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Abstract

Aiming at the detection requirement of DN100 pipeline in oil and gas gathering and
transportation station, a small-diameter pipeline robot is designed to study its pipeline
trafficability in elbow and vertical pipes. Firstly, according to the characteristics of the
pipeline system, combined with worm gear and spring mechanism, the drive module
with variable diameter ability is designed. Secondly, the kinematic model of the robot
was established, and the geometric constraint analysis and motion analysis were carried
out. Then, the robot drive module is analyzed through 3D modeling and simulation
software. Finally, arobot pipeline test platform is built for experimental verification. The
results show that the robot can walk normally in the vertical pipe, and can pass through
the 90° pipe with a curvature radius of 1.5 times the pipe diameter.
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1. Introduction

In the pipeline system of oil and gas gathering and transmission stations, the transported
medium is mostly acidic gas or liquid, which will cause corrosion and other damage to the inner
wall of the pipeline. If pipes leak, it will cause a great loss to the economy and endanger personal
safety, so it is necessary to conduct defect inspections regularly to ensure the safe
transportation of the pipeline. As the pipeline is installed at a high place and the pipe diameter
space is small, it is very difficult to manually inspect the internal defects or damage to the
pipeline. Therefore, the design of a small diameter pipeline inspection robot instead of a manual,
can ensure personal safety, but also ensure the efficiency and accuracy of detection, has a good
application scenario.

HIROSE[1] et al. have developed the THES series of wheeled pipeline robots, which can carry a
miniature camera to move rapidly in small diameter pipelines; Korea Aerospace University has
developed a bionic pipeline robot[2], which imitates earthworm writhing and is driven by
pneumatic pressure and can travel at a speed of 50mm/s, but has poor load capacity, short
distance and can only move in one direction. KIM[3-5] et al. developed MRINSPECT series of
wheeled pipeline robots and apply differential wheel systems to pipeline robots. The bionic
pipeline inspection robot designed by the National University of Defense Technology[6] has a
large driving force, but does not have vertical pipeline walking capability and has poor
cornering performance. Tang Dewei et al.[7] developed a wheeled pipeline robot with
differential motion capability, and the robot can automatically adjust the drive wheel speed
through the differential mechanism when cornering. Yan Hongwei et al. developed a fully
driven-wheeled pipeline robot and performed a kinematic analysis of the robot's bending|[8,9].
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At present, the research on small-diameter pipeline robots is mainly in the laboratory stage and
cannot be applied in industrial production[10].

The above pipeline inspection robot has problems such as the inability to walk in vertical
pipelines, poor passability of 90° bends, and difficulty in control. In this paper, a small-diameter
pipeline inspection robot is designed for the pipeline environment and characteristics of
DN100 in the gathering station, and the rationality and feasibility of the robot structure design
are verified by using dynamics simulation and combining it with a prototype test.

2. Mechanical structure

In order to facilitate the installation and disassembly of the pipeline robot, the modular design
idea is adopted to divide the drive module that provides power into three small modules: drive
mechanism, reducing mechanism, and support mechanism, as shown in Figure 1. The three
identical drive and reducing mechanisms are evenly distributed on the support mechanism at
120° circumferential direction.

Drive mechanism

Support mechanism

Figure 1: Pipeline robot structure composition

Each drive mechanism is driven by an independent servo motor. In order to improve the robot's
bending ability, a worm gear is adopted as the drive structure of the drive mechanism under
the requirement of meeting the movement speed. By reducing the height between the front and
rear wheels, the resistance with the inner side of the pipe wall when it bends is avoided, which
leads to failure to bend. The wheels are designed to be rounded and patterned on the wheels,
which can not only increase the contact area with the inner wall of the pipe but also increase
friction to avoid wheel slippage.

The reducer mechanism adopts the spring reducer method, which can adapt to the complex
environment in the pipe in real time.

3. Cornering geometry analysis and Kinematic analysis

3.1. Two or more

To ensure the smooth bending of the pipeline robot, a geometric analysis of the maximum
length and width of the pipeline robot is required. The robot has the following two cases in the
process of bending, as shown in Figs.2 and 3. Simplifying the robot as a cylinder [11], let the
inner diameter of the pipe be D, the radius of curvature of the bend be R, the bending angle of
the pipe be o, the length of the pipe robot is L, and the width of the pipe robot is d.
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Figure 3: The body 6fthe pipe robot is too thick

The geometrical constraints of the robot for cornering shall be in accordance with the following
conditions.

D a D
(R+7) - cos(5)-(R-D =0 (1)
For the states shown in Figure 2.

o< (n+2) cn(s)~(n-2)

(2)
D D
Lmax = (R + E) " COS (g) — (R - E)cos (g)
For the states shown in Figure 3.
0<d<D
D D  d 3
{LmaxZZ'J(R+;)2—(R—E+E)2 (3)

According to equations (1)-(3), the maximum length limit of the pipe robot design is finally
determined L < 280mm, to prevent the pipe robot from getting stuck in the bend due to being
too long or too thick length, the pipe robot length L=115mm is designed in this paper.

3.2. Motion analysis

The radius of curvature of each wheel's contact point with the inner wall of the pipe is different
during the pipe robot's turning process. Therefore, in order to avoid the internal consumption
caused by the speed mismatch of each wheel, the motion of the pipe robot in the bend should
rotate around the center of curvature of the bend. To pass through the bend smoothly, two
states of motion must be experienced: the transition phase and the rotation phase. Assuming
the center of curvature of the pipe bend as the origin, the X-axis is positive in the direction of
robot travel, and the Y-axis is positive in the vertically upward direction, the global coordinate
system Oo(Xo, Yo, Zo) is shown in Figure 4.

143



Scientific Journal of Intelligent Systems Research Volume 5 Issue 2, 2023
ISSN: 2664-9640

Figure 4: Schematic diagram of robot entering the bend
3.2.1. Transition phase motion analysis

The process of a pipe robot going from a straight pipe into a bend or from a bend into a straight
pipe is called the transition phase. Let the wheel center distance between the front and rear
ends be w, 0 be the rotation angle of the robot coordinate system,A be the angle that the center
of the front face of the robot turns through during the bend, and f is the attitude angle of the
robot, and the coordinates of the twelve contact points between the front and rear wheel
systems of the pipe robot and the inner wall of the pipe in mutual contact in the local coordinate
system O(X, Y, Z) can be expressed as follows respectively (s and c are used in the matrix instead
of sin and cos, respectively)

FTOTlt:(fpfz:f&fzp f5rf6)=
w w w w w w

—Zosp 2-5(240°+ ) —2-s(120°48)  ZosB —2-s5(240°4+B) 205 (120°+B) 4)

Zocf —Z-c(240°+B)  Z-c(120°4 )  —2-cf  Z-c(240°+B)  —2-c(120°+f)

BaCk=(b1, bz, bg, b4, b5, b6)=
0 0 0 0 0 0
—2-sp 2-5(240°+p)  —2-s(120°4 )  2-sp —2-s(240°+[) 25 (120°+ ) (5)

Zocf —2-c(240°4 ) Z-c(120°+p)  —Z-cf  2-c(240°+ )  —Z-c (120°+p)

where: matrix f3, f5, f3, f4, fs, fe and by, by, b3, by, bs, bg are the coordinate values of the contact
points between the front and rear wheels and the pipe wall, respectively.
The rotation transformation matrix from the transition coordinate system 01(X1, Y1, Z1) to the
local coordinate system O(X, Y, Z) is
cosf sinf O
R, = Rot(Z,,—0) = [—sin@ cos6 O] (6)
0 0 1

The translation vector from the global coordinate system Oo(Xo, Yo, Zo) to the transition

coordinate system 01(Xy, Y1, Z1) is
Rsind— /w2 — R2(1 — cos1)?

To = R (7)

0

According to the geometric relationship, there are
wsind = R(1 — cosA) (8)

Therefore, the coordinates of the contact points between the front and rear wheel systems of
the robot and the pipe wall are described in the global coordinate system as

F =R Front+T

{B = RBack +T (9)
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where T is the translation matrix
T = [To To To To To To] (10)
The velocity of the wheel in the X, Y, and Z directions of the global coordinate system is obtained
by deriving the Front and Back time components as
vfxl foz vfx3 vfx4 vfo vfx6
Vg = [ny1 Vry2  Vrys  Vrya Vrys Vrye (11)
vle vsz vfz3 vfz4 vfzS vfz6
Therefore the magnitude of the velocity of the front and rear wheels of the pipeline robot at the
point of contact with the pipe wallis (i=1, 2, 3, 4, 5, 6)

— 2 2 2

(12)

— 2 2 2
Upi = \/vai + vbyi + Vhsi

Therefore, in order to reduce the internal consumption of the pipeline robot in the transition
phase, the speed between the front wheels of the robot should be changed indirectly by
controlling the output torque of the servo motor to increase the smoothness of the motion of
the pipeline robot during cornering.

3.2.2. Rotational phase motion analysis

The state in which the pipe robot enters the bend completely is called the rotation phase. Since
the front and rear wheel systems of the robot move in the rotation phase in exactly the same
state, only one set of wheel systems needs to be analyzed. As the pipeline robot rotates around
the Oz axis, the velocity at the contact point between each module and the bend is proportional
to the corresponding radius of curvature, resulting in a smooth passage of the pipeline robot.
Thus, the velocity coordination model of the robot during the rotation phase[12] is
NyiNyiNgiNgiNg:Ng = Rt Ry: R3: Ry R5: R (13)
In equation (13), the n; and R; are respectively the first i speed of the whole wheel, the i radius

of curvature of the contact point between the wheel as a whole, and the inner wall of the pipe
(i=1,2,3,4,5,6).

4. Simulation analysis

The pipeline robot is modeled using 3D software and imported into the dynamics simulation
software. Firstly, material properties are given to each part, and constraints such as moving,
rotating, and fixed subsets are added between each part; secondly, spring constraints and
contact forces between wheels and pipe walls are added by setting parameters such as spring
stiffness and friction coefficient; Finally, rotating drives are added for motion simulation
analysis.

4.1. Vertical pipe simulation

The vertical pipeline is an important part of the pipeline system in the oil and gas gathering and
transmission site, so the designed robot drive module is simulated and analyzed for vertical
walking capability. From Fig. 5, it can be seen that the robot's speed becomes negative at first

due to the effect of gravity, and then returns to a positive value after the preload force is fully
loaded.
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Figure 5: Velocity-time curve of the robot in the vertical tube

4.2. Curve Simulation

The robot drive module pass-through simulation was carried out in a pipe bend with pipe
diameter D=100mm and 1.5D radius of curvature, and the simulation results are shown in
Figure 6. From Fig. 7, it can be seen that during the bending process, the existence of the
compression spring can make the robot always contact with the pipe wall, so that it has good
motion stability.

¢

Figure 6: Robot cornering process
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Figure 7: Spring force curve

5. Experimental validation

A straight pipe with a pipe diameter of 100 mm was combined with a 90° elbow with a radius
of curvature of 1.5 times the pipe diameter to form the test pipe, as shown in Figure 8. The
prototype production was adopted for 3D printing, as shown in Figure 9.

Figure 8: Test pipe Figure 9: Prototype model

5.1. Vertical pipe feasibility test

In order to verify the feasibility of the drive module in a vertical pipe, a test was conducted as
shown in Fig. 10. The test results showed that the robot itself could remain stationary and not
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fall when no power was given to the robot; when power was given to the robot, vertical walking
could be achieved.

Figure 10: Vertical tube walking test

5.2. Bend passability test

A horizontal 90° bend was selected to verify the bending-through performance of the robot.
Figure 12 shows the motion of the robot in the bent pipe, where (a) represents the straight pipe
stage, (b)-(d) represents the over-bending stage, and (e) represents the straight pipe stage.

Figure 9: Bend passability test

6. Conclusion

A small-diameter pipeline inspection robot drive module is designed for the pipeline diameter
of DN100 in the oil and gas gathering and transmission station. The simulation and experiment
show that the robot can walk in the vertical pipeline and pass through the 90° bend with 1.5
times the radius of curvature, which initially verifies the feasibility of the design.

In subsequent work, the remaining modules will be combined to make a more fully functional
pipeline inspection robot and to verify its detection results.
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