and n is the effective
number of turns of the spring.

Based on the design requirements of the robot, the spring
stiffness values were selected to be 2, 5, 9, 13, and 17
N/mm. The robot was designed to climb an inclined pipe
with a slope of 30°, so the simulation environment was set
to a slope of 30°. The driving wheel deflection angle of
the robot was set to 25°, and the other parameters were
consistent with those described above. (based on the previous
simulations, when the deflection angle of the driving wheel
was set to 25° ~ 40°, the robot could operate smoothly and
stably in the straight tube; we mainly explore the influence
of spring stiffness on the climbing performance of the robot
below.)

VOLUME 8, 2020



H. Yan et al.: Research on Passing Ability and Climbing Performance

IEEE Access

0.045

0.04

—— Wheel 1.CM_Velocity.Mag

0.035

Velocity (m/s)

0.03
0.025
0.0 5.0 10.0 15.0 20.0 25.0 30.0
Time (s)
(a) 5 N/mm
0.045
0.04
= —— .Wheel 1.CM_Velocity.Mag
B
= 0.035
3
2
Cd
> 003
0.025
0.0 5.0 10.0 15.0 20.0 25.0 30.0
Time (s)
(c) 13 N/mm

0.045
0.04
o —— .Wheel 1.CM_Velocity.Mag
g
z 0.035
2
=
G
> 0.03
0.025
0.0 5.0 10.0 15.0 20.0 25.0 30.0
Time (s)
(b) 9 N/mm
0.045
0.04 ‘ —— Wheel 1.CM_Velocity.Mag
=z
E
Q 0.035
<9
=
K3
~ 003
0.025
0.0 5.0 10.0 15.0 20.0 25.0 30.0
Time (s)
(d) 17 N/mm

FIGURE 17. Speed changes of driving wheel I with different spring stiffness values.

3) IMPACT OF SPRING STIFFNESS ON CLIMBING
PERFORMANCE OF ROBOT

When the spring stiffness of the robot drive unit was set to
2 N/mm, the robot slid along the pipe wall under the action
of gravity. Thus, a spring with a stiffness of 2 N/mm was
insufficient to support the robot to complete the climbing and
driving process. Figure 17 shows the speed change of driving
wheel I when the robot drive unit climbed the inclined pipe
for different spring stiffness values.

A comparison showed that when the stiffness was 5 N/mm,
the running speed of the driving wheel varied greatly. When
the stiffness was 9 N/mm, the change in the speed of the
drive wheel was significantly smaller than that when the
spring stiffness was 5 N/mm, and the speed change interval
was within the normal jitter range of the robot. When the
spring stiffness was 13 N/mm, the walking speed of the drive
wheel was more stable than that when the spring stiffness was
9 N/mm, but there was still a slight jitter phenomenon. When
the spring stiffness was 17 N/mm, the operating speed of the
driving wheel varied little, and the running was relatively
stable, making this the ideal spring stiffness. This analysis
showed that when the robot climbs a pipe with a slope of 30°,
it is possible to choose a spring with a stiffness value of 9,
13, and 17 N/mm, or the body runs more smoothly when the
stiffness is greater.

The ADAMS simulation analysis was used to determine
the required output torque of the motor, and the results
are shown in Table 4. When the stiffness was 17 N/mm,
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TABLE 4. Motor output torque corresponding to different spring stiffness.

Spring stiffness (N/mm) Torque (N-m)

9 2.5
13 33
17 4.5

the required motor output torque was 4.5 N-m, which
exceeded the rated torque of the motor selected previously.
In summary, a spring with a stiffness of 9 or 13 N/mm should
be selected when climbing a 30° inclined pipe.

C. ANALYSIS OF PASSING PERFORMANCE

OF ROBOT IN PIPE

Pipe bends are connection pipes in oil and gas pipeline net-
works. A robot’s ability to pass through bends is also one of its
important technical indicators. Based on the design require-
ments, the research objective was to study the rationality of
the structural dimension design of the robot and the influence
of the deflection angle of the driving wheel on the cornering
characteristics of the robot in a 500-mm curved pipe as the
research goal.

a: PASSING ABILITY SIMULATION ANALYSIS

The turning process of the robot drive unit in ADAMS is
shown in Figure 18. During the operation, the drive frame
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FIGURE 18. Schematic diagram of the turning process of the robot drive
unit.

drives the front drive mechanism to rotate, and the robot
moves forward by relying on the friction between the drive
wheel and tube wall. The rear support wheel contacts the
tube wall to support it. As evident, there was no interference
problem between the robot drive unit and the pipe wall when
the robot was running, and it smoothly passed the pipe bend.
Therefore, the structural size of the robot was determined to
meet the requirements.

b: ANALYSIS OF INFLUENCE OF DIFFERENT DEFLECTION
ANGLES OF DRIVING WHEELS ON CORNERING

SPEED OF ROBOT

In the cornering simulation analysis, only the deflection angle
of the driving wheels of the robot changed, and the other
settings were consistent with those described above (the
spring rigidity was set to 9 N/mm). Early simulations were
conducted. For the robot to meet its driving requirements,
the deflection angle of the drive wheel should be set between
25° and 40°. The driving wheel deflection angles examined
were 25°, 30°, 35°, and 40°. For a deflection angle of the
driving wheels of 25° (8 = 25°), the cornering speeds of each
driving wheel obtained through the simulations are shown
in Figure 19.

0.055
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0.045

—— .Wheel 1.CM_Velocity.Mag
— = .Wheel 2.CM_Velocity.Mag
=== .Wheel 3.CM_Velocity.Mag

0.04

Velocity (m/s)

0.035

0.03

0.025
0.0 325 65.0 97.5 130.0
Time (s)

FIGURE 19. Turning speed of each driving wheel at 6 = 25 °.

Figure 19 shows that during the turning of the robot drive
unit, the walking speed of each driving wheel was divided
into two parts: a driving part in the straight pipe and a turning
part in the bent pipe.

(1) In the 0-20 s and 110-130 s ranges, the robot was in
the driving part in the straight pipe. The driving speeds of
each driving wheel were basically the same. This verified the
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conclusion that the driving speeds of each driving wheel are
equal when the robot described above is driving in a straight
pipe.

(2) In the 20-110 s range, the robot was in the process of
turning, the driving speeds of each driving wheel were dif-
ferent, and there were periodic changes. The driving wheel’s
cornering speed variations were basically the same, which
indicated that during the robot’s turning process, the driving
wheel’s cornering attitude was constantly changing, but the
motion cycles of different driving wheels were the same.

The change in the driving speed of a single driving
wheel was analyzed. Taking driving wheel I as an example,
the change in the cornering speed is shown in Figure 20.

When the drive wheel deflection angle was 25°, the robot
exhibited significant fluctuations at the maximum speed
when turning. The simulation animation of the driving wheel
I showed that the driving wheel was at the outer side of
the pipe at the maximum speed, which indicated that the
robot ran unstably outside the pipe. When the deflection
angles of the driving wheels were 35° and 40°, the speed
of the robot changed greatly during the cornering process,
which indicated that its body movement was more unstable
during the turning process. When the deflection angle of the
driving wheel was 30°, compared with 35° and 40°, the speed
varied relatively gently, indicating that the robot underwent
smoother cornering.

During the turn of the plugging robot in the pipeline,
a driving wheel deflection angle of 30° was finally selected.

V. EXPERIMENTAL STUDY ON PLUGGING

ROBOTS IN PIPELINES

Based on the design requirements, a prototype model was
constructed, and an experimental platform was established to
complete the determination of the robot design indicators and
verify the reliability of the simulation results.

A. CONSTRUCTION OF EXPERIMENTAL PROTOTYPE

AND PLATFORM

1) EXPERIMENTAL PROTOTYPE ASSEMBLY

Based on the design requirements, a model of the plug-
ging robot was drawn, processed, and assembled, as shown
in Figure 21. The prototype model was basically the same
as the theoretical model simulated above. The sealing airbag
was replaced by rubber tires in the plugging unit. The total
length of the plugging robot drive unit in the pipeline was
580 mm, and the total weight was 6.4 kg, which met the
design requirements.

2) CONSTRUCTION OF EXPERIMENTAL PLATFORM

Following the experimental design requirements, an exper-
imental platform was constructed, as shown in Figure 22.
The platform mainly included three components: the pipeline
plugging robot, the control system, and the pipeline system.
The robot was required to complete cornering and climbing
tests. The control system was required to control the motor’s
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FIGURE 20. Turning speeds of drive wheel I at ¢ = 25°, 30°, 35°, and 40°.

~ RobotCell Connection Cell

Plugging Cell
FIGURE 21. Experimental prototype of a plugging robot for a pipeline.

Curved pipe

Transparent
straight pipe

Control System

FIGURE 22. Experimental platform.

forward and reverse rotation and the motor speed. The pip-
ing system mainly included a 1.5 m plexiglass transparent
straight pipe with an inner diameter of 200 mm, and a steel
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FIGURE 24. Photograph of cornering robot in pipeline.

wire curved pipe with an inner diameter of 200 mm and a
bending radius of 500 mm. The climbing performance experi-
ment of the robot was completed in a transparent straight pipe,
and the bendability test of the robot was completed in a wire
pipe bend. In the experiment, the pipe was placed in the air,
and no medium was added in the pipe.
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B. EXPERIMENTAL TEST OF PLUGGING

ROBOT IN PIPELINE

1) CLIMBING PERFORMANCE TEST

The transparent straight tube was inclined with an angle
of 30°, the rotation speed of the robot motor was set to
30 r/min, and the deflection angle of the driving wheel
was 25°. The climbing performances of the robot with spring
stiffness values of 5, 9, 13, and 17 N/mm were studied.

The climbing process of the robot is shown in Figure 23.
When the spring stiffness was 5 N/mm, the robot could
climb a tube with up to a 30° incline, but when the motor
stopped running, the robot slid down the inclined tube, indi-
cating that the spring stiffness was not sufficient to hold
the robot in place. When the spring stiffness values were
9 and 13 N/mm, the robot could smoothly climb a 30°
inclined pipe and continued to climb the straight pipe up to
an angle of 37°. Both types of springs allowed the robot to
stay in the pipe stably. When the stiffness was 13 N/mm, the
robot ran more smoothly. When a spring stiffness of 17 N/mm
was selected, the robot became stuck and could not move
normally. Therefore, when climbing the oblique pipe inside
the pipeline, the optimal rigidity should be approximately
13 N/mm due to the influence of external factors, such as
friction, as summarized in Table 5.

2) BENT PIPE PASSING ABILITY TEST
This experiment mainly tested the passing performance of
the robot in a known elbow. The elbow shown in Figure 24
was a steel wire bellows. Based on the design requirements,
the bending radius of bellows is 500mm and placed in
a certain slope environment. Compared with other pipes,
the unsmooth characteristics of the steel corrugated pipe
highlight the superior performance of the designed pipeline
blocking robot when turning.

Over the course of the experiment, the speed of the motor
was set to 30 r/min, and the deflection angles of the driving
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TABLE 5. Results of climbing experiment.

Springrate | 5N/mm | 9N/mm | 13 N/mm | 17 N/mm
Whethe
robot
completed Yes Yes Yes No
climbing
process
Climbing
30° 37° 37° —
angle
Compared
with
Driving rigidity of
stopped 9 N/mm,
. Steady
Stability and robot ran Stuck
speed
robot more
slipped smoothly
at this
speed.

wheels of the robot were set to 25°, 30°, 35°, and 40°. The
cornering characteristics of the robot at different deflection
angles were studied. The experimental process is shown
in Figure 24.

Figure 25 shows that the running speed of the sample
through the elbow was approximately the same as the simu-
lation result, but the overall experimental result was smaller.
The maximum value of the simulation result was 0.07 m/s,
and the maximum value of the experimental result was
0.06 m/s. The results showed that the speed of the prototype
wheel increased with the increase in the deflection angle of
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the driving wheel between 0° and 30°, and the speed of the
prototype wheel peaked at 30°. The robot could success-
fully pass the bent pipe in the experiment, and had a good
barrier-crossing ability and bent pipe passing ability. The
overall speed of the prototype was lower than the simulated
speed, because in the simulation, the perfect fit of each part
of the prototype was not guaranteed, and a slip phenomenon
occurred between the drive wheels and the tube wall.

When the spiral drive angle continued to increase to 40°,
a relatively significant slip phenomenon began to occur at a
low motor speed, and the joint between the straight pipes in
the elbow could not be crossed. The obstacle resistance of the
robot deteriorated, and the motor continued to increase. When
the speed reached 30% of the maximum speed, the robot’s
ability to overcome obstacles was improved, and the test
elbow was passed. The results were similar when the spiral
drive angles were 45° and 50°.

When the screw drive angle continued to increase to 55°,
the pipeline robot was not able to operate normally in the
test elbow, and the spindle motor speed did not reach the
maximum value.

VI. CONCLUSION

In this paper, a robot for the internal plugging of the pipes
was designed independently, and its climbing and pipe bend
passing performances were simulated and analyzed. The fol-
lowing conclusions were drawn:

(1) The overall size and weight of the plugging robot in
the pipeline met the design requirements, and the robot could
operate normally, confirming the rationality of its structural
design.

(2) A spring with a stiffness of 13 N/mm should be selected
to achieve the best climbing performance of the plugging
robot in the pipeline, allowing it to climb straight pipes with
slopes up 37°.

(3) When the deflection angle of the driving wheel was set
to 30°, the plugging robot could smoothly pass through the
bend with a radius of curvature of 500 mm.
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