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SUMMARY

In this paper, a path planning algorithm for robotic systems with excess degrees of freedom (DOF)
for welding of intersecting pipes is presented. At first step, the procedure of solving the inverse
kinematics considering system kinematic redundancy is developed. The robotic system consists of a
6 DOF robotic manipulator installed on a railed base with linear motion. Simultaneously, the main
pipe is able to rotate about its longitudinal axis. The system redundancy is employed to improve weld
quality. Three different simulation studies are performed to show the effect of the robotic system
kinematic redundancy to plan a better path for the welding of intersecting pipes. In the first case, it
is assumed that robotic manipulator base and main pipe are fixed, and the path is planned only with
manipulator joints motion. In the second case, only the robot base is free to move and the main pipe
is fixed, and in the third case, the main pipe is free to rotate together with the base of the manipulator.
It is seen that kinematic constraints according to the system’s redundancy will help to plan the most
efficient path for the welding of complex pipe joints.
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1. Introduction

Robotic welding is a key component in order to accomplish a competitive and effective production.
Successful implementation of robotic welding is especially seen throughout the automobile industry.
However, other industries are still on the verge of utilizing robotic welding. Particularly, welding of
intersecting pipes is widely used in several industries such as oil, gas, and petrochemicals, as well as
in steam power plants, shipbuilding, etc. In these welding conditions, the exact design of the welding
path is an important issue because of the complex geometry of the weld seam, especially when
there are multi-welded parts located close together in a large workspace. In these cases, the welding
torch must pass through the weld seam with specified velocity profile. Because weld seams in large
pressure vessels and intersecting pipes have complex 3D curve, the quality of manual welding highly
depends on the skill of the welder. On the other hand, automatic welding is able to guarantee the
quality of welding along with increased productivity. Therefore, industrial owners are interested in
robotic welding for the abovementioned applications instead of manual welding. For simple weld
paths such as flat surface and straight line welding, employing a robot with 5 degrees of freedom
(DOF) is usually sufficient. But in cases where obstacles are present in the workspace or if weld
paths have a complex geometry, more DOF will be needed for welding. Because of the importance of
these applications, in this paper an algorithm is proposed for path planning of interesting pipes using
a redundant 6 DOF industrial robotic manipulator installed on a mobile linear railed base having the
main pipe rotational positioner. The same path planning algorithm can be easily adapted for any other
kinds of kinematic redundant robotic structures, such as gantry robots, mobile manipulators, or other
kinds of complex welding geometries.
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When the robotic manipulator has redundancy, researchers use this redundancy to reach some
desired goals, for example, reduction of energy consumption,' overcoming discontinuity problem,?
improving kinematic and dynamic performance,® motion planning considering obstacle avoid-
ance,*> etc. There are different techniques for redundancy resolution of robotic manipulators that
are divided into three main categories, namely Jacobian-based methods,®” null space methods,® and
task augmentation methods.” Here we use a combination of Jacobian-based and task augmentation
methods for redundancy resolution. A review of past work shows that the welding of these pipes has
been less studied using 6 DOF industrial robots. Lu et al.!” have controlled automated welding on a
saddle curve. Chen et al.!! have proposed a method for weld seam path planning of nozzles installed
on a spherical head of pressure vessels that was an intersection curve of pipe to sphere. They have
used a special welding machine installed on the branch pipe. Pose planning for the end-effector of
the robot in the welding of intersecting pipes was presented by Liu et al.!? They have extracted a
mathematical model of the pipe intersection curve by considering two different conditions for weld
seam coordinates. They have also used a special welding machine. Wu et al.'* have considered the
problem of coordinating multiple motion devices for welding with a focus on the problem of coordi-
nating a three-axis positioning table and a six-axis manipulator. Their approach to the coordination
problem was based on a subdivision of tasks. Ren et al.'* have modeled weld seam and welding torch
pose in the welding of intersected T-shaped pipes. Yao et al.'> have developed a mechanism for pipe
welding that had four revolute joints and one prismatic joint along main pipe axis. Tian and Lii'
have proposed a tree-axis interpolation algorithm, similar to that used in CNC machines, to control
the path in automated welding of tubular joints.

Some researchers have used 6 DOF commercial robots for path planning. Doan and Lin have intro-
duced optimal robot placement with a consideration of redundancy problem for wrist-partitioned 6R
articulated robots.!” Some others have limited their research to path planning in the operating space.
They did not study path planning benefiting from redundancy. Shi et al.'®:!° have proposed an indus-
trial robotic algorithm for welding intersecting pipes, which considered the welding requirement in
path planning, but not path planning limitation in joint space. Li et al.?® have used Solidworks API
CAD software for path planning. First, intersecting pipes were modeled in Solidworks, then a 3D
intersection curve was specified by using several nodes on the curve. Then, a weld seam coordinate
was assigned to each node. This program output was transferred to offline programming for com-
mercial robots. Because of joint space limitation, there was no guarantee that the robot could travel
the curve. Some other researchers have been exploring path planning of welding robot in the joint
space using some intrinsic properties of welding such as functional redundancy due to unimpor-
tant rotation of the welding torch around its axis. Huo and Baron?! have presented an algorithm to
automatically adjust the parameters of singularity avoidance optimization and joint limit avoidance
optimization. Leger and Angeles6 have proposed an algorithm for solving functional redundancy of
6 DOF commercial robots in applications such as welding that needs 5 DOF operational space.

Although all the aforementioned algorithms introduced redundancy resolution techniques for
robotic welding of intersecting pipes, none of them simultaneously considered robot base motion,
main pipe rotation, and manipulator excess DOF as redundant variables. As investigated in this
paper, the combination of these extra DOFs enables us to make a possible path planning for com-
plex pipe joint welding conditions. In this work, we propose an algorithm for path planning of a
robotic welding system with redundancy in its motion. The redundancy of the system avoids joint
limits and manipulator singularity in welding path planning. The flat welding condition for better
controlling of welding pool and improving weld quality were other criteria to use system redun-
dancy. The rest of the paper is organized as follows. Section 2 formulates the problem of inverse
kinematics considering system redundancy that is more than 5 DOF operational space needed for
robotic welding. In section 3, the trajectory planning algorithm for robotic welding of intersecting
pipes is presented. In section 4, simulation studies of employing our algorithm considering different
redundancy situations are presented. Finally, conclusions are drawn in Section 5.

2. Robotic Kinematics

Figure 1 shows an overview of the robotic manipulator’s standard coordinate frames. In path 1,
the welding torch pose is determined relative to the Ref. frame. This chain includes the Torch
frame, Seam frame, Main frame, Station frame, and Ref frame. In path 2 the welding torch pose
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Fig. 1. Frames describing the robot motion.

is determined using inverse kinematic solution. This path includes the Torch frame, robotic arms’
joints reference frames, and Ref frame. After determining path 1 homogenous transformation (HT),
in path 2, joint variables are determined using inverse kinematics.
According to Fig. 1, path 1 HT is composed of:
Ref T—= RefT StationT Main T Seam T (1)

Torch Station Main* Seam* Torch

where Smn’if}’: T is HT from the Station frame, which is fixed in the main pipe rotating stand, to the Ref

frame. The location of Ref frame depends on robot base redundancy. Figure 1 shows the location of
Ref frame with/without considering robot base redundancy. If redundancy is considered, Zg,y is par-
allel to the longitudinal rails of the robot base, whereas if redundancy is not considered, Zgs is

directed to the first revolute joint axis of the robot. Smlf ;{l T transformation is calculated as:

CGref ) eref COlyef s eref SO ef Aref ceref

RefT _ Seref Cgref Clpef _Cgref SUref  Ayef Seref (2)
Station = T 0 SQpef COpef dref
0 0 0 1

Where dyer, dref, O ety 0 are calculated using homogeneous transformation rules.??

S’X}Z’;T is the HT from the Main frame to the Station frame. Figure 2 shows that the origin of two
frames is coincident and their Y-axis is collinear. If workpiece positioner is not rotated, these two
frames are coincident and /' T is jdentity matrix; otherwise the Main frame is rotated relative to

the Station frame by § angle:

cosp 0 sing 0
Statiqn — 0 1 0 0 (3)
main —sin 0 cosp 0O
0 0 0 1
g’eZ’,ﬁT is the HT from the Seam frame to the Main frame. Referring to Fig. 3, the pipe intersection

curve can be described as g(0) so that each point on the curve is exclusively determined by an angle
6 around the branch pipe axis, as:

Xpreh =1 Sin 6

Voren = csc & v/ R? — (r sin6 + €)* — r cot o cos 6 4)

Zpreh =T COS O
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Main frame.

Fig. 2. The Main frame relative to the Station frame.

Fig. 3. The Branch frame relative to the Main frame.

The HT from the Branch frame to the Main frame is extracted from Fig. 3:

1 0 0 e

Mainp | O cosa —sina 0
BranchT = 0 sina cosa O ©)

0 0 0 1

As Fig. 4 shows, the origin of Seam frame is located on the pipe intersection curve, where X-axis
is directed along weld seam, and Z-axis coincides with the weld perpendicular bisector that bisects
the dihedral angle between branch pipe tangent plane and main pipe tangent plane. The Y-axis is
determined by the right hand rule.

Finally, the pipe intersection curve is determined using the HT from the Branch frame to the Main
frame as well as the HT from the Seam frame to the Main frame as follows:

g Xy
Xpren + € " e x

Main _ {n} {o} {a} cosoy,., —sina Zyen o= Jm T (6)
Seam SIN A Yy + COS A Zpren || Inm — npl
0 0 0 1 Lt
R+ 1|
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Fig. 4. Seam frame.

Torch frame

Fig. 5. Torch frame to Seam frame.

where n,, and n,;, are, respectively, normal to the Main and Branch pipes that are located on the weld

seam Os:'?
. _|:rsin9—|—e \/Rz—(rsin9+e)2:|
m= 0
R R (7
n,=|[sinf —sinacosf cosacosb |

seamT s the HT from the Torch frame to the Seam frame. The Torch frame is the last frame that
is assigned to the robot arms according to DH convention. Its origin is located at the tip of welding
electrode, while its Z-axis coincides with welding electrode direction. Referring to Fig. 5 to describe
this transformation, it is necessary to combine two transforms and three rotations that were used
to define the welding specifications, including motion angle, work angle, torch redundancy angle,
electrode extension, and torch weaving motion.

To describe electrode orientation during the welding process, two angles are defined. One is work
angle, u, which is the angle between the Z-axis Seam and the projection of Z-axis Torch on YZ-Seam
plane. When u = 0, the weld electrode coincides with the bisector of normal of the main and branch
pipes. The other is motion angle, v, which is defined as the angle between the Z-axis Torch and
YZ—-Seam plane. When v = 0, the weld electrode is perpendicular to the weld seam.
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Electrode extension L is a parameter that is used to control weld deposition rate and depends
usually on materials, welding transfer mode, application, etc. Another feature of the welding process
is weaving motion, which increases the efficiency of welding via making the weld bead wider and
preventing some weld defects such as lack of penetration at weld sides.

The weaving motion is perpendicular to the weld seam, and § is half of its amplitude. Previously,
to make a weaving motion, an oscillator had been used between the torch and the wrist that increased
robot payload. In this paper, weaving motion is added to the equations of electrode motion planning.
A smooth sinusoidal curve (Eq. (8)) is preferred to other curves such as triangular, trapezoidal, etc.,
where A represents the amplitude and fr represents the frequency:

A
§= S sin Qm.fr.t) 3)

The last rotation in Fig. 5 is the rotation angle of the torch, w, around its Z-axis Torch. In some
applications such as welding, cutting, gluing, machining, etc., the rotation of end effector tool around
its axial axis is not important, and it is used as one degree of redundancy called functional redundancy.
It may be considered constant, or it can be used to optimize the path for predefined criteria.

In order to map the Torch frame to the Seam frame, firstly a transform L in the direction of the
Z-axis Seam is done. Then, rotation w about the Z-axis Seam, rotation v about the Y-axis Seam, and
rotation u about the X-axis Seam take place, respectively. At the end, a shift § in the direction of the
Y-axis Seam must be performed:

Seam __
toren I = Tran, s X Roty , X Rot, , X Rot; , x Tran,;

1 0 00 1 0 0 O07[ev O —sv OJ[cw —sw 0 O 1 000
1010460 cu —su O 01 0 Offlsw cw O0O0||0O 10O
10010 0O su cu O sv 0 cv O 0 0O 10 0011
100 01 00 0 1 0 0 0 1 0 0 01 0001 )

[ CvCow+SuSvSow —CuSw CvSuSw—CwSv -1 (SvCw — CvSu Sw)
CvSw—CowSuSv CuCw —SvSw—CwSuCv h—1 (SvSw+ CvSuCw)
CuSv Su Cu Cv [ CuCv
0 0 0 1

In the next section, the trajectory planning algorithm and the effect of robotic system redundancy,
to improve the desired welding path, are discussed. In welding application, the planned path is irrel-
ative to electrode rotation around its axial axis. It causes a functional redundancy of order one. The
inherent redundancy due to the workpiece positioner and movable robot base is from the second
order. So, generally, we have three degrees of kinematic redundancy.

3. Trajectory Planning Algorithm

In the previous section, the kinematic solution algorithm of intersecting pipes in the presence of
motion redundancies was introduced. The path in joint space is generated by the algorithm shown in
Fig. 6. This algorithm is surveyed in this section.

At the first step, the welding torch pose vector X, including the position and orientation of the
electrode, is calculated. At the second step, the joint angles corresponding to the starting path node
X(1) are calculated using analytical inverse kinematics. To have a smooth motion at the beginning and
end of the path, at the third step, the acceleration and deceleration coefficients are defined (Fig. 7).
The velocity at path nodes is determined. Then, the traveling time between two nodes is calculated.
This time is irrelative to the weaving motion. Therefore, the distance between two nodes AS must
be calculated regardless of the weaving motion. That is why at the first step the weaving motion was
not taken into account and its related value 6 = 0 was used. At the fourth step, when a weaving path
is needed, the HT 3¢, T in Eq. (1) must be modiﬁe(} by adding weaving amplitude using Egs. (8)
and (9). At the fifth step the time derivative of path X is derived. Thus, from the first to fifth steps,
the specifications of the desired path are calculated.

At the sixth step, the joint velocity ¢ is computed using the Jacobian-based method, ¢ = J*X,
to which we will turn to in Section 4.1. At the seventh step, the joint angles are computed using
numerical integration from joint velocity g.
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| Step 1: Determine welding torch pose X without weaving motion, Eq. 1 |
[
| Step 2: Determine the joint angles at the starting point |
\
| Step 3: Calculate the travelled speed |

| Step 4: Determine welding torch pose X with the weaving motion |
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Fig. 6. Path planning algorithm.
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Fig. 7. Smooth movement between the start and end of the path by applying acceleration coefficient.

4. Simulation Studies Considering Kinematic Redundancy
In this research, a common industrial manipulator with 6 DOF is considered for the welding task.
These robots have 6 DOF, 3 for position and 3 for orientation determination of the end effector.
On the other hand, the rotation of welding electrode around its axis in the welding application is not
important. Therefore, the use of an industrial robot with 6 DOF causes a degree of redundancy, called
functional redundancy.

In addition, due to the pipe longitudinal dimension, some sections of the welding region may
exceed from the robot’s working space. Therefore, to reach the entire pipe’s longitudinal sections,
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Table I. DH parameters (Romat 320), joint angles, and joint speed limits.

i o; a; d; 0; Joint angle limits Joint speed limits
0 90 0 dy —90 —0.5m<dy<+0.5m 500 mm/s

1 —90 250 0 04 —170° < 6; < +170°! 151°/s

2 0 630 0 0, —180° < 6, < +35° 151°/s

3 -90 196 0 03 —210° < 63 < 4+60° 176°/s

4 90 0 720 04 —179° < 64 < +179° 290°/s

5 —-90 0 0 05 —135° < 05 < +135° 338°/s

6 145 0 273 06 —300° < 6 < +300° 410°/s

1_80° < 6; < +260° (if robot base redundancy exists).

Table II. Geometrical and operational parameters.

Pipe geometry parameters, Fig. 3 R=220mm, r =114mm, ¢=0, « =90°
Welding torch parameters, Fig. 5 v=0°u=51°, w=35°[=0,5 =10 mm
Weaving motion parameters D =10mm, fr=1Hz

Welding speed V =10 mm/s

the base of the robot is placed on the roof or floor rail to reach the longitudinal direction of the pipe,
resulting in system redundancy increase.

In pipe welding with large sizes, it is common to use a main pipe rotational positioner. Therefore,
we studied the application with different redundancy conditions. In the first case, it is assumed that
both manipulator base and main pipe are fixed, and the path is planned only with manipulator joint
motion. In the second case, only the robot base is free to move while the main pipe is fixed, and in
the third case, the main pipe is free to rotate together with base linear movement of the manipulator.

A common robotic cell is considered, while the results can be generalized for other robots installed
whether on roof or floor rail. Figure 1 shows a robotic cell consisting of an industrial robot, installed
on a roof rail. The joint angles and speed limits of this robot are stated in Table I, while the geomet-
rical parameters of the main and branch pipes as well as the operational parameters of welding are
stated in Table II.

4.1. Path planning only with manipulator

Here, two motion redundancies, including main pipe positioner and robot base motions, are ignored,
so that the 6 DOF base manipulator (n = 6) and main pipe are fixed. Because arc welding is a 5 DOF
task (m = 5), conducting arc welding with an industrial 6 DOF robot renders the robot functionally
redundant. To resolve functional redundancy, we use a Jacobian-based method, ¢ = J#X, where ¢
is an x 1 vector, including joint speeds. The term J* is pseudo-inverse of Jacobian and is a n x m

matrix, defined as J# = J7 (J J T)_l. The pseudo-inverse joint velocity minimizes the norm among
all joint velocities that minimize the task error norm.

In Fig. 8 the welding torch 3D space profile is shown, including position and orientation of the
electrode. The simulation of robotic movement along this path between 180° <6 < 360° is shown in
Fig. 8, too. The robot base movement and weaving motion were neglected. The motion angle is 0,
while the work angle is u = 51°. The electrode extension is § = 10 mm.

A uniform electrode advance along the welding path guarantees weld quality. As shown in Fig. 7,
deceleration coefficient is equal to acceleration coefficient. It is seen that the total traveling time
depends on the amount of acceleration coefficient, which is assumed to be f,..= 0.5% or 5%. The
components of welding torch position and velocity are shown in Fig. 9. Welding velocity is the sum
of tree elements of torch velocity. A desired welding velocity profile is selected by the user. Welding
velocity at the beginning and end of the path is less than its nominal value. It is useful because at
path beginning it causes warming up of the welding electrode, while at path end it prevents end crater
welding defect.

The path specifications in joint space, that is, joint angle g and joint velocity ¢, are derived using
inverse kinematics solution. It can be seen in Fig. 10 that joint ¢ at 325° < 0p,qnen < 360° exceeded
its lower limit g,,,,;, = —170°, as stated in Table 1.
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Fig. 8. Welding torch pose and robotic simulation in its desired path.
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Fig. 11. Weaving motion included in path planning.

Fig. 12. The robot’s motion simulation of planned path with base movement.

If a weaving path is desired, a planned path can be determined in the fourth step of the algorithm.
It is shown in Fig. 11. The weaving motion is a sinusoidal curve with amplitude and frequency of
10 mm and 1 Hz, respectively.

4.2. Path planning with movable base

In our previous simulation study described in Section 4.1, a general solution without robot base and
workpiece positioner was used for path planning. As discussed, one of the joints at some part of
the path exceeded its admissible limits. It means that the robot following the desired weld path is
impossible.

The redundancy that is used here is robot base movement. The robot’s motion simulation by taking
into account robot base movement is shown in Fig. 12. The welding torch 3D space profile is the same
as the one described previously, Fig. 8.

The related joint angles and velocities are shown in Fig. 13. In this figure, g¢ in mm and g( in mm/s
shows the base movement and base velocity during welding. Other joints are robotic arm joints
having the dimensions of degree and degree/s. With respect to the joint limits in Table I, the first
joint in some part of the path, 164.8° <6 <202.2°, exceeded its upper limit, and the fifth joint in
some other part of the path, 319.5° <6 < 360°, exceeded its lower limit. Also, in the velocity graph,
there is a jump in joint speed at 8 = 159° that must be eliminated. For briefing just go and ¢4 are
shown.

4.3. Redundancy resolution with task augmentation

Here, in order to produce a smooth path, the robot base redundancy and functional redundancy are
employed for joint limit and singularity avoidance, while the redundancy of the main pipe positioner
is used for making the welding position close to flat position, which is effective in improving weld
quality.
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Fig. 13. Joint angles and velocities considering robot base redundancy.

Based on the latest rotational transformation in Fig. 5, the rotation angle of electrode w around its
Z-axis is not interesting for welding applications. Now we define this coefficient empirically with a
kinematic constraint as follows:

w=235"—0, and = —0 (10)

To better control the molten weld pool, the flat position is more effective than other welding
positions, such as vertical, overhead, etc. The main pipe positioner is controlled to have flat welding
conditions. For this purpose, a kinematic constraint is applied to the main pipe rotating angle g,
such that the tip of the electrode remained at the highest point on the main pipe. From an observer’s
view of the Station frame during robotic motion, the end effector has no motion in the X direction,
while in the Z direction it remained at a point equal to the radius of the main pipe. Consequently the
position of the electrode during path traveling is (0, Yports R). By embedding this position constraint
in Egs. (1) and (4), the rotation angle of the main pipe positioner f in terms of  is obtained as:

rsinf + e

VR = (rsinf +¢)?

B(0) = arctan | — , and B = f(6) (11)

The robotic motion simulation is shown in Fig. 14. The welding torch position components as well
as main pipe rotation angle are shown on the left side of Fig. 14. Because the position components
in directions X and X are constant, their related velocities in these directions are 0, and the velocity
in direction Y is equal to the welding speed.

The joint angles in the presence of robot base, main pipe positioner, and functional redundancy are
shown in Fig. 15. No joints exceeded its limits, as well as the path is smooth without any interruption.
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5. Conclusion

A method to use kinematic and functional redundancies of the robotic system is proposed to avoid
joint limits and singular conditions in the welding of complex pipe joints. To demonstrate the effec-
tiveness of the proposed method, a 6 DOF industrial robot with mobile base and rotating system for
the main pipe is used. At first, path planning was done with a fixed base manipulator with one excess
functional redundancy in the sixth joint. In this case study, the fifth joint in some ranges of its motion
exceeds its allowable limit. Then during the second simulation, the robot base linear motion is added
as kinematic redundancy to the robotic motion. The final motion is smoother than the previous simu-
lation case. But some joint limits are again violated during the motion, as well as some singular points
exist during the motion. Finally, some additional task is augmented for electrode spatial configura-
tion as well as a kinematic constraint for main pipe rotation, that is, extra kinematic redundancy. The
Main pipe redundancy is used to bring the welding condition closer to the flat weld to improve weld
quality. A smooth path without interruption and exceeding the joint limits is generated. To conclude,
the use of additional DOF in redundant robotic systems can be effective in performing complex weld
operations.
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