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MECHATRONIC DESIGN OF 3 AXIS WELDING POSITIONER WITH 1500
KILOGRAM LOADING CAPACITY

ABSTRACT

Industrial automation and intelligent manifacturing systems have been widely used
recently because of the emerging developments in embedded systems, motion control
systems, actuators, sensors, microprocessors, industrial communication, computer

aided design (CAD) and computer aided manifacturing (CAM) tools.

In this study, multi stage design approach is implemented to the mechatronic design
of three axis welding positioner and also modular and systematic design criterias are
considered. Also, different CAD and CAE tools are used during the design process.
Kinematic - kinetic and dynamic structure of the system is analyzed. Also, performance

task method is used for the trajectory planning and time history studies.

Keywords: Mechatronic design, dynamic modeling, trajectory planning
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1500 KILOGRAM YUK KAPASITELI 3 EKSENLI KONUMLANDIRICININ
MEKATRONIK TASARIMI

0z

GOmiilii yazilim sistemleri, hareket kontrol sistemleri, eyleyiciler, sensorler,
mikroiglemciler, endiistriyel haberlesme, bilgisayar destekli tasarim ve bilgisayar
destekli tiretim sistemlerindeki gelismeler nedeniyle, endiistriyel otomasyon ve akilli

makine imalat ve iiretim sistemleri son zamanlarda yaygin kullanim alani bulmustur.

Bu ¢alismada, 3 eksenli konumlandiricinin mekatronik tasarimi ¢ok basamakli
tasarim siireci olarak ele alinmis olup modiiler ve sistematik tasarim yaklasimi
gelistirilmistir. Tasarim silirecinde farkli CAD ve CAE tasarim ve analiz araclari
kullanilmistir. Sistemin kinematik, kinetik ve dinamik yapisi incelenmistir. Ayrica,

yorlinge planlama calismasi i¢in performans hareket metodu kullanilmistir.

Anahtar kelimeler: Mekatronik tasarim, dinamik modelleme, yoriinge planlama
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CHAPTER ONE
INTRODUCTION

Industrial automation and intelligent manifacturing systems have been widely used
recently because of the emerging developments in embedded systems, motion control
systems, actuators, sensors, microprocessors, industrial communication, computer
aided design (CAD) and computer aided manifacturing (CAM) tools (Bingiil & Kiiciik,
2015).

Robot is a programmable multifunctional machinery designed to perform multiple
tasks. In other word, Robot is a closed loop computer controlled industrial manipulator.
Also, Robotic science is comprised of applied mathematics, physics, control,

mechanical, electrics and computer engineering disciplines (Bingiil & Kiigiik, 2015).

Today, industrial robots are widely used in every stage of manifacturing. Industrial

applications of robots are;

e Painting

e Arc Welding

e Piercing/Deburring
e Mounting

e Injection Moulding
e Laser Cutting

e  Water Jet Cutting

e Machine Tending
e Measuring/Testing
e Material Handling
e Forging

e Education/Research



1.1 Robot Classification

Robots are classified into five groups because of their structural and design

spesifications. These are;

e Link structure types

e Control methods

e Actuator types

e Precision and repeatibility

e Degrees of Freedom (DoF)

1.1.1 Link Structure Types

e Cartesian configuration

e Cylindrical configuration
e Scara configuration

e Articulated configuration

e Spherical configuration

Figure 1.1 Industrial robot for arc welding (ABB, 2016)



Figurel.2 Parallel robot for pick and place applications (Omron, 2016)

Figure 1.3 Scara robot for material handling applications (Omron, 2016)



Figure 1.4 Cartesian robot for material handling and manifacturing applications

1.1.2 Control Methods

e Pick and place

e Continous trajectory controlled

1.1.3 Actuator Types

e Electrical actuator
e Pneumatic actuator

e Hydraulic actuator

Figure 1.5 Servo motor (Siemens, 2016)



1.2 Considerations of Robotic Applications

e Dangerous and uncomfortable working environment
e Repeatable work tasks
e Heavy and dangerous material handling

e Different work tasks

1.3 Robots in Performing Welding Applications

Robots which are used in welding applications have capabilities in five, six or more

axis motion as kinematic structure. Figure 1.6 shows industrial robots in automotive

industry.

Figure 1.6 Robots in automotive industry (Kuka Robotics, 2016)
In arc welding applications, Robots are used with a welding positioner which move
the workpiece from one position to another. For this reason, robot’s motion flexibility

is increased with additional positioner axis motions.

Robots have to perform up/down, left/right and angular motions of the welding gun
and trace the welding path (welding seam) in welding direction. Hence six axis robots
are widely used in robotic arc welding applications. These robot motion flexibility is
identified by workspace which term is the sum of points of robot’s end effector could

reach. Figure 1.7 shows an industrial robot workspace.
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Figure 1.7 Industrial robot workspace illustration (ABB, 2016)

Especially, industrial robots are used in spot welding and arc welding applications
(MIG/MAG, TIG and Plasma) whose method is performing continuous arc welding and

these methods are performed well.

Advantages of robotic arc welding to conventional methods;

e High productivity
e Increased work safety

e High quality and strengthened weld seams

1.3.1 Robotic Welding Equipments

e Welding gun

e  Wire feeder

e Power supplier
e Control unit

e Process gas

e Positioner



1.3.1.1 Positioners

Workpiece positioners have two main functions to contribute to robotic welding

applications;

e Gaining additional degrees of freedom in manipulator/positioner
configuration

e Performing more flexible simultaneous motion of robot and operator

While performing a welding task, robots have linear velocity between 0.75 m/sec
and 1.5 m/sec. Actually, welding processs does not require to have more speed than 5

m/min because of robot’s displacement, robots are desired to move quickly if need.

Many of the welding robots have +0.2 mm repeatability. These parameters are +0.4
mm for MIG/MAG welding applications, £0.1 mm for TIG welding applications. Also,
maximum payloads of the robots which are generally used in arc welding applications

are between 3-6 kg (Kalu¢ & Taban, 2004).

Today, there are many types of positioners designed to perform to move the welding

workpiece. Some special welding positioners are illustrated below;

Figure 1.8 Two axis welding positioner (ABB, 2016)



Figure 1.9 Three axis welding positioner (IRCO Automation, 2016)

Figure 1.10 Four axis welding positioner (ABB, 2016)



CHAPTER TWO
PHYSICAL AND TOPOLOGICAL STRUCTURE

Three axis welding positioner system is comprised of four coordinate systems in joint
space. The system has three degrees of freedom and three rotational links. The first two
links perform motions just like a two link serial manipulator and the last link rotates

perpendicular to the second link and there is an exantric joint configuration at this point.

Figure 2.1 Welding positioner system

Figure 2.1 shows the actuators and the links. The first two links are actuated by
hydraulic cylinders and the last link is actuated by electric motor. Hence, the system
comprised of both hydraulic and electrical actuators, the system can be called hybrid

manipulator system.

When the position of the output table is parallel to the right plane of the system,
which will move like two parallel arms and the second hydraulic actuator will increase

or decrease the tilt angle if need. Figure 2.2 shows the right plane of the system.



Figure 2.2 Right plane illustration

Kinematic structure is designed and shown in Figure 2.3. and Figure 2.4. Also
members, joints, joint coordinate system positions and actuators are described in the

system.

MEMEER LINK A

1
[ + Hn = rﬂ w Hn 9
MEMBERCYLE ROTARY JOINT3
R T fr =t
10 300 0f

Figure 2.3 Kinematic structure

Figure 2.4 Sketch view
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Also, Table 2.1 shows the joint space coordinate system positions respect to base

coordinate system.

Table 2.1 Joint space coordinate system positions

Joint Coordinate System Position [P,; Py; P,] [mm]
Coordinate System 0 [0; 0; 0]
Coordinate System 1 [0; 0; 0]
Coordinate System 2 [418.72; -152.40; 0]
Coordinate System 3 [418.72; -452.40; -116]
Coordinate System 4 [1143; -302.40; 0]

2.1 Actuators and Drive System

Tables which are shown below, describes the some basic spesifications of the

actuators and drive system.

Table 2.2 Member cyl A

Member Cyl A Diameter [mm)] Material Stroke [mm]
Cylinder @110 x 130 1.0050 (St 50-2) 234.91
Rod 960 1.0503 (C45)

Table 2.3 Member Cyl B

Member Cyl B Diameter [mm)] Material Stroke [mm]
Cylinder ?80 x 95 1.0050 (St 50-2) 236.6
Rod @45 1.0503 (C45)

Table 2.4 Electrical actuator

Electric Power Output Output Output
Motor & P, [kW] Rotation Torque Power Reduction
Reductor n, [rpm] M, [Nm] P, [kW] i

EV 075 2G80 0.37 9 185 0.17 100

11




Table 2.5 Chain drive system

Chain Mechanism Teeth Number [Z] Chain Type
Pinion 16 10B-1
Transmission Sprocket 1 32 10B-1
Transmission Sprocket 2 16 10B-1
Bull Gear 90 10B-1

2.2 Relative Motion Analysis

As seen from the system illustration, hydraulic cylinder one acts on to the first link
which is called lifting arm and it rotates on the axis 1. And the second link rotates when
the hydraulic cylinder two acts on it which is called rototable. The last link comprised

of load beam and it is mounted on to the output plate of the rototable.

In the system the first link (lifting arm) moves as a parallel arm relative to the
hydraulic cylinder two. This parallel arm mechanism has a translational motion with the

electrical motor mounted rototable structure.

We see the axis 2 and axis 3 in Figure 2.1, there is a nonsliding rolling motion and
the two point move together on the circular trajectories, because of this reason, the
velocities become tangent to the trajectory. The system moves as a rigid body and there
have been any relative motion between the each other. Hence, the velocities of these

points are equal.
The second hydraulic cylinder acts on the second link (rototable) which moves and
the tilt angle increases or decreases. Thus, the system is analysed with the relative

motion with the rotary axis up to this part of the motion.

The formulation of Planar kinematics of rigid body and relative motion analysis are

used for this problem;

VB =VA+‘Q'XTB/A+VB/A (21)

aB == aA + !)xTB/A + .Qx(.QxT‘B/A) + Z.QxVB/A + aB/A (22)

12



2.3 Three Dimensional Motion Analysis

When the base coordinate system is chosen the axis 0; while the rotation center
direction changes in the three dimensional space, the identified points with the axis
generates a constant space cone.

In the system, the first two serial links and cylinders’ relative rotary motion is
described as precession motion and the rotary motion of the last link rototable is
described as spin motion.

The resultant angular velocity;

w = Wwp + wg (2.3)
2.4 Hydraulic Actuator Equations

2.4.1 Member Cyl A

Cosinus theorem is used for displacement equations of Member Cyl A. Also the

computation is solved by using derivation for the equation.

- LGAD CENIER

a=rE32m

Figure 2.5 Dimensions of member cyl A

S1; joint distance of Member Cyl A
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a; distance between base coordinate and Member Cyl A joint
b; distance between base coordinate and Member Cyl A end joint
r1; Member Cyl A displacement
0,; angular displacement of Member Link A
a=0.832 [m]
b= 0.30692 [m]
S = 0.66682 [m]
a=48°
S;2=a?+b?—2.ab.cosa

r, = 0.2846 X 0,

2.4.2 Member Cyl B

2.4)
(2.5)

Two different cosinus equations are used for displacement of Member Cyl B. Also

the computation is solved by using derivation for the equations.

_ LOAD CENTER.

(—1—)
|
|
|

Figure 2.6 Dimensions of member cyl B

S,; joint distance of Member Cyl B

r, ; Member Cyl B displacement

0, ; angular displacement of Member Link B

a; distance between base coordinate system and joint of the Member Cyl B
b; joint distance of Member Link A

c; diagonal line

14



d; joint distance between coordinate system 2 and coordinate system 3
a= 0.3 [m]

b= 0.44559 [m]

c=0.44397 [m]

d=0.3 [m]

S, = 0.44559 [m]

¢="70°

B=70.58°

2.4.2.1 Equation 1

c2=a%?+b?—-2.a.b.cose (2.6)
2.4.2.2 Equation 2

S, =c%2+d*—2.c.d.cosP (2.7)

r, = 0.2820, + 0.17956,0, (2.8)

15



CHAPTER THREE
MECHANICAL SYSTEM DESIGN

Mechanical system consists of eight main subassembly parts which are illustrated in
Figure 3.1. Also, the system has three degrees of freedom and three rotational axis as it
is mentioned before. As it is shown in the figure, the first two link is actuated by the
hydraulic cylinders; Member Cyl A and Member Cyl B; the last link is actuated by an
electric motor which triggers the output table and load beam by a chain wheel system.

The mechanical system is mainly designed by welded steel sheet construction.

Figure 3.1 Mechanical system design

Figure 3.2 Member frame

Member frame consists of main body, carrier profiles, mounting brackets, bearing

units and hydraulic cylinder mounting joint. Figure 3.2 shows Member frame.

16



Figure 3.3 Member link A

Main parts of Member link A are carrier profile, grasping bracket, rotary joints and

joint shafts. Figure 3.3 shows Member link A.

Figure 3.4 Member link B

Member Link B has more complex subassemblies than the other parts of the main
system. The system consists of a mounting back plate which is constructed by a steel
sheet and joint mounting brackets welded on its backside via the welding gaps. Also,
there are main chain bullgear, pinion and chain mechanism on the front side of the back
plate. The system is covered by a PE plastic cap via the mounting bolts. Finally, the
system is mounted on to the output plate via the neck mounting sheet. Figure 3.4 shows

Member link B.

17



Figure 3.5 Member end

Member End consists of mounting backplate mounted on to the output plate, carrier
profile sheets and carrier profiles, workpiece mounting flanges and mounting bolts.
Main body is designed as a welded steel sheet construction. Figure 3.5 shows Member

end.

The mechanical system has modular design concept criteria and main groups are
designed welded steel sheet and bolted connection. In order to simplify the welding
operations while manifacturing the system, welding gaps are designed on the sheets for

simple welding operations.

Also the design is ergonomically thought and as considering the manifacturing and
mounting operations; grasping gaps are designed for simple and quick plug and bolt
holes for adjusting the member end and workpiece position orientation relative to the

workpiece center of gravity.

18



CHAPTER FOUR
FINITE ELEMENT ANALYSIS SIMULATION

A simplified model is designed in the CAD tool for finite element analysis
simulation. Also, as the contact areas, contact types and loading conditions are
determined; stresses, strains and displacements are calculated at spesific positions in the

FEA simulation program and finally results are obtained.

As a result of this simulation, revision design levels are handled and critical stress

points and thicknesses are determined.

FEA positions are determined for five different loading conditions and member end
loading condition for 1500 kg loading capacity and the results are calculated. Maximum

Von Misses Theory is used for mathematical model for static structural stress analysis.

While starting the finite element analysis, load center positions are shown for every
loading condition. Also, Figure 4.1 shows the simplified FEA model and Table 4.1

shows the load center positions.

Figure 4.1 Simplified FEA model and load center

Py is the distance of load center from the base coordinate system in x direction, Py is

the distance from the base coordinate system in y direction and 0, is the motor angular

displacement respect to the initial position.
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Table 4.1 Load center positions

Analysis Position Load Center Position [P,; Py; 0]
Analysis Position 1 [1143;-302.40; 0]
Analysis Position 2 [1169.87; -150; 0]
Analysis Position 3 [1128.12; 38.31; 0]
Analysis Position 4 [1138.53;17.75; 0]
Analysis Position 5 [1123.65; 358.46; 0]

4.1 Structural Analysis

4.1.1 Analysis Position 1

e Maximum Von Misses stress emerging in the system at this position, is
determined on the end point of the Member Cyl A and the resultant value is
Omax = 173.41 N/mm?. Also, the joint shaft material is chosen St 50-2 and
maximum yield strength is o}, = 275 N /mm? and maximum tensile strength

is 0, = 470 N/mm?. FoS = 1.5 is obtained.

A Analiz Modeli 1

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

12.06.2016 12:06

173,41 Max
156,07
138,73
121,39
104,05
86,706
69,365
52,023
34,682
17,341
2,0224e-5 Min

Figure 4.2 Analysis position 1 stress analysis result
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e Maximum strain is determined on the joint mounting plate at the end point of

the Member Cyl A.

A: Analiz Modeli 1
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: mm/mm
Tirne: 1
12.06.2016 12:21

0,00099991 Max
0,00088881
00007777
0,0006666
0,0005555
0,0004444
0,0003333

- 00002222
00001111
4,7544e-10 Min

o

Figure 4.3 Analysis position 1 strain analysis result

e Mesh size parameter 10 mm is determined for the simulation analysis.

4.1.2 Analysis Position 2

e Maximum Von Misses stress emerging in the system is at the back end point

of the Member Cyl A 6,4, = 215.38 N/mm? and FoS = 1.3 is obtained.

B: Analiz Modeli 2

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

12,06.2016 12:34

215,38 Max

o 2031
1,4437e-5 Min

Figure 4.4 Analysis position 2 stress analysis result

e Maximum strain is determined on the joint mounting plate at the end point of

the Member Cyl A.
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0,00029638
0,00014819
4,8044e-10 Min

Figure 4.5 Analysis position 2 strain analysis result

e Mesh size parameter is determined 10 mm for the simulation analysis.

4.1.3 Analysis Position 3

e Maximum Von Misses emerging in the system is at the back joint of the

Member Cyl A and the results are obtained as 6,4, = 225.71 N/mm? and
FoS = 1.2 is obtained.

m 22571 Max
200,63

1,6443e-5 Min

Figure 4.6 Analysis position 3 stress analysis result
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0,0013978 Max
0,0012425
0,0010872
0,00093185
0,00077654
9 0,00062123
| 0,00046593
0,00031062
0,00015531
4,8824e-10 Min

Figure 4.7 Analysis position 3 strain analysis result

e Mesh parameter size is determined 10 mm for the simulation analysis.

4.1.4 Analysis Position 4

e Maximum Von Misses stress emerging in the system iS Oy =

178.48 N/mm? and FoS = 1.5 are obtained.

- 178,48 Max
156,65
13882
1999
99156
7935
59493
19,662
19831
1,5257e-5 Min

]
L

Figure 4.8 Analysis position 4 stress analysis result
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1 s

o 0,0011358 Max
0,001009
0,00088336
000075717
0,00063097

1 0,00050478

1 0,00037858
0,00025239
0,0001262
3,5021e-10 Min

Figure 4.9 Analysis position 4 strain analysis result

e Mesh parameter size is determined 10 mm for the simulation analysis.

4.1.5 Analysis Position 5

e Maximum Von Misses stress emerging in the system 0y,4, = 225.99 N/

mm? and FoS = 1.2 are obtained.

225,99 Max
20089
175,77
150,66
125,55
10044
75,331
50,221

51
2,6639%-5 Min

Figure 4.10 Analysis position 5 stress analysis result

24



0,00046664

0 0,0003111
0,00015555
3,3281e-10 Min

Figure 4.11 Analysis position 5 strain analysis result

e Mesh parameter size is determined 10 mm for the simulation analysis.

4.1.6 Member End Analysis

e Maximum Von Misses stress emerging 0,,,, = 52.435 N/mm? and St 50-
2 material is used for the construction of the assembly.

e [0S = 5.5 is obtained.

0,00022208 Min

Figure 4.12 Member end stress analysis result
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9,8852e-5
6,5001e-5
3,2951e-5
1,4463e-9 Min

Figure 4.13 Member end strain analysis result

e Maximum elastic deformation emerging on the system is calculated at the end
point of the member end and the resultant value 0.36 mm is obtained. But as a

design criteria, displacement on the middle point of the structure is considered.

016232
012252
0082714
0042012
0,0031109 Min

Figure 4.14 Member end displacement analysis result

4.2 Frequency Analysis

While starting the frequency analyses of five performance studies, initial and final
positions are determined and used for the analyses. Py is the distance from the base
coordinate system in x direction, Py is the distance from the base coordinate system in
y direction and 0, is the motor angular displacement respect to the initial position of

the load center. Table 4.2 shows the initial and final positions of the end point.
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Table 4.2 Frequency analysis positions

Task Position [P,; P,; 0]
Initial Position [1143;-302.40; 0]
Weld Path 1 [1157.14;-109.83; 0]
Weld Path 2 [1143; -302.40; 506.25°]
Weld Path 3 [1106.37; -332.35; 0]
Weld Path 4 [1033.14; -200.36; 0]
Weld Path 5 [1165.40; 170.15; 506.25°]

4.2.1 Weld Path 1

Table 4.3 shows the resonance frequencies and the figures show the frequency

response graph and frequency modes of the analysis.

Table 4.3 Resonance frequencies

Mod No Frequency [Rad/s] Frequency [Hz] Period [sec]
1 68.819 10.953 0.091301
2 94.342 15.015 0.0666
3 201.22 32.025 0.031226
4 207.39 33.007 0.030297
5 240.81 38.327 0.026091
A :

2000

1 2

Mod M

Figure 4.15 Frequency responses
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Figure 4.16 Frequency mod 1

Figure 4.17 Frequency mod 2

Figure 4.18 Frequency mod 3
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Figure 4.19 Frequency mod 4
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Figure 4.20 Frequency mod 5

4.2.2 Weld Path 2

Table 4.4 shows the resonance frequencies and the figures show the frequency

response graph and frequency modes of the analysis.

Table 4.4 Resonance frequencies

AMPRIS
apss
iy
Qo

-t
s

L aps
'ﬁ. avee
L aca
aow

L aes

anm
Qo
ane

AMFRES
e

H oaa
L

Mod No Frequency [Rad/s] Frequency [Hz] Period [sec]
1 70.671 11.248 0.088907
2 88.335 14.059 0.071129
3 199.15 31.695 0.03155
4 206.64 32.888 0.030406
5 251.93 40.096 0.02494

29




Frecusncy (Fz|

2000

1001

it S i

%1
Aod aecli= 1 Undier = 1A HE
57

sefernazon 5yelis 593

-

T B TREANT WEE TR
P rakany

Figure 4.21 Frequency responses

Figure 4.22 Frequency mod 1

Figure 4.23 Frequency mod 2
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Figure 4.26 Frequency mod 5

4.2.3 Weld path 3

Table 4.5 shows the resonance frequencies and the figures show the frequency

response graph and frequency modes of the analysis.

31



Table 4.5 Resonance frequencies

Mod No

Frequency [Rad/s]

Frequency [Hz]

Period [sec]

1

69.882

11.122

0.089912

93.781

14.926

0.066998

197.74

31.472

0.031775

217.52

34.62

0.028885

(S NS LS| )

253.34

40.321

0.024801

[l

Fre:

2100

T RCHI I AT
et Grriit]

AR H

1
onancn clyed 512217

3 4
Had b

Figure 4.27 Frequehcy responses

Figure 4.28 Frequency mod 1

Figure 4.29 Frequency mod 2

32




Figure 4.30 Frequency mod 3
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Figure 4.31 Frequency mod 4

o001

Figure 4.32 Frequency mod 5

4.2.4 Weld Path 4

Table 4.6 shows the resonance frequencies and the figures show the frequency

response graph and frequency modes of the analysis.

33



Table 4.6 Resonance frequencies

Mod No

Frequency [Rad/s]

Frequency [Hz]

Period [sec]

1

70.779

11.265

0.088772

93.817

14.931

0.066973

179.01

28.491

0.035099

198.05

31.521

0.031725

(S NS LS | )

248.99

39.629

0.025234

oy

Pl e] SERPRPRPRPRPRRY S B A S R RRERINE R

3
Mad e

Figure 4.33 Frequency responses

Figure 4.34 Frequency mod 1

Figure 4.35 Frequency mod 2
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Figure 4.38 Frequency mod 5

4.2.5 Weld Path 5

Table 4.7 shows the resonance frequencies and the figures show the frequency

response graph and frequency modes of the analysis.
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Table 4.7 Resonance frequencies

Mod No

Frequency [Rad/s]

Frequency [Hz]

Period [sec]

1

69.639

11.083

0.090225

86.533

13.772

0.072611

201.18

32.019

0.031231

205.5

32.706

0.030575

(S NS LS | )

271.61

43.228

0.023133

4000

o |Hzl

g 0

.

Wosi o

Figure 4.39 Frequency responses

Figure 4.40 Frequency mod 1

Figure 4.41 Frequency mod 2
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Figure 4.43 Frequency mod 4

Figure 4.44 Frequency mod 5
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CHAPTER FIVE
KINEMATIC ANALYSIS AND JACOBIAN

The position analysis of the system is solved by choosing a coordinate system for
every single axis, Z axis is rotation direction and 0-1 coordinate system are coincident.
Coordinate system 4 is the center of gravity of the workpiece and concentric with the

rotation center of the member end. Figure 5.1 shows the coordinate systems.

Figure 5.1 Coordinate system configuration

The system is starting its motion from the initial condition and the load center is on
the coordinate system 4 and Table 5.1 shows the initial and final position of the end

point.

Table 5.1 Load center positions

Condition Load Center Position [P,; Py; 0]
Initial Position [1143;-302.40; 0]
Final Position [1165.40; 170.15; 1012.5°]

5.1 Kinematic Position Analysis

e The forward kinematic solution of the system is obtained by using homogen

transformation matrice method;
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aT = 9TyTSTIT

e 0 rotation on the coordinate systems 0-1 is YR matrice;

X1 Xo YiXo
(1)R = [0X1 OY1 021] =|X1Yo Y1Yo
X1Zo YiZo

7.Xo
7Y,
7170

cos 0,
sin 0,
0

e 9T~ the inverse homogen transformation matrce is;

OT—l —
1 000

oRT —
1R =

R
1

cosB; sinB; O
—sinB; cosB; O

0 0 1

cosB®; sinB;
9RTIP = |—sinB; cosH,
0 0

cos0; sinBy
—sinB; cosH,
0 0
0 0

opr—-1 —
117 =

o

O R OO
_ o O O

e 0, rotation on the coordinate systems 1-2 1R matrice is;

R=[X, Y, Z,] =

e 1T homogen transformation matrice is;

cos®, —sinB, 0

17 — sinB, «cosB, 0
2 0 0 1
0 0 0

XoX1 YoXi 73Xy
X,Y: YoY: Z,Y.
XoZ1 YoZi Zo74

cos 0,
] = [sin 0,
0
418.72
—152.40
0
1

—sin 0,
cos 0,
0 1

—sin 0
cos 0;

0
0

0
0

|

(5.1)

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)



iR

Coordinate systems 2-3 %R matrice is;

%R = [2X3

2Y3 223] =

X3Xz Y3X;
X3Y2 Y3Y;
X3Zy YsZ;

2T homogen transformation matrice is;

eNeN e

0 0
0 -300
1 0
0 1

75Y,
137,

05 rotation on the coordinate systems 3-4 3R matrice is;

= [3X4 3Y4

324] =

X4X3
X4Y3
X4Zs

YaX3 Z4X3

0
Y4Y3 Z4Y3] = [ sin 93
YaZs ZuZs

3T homogen transformation matrice is;

2 —
3T =

0
sin 05

— Cos 05

0

0
cos 05
sin 63

0

— c0s 03

724.28
150

Orientation matrice of the 0-4 coordinate systems is;

2R = [0X4 0Y4 0Z4] = [X4Yo

X4Xo

X4Zo

9T homogen transformation matrice is;

o =

—0.4226

0.9063
0

0

0

o RO

0.9063

0.4226
0

0

40

YiXo ZuXo
Y.Yo ZYo
YoZo ZaZo

1165.40

170.15
0

1

13X; 1 0 0
=10 1 0

0 0 1

0
cos 05
sin 63

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)



Figure 5.2 System position illustration

e Inverse kinematic solution of the system is;

A TI714T = JTETET (5.15)

e Resultant equations of the matrice multiplications;

711 = 0.9063 sin0; — 0.4226 cos0; = —sin B, sin 05

113 = 0.4226 sin6; — 0.9063 cos 6; = cos 0,

714 = 170.15sin 04 + 1165.40 cos 0, = 150sin 0, + 724.28 cos 6, + 418.72
151 = 0.4226 sin0; — 0.9063 cos B; = cos 0, sin B,

1,3 = —0.9063 sin 0; + 0.4226 cos 8, = sin 0,

754 = —1165.40sin6; + 170.15cos 0, = 724.28sin 0, — 150 cos 6, — 152.40
731 = —C0s 05

3, =sinfB; =1 —arcsinl = 65 = 90°

T13 — T4 — T3 €quations;

170.15sin6; + 1165.40 cos 8; = 150[—0.9063 sin 6; + 0.4226 cos 0] +
724.28[0.4226 sin 6; — 0.9063 cos 0,] + 418.72

0.014272 sin 0, + 445.595036 cos 6; = 418.72

0, = Atan2(0.014272; 445.595036) +

Atan2(V0.0142722 + 445.5950362 — 418.722; 418.72)
8, =20° 0, = 5° (5.16)
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5.2 Jacobian

The velocity of the coordinate system 4 with respect to the base coordinate system 0

is solved by the iterative calculation method.

e For i=0 angular velocity;

‘wo=1[0 0 o0]" (5.17)
SR =9RT (5.18)
1W1 = (1)ROW0 + 61121 (519)
cosO; sinB; 0770 [0
'wi =|—sin®; cosB; 0]|0[+6.]0
0 0 1110 1
0
'wy = [ Q] (5.20)
01
e For i=0 linear velocity;
vo=[0 0 o] (5.21)
1y, = éR(°v0+°WO x °P,) (5.22)
cosB; sinB; O 0 0 0
v, =|-sin®; cosB; Of| 0|+ [0]x]O
0 0 11 \LO 0l L0
0
=10 (5.23)
0
e Fori=1 angular velocity;
2y, = ilel + 6,27, (5.24)
cosB, sinB, 0170 [0
2W2 = _Sinez COSGZ 0 0 + 92 0
0 0 11164 1
0
2w, = 0 (5.25)
0, +6,
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For i=1 linear velocity;

cosO, sinB, O
2p, = |—sinB, cosB, 0

2172 = iR(lvl + 1W1 X 1P2)

0 0 1

(

0
0
0

0
0
0,

+

418,72
—152,4

o

152,4c0s0,0, + 418,72sinb, 6,
V2 = | —152,4sin0,0, + 418,72c0s0,0,

For i=2 angular velocity;

For i=2 linear velocity;

(418,72sin6, + 152,4cos6, + 300) 6, + 300 6,

3V3 —

0

3173 = ;R(ZVZ + 2WzX 2P3)

(—152,4sin0, + 418,72c0s6;) 6,

For i=3 angular velocity;

0

4-W4_ = gR 3W3 + 93 4Z4_
0 sinB; —cosOs 0
=[0 cosB; sinB; || O
1 0 0 8, + 6,
— cos 058, — cos 0,0,
Wy = sin 63 él + sin 63 éz
03

43

+ 6,

0
0
1

)

|

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)

(5.33)



e For i=3 linear velocity;

= ;‘R(%s +3ws x3Py) (5.34)

(—152,4sin0, sin B; + 418,72cos0, sin B, + 724,28 sin 63)8; + 724,28 sin 63 6,
*v, = [(—152,4sin8; cos 05 + 418,72c0s0; cos B, + 724,28 cos 05 ) O; + 724,28 cos 03 O,
(418,72sin6, + 152,4c0s0, + 150) 6, + 1508,

(5.35)
Forward kinematic transformation matrice multiplication of the system is;
0 0.1.2. 3 cosB; —sinB; 0][cosB, —sinB, O0J[1 0 O 0 0 1
4R = 1R 2R 3R4R =|(sinB; cosB; Of|sinB, cosB, O0[|0 1 Of| sinB; <cosB; O
0 o 1l o o 1llo o 1ll-cos6; sinB; 0

(5.36)
The linear velocity of the coordinate system 4 with respect to the base coordinate

system 0 is obtained by the equation below;

0
0 =il
U4_—4

The angular velocity of the coordinate system 4 with respect to the base coordinate

R *v, (5.37)

system 0 is obtained by the equation below;

0 0

Wy = 4R 4-W4_ (538)

Jacobian matrice of the system is obtained by linear and angular velocity;

v, =71,(0)6 (5.39)

"y =], (0)0 (5.40)
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CHAPTER SIX

DYNAMIC SYSTEM MODELING

Individual center of gravity position of every link is determined with respect to own

Table 6.1 Inertial pro

Figure 6.1 System modeling

perties and center of gravity positions

Figure 6.1 shows the system model and Table 6.1 shows the inertial properties.

reference coordinate system on it. Torques are calculated effecting to the link joints.

Inertial Properties Member Link A Member Link B Member End
Origin? [0 0o o [418.72 —152.40 0]" [1143 -302.40 0]"
Center of Gravity®P; | [185.51 —78.61 0]T | [73.47 —250.09 96.14]T —-206.47 -238.21]"
Mass [kg] 50.04 115.51 168.25
I 048 —0.05 0 688 015 —0.19 —6.13
Inertial T -0.05 204 0 015 3.89 -1.07 -6.13  22.06
nertial Tensor 0 0 181 -0.19 -1.07 3.60 0 2541

a; Local origin position respect to base coordinate system [mm]
b; Center of gravity position respect to local origin [mm]
¢; Inertial moment respect to center of gravity [kg-m?]

‘wo=[0 0 0]F

%Yo=[0 0 0]T

%%, =g[0 1 0]T

i+1,
i R_i+1

RT

(6.1)

(6.2)

(6.3)

(6.4)



1) Determining forward kinetic equations for Member Link A;

Angular velocity for the first link;

1W1 = (1)R0W0 + éllzl
'wy=[0 0 6,17

Angular acceleration for the first link;

W, = éROWO + 8,17, + (1)120\/‘1(9(6')1121
1W1 = [O 0 él]T

Linear acceleration for the first link;

by, = éR(OWOXOPl + "wox[°wox°P1] + 1)

gsin0,
by, = [gcosell

0

Linear acceleration of the center of gravity for the first link;

1.

ve, = "Wix'Pe, + 'wix['wyxPc ] + 10y

0.078618, — 0.185518, + gsind,

1. — . .
Ve: = (0185518, + 0.078616,~ + gcosby
0

Force vector for the first link;
1 _ 1.
Fi =m; v¢,

3.9348, — 9.2836," + 50.04gsin6, )
9.2830, + 3.9348,~ + 50.04gc0s0, | |52 |

0

1F1 —

Moment vector for the first link;

Iy 17 1 1 17 1
Ny = leg Wy + “wyx(Cleg"wy)
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(6.5)

(6.6)

(6.7)

(6.8)

(6.9

(6.10)

6.11)

(6.12)

(6.13)

(6.14)

(6.15)



11\]1 —

0
0|
1.818,

2) Determining the forward kinetic equations for Member Link B;

Angular velocity for the second link;

2W2 == iRlWl + GZZZZ
0
2W2 = . 0 i
0, + 0,

Angular acceleration for the second link;

2 2

ZWZ = 1R1W1 + éZZZZ + 1R1W1X622Z2
0
ZWZ = .. 0 ..
6, +6,

Linear acceleration for the second link;

21.72 = iR(:lWlePz + 1W1X[1W1X1P2] + 11)1)

(6.16)

(6.17)

(6.18)

(6.19)

(6.20)

(6.21)

c0s0,(0.15248, — 0.418720,° + gsin 8,) + sin 0,(0.418728, — 0.15240, + gcos 8,)
20— . . . .
V2 = | c0s 0,(0.418728, + 0.15246," + gcos 8,) — sin B, (0.15248, — 0.418720," + gsin8,)

0

Linear acceleration of the center of gravity for the second link;

U, = 2WoxPe, + Pwox[Pw,x?Pe, ] + %1,

Veox

2.

Ve, = vczy

2
Ve,,
Force vector for the second link;

2 _ 2.
F, =m,%vc,
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Moment vector for the second link;

2 2 2. 2 2 2
N, =“I¢g,“w, + WZX( Ic, W2)

1.07[6, +6,]" — 0.19[8, + 6,]
’N, = [_0_19[61 + 62]2 — 1.07[@1 + GZ]J
3.60[0; + 0,]

3) Determining the forward kinetic equations for Member End;

Angular velocity for the third link;

4

2R2W2 + 0,5%Z,

Sw, =

—COS 63[61 + 62]
3W3 = sin 93 [91 + 92]
03

Angular acceleration for the third link;

. 4 4 :
3W3 = 2 2R2W2X933Z3

Sin 93 [91 + 62]63 — COS 93[é1 + 92]
3W3 = | COS 63 [91 + 62] é3 + Sin 63[é1 + 62]
0

R%w, + 0537, +

Linear acceleration for the third link;

31.73 = ;LR(ZV.VZXZPAL + ZWZX[2W2X2P4] + 21.72)

Vgx
3ﬁ3 = v3y
U3

¥4
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Linear acceleration of the center of gravity for the third link;

3 .

Ve, = “Wsx®Pe, + *wax[Pwsx®Pc, ] + 303

Force vector for the third link;
3 — 3.
F3 = m3°vc,

Fs
°F3 = F3y
F3,

Moment vector for the third link;

3N3 =, 3IC33W3 + 3W3X(3IC33W3)
N3

3N3 = N3y
N3

X

Z

Calculation of the forces and torques acting on the link joints;

1) Force acting on the third link joint;

3f3 = gRSfS + 3F3

3 _ 4ps 3¢
f3—5R f5+m3 ch

Torque acting on the third link joint;
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*n3 = °N; + $R°ng + P, x%F; + *Psx2R>f;

*n3 = >Nz + P, x°F;

3
N3y
3 — 13
nz = rl3y
3
Nz,

2) Force acting on the second link joint;
Zfz = ‘21_R3f3 + 2F2

2f2x
2f2 = 2f2y

ZfZz

e Torque acting on the second link joint;

an = ZNZ + 421_R3n3 + ZPCZXZFZ + 2P4_X‘21_R3f3

3) Force acting on the first link joint;
f, = IR*f, + 'F,
1f1 — 1f1y
e Torque acting on the first link joint;

'n; = 'N; + 3R’n, + "Pe x'F; 4+ 'Px3R%f,
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(6.45)

(6.46)
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e Torque acting on the individual links;

. ="n,"'Z, ="n;T[0 0 1]

TZ = 2n2T 222 s Tz e anT[O 0 1]T

T3 — 31’13T 3Z3 == 31’13T[0 O 1]T

T =n" 'Z

(6.49)

(6.50)

(6.51)

(6.52)

(6.53)

T, = 'ny, = 1.8160; + ny, + 0.18551F,, + 0.07861F;, + 0.41872(sin 6, f,, +

cos 0,f,y) + 0.1524(cos 0, fo, — sin 6, f,y)

T, = 3.6[6; + 8,] + sin 03 nzy — cos B3 ngy + 0.25009F,, + 0.07347F,, +

0.72428(sin 03f35 + cos 03f3,) + 0.15f3,

T3 = N3, = N3Z + 020647F3x
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CHAPTER SEVEN
CASE STUDY

First of all, welding geometries with different sizes and orientation are determined
on the workpiece working envelope and kinematic and kinetic calculations are handled.

Also, time histories are calculated while the system is performing different weld tasks.

As a welding geometry orinetation criteria, calculations are handled with respect to
the weld seams are considered parallel to the horizontal plane and welding gun is

perpendicular to the normal vector of the welding seam.

Some spesific welding seam orientation organizations are performed and multiple
weld tasks are calculated with respect to the welding speed, welding geometry position

angles and welding seam length.

MIG/MAG and TIG arc welding applications are considered between the welding
applications and ABB IRB 1660 ID six axis welding robot is used for the welding
performances. This robot has 1.55 m reachability and 0.02 mm position repeatable
accuracy and 6 kg payload. On the other hand, 80 mm/sec welding speed is determined

for the performance tasks.

While the system is performing different welding tasks, kinematic-kinetic-motion
planning integrated system design algorithm is studied to perform the entire system.
Hydraulic system design is constructed as a result of kinematic-kinetic calculations and
maximum velocities of the hydraulic actuators are calculated and system modeling

design and flow chart are done.

Figure 7.1 illustrates the flow chart for the integrated system modeling approach and

Figure 7.2 shows the hydraulic system flow chart respectively.
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Figure 7.1 Integrated design algorithm
b.sg-h __A [+ G
P e
|T=<PB Pressure-Compensated
. - | Flow Control Valve A
pres;u;z?e“ef 4-Way Directional |
A Valve A
dpcEil> P N B P
o J | -
WL S = g
Electric Motor Flow I &l
Pump Divider-Combiner A B S o
Pressure-Compensated
[ B § Flow Confrol ValveB
TR = A 4-Way Directional
X P Valve B
T~ = Resarvoir =B
Flow
Divider-Combiner B
Figure 7.2 Hydraulic system flow chart
7.1 Welding Process

Welding process is performed via starting from the nearest region to the workpiece

downside and positioner output table.

Kinematic solution for the system is obtained via the orthogonality of the system and

z axis is assumed the approaching direction for welding applications. Kinematic

solution of the welding orientation of the system;

ITITITAW = SW[ST]
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When the system is considered respect to the joint space efficiency for the welding
orientation, the angle 8, contributes the gaining height of the workpiece from the top
plane, angle 6, can be adopted as slope angle of the weld seam horizontal orientation

angle and 03 can be accepted as roll angle for the welding orientation.

7.2 Performance Tasks

The system is reviewed with respect to different performance tasks and welding
conditions. Also, maximum velocities of the links are determined and kinematic —
kinetic analysis is accomplished. Analysis results are obtained via calculation methods
in Chapter 2.4 and Chapter 5 developed in this study. Table 7.1 shows the orientation

angles, welding speeds, welding seam lengths and actuator displacements.

Table 7.1 Welding process parameters

Process Welding Speed Seam Length Actuator Link Angle Displacement
04 0,; 05 ry; Iy; 0,

Weld Path 1 60 mm/sec 240 mm CylB 0°; 15°;0° 0;70.73; 0
Weld Path 2 30 mm/sec 338 mm Motor 0°; 00 45° 0; 0; 506.25°
‘Weld Path 3 30 mm/sec 240 mm CylA-CylB 20°;-35°; 0° 104.58; -78.23; 0
Weld Path 4 30 mm/sec 180 mm CylA-CylB 45% -40°; 0° 23491, -80.43; 0
Weld Path 5 40 mm/sec 160 mm CylA-B-M 20 59 45° 104.58; 127.47; 506.25°
Weld Path 6 35 mm/sec 140 mm Motor 0°; 0% -60° 0; 0; -675°
Weld Path 7 40 mm/sec 236 mm Cyl B - Motor 0°; 25°; 90° 0; 113.89; 1012.5°
Weld Path 8 80 mm/sec 536 mm CylB 0°; 259; 0° 0; 113.89; 0
Weld Path 9 40 mm/sec 358 mm CylA-CylB 40°; -40°; 0° 209.85; -86.43; 0

Different weld path orientations are considered and a welding workspace is created
for different performance tasks. Figure 7.3 shows the entire weld paths on the workpiece

workspace.
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Figure 7.3 Welding orientations

Weld Path 1

Figure 7.4 Weld path 1
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Weld Path 2

Figure 7.5 Weld path 2

Weld Path 3

Figure 7.6 Weld path 3
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Figure 7.6 Weld path 3 (continue)

Weld Path 4

Figure 7.7 Weld path 4
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Weld Path 5

Figure 7.8 Weld path 5

While the system is performing weld path 5, actuator forces belong to Member Cyl
A and Member Cyl B; F; and F, forces are obtained in the graphs. Also, actuator torque

belongs to Member End is shown in the graphs. Table 7.2 shows the analysis results.

While the system is starting the motion qg, = [1143; —302.40; 0] and the final
position of the end point of the system qg, = [1165.40; 170.15; 0] are obtained from

the Cad model. qg = [1165.40; 170.15; 506.25°] can be calculated and the system
outputs g4 = [104.58;127.47; 506.25°] are obtained from the calculations.
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Table 7.2 Analysis results

Analysis Results

Weld Path 5

qg = [Py Py; 0] [mm; mm ; deg] [1165.40; 170.15; 506.25°]
qa = [y 25 O] [mm; mm ; deg] [99.34; 129.764; 506.25°]
qa = [r1; 125 0] [mm; mm ; deg] [104.58; 127.47; 506.25°]

qv = [Qq; Q2 V3] (1t/min; It/min; °/s |

[5.94; 3.83; 50.625]

qr = [Fi; Fp; Tul [N;N; Nm]

[26943; 35203; 90]

qp = [P1; Pz; Ty] [bar; bar ; Nm]

[28.4; 70;90]

ga*; Analytical calculation results of actuator displacements developed in this study

da ; Solidworks analysis results of actuator displacements

qy ; Pump flow rates and electric motor velocity
gr ; Actuator forces and electric motor torque
gp ; Pressures and electric motor torque
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286206

214324 A

142882 -

71441

|
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TIME [Sec]
Figure 7.10 Member cyl B force
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Time Second
Figure 7.11 Member end actuator torque

Weld Path 6

Figure 7.12 Weld path 6
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Weld Path 7

Figure 7.13 Weld path 7

Weld Path 8

Figure 7.14 Weld path 8
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Figure 7.14 Weld path 8 (continue)

Weld Path 9

Figure 7.15 Weld path 9

Weld path 5 perfromance task is analyzed and reviewed for motion planning and

time history studies and graphs are shown in the figures below.
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7.3 Control System

Control system is designed as using feedback linearization method and cartesian

model based control algorithm. Position and velocity output is converted to the joint

63



position and velocity as using inverse kinematic and Jacobian method. Output
information is compared with the reference position and velocity. Figure 7.19 shows

the control system algorithm.

Reference accelkeration

ot Tonque
+ > u
System
45 Posion Gain Velocty Gain n Disturbance
“
4 ,—I
o I 'U4 Jin) I—-‘
Reference velocity Jacobin
E
< ]
[
Reference position Kinematic Maodel

Figure 7.19 Control system
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CHAPTER EIGHT
CONCLUSIONS

Three axis welding positioner system can be designed in different multi stage
processes which can be respectively described physical and topological structure
design, mechanical system design, finite element analysis, kinematic-kinetic analysis

and dynamic system modeling, motion planning and time histroy studies.

Firstly, Solidworks program package is used for the mechanical system design and
frequency analysis. Also, dynamic analysis studies are handled in the Solidworks
Motion module. Also, The program presents simplicity and quick design flexibility to

designer in every stage of the design process.

Second, ANSYS Mechanical is used for finite element analysis simulation and the
package is suitable for this type of robotic applications. Also the results are obtained
after the simulation and the general structure is suitable in the aspect of mechanical

strength.

Finally, MATLAB/Simulink is used for the kinematic-kinetic analysis and dynamic
modeling of the entire system. Mathematical calculations and iterative kinetic analysis
are executed in the program and the resultant graphs are plotted. Also, maximum

actuator velocity limits are obtained and hydraulic system is designed.

The three axis welding positioner system is mainly designed welded steel sheet
construction and the system has two hydraulic actuators and an electic actuator because
of this reason we can describe the system is hybrid manipulator. Kinetic and dynamic
calculations are conducted with respect to 1500 kg loading condition and the system is

considered for the uniform loading condition.

Different performance tasks are studied, especially weld path 5 is reviewed and

maximum actuator speeds are obtained during this welding tasks.
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In conclusion, more general design stages and integrated design approaches can be
implemented to the system in the design and dynamic analysis phase and performance

studies can be multiplied for optimal system design and analysis.
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