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Seam-tracking based on dynamic trajectory planning for a
mobile welding robot
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Abstract

A new seam-tracking method based on dynamic trajectory planning for a mobile welding robot is proposed in order to improve

the response lag of the mobile robot and the high frequency oscillation in seam-tracking. By using a front-placed laser-based vision sensor to
dynamically extract the location of the weld seam in front of torch, the trend and direction of the weld line is roughly obtained. The robot
system autonomously and dynamically performs trajectory planning based on the isometric approximation model. Arc sensor technology is
applied to detect the offset during welding process in real time. The dynamic compensation of the weld path is done in combination with the
control of the mobile robot and the executive body installed on it. Simulated and experimental results demonstrate that the method effectively increases the stability of welding speed and smoothness of the weld track, and hence the weld formation in curves and corners is improved.
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Introduction

Many large components must be welded for use in the
fields of energy equipment, heavy machinery and shipbuilding. In recent times, mobile welding robots have become a
solution to the large-scale, complex trajectory welds necessary today. These include welds of long distance, large
span, large curvature, welds with large corner curves, and
polyline welds. The large range of motion capabilities of
mobile welding robots has been key to successfully imple[1 – 2]
menting large-scale, complex welds
. The use of weld[3]
ing seam-tracking sensing technology is an inevitable requirement in the development of intelligent mobile welding
robots that can compensate for changes in weld position and
size due to workpiece processing and assembly errors and

welding thermal deformation in real time.
Mobile welding robots are limited by the working stroke
of the installed actuator (such as a mechanical arm, X-Y
carriage in rectangular coordinate system, etc.). It is necessary to adjust the position and posture of the actuator in coordination with the mobile platform to ensure that the welding torch is aligned with the center of the weld. That is to
say, under the cooperative control of the mobile robot and
the actuator, automatic tracking of the weld is realized. At
present, there are two kinds of weld bead tracking methods
commonly used in mobile welding robots: those that use the
serial control method and those that use the parallel control
method.
(1) The serial control method uses a single type of seamtracking sensor that includes a vision sensor and an arc
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sensor to detect the welding deviation. The mobile robot
body adjusts its position and orientation according to the
size and direction of the actual deviation correction adjustment of the actuator. Its accuracy issensitive to the mechanical and electrical inertia of the human system of the mobile
machine, which leads to a lag in tracking control. The tracking accuracy of the weld seam can be low, and the quality
of the weld seam formation is difficult to guarantee. Particularly in areas where the weld bead is bent or folded, the mobile robot needs to perform a high-angle turning motion to
track the weld seam track. It is difficult for the robot to adjust its position and attitude in time; consequently,welding
deviation defects are somewhat common in such cases.
(2) The parallel control method uses the actuator to rectify the deviation and adjust the posture of the mobile robot
synchronously. A single type of seam-tracking sensor is
used to detect the welding deviation. The actual deviation
correction of the mobile robot body in the integrated actuator, and the position and orientation adjustment of the
sensor, are based on welding deviation information obtained over a sampling adjustment period; this method depends on prior knowledge of the sensor(i.e., the welding deviation information obtained during the previous sampling
adjustment period). With increasing welding distance, the
error accumulates, and it is easy to increase the vibration
probability, which in turn greatly increases the pose adjustment process of the mobile robot. The welding torch has
difficulty tracking the weld path smoothly and stably, especially when weld paths with large curvature changes are involved. Overall, it is difficult to meet the process require[4–6]
ments of quality large-scale welds .
In view of the problems, an orbit tracking method is
proposed based on trajectory dynamic programming to
achieve accurate tracking of large-scale complex trajectory
welds in mobile robot systems, and thus improve the quality of weld formation.

1

form.The magnetic control arc sensing system controls periodic arc scanning of the welding joint by adding a transverse magnetic field to extract weld position information
from the arc energy signal. The structured light sensor uses
laser line structured light as the active light source. The area
array uses a CCD sensor, which is installed on the front end
of the magnetic control arc sensor head (welding torch). The
CCD is connected to the image acquisition card to obtain
the weld area characteristic image.

Industrial PC
Magnetically controlled
arc sensor head
4-DOF Actuator
Structured light
sensor
Mobile robot body

Fig. 1 Mobile welding robot system with structured light
vision sensor and arc sensor

2

Dynamic planning of mobile welding robot tra-

jectories
2.1

Dynamic fit of the weld trajectory

As shown in Fig. 2, the basic Cartesian coordinate system Oxyz of the mobile welding robot, the robot body coordinate system Mxyz, the mobile auxiliary coordinate system Uxyzof rectangular coordinate system, the forward and
backward auxiliary coordinate system Vxyz, the left and right
auxiliary coordinate system Wxyz, the structured light sensor
coordinate system Lxyz, the welding torch coordinate system
Cxyz, and the welding seam coordinate system Sxyz were es-

Mobile welding robot

The mobile welding robot system developed for this
work, with structure light vision and an arc sensor, is shown
in Fig. 1. The system is mainly composed of the Pioneer3AT robot body, 4-DOF airborne actuator and its driver, industrial PC, magnetic arc sensing system, structure light
sensor, image acquisition card, and motion control card.
The Pioneer3-AT robot platform is driven by four wheels in
parallel on the same side. Each driving wheel and the driving motor form a speed closed loop, which allows in-situ
turning with zero turning radius and accurate speed control.
The airborne actuator is installed on the central axis of the
connecting line of the same side wheel of the robot plat-
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Fig. 2 Coordinate system of mobile welding robot
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tablished.
Of these, Oxyz is fixed on the ground,with O as the origin of the coordinates. The robot body has two degrees of
freedom. One is the displacement in the xOy plane; the
second is the angle of rotation around the z-axis. The robot
body is considered as the motion of the body coordinate
system Mxyz relative to the basic Cartesian coordinate system Oxyz. Because the robot body is driven parallel to the
side wheels, the robot body model may be simplified to a
two-wheel model in two-dimensional plane motion analysis,
and tire deformation and longitudinal sliding of the vehicle
body are negligible.
The structured light sensor projects the laser light obliquely onto the weld seam, and collects a structured light
fringe image containing the features of the weld seam. After
image processing and feature extraction, the coordinates of
the welding joint features are translated to their representation on the welding torch coordinate system Lxyz and to the
robot body coordinate system Mxyz. Depending on the current position of the robot body centroid in the basic
Cartesian coordinate system, a set of N welding joint features is determined.The base Cartesian coordinate sequence
o
Gi of the N welding feature points (xi, yi), (i = 1, 2,..., N)
can then be calculated, where Ei is the deviation from the
welding point characteristic point I to the axis of the magnetron arc sensing head in the y-axis direction of the structured light sensor coordinate system Lxyz. N is given by

N=

λ
+1
vT op

(1)

where λ is the forward-looking distance of the structured
light sensor; v is the welding speed;and Top is the image processing cycle.
[7]
The Catmull-Rom cubic interpolation spline was used
to fit the collected discrete welding joint feature point posi0
tion sequence Gi, and the fitted weld trajectory curve S(x)
was derived, The slope of the tangent line on S(x) of each
0
characteristic point on Gi was solved by the derivative, and
the posture matrix Pi= [xi yi arctan(ki)] (i = 1, 2,..., N) of N
characteristic points of welding groove was obtained.
In the process of seam-tracking, when the structured
light sensor does not detect the characteristic point position
of the welding joint for several consecutive cycles, the magnetic control arc sensor head drives the structured light
sensor to rotate through a fixed angle θx about the z-axis of
Lxyz. The direction of correction in the previous cycle is the
same, to ensure that the weld trajectory is always within the
field of view of the structured light sensor. θx is calculated
from

µ
θ x = arctan( )
λ

(2)

where μ is the field of view of the structured light sensor.

2.2

Robot trajectory generation

To ensure that the welding speed direction of the mobile welding robot is always consistent with the tangent direction of the trajectory of the proposed weld during the bead
tracking process, the motion trajectory of the robot body is
dynamically planned on the basis of curve isometric offsets.
The curve isometric offset, ΔE, is such that the threshold
∑
σ is compared with ni=1 Ei , then the threshold ζ is compared with ΔE. The motion decision of the robot body is
then executed based on the threshold comparison results.
The decision set includes continuous-path motion planning
(CP, continuous path), car-around-center pivot planning
(PS, pivot steering) and point-to-point (PTP) planning, and
is calculated from


∆E = E N − E1






1
1


σ = Lm − L s + La , La < Lm < La

2
2




1



ζ = La
4

(3)

where Ls is the y-coordinate of the welding torch in the airborne actuator coordinate system Uxyz, La is the maximum
working stroke of the airborne actuator in the y-axis direction of the airborne actuator coordinate system Uxyz, and Lm
is the airborne actuator. The pre-set value of the working
stroke in the y-axis direction of the airborne actuator coordinate system Uxyz depends on the actual structure to be
welded and the size of the airborne actuator.
∑N
Ei > σ or ΔE>ζ, the robot turns the weld(1)When i=1
ing torch and follows the planned continuous path trajectory.According to the characteristic point pose of the welding joint, the robot body is calculated by Eq. (4), in which
the starting point of the motion trajectory, the initial pose
Uv1, the end point of the target pose UvN, and the pose vector of each path node on the trajectory of the robot body
[
]
0
Uvi : xvi , yvi , θvi T are calculated from


 x pi

 y pi
θ pi

(
(
))

dS (xi )

 xi + 0.5La sin arctan
dx
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arctan
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dS
(x
)

i
arctan
dx












(4)

where La is the length of the horizontal movement of the
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airborne actuator.
The curve of the Catmull-Rom cubic interpolation
spline was used to interpolate discrete path nodes to generate a continuous, smooth robot body motion trajectory G(x).
As shown in Fig. 3, the system controls the left-hand and
right-hand wheels of the robot using a differential control
method based on the kinematics model of the robot body.
This enables the robot to complete a walking process along
the path nodes on the trajectory and sets the attitude at each
discrete moment to be consistent with the tangential direction of the characteristic point of the welding joint on the
corresponding weld trajectory, when the robot body is turning.

a
θR
b

O

x

Fig. 4 Motion trajectory generation of pivot steering

to-point straight trajectory,moving forward in the current
direction for a distance λ at a constant speed.
During posture adjustment of the mobile welding robot
along the planned motion trajectory, the magnetron arc
sensing system detects the welding deviation information in
real time by dynamically compensating the welding trajectory by means of the on-board actuator.
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Bead tracking test

x

Fig. 3 Motion trajectory generation of a continuous path

(2) When

N
∑
i=1

Ei < −σ , or ΔE<-ζ, the robot body turns

away from the torch-side, and performs the planned turning
trajectory around the center of the car body. As shown in
Fig. 4, by controlling the left-hand and right-hand drive
wheels of the robot body to make their speeds equal and opposite in direction, rotation about the robot center is
achieved.The car body center and the linear velocity are
zero during such a rotation, and the speed direction of its
center of mass is consistent with the tangential direction of
the weld path at the beginning and end of the turn.The turning angle θRis calculated using the following formula:

(

)
(
)
dS (xN )
dS (x1 )
θR = arctan
− arctan
dx
dx

(5)

(3)When the above conditions are not met, the robot
body goes in a straight line and executes the planned point-

To verify the validity and reliability of the method described in this paper, a weld bead tracking test of a complex trajectory of a corner joint was performed with the
structured light-arc hybrid sensing mobile welding robot.
The test used CO2 gas shielded welding. The welding
power source was a Fronius TPS4000; the welding process
parameters are shown in Table 1. The mobile robot system
parameters are shown in Table 2. The test plate material was
Q235 steel with a thickness of 5 mm and a joint angle of
120°. The assembly method was as shown in Fig. 5a. Point
A in the figure was the initial position of the welding. The
initial posture C0 of the mobile welding robot was [0, -20,
π/5] T, and the initial deviation was 0 mm.
Results of the bead tracking test are shown in Fig. 5b
and the weld details are shown in Fig. 5c
The results of the welding bead tracking test showed
that the robot body moved smoothly during the tracking
process. The welding trajectory basically coincided with the
centerline of the weld. The tracking curve was smooth, and
the maximum tracking error was ± 0.4 mm. The welding
seam formation was uniform.

Table 1 Welding parameters
−1

−1

Welding current I/A

Arc voltage U/V

Welding speed v/(mm·s )

Gas flow q/(L·min )

Wire diameter D/mm

220

24.5

10

20

1.2
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Table 2 System parameters of mobile welding robot
Arc scan
Arc scan
Deviation solving
radius Ra/mm frequency fa/Hz
time tce/ms

(a)

4

380 mm

2

A

Structured light forward
looking distance λ/mm

290–310

50

CCD frame Image processing time Actuator servo Horizontal
−1
top/(ms·frame )
time ts/ms
rate F/fps
stroke L/mm
30

30–50

12

500

bend and corners is markedly improved.
145 165 160 130
160 170 16528
36
1 800 mm
Travel direction

B

(b)
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