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SUMMARY

The V-groove joint of thick wall intersecting pipes must be filled by multi-layer weld. The welding
path of intersecting pipes is complicated, and hence multi-layer welds increase the complexity of
the problem. This paper proposes a methodology for path planning of multi-layer weld of thick wall
intersecting pipes. The methodology is based on measuring the electrode pose located in both side
and front views of intersecting pipes. In order to compensate for the path deviation around the pipe
circumference, the measured values are used to interpolate the path of each pass between two views.
The methodology has been applied in a case study. Simulation results approve that multi-layer weld
appropriately fills the V-groove joint space around the pipe circumference. In addition, collision
avoidance between welding torch and pipes is considered by introducing a safety ring. While the
robot wrist moves inside the safety ring, no collision occurs. Simulation results show the robustness
of the proposed path planning method, introduced for collision avoidance.

KEYWORDS: Path planning; Multi-layer welding intersecting pipes; Obstacle avoidance.

1. Introduction

Multi-layer welding is widely used in the fabrication of pressure vessels, ship structures, and other
products that have thick plates or walls. The advantages of automatic welding in comparison to man-
ual or semi-automatic welding are to save the operation time, increase the weld quality and persuade
the industry owners to use automatic and robotic welding. The initial setting of robotic welding needs
a teaching process and an appropriate setting for welding parameters. Some researchers have tried to
reduce the setting and teaching time of multi-layer welding. For example, Moon et al.! proposed a
method to predict the optimal welding parameters that simplified the teaching process and reduced
the requirements of parameters of each layer and each pass in multi-layer welding. Kim et al.? devel-
oped an automatic welding system for multi-layer and multi-pass welding. They used submerged arc
welding for welding of ship structures. Wu et al.? proposed a methodology for automated bead layout
for robotic multi-pass welding. They considered the size of the ideal welded bead to be constant, and
further determined the electrode angle at different passes.

Another concern in the multi-layer robotic welding is the geometry deviations from the nominal
state. To overcome this issue, some researchers used vision sensors. For example, Yang et al.* pro-
posed a method for multi-pass path planning for a thick plate based on using the information related
to two sensors installed on two welding robots simultaneously in order to correct the path, based on
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2 Path planning methodology for multi-layer welding

the groove size and assembly gap changes. He et al.> detected the weld seam profile and extracted
the feature points for multi-pass route planning based on the visual attention model. Gu et al.® inves-
tigated the autonomous seam acquisition and tracking system for multi-pass welding based on the
vision sensor. Liu et al.” proposed an approach to the path planning of intersecting pipes weld seam
on non-ideal models.

Thermal stress, due to high-input heating in multi-layer welding, is another concern. Factors like
optimizing the welding sequence, the position of the fixing clamps, the structural geometry, and the
welding parameters in robotic multi-layer welding can overcome this issue. For example, Xingkui
et al.} analysed the welding stress in multi-pass welding on large welded structures and optimized
the above factors in robotic welding.

Besides the above-mentioned technical concerns, some researchers have focused on the robot path
planning in applications including multi-layer welding. For example, Zhang et al.>!° investigated
the robot path planning in multi-pass weaving welding for thick plates. Their algorithm found the
welding parameters of each pass, the number of layers and passes, and the welding sequence. Ahmed
et al.” proposed a method for collision-free path planning for multi-pass robotic welding, while the
workpiece positioning fixture was considered as an obstacle. Evensen!! did a comprehensive study on
robotic multiple-pass welding of V-groove butt joints. He presented an algorithm that determined the
position and orientation of the welding electrode, the weaving amplitude, and the number of passes
of each layer based on various parameters such as welding speed, welding wire speed, maximum
weaving amplitude and the weld throat.

The above-mentioned literature pivoted around the thick plates multi-layer welding. In other
words, the focus was on weld parameters of multi-layer welding. Some other researchers have inves-
tigated the robot path planning with complex weld geometry. For instance, Ghariblu and Shahabi'> '3
presented a method for path planning of complex pipe joints with redundant robotic systems. Xianxi
etal.'* also presented an optimal path tracking formulation focusing on the least time and energy con-
sumption for industrial robots. Feng et al.' in a study, presented an optimal robot path planning for
welding of intersecting pipes. Lu et al.!® controlled the automated welding on a saddle curve. Chen
et al.!” proposed a method for weld seam path planning of nozzles installed on the spherical head of
pressure vessels. Liu et al.'® presented path planning for the end-effector of the robot in the welding
of intersecting pipes. Ren et al.'® modelled the weld seam and welding torch pose in welding inter-
sected T-shaped pipes. Shi et al.?*?! proposed an algorithm for industrial robots to weld intersecting
pipes. Li et al.?? used the Solidworks API CAD software for path planning. Liu et al.>* presented a
method for weld seam fitting and welding torch trajectory planning based on non-uniform rational
basis spline (NURBS) in intersecting curve welding.

Collision avoidance during robot path planning is another issue. Therefore, path planning of robot
manipulators®*=° and industrial robots®'* facing obstacles in different environments have always
been an important research topic. The algorithm shall not only avoid the collision but also find the
solution in an acceptable time. Researchers proposed different algorithms for collision avoidance.

So far, the robot path planning of multi-layer welding for joints with complicated geometry has
not been reviewed in the literature. This is a common application in the cross-pipes welding because
of the complex three-dimensional shape of the V-groove joint path. The geometry of V-groove joint
changes along the path; as a result, the position of each pass, contrary to the thick plates, is not
determined by a simple offset and must be fully specified prior to the operation. This paper addresses
the multi-layer welding of intersecting pipes and proposes a methodology based on interpolation to
generate the path of multi-layer welds automatically, in addition to obstacle avoidance between the
welding torch and intersecting pipes.

Section 2 defines the multi-passes in the multi-layer weld, and determines the position and orien-
tation of each pass with respect to the root pass. Section 3 determines the position and orientation
of the root pass in the intersecting pipes. Section 4 illustrates the methodology for path planning
of multi-layer weld of intersecting thick pipes. The results of the implanting methodology in a case
study are presented in Section 5. In Section 6, a method to involve collision avoidance between
welding torch and pipes is presented. In this section, the trajectory involving collision avoidance is
planned. Finally, Section 7 discusses the possible research conclusions.
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Fig. 1. (a) Multi-layer V-groove weld, (b) simplified state of a weld joint with welding torch orientation.
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Fig. 2. Weld electrode movement in multi-layer welds.

2. Determining Each Pass with Respect to the Root Pass

In multi-layer welding, to create wider a weld width, it is common to weave from side to side along
a pass. There are some well-known weaving patterns, weaving frequency, and pitch. The V-groove
weld is a common joint in thick-walled welding. Figure 1(a) is a metallography picture that shows
the V-groove joint characteristics including nine passes at six layers. The first pass, called root pass,
is very important in welding. The correct selection of the root gap and root face guarantees full
penetration. The weld size, which is equal to joint penetration, indicates the weld strength. The filler
passes fill the joint penetration. Finally, one or more cover passes create a convex weld Face.

Bevel angle, which is half of the groove angle in the symmetric grooves, is selected so that the
welding torch can manoeuvre along groove. For example, the bevel angle in GTAW (Gas Tungsten
Arc Welding) has to be chosen larger than what is selected for GMAW (Gas Metal Arc Welding)
since the size of the welding torch in GTAW is bigger than the torch size of GMAW. Figure 1(b)
shows the simplified state of Fig. 1(a). Although here each pass is either diamond (3, 5, and 7 passes)
or Trapezius (1, 2, 4, 6, 8, and 9 passes), their geometry will change during intersecting pipe weld-
ing. The torch orientation for GMAW welding of each pass is shown in Fig. 1(b), too. Figure 2 shows
the weld electrode movement with weaving motion for welding the diamond passes and trapezius
passes.

In order to assign coordinate axes to each pass, consider X-axis in the direction of the welding
and Z-axis, which indicates the weld electrode orientation (Fig. 2). The right-hand law determines
the Y-axis. The terms Z,;, Y, 0,45 indicate the amount of Z, Y, 6 of b-pass in a-layer, respectively.

Now, each pass can be stated in the root pass coordinate system (CS) using a homogenous matrix,
Root
Poss; © *

Root

P(,SSiT = Tran; z, X Tran,y, x Rotx g, (1)
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3. Root Pass in Intersecting Pipes

In the previous section, the pass CS with respect to the root was presented. Here, the root CS is
defined with respect to the MPipe CS, which is located in the centre of the main pipe. In the thick-
walled pipes joint welding, a chamfer on one pipe, either the main pipe or branch pipe is necessary. In
this paper, a pipe-to-pipe connection with chamfering on the branch pipe is considered, which is more
common in industry (Fig. 3). In this figure, the chamfer angle varies around the pipe circumference
from 15° to 60° to keep the groove angle constant at 60°. The origin of Mpipe and BPipe CSs are
placed in the intersection of the main pipe and branch pipe axes, while they are depicted by dashed
red and solid blue lines, respectively. Also, the welding points are defined as a function of @ in BPipe
CS, and are then mapped to the MPipe CS.

Generally, a 2—4-mm root gap is considered to guarantee full weld penetration. As shown in Fig. 4,
the origin of the root CS with subscript “Root” is depicted by blue lines, and is located in the middle
of the root gap. Also, unit vectors ny and np of the branch and main pipes are depicted by the green
dashed lines and placed at the origin of the root CS.

Then the origin of root CS is located on the intersection of two following pipes:

d=27‘l‘

Root
D%2Ro+% )
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where r; is the branch pipe inner radius, R, is the main pipe outer radius. The Xy, axis, which
represents the weld seam moving direction, is perpendicular to the plane made by these two vectors.
The Zgoot coincides with ny, and right-hand law determines the Ygqo. Therefore, Eq. (3) expresses
the unit vectors of root CS, while n,; and np in MPipe CS, whose Y-axis coincides with the main

pipe axis and its X-axis and Z-axis are perpendicular to the Y-axis, comes from Eq. (4).%°
ng X n
J= 477D
lna x npl
jo 3)
a4l
K=1x]

Where,
ng=I[sin® —cos® 0]
|:ri sin @ \/Ro2 — (risin @ )2j| “4)
np = 0

R() R()

where @, as shown in Fig. 3, represents the position of root CS origin and varies with respect to
the BPipe CS. Figure 3 shows the BPipe CS, whose Y-axis coincides with branch pipe direction and
whose Z-axis coincides with the main pipe direction. Now, the points in the root with respect to the
BPipe CS is defined.

Xgpipe =i Sin®
BPipeg(¢) — YBPipe = \/m (5)
Zgpipe =1iCOs P

For solving the robot kinematic, the definition of points in the MPipe CS is required. According

to the Fig. 3:
1 0 0 0
e il ©)
0 sin’"/p cos”/p 0O
0 0 0 1
And, then:
ri sin®
MPipe 4 () — Il;/llfiip]:T BPipe o (9) = | — ricos @ (N

V' R,? = (r; sin®)?
MPipe .

Finally, the root path can be expressed in MPipe CS using the homogenous transfer matrix “Rreo¢/ :

MPipe
MPiper _ I J K Peg(®) ®
o 00 0 1

where I, J, K, and MPIR¢(@) are expressed in Eq. (3) and Eq. (7).

4. Methodology for Path Planning of Multi-layer Weld of Intersecting Pipes

Figure 5 shows the groove joint of the pipes from both side and front views. It also shows the root
CS and the pass CS, the second pass of the fourth layer. According to the definition of root CS in
Section 3, the root CS is fixed, but cross-section of weld groove as well as origin and orientation of
passes CS (and obviously pass 4-2 in Fig. 5 has changed in two views).
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Fig. 5. The position and orientation of the passing frame depend on @.
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Fig. 6. Cross-sectional area of the weld groove in a quarter of the pipe circumference.

16

In Fig. 5, Y4, is constant because the weld size and the number of layers around the pipe circumfer-
ence are constant. In order to compensate for the deviation of the origin position and orientation of the
weld pass CS, relative to the root CS around the pipe circumference, the Z,,(®), 0,,(®) variables
in Eq. (1) must be defined as a function of @. This method is based on measuring these values in the
side and front views, which are indicated by @ =0, @ = 7 in the Fig. 5. The interpolation between
them in a quadrant of the pipe circumference is calculated. Using interpolation gives flexibility to the

control system because its parameters can be controlled during the welding operation.

(Zavr — Zawo)

(3)

L)
(3)
where @ represents the position of the weld groove cross-section in radians, Z,1, 0,51 are Zup, 041
at @ = % as shown in Fig. 5 and Z,0, 0,50 are Zgp, 0, at @ =0. As a result, Fig. 6 shows the
changes in the cross-sectional area of the weld groove in a quarter of the pipe circumference at five

intermediate points @ = 0°, 22.5°, 45°, 67.5°, 90°. In this figure, the root gap is not considered.
By inserting Eq. (9) into Eq. (1) and considering Eq. (8), the weld seam path around the pipe
circumference in each pass relative to the MPipe CS is determined as:

Zah = (¢) + Zahl
©)

Qab = (d)) +9abl

Mpipe MPipe 7~ Root
0?@1 T = Rogt T Poss; T (10)

Figure 7 shows the algorithm for generating the Cartesian multi-layer weld path of intersecting pipes.
In the following, the application of this algorithm is shown in a case study.

The initial estimation of the multi-layer weld parameters in the second step is obtained from the
welding of two plates with similar thicknesses. In the next section, one of these studies has been
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Table L. Pipes specifications of the case study.

Outside diameter (mm) Thickness (mm)
Main pipe 219 12
Branch pipe 168 10

Table II. Layers characteristics of the Fig. 8, Evensen.!?

Layer Pass Vi V2 Ay Az A6 w Type Hz
Root - 90 4.6 0 0 0 1.0 TRIW 1.0
1 1 90 3 0 4.62 0 22 TRIW 1.0
2 1 90 3 0 7.27 0 3.7 TRIW 1.0
3 1 90 3 —2.59 11.12 23.1 2.9 ATRAW 1.0
4 2 90 3 3.40 11.12 0 2.5 ATRAW 1.0
Cover 1 90 2 0 12.0 0 7.5 TRIW 1.0

1%t Select the diameter and thickness of the branch and main pipes
I
2": Select the multi-layer weld parameters by considering the
weld on a plate with the same thickness with branch pipe, Fig. 8
I
3'd: Determine the chamfer angle on the branch pipe Fig. 3]

[ 4™: Determine Zgp1, Oap1at @ = m/2 and Zgpo, apo at @ = O (Fig.5). |

[5”‘: Determine the required compensation around the pipe circumference, Eq. (9)]
T

l 6!": Generate the multi-layer weld path of intersecting pipes Eq. (10)]

Fig. 7. Algorithm for path planning of multi-layer welds path in intersecting pipes.

reviewed. Figure 6 states the variation of the welding groove around the branch pipe. Since the
cross-sectional area of the thick plate welding has been graphed in the next section, Fig. 8 is similar
to the welding groove of intersecting pipes at @ = 22.5° (Fig. 6). It would be a good initial estimation
for the value of weld parameters in each layer. This initial estimation may be modified slightly by
doing practical tests with robotic welding, that is a suggestion for our future work. Meanwhile, due
to the small variation of weld groove geometry, as the cross-sectional area of different sections in
Fig. 6 shows, the linear interpolation gives an acceptable accuracy.

5. Case Study

In this section, the application of this algorithm is explained by means of a case study. In the first
step, the main branch pipes geometries are determined. Table I shows the pipe specifications of our
case study. It is assumed that main axes of two pipes are perpendicular to each other.

Then, path planning of multi-layer welds of intersecting pipes is computed based on the above-
mentioned algorithm. Figure 8 shows the cross-section of a V-groove weld on a thick plate, which
has 10 mm thickness. The groove angle is 60°. The weld includes a root layer, three filling layers and
a cover layer. The cross-sectional area of the weld groove is similar to the @ = 22.5° (Fig. 6).

Table II shows the layers characteristics of the Fig. 8. Where v; is feed speed, v, is welding speed,
W and Hz are respectively weaving amplitude and frequency, T ype indicates the welding process
and Ay, Az, A9 are equal to Y,p, Z4p, 0,0, respectively.

In the third step, a suitable chamfer angle is determined regarding the welding process as shown
in Fig. 3 for the case study. Then, in the fourth step, the side and front views are drawn as shown
in Fig. 5, and Z .50, 6460, Zab1, Gup1> Yap values for each pass are determined. Table IIT shows these
values for the case study.
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Table III. Compensation parameters in front and side views, Fig. 5.

Layer Passport Zapo 0apo Zaup1 01 Yap
Root - 0 0 0 0 0

1 1 —1 0 2 0 2.62
2 1 -3 0 5 0 7.27
3 1 —6 0 6 0 11.12
3 2 0 10 11 30 11.12

Fig. 8. Multi-layer weld on a sample thick plate with 10-mm thickness, Evensen [10].
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Fig. 9. Multi-layer weld path at the pipe intersection.

By inserting the values of Table Il in Eq. (9), Z,,(®), 6,,(®) are determined as a function of @.

Figure 9 shows the weld passes at the intersection of the pipes. In this figure, only the inner wall
of the branch pipe is displayed. Meanwhile, Fig. 10 shows the welding passes in the side and front
views, where the outer wall of the branch pipe is displayed. The algorithm succeeds to generate the
weld path of each pass in the right position.

As an example, Fig. 11 shows how the second pass of the final pass welding (path-32) varies.
This figure illustrates the variations in position and orientation of angles with respect to the @ angle
around the branch pipe. The orientation angles are actually the first three components of the third

column of p*T in Eq. (10).
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Fig. 10. Welding passes in the side and front views.
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Fig. 11. Variation of the Position and orientation of the final pass.
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Fig. 12. Changes in path position components in different passes.

Figure 12 illustrates the changes of the position components of the path in different passes. As
expected, the changes of X component at @ =0°, 180° is zero, while the difference between the
various passes is maximum at = 90°, 270°. Inversely, the changes of ¥ component at @ = 90°, 270°
are zero, while the difference between the various passes is maximum at @ = (°, 180°. The changes
of Z component in the first quarter, that is, between @ = 0° ~ 90°, is proportional to the Z .50, Zap1
values of the Table III and is alternately repeated in the next three quarters.

6. Trajectory Planning Considering Obstacle Avoidance

In the previous section, the multi-layer weld path of intersecting pipes is generated using Eq. (10)
in the Cartesian space. In order to complete the multi-layer welding path planning described above,
the risk of electrode torch and arm collision to the pipes should be taken into account. Figure 13
shows how robot is mounted in the roof as gantry to decrease the collision probability, between
welding torch and welded pipes. In this section, a trajectory planning methodology for application
of intersecting pipes welding is presented considering collision avoidance between the welding torch
and intersecting pipes as shown in Fig. 14.
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| s

Fig. 13. Robot mounted in the roof as gantry to decrease collision probability.

Fig. 14. The probability collision between welding torch and pipes.

In this section, a trajectory planning methodology for application of intersecting pipes welding is
presented, considering collision avoidance between the welding torch and intersecting pipes.

6.1. Path definition with respect to the robot base
For planning the trajectory, it is required to state the robot movement in its workspace with respect
to the robot base. Therefore, Eq. (10) is extended as follows:

RB RB Fi i s

TorenT="""BXT wmpipeT “RooT Bo%, T tovenT (1n
where MPinié(T and RB;L‘iS:T are homogenous transformation matrix that determines the longitudinal
positon of the torch with respect to the fix CS, respectively. iﬁischT adds some welding characteristics
to the path before the robot moves along the path (Fig. 10). These characteristics include weaving
motion to widen the weld width, the electrode extension to control the melting pool, and the electrode
angle relative to the work piece, defined in the welding by work and motion angles.

By changing each of the above-mentioned parameters, the welding torch position changes rela-
tive to the work pieces. Based on three rotation U, V, and W define motion angle, work angle, and
functional redundancy angle, respectively. Two transformations L and S are electrode extension and
waving motion, respectively. Then:

PSS T = Tran, ¢ x Roty,y x Roty vy x Rot,w x Tran_; (12)

6.2. Inverse kinematic solution

The rotation of the end effector around its rotational axis in some applications like welding, cutting,
and some others is not important. So, the arc welding is a five DOF task; therefore, conducting
arc welding with an industrial six DOF robot results in a kinematic redundancy, called functional
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Fig. 16. No collision by selecting w angle. (a) Side view (b) Front view (c) B-Spline curve.

redundancy. This functional redundancy is used in an inverse kinematic solution in order to search
within null space, and find the optimal solution. To resolve the functional redundancy, Jacobian based
method [35] is used here:

g=J%*X (13)

where, X5, includes the linear and angular velocity of the torch head in the Cartesian space. ¢ is a
6 x 1 vector, including joints speeds, term J* is pseudo-inverse of Jacobian and is a 6 x 5 matrix. It

is defined as J* = J7(J JT)"', where term J is the Jacobin matrix of order 5 x 6.

6.3. Collision avoidance

One solution to collision avoidance is realized by adding a kinematic constraint in the Cartesian
space. In Fig. 16, the welding torch position at the second layer of our multi-layer weld case study
is drawn at @ =0°, 90°, 270°, 360°. The w angle (Fig. 15) has a constraint value in this case, so the
robot wrist stands at the highest position with respect to the top surface of the main pipe. Figure 16(c)
shows the B-spline curve of the robot wrist, which is drawn using four mentioned points.

Although it seems that the collision is avoided in Fig. 16, it is not so useful. The reason is that
if the robot tends to move exactly along the B-spline path, the end effector cannot follow the path,
defined by Eq. (11). This is because B-spline is an approximate solution while Eq. (11) is an exact
solution. Instead, to solve this problem, by employing the functional redundancy, the robot wrist is
not constrained to move along the B-spline curve, but it is allowed to move inside a volumetric ring
named as safety ring (Fig. 17). The main features of the safety ring concept are presented in ref. [32].
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Fig. 17. Generated ring using the B-spline curve of Fig. 16(c).
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Fig. 18. Using ellipse (blue line) instead of B-spline to create safety ring.

The search into the null space to find the solution is done by adding a projection matrix to Eq. (13)
Gg=J"X+(1,-J")) g, (14)

where (I,,—J * ) is called the projection matrix, which projects the velocities g, into the null space
of Jacobian. [, is a 6 x 6 identity matrix.

To simplify the problem, an ellipse instead of B-spline is used, which is difficult to formu-
late. Figure 18 shows the safety ring, generated by this ellipse. Eq. (13) tries to find g, that
minimized Dy,.

8Dmin
dq

where Dy, is the minimum distance between the robot wrist position and safety ring centre line.

qo= (15)

Diyin = min ” Pwrist — Pring centre H D=0-271 (16)

Therefore, by defining the safety ring, the robot wrist moves with no collision with the pipes during
the welding operation. On the other hand, collision avoidance needs a lot of computation and inher-
ently involves high-computational cost. The reason is that the focus is on the wrist position, not the
wrist orientation, meaning that the computational cost of the proposed method is relatively low.

6.4. Planned trajectory

In this section, the results of implementing a safety ring to avoid the collision for welding layer 3 of
our multi-layer weld case study are discussed. Figure 19 shows the robot wrist path, which is inside
the safety ring and guarantees no collision.
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Fig. 19. Robot wrist path.
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Fig. 20. Joint angle and velocities of the planned trajectory.

Figure 20 shows the history of joint angles of planned trajectory versus time.

7. Conclusion

This paper proposes a methodology for path planning for welding multi-layer thick-walled intersect-
ing pipes. This methodology is based on measuring the position and orientation values of electrode
pose in side and front views of intersecting pipes. These values were employed to interpolate the path
of each pass between two views. Furthermore, to avoid collision between welding torch and welded
pipes, the safety ring method was presented in the last section. Simulation results show that the pro-
posed methodology could effectively plan the path of all passes of multi-layer weld without any
collision. The simulation also shows that multi-layer weld fills the V-groove joint space around the
pipe circumference very well. In this paper, the initial estimation of weld parameters was extracted
from experiments, performed in the thick plates welding that may change slightly by doing a practical
test on pipe welding joints. This experiment has some implications for our future works.
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