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Abstract - To overcome the insufficient quality stability of the overlap welding joints of solar panel
busbar, using laser brazing technology, a new type of serial gantry robot with five degrees of
freedom (three translations and two rotations) is designed. Firstly, the structure scheme of the
gantry laser welding robot with five degrees of freedom for solar panel busbar is introduced.
Secondly, the D-H linkage coordinate system of the welding robot is established, and the kinematics
forward and inverse solutions and the velocity Jacobian matrix are solved. Finally, the kinematics
forward and inverse solutions are verified by using Robotics toolbox in Matlab; the reachable space
of the robot is calculated by Monte-Carlo method; the kinematics simulation of the laser welding
robot end effector is carried out by using Adams software. The results show that the displacement
of the end effector of the gantry laser welding robot with five degrees of freedom for solar panel
busbar is non-interference and the velocity curves change smoothly, which verifies the rationality
of this structural design. By making a prototype and building a test platform for experimental
verification, the robot ran smoothly, the weld seam layout was efficient and accurate, and the error
at the end of the robot welding gun was within 0.28 mm.

Keywords: Solar panel busbar, Laser welding, Kinematic forward and inverse solutions, Matlab

Robotics, Adams simulation.

1. Introduction

Busbar welding is a crucial process in the production
of solar panel modules, and its welding performance
directly determines the working efficiency of the
solar panel [1-2]. Among them, because laser
welding can be used for non-contact welding, it has
the advantages of high energy density, high ratio of
penetration deep to weld width, fast welding speed,
good repeatability, small workpiece deformation,
and small heat affected area [3-4], therefore, laser
welding of solar panel busbar will have a broad
application prospect in the world photovoltaic
power generation industry. Laser welding of solar
panel busbar is to weld the interconnection belts on
two adjacent battery strings together to play the role
of parallel battery strings. At present, the equipment
for solar panel busbar welding in domestic and
foreign markets is not sufficient, and the welding
quality and efficiency of traditional laser welding
machines are difficult to meet the requirements. In
order to improve the welding quality and efficiency
of solar panel busbar, a gantry type automatic laser
welding robot is designed and studied in this paper.

With the introduction of concepts such as
Industry 4.0, intelligent manufacturing has become a
trend in industrial development, and welding robots
are becoming increasingly diversified, intelligent,
and flexible [5]. However, most welding robots are
inconvenient to move and cannot weld continuously
uniformly. Therefore, developing an intelligent robot
for the welding task of solar panel busbar is of great
significance for the development and improvement
of intelligent welding technology in world. As a
manifestation of industrial automation technology,
automatic laser welding robots can automatically
perform welding operations, so the motion
trajectory of welding robots becomes one of the
main factors affecting welding accuracy [6]. At
present, 6-axis serial industrial robots are capable of
performing a large number of welding operations,
such as placing the industrial robot system on
movable guide rails or gantry frames for workpieces
with large dimensions and complex geometric
shapes, adding 1-3 external axes, and equipped with
1-2 axis positioners, which can expand the working
space of the industrial robot itself and achieve good
connection positions between the workpiece
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connection parts and the industrial robot system.
This article studies the combination of gantry
mechanism and laser welding technology to
construct an automatic laser welding robot. On the
one hand, it can avoid machine tool errors caused by
cutting forces, and on the other hand, it can apply the
advantages of gantry mechanism to automatic laser
welding, thereby enabling the serial robot to be
better applied in the field of automatic welding.

The laser welding robot for solar panel busbar in

this paper has five degrees of freedom X, Y,Z,R,R,

so it has good mobile performance. In order to verify
the feasibility of the structural design, the kinematics
analysis and simulation of the laser welding robot
for solar panel bus bar were carried out. Kinematics
analysis of robots [5-10] is not only the basis of
robot dynamics analysis, but also provides a basis
for the research on robot motion space, motion
control, trajectory planning. In this paper, the D-H
linkage coordinate system [11] of the welding robot
is established, and the analytical expressions of
kinematic forward and inverse solutions [12-13] are
obtained by algebraic method. Then, the kinematic
forward and inverse solutions are verified by using
Robotics toolbox in Matlab. Secondly, Monte-Carlo
method is used to display the motion space of the
welding robot [14-15], which can intuitively reflect
the motion space of the robot in three-dimensional
space. Finally, we use Adams software to conduct
kinematics simulation research on the end effector of
the robot [16-17], and evaluate whether its motion
characteristics are reasonable.

1.1 Structural Design of Solar Panel Busbar
Laser Welding Robot

Through in-depth understanding of various
gantry type machine tools and laser welding
machines, comprehensively analyze the reliability
and complexity of the mechanism, as well as the
laser welding characteristics and process of solar
panel busbar, meanwhile, according to the problems
in the production of the traditional laser welding
machine, taking into account the shape
characteristics of the solar panel busbar overlay
welding, and combining with the performance and
technical requirements of the laser welding machine,
we put forward the overall scheme of the equipment
[18]. The overall scheme of laser welding robot is
shown in Figure 1.

The mechanical structure of the equipment
consists of five parts. The first part is the design of
the lathe bed and X-axis. The X-axis linear motor
drives the solar panel busbar (workpiece) clamp to
move in the X-direction, and the lathe bed plays a
supporting role to ensure the sufficient static and
dynamic stiffness. The second part is the design of
the upright column. The upright column is mainly
used to support and meet the Z-direction movement
of the laser welding head. Therefore, the upright
column should have enough stiffness and the

welding head should have enough height during the
design, meanwhile, it is necessary to prevent the
upright column from being too high, causing the
entire lathe bed to overturn. The third part is the
design of the Y-axis. The laser welding head is driven
along the Y-axis direction by the Y-axis linear motor.
The fourth part is the design of the Z-axis. The Z-axis
servo motor and ball screw combine transmission to
drive the laser welding head up and down and to
focus the laser on the solar panel busbar
(workpiece). The fifth part is the laser welding body.
The body base is fixedly connected to the Z-axis
beam, which has two rotation joints.

S

N8
1—Marble lathe bed; 2—X-axis linear motor stator;
3—X-axis linear motor mover; 4—X-axis guide rail;
5—X-axis slider; 6—X-axis sliding plate; 7—Work-
piece clamp; 8—Laser welding head; 9—Ball screw;
10—Screw nut; 11—Z-axis sliding plate; 12—
Bearing and bearing components; 13—Coupling; 14

—7Z-axis servo motor; 15—7Z-axis base; 16—Y-axis
(linear motor module); 17—Marble upright column;
18—Solar panel busbar (workpiece).

Figure 1: Structural design of laser welding robot for
solar panel busbar

The solar panel busbar laser welding robot
system has a total of five degrees of freedom, that is,
three linear moving pairs and two rotating pairs. The
joint forms are shown in Figure 2.
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Figure 2: Joints diagram of laser welding robot for
solar panel busbar
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1.2 Calculation and analysis of critical speed

Kinematics of mechanism is a method to study
how the joints of mechanism move. It includes two
aspects: one is to solve the kinematic forward, the
other is to solve the kinematic inverse. Kinematic
forward means that the change angle and
displacement of each joint of the mechanism are
known, and the trajectory and attitude of the
actuator at the end of the mechanism can be solved,
significantly, the result is only one solution.
Kinematic inverse refers to the inverse calculation of
how each joint moves to achieve the attitude and
position of the actuator at the end of the mechanism,
significantly, the solution is often not unique.

Firstly, we analyze the D-H connecting rod
parameters of the solar panel busbar laser welding
robot, as shown in Table 1.

Table 1. D-H connecting rod parameters

i (VN d, a._, 6,
1 -pif2 d, 0 pi/2
2 pi/2 d, aq 0
3 -pif2 ds a, pi/2
4 0 d, 0 0,
5 a, d 0 0,

According to the D-H coordinate method, the
relationship between the end actuator and the base
can be expressed as:

TR A A

0 -10 010 0 a
10 0 1400 -1 -d,
-1 00001 0 O
0 00 1j00 0 1
[0 -1 0 a,|cosd, -sing, 0 0 (1)
0 0 1 d;|sing, cosg, 0 O
-1 0 00 1 d,
|0 0 0 1 01
cosd, —sm&5 0 0
sing,cosa, cosf,cose, -sina, —d.sing,
sing,sine, cosé,sina, cosa, d.cosq,
| 0 0 0 1
n, o, W, P,
— Ny 0, W, Py
n, o, W, p,
0 0 0 1

Here, the vectors i, 0, W respectively represent the
attitude vectors in the end effector coordinate
system, and the vector P represents the position

vector in the reference coordinate system.
So the result of kinematic forward solution is:
n, =—co0s0, cos6, +sin O, sin 6, cosa,,,
0, =C€0s6,sin 6, +sin 6, coso, cosa,,,
w, =-sing,sina,,
p, =—d.sin6,sina, +d,,
n,=sin6;sina,,
0, =C0s0;sina,, @)
w, =cosa, +d,,
p, =dscosa, +d, +d; +d,,
n, =sin®, coso, +cos6, sin 6. cosa.,,
0, =—sin0,sin 6, +cos6, cosb, cosa,,,
w, =—C0s0,sina,,
p, =—d,cosO,sina, —a, —a,.
Next, we analyze the kinematic inverse solution.

It is obvious that:

ny
6, =arctan— (3)

0,

Substituting equation (3) into equation (2) to get:

. W
6, =—arcsin(—sin ;) 4)
n
y
After the @, and 0; expressions are obtained,

there may be more than one set of numerical results,
and the final specific quadrant selection should be
determined according to the continuity of motion.

Substituting the €, and & into equation (2) can
obtain the
par.e1meter0(4,al,8.2,(Zil,dz,d3,d4,d5 for kinematic

specific  expressions of other

inverse solution.

By using Jacobian matrix and its inverse matrix,
the coordinate transformation of forward and
inverse relative to the base for the angular velocity
of each joint of the solar panel busbar laser welding
robot can be obtained, and it can connect a certain
joint of the laser welding robot with the whole. The
Jacobian matrix can be expressed as:

0T, 0°T 5)
06, ' 06,
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1.3 Kinematic Simulation

1. Robotics modeling to verify the forward and

inverse solutions

Using Robotics toolbox in Matlab to model the
robot according to the D-H connecting rod
parameters, and setting the initial position:

o,=-n13,60,=712,06,=-r12,a =a,=0.15,
d,=0,d,=-1d,=1d, =-0.3408,d, =—2.556.

So the theoretical pose matrix of the tool coordinate
system can be calculated by substituting the initial
position into equation (1):

0.5 0 -0.866 1.214

-0.866 0 -05 -0.6189
° 0 1 0 -0.3
0 0 0 1

Figure 3 shows the modeling of the robot using
Robotics toolbox, we can see the identified initial
position. Further, using the fkine function in Matlab,
we can get the value of the pose matrix, which is
exactly the same as the equation (6), so the analytic
expressions of kinematic forward and inverse
solutions in section 2 are verified correct.

Teach

1.214
-0.619
-0.300

Nissi2s

R: -0.000
P: -60.000
Y: 90.000

1.0 € > ool
X| (15 0
2.0 -1

Figure 3: Robotics modeling

2. Workspace Simulation of end Effector of Laser

Welding Robot

Before a welding robot is given a task, it is often
necessary to know clearly the reachable workspace
of the welding robot. In MATLAB, the Monte-Carlo
method can be used to randomly sampling in the
range of motion of each joint angle. Kinematic
forward solutions for a large number of sample
points are the corresponding positions of the end
actuator. By drawing the corresponding positions of
the end actuator, the robot workspace can be
visualized. Setting the random number to 2000 times,
so the workspace simulation of the robot end
effector is shown in Figure 4.
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2000 1000 (\’( -1000  -2000-2000 X

Figure 4: Robot motion space

The blue area in Figure 4 is the workspace of the
robot. It can be seen from the three-dimensional
simulation Figure 4 that the reachable boundary
range of the solar panel busbar welding robot can
meet the requirements of the actual welding area. Its
movement space is -0.5~1.5m in the Z-direction, the
maximum displacement of the X-direction can reach
3.5m, and the maximum displacement of the Y-
direction can reach 2.5m, which conform to the
space range limit of the welding action.

3. Kinematics simulation of the whole machine

Figure 5 shows the 3D solid model of the solar
panel busbar laser welding machine established in
SolidWorks software, which is imported into Adams
software in the format of Parasolid. file for
kinematics simulation.

Figure 5: The model in Adams

Setting the displacement functions of the three
prismatic joints and the velocity functions of the two
rotation joints of the laser welding robot as:

X-axis: Step (time, 0, 0, 0.009, 2300) + Step (time,
0.3892, 0, 0.3894, -2300) + Step (time, 1.8346, 0,
1.8676, 2300) + Step (time, 1.9556, 0, 1.9886, -2300);
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Y-axis: Step (time, 1.1924, 0, 1.2016, 2300) + Step
(time, 1.8346, 0, 1.8674, -2300) + Step (time, 1.9556,
0, 1.9886, -2300) + Step (time, 2.4896, 0, 2.5226,
2300) + Step (time, 2.6436, 0, 2.6528, -2300) + Step
(time, 2.7556, 0, 2.7846, 2300);

Z-axis screw: Step (time, 0.3984, 0, 0.4112, 1440) +
Step (time, 1.1794, 0, 1.1924, -1440);

Z-axis screw nut: Step (time, 0.3984, 0, 0.4112, 64) +
Step (time, 1.1794, 0, 1.1924, -64);

Rotation joint1: Step (time, 0, 0, 10, 5d) + Step (time,
15, 0, 20, -5d);

Rotation joint2: Step (time, 0, 0, 10, -5d) + Step (time,
15, 0, 20, 5d).

Here, Step is a step function, 5d is the rotational
angular velocity of the simulated joint.

Curve A in Figure 6 is the displacement of the end
effector of welding robot in X-direction, curve B is
the displacement in Y-direction, and curve C is the
displacement in Z-direction. It can be seen that the
maximum displacement in the X-direction is 310cm,
the maximum displacement in the Y-direction is
220cm, and the maximum displacement in the Z-
direction is 130cm. The maximum limit values of X, Y
and Z directions in the workspace of the welding
robot are 350cm, 250cm and 150cm respectively, so
the maximum displacement values of X, Y and Z
directions in curves A, B and C are less than the limit
values of the workspace, which shows there is no
interference in the displacement of the mechanism,
so the simulation results meet the requirements of
the actual work of the robot.
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Figure 6: Displacement curves of the end of robot

From Figure 6, it can be seen that as the stiffness
of the upper support increases along the order of
magnitude, both the first and second critical speeds
increase, and the second-order change rate is
significantly larger. When the stiffness increases
from 1.0x10¢ (N/m) to 1.0x108 (N/m), the second-
order critical speed undergoes a step change and
then tends to slow down. At this point, due to the
excessive stiffness, it can be approximated as a fixed
support, and the impact on the critical speed
gradually reaches its upper limit.

Curve D in Figure 7 is the velocity of the end
effector of welding robot in the X-direction, curve E
in Figure 7 is the velocity in the Y-direction, and

curve F in Figure 7 is the speed in the Z-direction. It
can be seen that the velocity change of the end
effector is -7~15.5 cm/s, while the fastest velocity of
the welding head can reach 20 cm/s, so the welding
velocity meets the requirements.
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Figure 7: Velocity curves of the end of robot

In addition, it can be seen from the curves in
Figure 6 and Figure 7 that with the welding
movement of the laser welding robot, the curve
changes in all directions are continuous and gentle,
without mutation, which indicats that when the
robot is welding, each mechanism component runs
smoothly without severe impact, so the robot can
ensure the smooth progress of the welding work.

1.4 Experimental Study

Using a robot platform, conduct laser welding
experiments on solar panel busbar. Connecting the
laser welding head at the end of the robot and using
beam movement and specimen fixation for welding.
Using manual feeding and clamping. The base metal
of busbar is TU1 oxygen free copper sheet, its length,
width and thickness are 600mm X 100mm X 0.35mm.
The base metal of interconnection belt is also TU1
oxygen free copper sheet, its length, width and
thickness are 200mm X 40mm X 0.15 mm, these base
metals are both in rolled and annealed state. The
brass solder is tin solder. The output power of the
laser is 2.8 kW. The welding process is shown in
Figure 8.

-

Figure 8: The pt;bcess of robot laser welding
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The welding test sample is shown in Figure 9, and
it can be seen that the weld seam is flat, continuous,
and uniform, which verifies the accuracy and
continuity of the robot's motion.

Figure 9: Busbar welding test

During the welding process, 10 sets of joint
coordinate values are randomly collected by the
upper computer and inputted into the forward
kinematics expression, and compared with the robot
end coordinate values to obtain the robot accuracy.
As shown in Figure 10, the welding accuracy of the
robot is within 0.28 mm, which meets the precision
requirements of the welding robot.

03 e
Z
0.25
. - X
02t * A
N * ©
% yZ
position 013 £~ e
error/mm © \( . "
0.1+ AN
0
005
0
1 2 3 4 5 6 7 8 9 10

Experimental group number

Figure 10: Robot motion accuracy error
2. Conclusions

In this paper, the mechanical structure and
kinematics of the solar panel busbar laser welding
robot are analyzed by combining theory with
computer simulation. The main contents are as
follows:

(1) A gantry type laser welding robot with five
degrees of freedom for solar energy battery panel
busbar is designed. The Z-axis linear module moves
up and down to focus the laser, and the X/Y axes
drive the laser welding head to move along the
predetermined trajectory. The laser welding body
has two rotary joints to realize the one-time overlap
welding of the solar panel busbar and
interconnection belt.

(2) The D-H parameter coordinate system of the
welding robot is established, and its kinematic
forward and inverse models are derived. The
forward and inverse solutions are analytical
solutions, which have the advantages of strong real-
time and easy control.

(3) Under the Matlab simulation environment, with
Robotics toolbox, the verified kinematic forward and
inverse solutions of the solar panel busbar laser
welding robot are obtained. Meanwhile, combining
with the Monte-Carlo random number algorithm, the
workspace of the welding robot during welding is
simulated, so that the movement of the robot can be
seen more intuitively.

(4) Conducting the motion simulation of the whole
machine by Adams software, the displacement curve
of the actuator at the end of the welding robot
changes within the working space, and the whole
machine will not have motion interference. The
velocity curve changes continuously and gently,
without mutation. which proves that there is no
severe impact during welding. Therefore, the
structure design meets the requirements.

(5) A robot prototype was made for welding tests,
and the robot clamping was reliable. The surface
morphology of the busbar welding was smooth and
sturdy, and the absolute accuracy of the robot
reached within 0.28mm.

Further, the trajectory planning of the welding
robot can be studied. At the same time, the
mechanical structure of the laser welding head can
be changed to enable the welding robot to complete
more complex operations in solar panel busbar laser
welding.
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