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Fig.3 Dual-beam laser welding robot system
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Fig.4 Planning level of robot multi-arm cooperative welding
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Table 1 Position and attitude of the pressing end effector

P onle) ny,) a0 oy o) ale,)  alyy)  alz) ;1 i 251

1 0. 98059 0. 00037 0.19606 0. 03099 0.98714  —0.15686 —0.19360  0.15989 0.96797  —1494.55 2411.74 1658. 92

2 0. 98206 0. 00036 0.18859 0.02980 0.98714  —0.15709 —0.18622  0.15989 0.96941 —1571.61  2411.71 1643.38

50 0.98206 —0.00036 —0.18859 —0.02980 0.98714  —0.15709 0.18622  0.15989 0.96941  —5318.40  2411.67 1622. 26

51 0.98059 —0.00037 —0.19606 —0.03099 0.98714  —0.15686 0.19360  0.15989 0.96797  —5395.62  2411.69 1636. 96
Notes: the omitted data are nine orientation data and three position data of the pressing end effector when i =3,4,+-+,49,

2 JE AR GE IR AT &8 AR o i
Table 2 Position and attitude of the left welding seam end effector

i n(x; ) n(y; ;) n(z; ,) olx; 5) 0(y;.5) oz, 5) alz; y) aly; ) alz; 5) i Vi 2; .,

1 —0.00978 —0.99872  0.04973 0.98120 0 0.19298  —0.19273  0.05068 0.97994  —1562.50  2075.97 1672.12

2 —0.00941 —0.99872  0.04980 0.98262 0 0.18561  —0.18537  0.05068 0.98136  —1639.23  2075.97 1657. 33

50 0.00941 —0.99872  0.04980 0.98262 0 —0. 18561 0.18537  0.05068 0.98136  —5360.80  2075.97 1657. 34

51 0.00978 —0.99872  0.04973 0.98120 0 —0.19298 0.19273  0.05068 0.97994  —5437.50  2075.97 1672.12
Notes: the omitted data are nine orientation data and three position data of the left welding seam end effector when i =3,4,++,49.

3 A MRS AR R AT 25 R o 07 %
Table 3 Position and attitude of the right welding seam end effector

i oz, Gy onlzy)  oleiy)  o(yiy)  olzy)  alr,y)  alyis)  alzy) Zig s 240

1 0.05152 0.96367  —0.26210 —0.98122 0 —0.19287 —0.18586  0.26712 0.94557  —1543.02  2738.61 1566. 84

2 0. 04955 0.96367  —0.26248 —0.98265 0 —0.18549 —0.17875  0.26712 0.94694  —1620.60  2738.61 1551. 89

50 —0.04955 0.96367  —0.26248 —0.98265 0 0. 18549 0.17875  0.26712 0.94694  —5379.47  2738.61 1551. 90

51 —0.05152 0.96367  —0.26210 —0.98123 0 0.19287 0.18586  0.26712 0.94557  —5456.98  2738.61 1566. 84
Notes:the omitted data are nine orientation data and three position data of the right welding seam end effector when i =3,4,+,49.
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Table 4  Objective vector value of optimal solution

Number T,/s T,/s"
1 36.9373 0.0030
2 36. 9408 0.0029
35 38.3977 0. 0007
36 38. 4007 0. 0007
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Table 5 Speed of robot end effectors before optimization

Speed of middle Speed of left  Speed of right

Time /s manipulator manipulator manipulator
end effector /' end effector /' end effector /
(memin~") (memin~") (memin~ ")
0 13.2349 13.1656 13.3134
0. 7400 5.1524 5.1225 5.1773
36. 2604 10. 0846 10. 0224 10. 1262
37.0004 4. 8569 4. 83551 4. 8899
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Table 6 Speed of robot end effectors optimized by NSGA [l
Speed of middle Speed of left  Speed of right
) manipulator manipulator manipulator
Time/s
end effector / end effector /  end effector /
(memin ") (memin ") (memin ")
0 8.0633 8.1146 8. 02307
0. 7410 6.0739 6.1039 6.0391
36. 3080 7.6285 7.6617 7.5822
37.0490 4.5236 4.5523 4.5025
27 NSGAI AL 9 AR R i 1 2
Table 7 Speed of robot end effectors optimized by NSGA Il
Speed of middle Speed of left  Speed of right
) manipulator manipulator manipulator
Time /s
end effector / end effector /  end effector /
(memin ") (memin ") (memin ")
0 7.0282 6.9943 7.0747
0. 7400 6.3966 6.3594 6.4274
36. 2604 7.3131 7.26887 7. 3455
37.0004 3.2036 3.19046 3.2259

OrHTER 5~T7 P EEEE T LLE I AT
= ARHURME R v 119 3 AR AR R B2 OF H Y — AL
T 1A 38 R Rl D/ DN I AR Y AR B ) R
R VTR B N AT A N o < = G S A
v A B AR S AS AT LAAE JLAR 25 (8] 58 BOBUE KR 2
155 i BAT — 2 B By [R) A A ol LS B [ 25 4 4
(A8

HT T = A5 MUBRUE 2R s 19 3 R A8 b — 2, I O
Hh— SR HILAHE R S f) 3 AR 8 Al T RUAR SR 55 A 4%
BB 2R i 1) 3 R A2 fb . O ol A B A2 i) ok R

#£ 48 %5 £ 18 H/2021 £ 9 B/HE# ¢

F5~7 R AL NSGA T 14k . NSGA T 1 4k 5
HRURE SR ity 1) SRR O AR 3L A5 BT O Ak T S R it
R ] AR AL B i 2, Wik 10 FroR . ATRLE H R
e A B4 HR R o i ) 3 3R i ) ) A5 Ak 4 38 3 1 e
e AN AR T 282k 9 A A Ak R 1 SR 1 AL AR R i
AU Bl RE R AR, AR S R T R E R .
FE )5 B B B NSGA Ak J5 19 R oK iy i 5 /N 1
NSGA Il Ak 5 19 . 1 76 45 1k By Bt NSGA I fifk )5
) HRE R s o RS /N T NSGA k)5 /9. e 15
B BEAIL 7% N 1 3 230 5 {1 T feff JHE 52 381 1) o o AR R 3 0
b BT RO AR B A RO

14
—s+— before optimization
12} —o— optimized by NSGAII |
optimized by NSGA Il

—_
(=]
T

Speed /(m * min')
(2] (oo}

'S

b A /\/ |
\nitniiiad

0 5 10 15 20 25 30 35 40
Time /s

10 ARALHT R OB AL A F 2R i A< 00 b

Fig.10 Speed comparison of laser welding robot middle

2

manipulator end effector before and after

optimization
TS s ] A 25 A 509 7 T A5 2 T AR
BB B e gs S, gk 8 iR, T LLE %) NSGA
M5 %k 76 3+ 8 18] e NSGA T AL 22 3. 8% iy 1% it
T ERAREE R 2R T 161, 290, A F
F AR GRS 00 T 5AS [ A AR 4 7 R A AR 1
45 5L v e R R L 1 i
%8 PR G LA

Table 8 Comparison of two algorithms

. Computing Number of non-inferior
Algorithm . .
time /s solutions
NSGAIl 6802. 74 36
NSGA [l 6777.07 31
:l: N
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Trajectory Optimization of Dual Beam Laser Welding Robot

Zeng Qingfei, Liu Xuemei , Feng Yan, Xie Nan
School of Mechanical Engineering, Tongji University, Shanghai 201804, China

Abstract

Objective In the aircraft manufacturing field, compared with the traditional riveting method, the lightweight
technology of laser welding can improve the workpiece stiffness and work efficiency. To improve the welding quality
of T-joints on structural components of aircraft, the dual-beam laser welding equipment based on beam structure is
used to weld the bilateral welding seam of T-joint simultaneously, enabling precise control of the position and posture
of the welding head, stable welding speed and impact, high welding efficiency, and superior laser welding quality.
Since the T-joint of the fuselage belongs to the aerospace field, the welding process requirements are higher than that
of the general welding object, and further data extraction of the welding seam is required. While there have been
many studies on trajectory planning of a typical single manipulator in the industrial welding robot, there is little
literature on trajectory planning of multiple manipulators. The single manipulator is already a high-order, nonlinear,
and strongly coupled multiple input multiple output system, and trajectory planning for a welding robot with multiple
manipulators is complex. In this study, trajectory optimization of a novel dual-beam laser welding robot with multiple
manipulators is investigated to obtain a smooth and efficient movement of the robot while meeting the position,
velocity, and acceleration requirements of each joint.

Methods Using coordinate transformation and quintic B-spline curve, the robot end effector representation and
joint space trajectory interpolation propagate the dual-beam laser through bilateral welding seam of T-joint
successively, which contributes significantly to the cooperative motion of robot multiple manipulators. First, the
geometric features of the T-joint on the hyperbolic panel are obtained, followed by the extraction of the welding
trajectory’s key path points. According to the path-point transformation matrix of the local coordinate system relative
to the base coordinate system, the position and attitude of three robot manipulators are obtained. Second, the
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displacement or rotation angle of each robot joint is calculated on the basis of the inverse kinematics solution of the
dual-beam laser welding robot. Third, the displacement or rotation angle of 18 joints is interpolated by a quintic B-
spline curve to obtain the continuous joint space trajectory. Fourth, the velocity and acceleration of each joint are
taken as the optimization constraints, and the efficient and stable movements of the dual-beam laser welding robot
are taken as the objectives to establish a trajectory optimization model of the cooperative robot with multiple
manipulators. Finally, the non-dominated sorting genetic algorithm [ (NSGAIl ) and non-dominated sorting genetic
algorithm I (NSGATl ) are used to solve the optimization model.

Results and Discussions (1) The position and attitude of three robot manipulators’ end effectors ( Tables 1-3)
are obtained as the basis for establishing the trajectory optimization model. (2) The Pareto set of the optimal time
interval sequence for each joint of the robot (Figure 8) is obtained by NSGAIll, and the proposed multi-objective
optimization model can provide abundant candidate schemes for the users of the dual-beam laser welding robot.
According to the actual welding process requirements, the corresponding optimization time interval under a set of
target vector values (Table 4) can be selected. However, the Pareto set obtained by NSGA Il (Figure 9) is more
sparse and less uniform than the Pareto set distribution, which makes it difficult to select solutions for robot users to
cope with varying welding requirements. (3) According to the speed of the three robot manipulators’ end effectors
before and after the application of the two optimization algorithms ( Tables 5-7), the speed of the three
manipulators’ end effectors is very close at each time point, and when the speed of one manipulator increases or
decreases, the speed of the other two manipulators also increases or decreases correspondingly with the same change
trend, indicating that the dual-beam laser welding robot can not only complete the bilateral welding seam of T-joint in
geometric space but also has a certain cooperative stability. (4) Speed comparison of the dual-beam laser welding
robot’s middle manipulator’s end effector before and after optimization (Figure 10) shows that the fluctuation range
of the end velocity of the robot is reduced, and its stability is improved significantly after optimization. In the startup
phase, the speed of the middle manipulator optimized by NSGA [l is less than that of the middle manipulator
optimized by NSGA Il . In the stop phase, the speed of the middle manipulator optimized by NSGA [l is slightly less
than that of the middle arm optimized by NSGAIll . In the startup and stop phases, the impact and vibration of the
robot can be reduced because of the low speed. (5) The results (Table 8) show that NSGAII only takes 3.8%, more
computational time than NSGA I[ to solve the problem, and the diversity of Pareto solution set is improved by
161.29%..

Conclusions In this study, we consider the trajectory optimization problem of a dual-beam laser welding robot,
which has not been previously considered in the literature. Aiming at the welding of large-scale structural
components in aviation, a general solution method for the position and attitude of the end effectors of a dual-beam
laser welding robot is proposed, which ensures the cooperative welding operation of multiple joints of the dual-beam
laser welding robot. The trajectory optimization model is proposed to further improve the welding quality of T-joints.
The motion stability and operation time of the dual-beam laser welding robot are optimized on the basis of the
position, velocity, and acceleration requirements of each joint. NSGA [l and NSGAIIl are used to solve the multi-
objective optimization model, and comparative analyses are performed.

Key words laser technique; dual-beam laser welding robot; cooperation of multiple manipulators; bilateral welding
seam of T-joint; trajectory smoothing; multi-objective optimization
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