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Abstract. This paper focuses on the motion planning method for a novel
mobile welding robot (MWR), based on the screw theory. The robot consists of
a vehicle unit and a 5-DOF manipulator, which equipped a torch at the end of
manipulator. In order to finish the welding task, the kinematic motion planning
strategy is of great importance. As the traditional strategy which uses inverse
kinematic and polynomial interpolation may cause a waste of computing time,
the screw theory is chosen to improve the strategy. From the simulation and
experiment results, it can be found that the optimal motion planning method is
reliable and efficient.
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1 Introduction

Welding tasks involved in large unstructured equipment building such as ships and oil
tankers are challenging and urge to be solved. As the working conditions are space
constricted and dangerous, a novel mobile welding robot which can move on the slope
or even vertical surfaces of huge equipments can be one potential solution. Recently,
several research works have proved that automatic welding technology can improve the
quality of welding seams signally [1-3]. Path planning of wheeled welding robots
[4-6] and the algorithm research for trajectory planning [7-9] are also helpful for
increasing the reliability and the efficiency of the MWR system.

In this paper, the MWR system has a novel combined mechanism for welding tasks.
In our research team, Wu [10, 11] has made a detailed introduction about the MWR’s
structure in the published papers. The vehicle unit consists of three identical mobile
adhesion parts and each of them comprises one wheel group, one magnetic adhesion
unit and one lifting mechanism. The welding manipulator contains five rotational
joints. The welding torch is held at the end of the manipulator.

Using the MWR as the controlled member, an optimal motion planning strategy is
proposed. As the traditional strategy which uses inverse kinematic and polynomial
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interpolation [12, 13] may cause a waste of computing time, the screw theory model is
used to improve the strategy performance. The structure of this paper is as follows: a
brief introduction of the MWR is proposed in Sect. 2. The screw model of MWR and
the motion planning strategy are presented in Sect. 3. Details about the simulation and
experimental evaluation are demonstrated as the result and discussion and presented in
Sect. 4. Conclusions are drawn in Sect. 5.

2 Mobile Welding Robot Design

The prototype of MWR is shown in Fig. 1. The MWR consists of one vehicle platform
at the bottom and a 5-DOF manipulator arm mounted on the vehicle platform. The
welding torch is clamped onto the manipulator. The wheel-foot mechanism of vehicle
can move and cross obstacle flexibly adapting to large unstructured equipments, and
three permanent-magnetic suction cups can adjust the air gap to control the adsorption
force. The MWR has the mobility capability such as walking, climbing wall, crossing
obstacles, turning and welding. To achieve a coordinate welding trajectory, need to
study the motion planning algorithm insuring computational efficiency and path
precision.

5 DOF

Welding

Fig. 1. Prototype of mobile welding robot

The main hardware structure of the control system of WMR is shown in Fig. 2. The
control system is composed of an industrial personal computer, servo drivers, servo
motors, stereo camera, sensor system, and software. IPC and servo drivers are con-
figured as master-slave construction. Communication link between IPC and drivers or
sensor is established by CAN bus. IPC is used for planning and sending mission
commands. Servo drivers generate real-time control command of the motors, execute
the motion planning and control algorithm, and drive the motors moving.
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Fig. 2. The structure of hardware system

3 Motion Planning Strategy for MWR

3.1 Kinematical Modeling Based on Screw Theory

Different from the traditional kinematical modeling theory such as D-H theory, screw
theory [14] is efficient in rotational and stretching DOF modeling. Under screw theory,
the kinematical modeling can be described as follows:

Figure 3 shows the coordinate system of manipulator. If 6;,i=1,2,...,5 do
not equals to O at the same time, the revolving vectors of the rotation joints can be
denoted as:
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Fig. 3. The coordinate system of manipulator
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where 6;(i=1, 2,...,5) is the angle of the i-th joint, while §,,i=12,---,5 is the

screw vector of the i-th rotation joint, and $,, is the screw vector of the vehicle unit. ¢;
represents cos 0;, and s; represents sin0;, while ¢; and s; mean cos(0; +0;) and

sin(@i + 6])
If the linear velocity of the vehicle unit is v,,;, and the rotational velocity of each
rotation joint is w;, i =1, 2, ---, 5, the screw vector at the end of the manipulator

can be denoted as:

=s, (@, + o, + W, + wy)
(o, +w,+w, + o)
5
o
$ =vwl$wl+za)i$i= (1) (1)
! i=1 a,¢,8,0, ¢, (a38,; + a,5, (@, + @)
Vi T0,8,8,0, +5,(a;8,; + a5, (@, + @)

| a,@, +(a, +a,¢,) @, +(a, + asc,, +a,c, (@, + @) |

For each joint, the motion ability is limited. That means v, _max < Vi < Viy_min and
Wi_max < i < W;_min, i= 17 25 Tt 5.

3.2 Linear Motion Modeling Based on Screw Theory

The linear trajectory which is the most common in the welding task is chosen as the
motion target. Based on the screw theory, Eq. (1) can be rewritten as, §, =(S,;S"),

S, =8$,(:3), §°=8 (4:6). 8, is a linear screw only when S,, = 0. Then w; = 0 and
wy + w3 + wg + ws = 0, we can get:

m

a,0,5,0,¢,(a38,; + a,5, (@, + @)
Vi T0,8,8,0; +5,(a38,; + a8, )(@, + @)
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As the target trajectory is linear, the direction can be denoted as SS1 / HS?HH and the

velocity is ||S,||. where ||o]| is the screw vector modulus. Then we can get:
a,c, 8,0+, (a58,; +a,8, )@, + @)
0
8, = V,y Fa,8,8,05 +5,(a55; + a,8, ) (@, + ;) (2)

a,@, +(a, + a,¢,) @, +(a, + a,c,; + 4,6, (@, + @)

In Eq. (2), w; =0, 0; is constant and 6;, i =2, 3, -+, 5 is variable, under
w; #0, j=2, 3, -+, 5. If the target velocity (vy, vy, v;) is known, we can get:

Wy +w3+ws+w5 =0
arc1503 +c1(azsy3 + azs2) (w4 + 0s) = vy 3)
Vil + 2815203 + 51(a38523 + a282) (04 + 05) = vy
aywy + (a1 + axcr)ws + (a1 + azcas + azer) (w4 + ws) = v,

Equation (3) can be simplified by setting w4s = w4 + @s. Then it turns to:
Wy + w3+ w5 =0
azC185,W3 =+ Cl (a3S23 =+ Clez)a)45 = Vy
VwiC1 = VyC1 — VxS1
@023 + (azca3 + axer)was = v,

The solution can be calculated as:

Yl = vy — ¥y tan(0,)

Via3Cas + Viaacy — v (azsas + azss)

w3 =
aasc183
VyCr — V;C182
g5 = ————
ascyss
Wy = —mW3 — W45

By the previous velocity constraints, we can get:

Vwl_Min S Vil S Vwi_Max
@2 _Min < 02 < 2 Max
W3_Min < w3 S W3 _Max

W4_Min T O5_pin < D45 < O4_pax + O5_Max
Then

Vwi_Min S Vy — Vx tan(gl) S Vwi_Max
W2_pin < — 03 — W45 < W2_pax
ara3¢18303_pin < — Vi(a3ca3 + axcr) + voei(assas + arsy) < arazc183m3_pax
a3c183(4_pin + O5_pin) < V€2 — v;€182 < a3¢183(04_pax + O5_Max)
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Finally

(a3¢23 + azc2) a5 _pin + A2C203_pgin < vz < (A3623 + A202) W45_pax + A20203 _pax
ar¢15003_pgin + €1 (3523 + a252) s _pin < vy < €1(a3523 + 252) W45 _pax + A2C15203_pax
arC183W2_Min < VxC23 — V;C1523 < A2C1S3W2_Max
Vwl_Min < Vy — Vx tan(@l) S Vwl_Max

(4)

where Was_yin = ©4_pin + O5_Mins ©45_Max = ©4_Max + O5_Max-
By using Eq. (4), the proper rotational velocity can be found for each target
velocity (vx7 Vy, vz).

3.3 Optimal Motion Planning Strategy for MWR

In the traditional motion planning strategy based on D-H inverse kinematics theory, the
points containing the position and pose information along the target trajectory are
calculated one by one. The density of the points is depended on the accuracy
requirement. All of the position and pose information between two points can be
calculated by using polynomial interpolation. Therefore if the density of the points is
too high, the inverse kinematics calculation will waste extra time; otherwise tracking
error will be unacceptable, even may cause the system shock.

Under the previous screw theory model, if each joint angle is known and there is no
velocity jump point, the modulated velocity processes will be smoothly and the
instantaneous velocity direction at the end of the manipulator will keep along the target
trajectory. In this ideal model, the joint angle, rotation velocity and the target velocity at
the end of the manipulator can be related by an analytical expression. But in the
discrete control mode, the joint angle is nonlinear to the velocity, and there is no
analytical solution.

Considering the motion accuracy and instantaneity demands, an optimal motion
planning strategy for MWR is designed. In this strategy, if the tracking error is under
the threshold value, the screw model is chosen to finish the planning calculation.
Otherwise, the D-H inverse kinematics model is chosen to get the tracking error back to
the threshold value. The planning process is shown in Fig. 4.

The basic procedures of motion planning algorithm are exAApressed as follows:

(1) Initialize each joint angle and the linear velocity vector of MWR. If the position at
the end of the manipulator is out of the work space, the controller will drive the
MWR back to the work space.

(2) Initialize the step parameter, including step time, step linear distance and the
maximum step joint angle. According to the MWR configuration, 6, and 65 are
sensitive to the linearity of screw vector. Thus after w, and w3 are calculated, the
bigger one is chosen as the maximum step joint angle.

(3) According to the step parameters, calculate the joint angle, rotation velocity. Then
drive the MWR motion.
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Fig. 4. The flow diagram of the motion planning strategy

(4) During the step motion, the rotation velocity constraints can forbid the velocity
jump. Considering the beginning velocity, ending velocity and the motion
accuracy demand, polynomial interpolation is used to calculate the joint angle and
the rotation velocity.

(5) If the tracking error is under the threshold value, the screw model is chosen to
calculate the step parameters. Otherwise, the D-H inverse kinematics model is
chosen to get the tracking error back to the threshold value.
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4 Simulation and Experiment

The linear trajectory motion planning of MWR was simulated on MATLAB, running
on a desktop with a CPU Pentium E5200 Dual-Core, RAM 4 GB. The joint angle
vector was initialized as (0, —=n/3, ©/3, 0, 0); the target velocity was initialized as
(1, 0, 0), the velocity unit was mm/s; the simulation time duration was 50 s; the
length of the linear trajectory is 50 mm. In the working space, the fixed X-Y-Z angle
coordinate system is chosen to describe the terminal position of the manipulator. The
angle coordinate values can be calculated by:

B=Atan2(—ry, \/r} +713)

a=A tan2(r21/c[3, I‘]]/Cﬂ)
y=A tan2(r3/cp, r33/cp)

Where r;; is the homogeneous transform matrix element of the tool frame, and c¢f
means cos f3.

In order to evaluate the modified motion planning strategy, the strategies only
containing D-H inverse kinematics theory and screw theory are taken into the simu-
lations at the same time.

The simulation results in Fig. 5 indicate that the linear motion process under D-H
inverse kinematics theory is smooth and the tracking error is acceptable. The whole
simulation time which does not contain the inverse operation of Jacobian matrix and
polynomial interpolation is 4.8723 s.
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Fig. 5. The simulation results under D-H inverse kinematics theory

The simulation results in Fig. 6 indicate that the linearity of motion under screw
theory is worse than the inverse kinematics theory, especially in Z-axis. And the
tracking error of posture becomes larger with the simulation time. But the whole
simulation time is only 1.4029 s.
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Fig. 6. The simulation results under screw theory

The simulation results under the modified planning strategy are shown in Fig. 7.
The threshold value of tracking error is initialized as 0.005 mm. If the tracking error is
over the threshold value, the D-H inverse kinematics theory is activated. Thus the
changes of position and pose are not continuous. It can be found that the amplitude of
the change is limited, such as the amplitude of position change is under 0.0005 mm and
the amplitude of pose change is under 0.01. These will not cause the system shock. The
whole simulation time is 1.6356 s. It is a little worse than the screw theory, but is more
efficient than the inverse kinematics theory. Therefore the optimal motion planning
strategy is with a high accuracy and efficient.
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Fig. 7. The simulation results under modified planning strategy

Through the optimization analysis of motion planning algorithm, the modified
strategy is verified in the welding experiment. Figure 8(1) shows the welding process.
The manipulator adjusts the position and posture to the ready state and then start



Optimal Motion Planning for Mobile Welding Robot 133

welding. When finish welding, remove the torch from the workbench. Figure 8(2)
shows the welding effect of the motion planning. The weld length is 50 mm, and result
is uniform. It proves that the strategy is effective.

(1) The welding process

(2) The line welding effect

Fig. 8. The welding experiment of MWR

5 Conclusions

This paper has introduced a novel motion planning strategy for MWR. The mechanical
structure and control system have been presented. To finish the linear welding task, the
kinematic modeling and the motion modeling have been described in detail based on
screw theory. Under the optimal motion planning strategy, the MWR is adaptive to the
kinds of tracking error. Results from the simulation and experiments have demonstrated
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that the motion planning strategy is efficient, and it can be applied confidently in the
domain of mobile welding robot systems. The the precision and the reliability will be
increased with more sensors in the future.
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