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Abstract. An algorithm for improving feeding rates of industrial welding robot TA 1400 of Panaso-
nic with 6 degrees of freedom is presented. The kinematics and dynamics of the robot are calculated
on MATLAB software. The proposed algorithm for improving feeding rates is mathematically ana-
lyzed and the performance of the system is evaluated in a simulation environment. The simulation
results are used for proving the efficiency of the solution. Based on the achieved results, the algorithm
can be applied for reducing time and improving the productivity of other industrial robots in the
future.
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1. INTRODUCTION

Recently, industrial robots have been widely used for welding, cutting, 3D plastic printing
and metal manufacturing additives due to their versatilities. Among them, the welding ro-
bots have been widely applied because of their flexibility. Studies on increasing productivity
of welding robotics are still being researched to improve the competitiveness of industrial pro-
duction. One of the most effective ways to increase productivity is to optimize the production
process based on optimizing the feeding speed of the robot, especially for continuously and
complex tool-paths. However, the accuracy of the head position and the limitation of dyn-
amic variables such as velocity, acceleration and recoil of the joint must be ensured so that
robots are not overloaded, avoiding undesirable vibrations, and tool-path errors.

Besides, the problem of inverse dynamics also plays an important role in analyzing dy-
namics and designing control systems of robots. These issues become more complex for
the backup system due to the diversity. A number of methods have been developed to
solve the inverse kinematic problems such as Pseudo-inverse [1,2], Jacobian transpose met-
hod [3], Damped Least Squares [4], Quasi-Newton and inter-gradient [5], Closed-loop inver-
sion (CLIK) [6], offset modification method (OM) [7], Neutron Network algorithm [8], IK
quick algorithms [9], the algorithm for adjusting the increments of generalized vector [10-12].
After that, [13] proposed an inverse kinematic solution of the 6-DOF industrial manipulator
with Euler’s wrist using the quaternary vector pair method. Furthermore, a new solution
method to avoid general limitations, singularities, and obstacles to redundant robots is intro-
duced in [14]. Dynamic model analysis solutions for welding and cutting robots are mentioned
in [15]. The issues of reverse dynamics of excess robots are addressed in [16]. The inverse
dynamics problems of the redundant robot are mentioned in the works [17]. The methods
of planning the feeding speed by a processing robot are based on geometric parameter inter-
polation [18]. Additionally, the study in [19] for 5-axis computer numerical control (CNC)
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machines has solved the issues by a robotic combination system in the parameter domain
based on the dynamic properties of the robot. It is said that the mathematical models of
the system play an important role in the construction of the tool-path design for machining
robots.

The problem of optimizing the feed rate is mainly considered when cutting on CNC
machines. Only few works which research on optimizing the feed rate for industrial robots
because the application of robots in machining has recently been of interest. The optimi-
zation of the feed rate for machining robots has only solved the kinematic problem and
trajectory planning, not yet considering the dynamic problem and calculating the driven
torque corresponding to the optimal machining parameters. Most of the previous optimi-
zation algorithms were quite complex, difficult to implement with machining robots and
welding robots because most of them were redundant robots with a large number of degrees
of freedom (DOF).

This paper presents a simple and effective algorithm for improving the feeding rates of
industrial welding robots with 6-DOF. The paper has the following structure. In Section 2,
the calculation of kinematics and dynamics is introduced. In Section 3, the algorithm for
improving feeding rates of Panasonic 6-DOF welding robots TA 1400 is analyzed in details.
Next, the simulation results for load speed parameters and torque values of industrial welding
robot TA 1400 are given to prove the performance of the algorithm with the different values
of kinematic and dynamic parameters such as position, velocity, acceleration, and recoil of
the joints.

2. CALCULATION OF KINEMATICS AND DYNAMICS

The kinematics model of industrial welding robot TA 1400 with 6-DOF is depicted in
Figure 1. The fixed coordinates system is (OXYZ)y located at point Oy and (OXYZ);,
(1 =1+ 6) are the local coordinate systems attached link ¢. The rotational joint variables
are ¢;.

0 X
Figure 1. Kinematics model of the welding robot TA 1400
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The kinematic parameters according to the D-H rule [2] are shown in Table 1. Based on
the kinematic D-H parameters, the transformation homogeneous matrices H;, (i = 1+ 6) are
able to be determined easily.

Table 1. Kinematic parameters D-H

Links 91 dl a; (67
1 q1 d1 aq 7T/2

2 q2 0 ag 0

3 qs3 0 as 7T/2
4 qa d4 0 7T'/2
5 |¢ | 0] 0| —n/2
6 de d5 0 0

The position and direction of the end-effector point (EE) are determined from the Dg
matrix related to a fixed coordinate system as mentioned in [2]. In details, the transformation
homogeneous matrices of EE point of the welding torch are calculated as follows

D¢ = H;HoH;H, H; H. (1)

Defineq=[q¢1 ¢ ¢ @ ¢5 gqs | asthe generalized joint vector and x = [ T Yy z ]T

is the coordinate vector of EE. The forward kinematics equations can be written as

X= f(q)v (2)

where f is a vector function representing the robot forward kinematics. The derivative of
(2) with respect to time supports the relation between the EE velocity parameters and the
joint velocities as follows

x=J(q)q, (3)

where J(q) is the Jacobian matrix of size 3 x 6. The acceleration of EE can be given by the
derivative of (3) as follows
x=Jqg+Jq. (4)

The derivative of (4), the jerk of EE is determined as
X =Jg+2J§+J4q. (5)
The inverse kinematics equations of robots are written as

q=f"(x). (6)

The values of vector q have been determined from (6), the joints velocity is determined
as
q=J"(a)%, (7)
where JT(q) is the pseudo-inverse matrix of J(q) matrix and is defined as [2]

1

It (q) =3"(Q)[I(q)I"(q)] - (8)
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The joints acceleration is calculated from (7) as follows
G=J"(a)(% - Ja). (9)
Similarly, the joints jerk also is determined from (9) as the following equation
q=J"(q)(X — 234 — Ja). (10)

For the given x,x,X,X vectors and using the algorithm for adjusting the increments
of generalized vector, the approximately joint variables value can be determined exactly
[10-12]. Given a geometric trajectory such as a tool-path in parametric domain x(u) =
[ z(u) y(u) z(w) ]T, u = [0,1]. Note that F(t) = $(¢t) is the feeding rate along the tool-

path [12], where s is the arc length of curve x(s) = [ z(s) y(s) z(s) ]T. The inverse
kinematics equation in parametric domain is rewritten as

a(u) = [~ (x(u)). (11)

Note that the derivatives with respect to time ¢ and the parameter u, s are denoted by
dots and primes, respectively. Assume that the vector q(u) is calculated by the method
mentioned above. The velocity, acceleration and jerk of joints need to be determined in
parametric domain. From (7), we have

dx ds
=Jt—— =J*x 12
d d d
where ds = o du or a5 _1ex) The derivative of x by s can be calculated as
du du du
xg:dj:dx/du: dx/du _ Xu (13)
ds ds/du |dx/du|  |x3]
The generalized velocity vector can be given as
X
g=J"—=F (14)
x|

The acceleration and jerk of joints are determined in parametric domain as

go gt [ X X)) X)) b X
3 2 X, ’4 Xa

||

F— jq) (15)

x| %,
and - . -
X x(0a) ) (i) + () ) o
3 5
X, | X
=J" i 16
4 X} x;t((x’u)Tx;;- . (16)
+ 5 T F'F—2Jg-Jq
|| x|

From (14), (15) and (16), values of ¢, § and 4 depend mainly on the geometric characte-
ristics of the tool path trajectory (x(u), x (u), x»(u), x»(u)), feeding rate (F, F?, F3 F)
and the kinematics structure of the robot (J,J,J).
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The inverse dynamics problem is built to determine the forces and torques acting on
the robot according to the given motion characteristics. It is necessary to build a system
of dynamic equations to solve this problem. The dynamics equations show the relationship
between forces and torques with the motion characteristics of robots such as joint position
q, velocity q, joint acceleration §. The dynamics equations of the robot are described as
follows [20]

M(q)4 + C(q,q)q +g(q) = 7. (17)

3. ALGORITHM FOR IMPROVING FEEDING RATES

In this section, the feeding rate of the welding torch along the weld seam is calculated
based on the kinematic constraints of the welding robot. The initial value of the feeding
rate is given and will increase gradually after the increments of the loop. The growth is
only stopped if the constraint conditions are broken. Thus, each position in the parametric
trajectory will have a corresponding feeding rate value. Let’s denote F;,; and F,,., be
the initial and maximum feeding rate value, general joint vectors max, Gmax and dmax be
the maximum velocity, acceleration and jerk vector of joints. The optimal function can be
reached by the following equation

Foptimar = max F(u) . (18)
u€el(0,1]

The constraint conditions for the optimal problem can be defined as
|fI| < C.lmaxy |Q‘ < Elma)o ‘q’ < .q.maxv F < Fmax- (19)

The proposed algorithm with the constraint conditions is described as Figure 2.

X(u} 7 Fr ’ an::' Au
qmn:: ’ qmn::-' qmn::
v
o U T tAu
!
Calculate l‘:](-h!lk_1 ), Q(uk_1 )

F(UJHJZF{'U;CJ+AF Q(uiﬂ}f-q{ukq}
3

Conditions (19)
F<F

Figure 2. The algorithm for improving feeding rates
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4. SIMULATION RESULTS

This section presents the simulation results for welding robot TA 1400 with a complex
weld seam. Some parameters of the system can be showed as follows: d; = 0.42(m), a; =
0.15(m), ae = 0.56(m), as = 0.13(m), dy = 0.6(m), d¢ = 0.325(m), fmax = 1.2(m/s,
mi = 50(kg), ma = 39(kg), ms = 46(kg), ms = 20(kg), ms = 3.2(kg), me = 2.7(kg), g =
9.81(m/s?). Then,

dmax = [ 2297 332 332 6.64 6.54 10.5 |, (20)
Gmax = [ 74 83 83 162 164 263", (21)
Guax = [ 37 415 415 81 82 1315 ] . (22)

The weld seam is defined as follows

z(u) = 0.4+ 0.3(1 + sin(2u) cos(u)),
y(u) = 0.4+ 0.3(1 4 sin(2u) sin(u)), (23)
z(u) = 0.8.
It is noticed that these parameters are selected based on the parameters of the real welding
robot concerning voltage, welding current, and wire output speed. Actually, the weld seam is

conducted with a feeding rate value much smaller than the maximum value. Therefore, the
maximum speed limit for the algorithm can be redefined as follows fin; = 0.01(m/s), Af =

0.005(m/s), fmax = 0.3(m/s), Au=0.01, go=[ 0.78 1.34 0.23 0.15 122 0 ]T.
Based on the algorithm in Figure 2 with the given parameters of the welding robot, the
steps for calculating the optimal feeding rates are shown in Figure 3.

xX(u)

Inverse kinematics
solving algorithm

»

v
Determine
q,q ana q
+
f— f + A f Optimal feed rate

algorithm

Check
tics constraints
broken?

Inverse
dynamics

-

fopﬁumi , Torques

Figure 3. Steps for calculating the optimal feeding rates
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Figure 4. The trajectory of EE, robot model and the joints
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The simulation results in Figure 4 include: Figure 4a shows the trajectories of EE as the
welding simulation results; Figure 4b displays the weld seam trajectories in the 3D workspace;
Figure 4c depicts the joint position values respected to the trajectories.

Figure 5 (a, b, ¢) present the results of the inverse kinematics problem in the parametric
domain including velocity, acceleration and jerk joints, respectively.

The errors of EE between the desired and actual weld seam are shown in Figure 6a.
The optimal values of feeding rate through the optimization algorithm present in Figure 6c.
According to the given weld seam profile, feeding rate values change accordingly. Figure 6b
shows the torque values of the joints through solving the inverse dynamics problem.

Based on the given weld seam profile and the dynamics parameters of the robot, it was
found that joint 2 has the maximum torque value.

5. CONCLUSION

The paper presents the algorithm for improving the feeding rate of welding robots. The
position values on the given weld seam have been determined based on the kinematics,
dynamics modeling in the parameter domain. The performance of the proposed algorithm
is evaluated in the simulation environment under the model of the Panasonic industrial
welding robot TA 1400. In the simulation, the algorithm supports the system for adjusting
the increments of the general joint vector with an effective solution concerning the inverse
kinematics. The position, velocity, acceleration, and jerk of the joints are calculated within
the kinematics limits of the welding robot and ensuring weld seam errors in the workspace.
In addition, the simulation results of this study show that the principle of the given algorithm
can be applied not only for the Panasonic industrial welding robot TA 1400 but also other
kinds of welding robots with n-DOF (n > 6).
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