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Summary 

Laser beam welding applications are widely used in the industry. However, laser beam 
welding applications have a very small position tolerance to an offset. In this project, the 
offset is defined as the distance between the point, which the laser tool welds, and the point 
which laser tool should weld the weld joint. In other words, the offset is the position error 
in a welding application. To perform successful welding, the laser beam must hit the exact 
coordinate of the weld joints to weld the parts together. For dealing with these inaccuracy 
issues, tool manipulation systems can be used. In this project, an external axis is used for the 
precise manipulation of the laser beam welding tool as a complement to robotic nominal 
movement. Input data to the external axis system is obtained from an image from a vision 
system of the work pieces which need to be welded.  

Tool manipulation systems are used to manipulate tools to ensure certain position accu-
racy during any application. The tool manipulation system in this project has two main parts; 
a seam tracking system (outside this project) and an external axis system. The seam tracking 
system gives an on-line measurement of the offset, and that there is a feedback loop with a 
controller, which gives the system information about how much to manipulate the external 
axis module to the external axis system. The seam tracking system consists of two main parts; 
a camera and the seam tracking image processing program. In the seam tracking system, a 
camera takes images of the work pieces which shall be welded. Then the seam tracking pro-
gram calculates the offset by image processing. This estimated offset is the input for the 
external axis system. The external axis system has three main parts; the external axis program, 
input-output module and the external axis module. The external axis program is the system 
which controls the input-output module for manipulating the external axis module in this 
project. The external axis module manipulates the laser beam welding tool by changing the 
orientation of the tool in order to reduce the offset. This project is about the external axis 
system.  

There is a relationship between the offset input and the required manipulation angle of 
the external axis. In this project, the required manipulation angle is the external axis angle. 
By using this relationship, the laser beam welding tool can be manipulated to weld in the 
desired position. The same system can be used in applications which require high position 
accuracy.  

The evaluation of the external axis system emphasizes that the accuracy demand of the 
laser beam welding applications can be satisfied by an external axis system. However, the 
investigated external axis system behaves in a way that when the offset is larger than it sup-
posed to be, the speed of the TCP movement slows down.  
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1 Introduction 

Welding applications which perform the joining with the help of the energy of the concen-
trated laser light beam are called laser beam welding [1]. Because of the high position accuracy 
needed in laser beam welding applications, external tool manipulation technology is often 
used to ensure the position accuracy. 

Laser beam welding is usually conducted using a welding tool mounted on a robot. How-
ever, these applications can tolerate a very small position error, i.e. the laser beam must hit 
the exact targets during the welding process. That is the reason for adding an external axis 
for more accurate positioning of the tool. 

Inverse kinematics is used to compute the vector of weld joint DOFs that will cause the 
end effector to reach the desired goal position. So, the accuracy of the welding application is 
dependent on the absolute accuracy of the industrial robot. However, the absolute accuracy 
of the industrial robots might not be able to satisfy the accuracy needed for laser beam weld-
ing applications, which is why external axes often are needed. 

This project describes a way of manipulating an external axis with respect to certain offset 
input with the purpose to increase position accuracy in a laser beam welding process.  

1.1 Project Description 
Absolute position accuracy of the industrial robots is not good enough to satisfy the error 
tolerance of some welding applications. The position error tolerance can be smaller than 0.5 
mm. Accuracy problems of industrial robots in welding applications lead the industry to 
develop tool manipulation systems for ensuring the maximum position accuracy of the TCP. 
In this project, the TCP is the target of the laser beam.  A tool manipulation system has two 
main parts; a seam tracking system for finding where the exact weld joint position is situated, 
and an external axis system, and this project is about the latter. 

In this project, an external axis program converts the offset data in millimetre from seam 
tracking system to a voltage that controls the external axis. The structure of a tool manipu-
lation system is presented in Figure 1.1. The offset is calculated in the seam tracking system 
via image processing. The offset is the input for the external axis system. The computer is 
connected to an Input / Output module. This sends a voltage for the external axis module 
in the range between +10 V and -10 V. This project work covers the external axis system 
which is shown in Figure 1.1. 

An output of 0 V refers to that the external axis module does not manipulate the tool. In 
this case, the laser beam welding tool is perpendicular to the work pieces to be joined, which 
is point X in Figure 1.1. A +10 V output refers to that the external axis module manipulates 
the tool with a maximum external axis angle in a positive direction with the laser beam aims 
towards C point. A -10 V output refers to that the external axis module manipulates the tool 
with a maximum external axis angle in the negative direction which the laser beam aims to 
point B. To sum up, the external axis angle depends on the output voltage of the I/O mod-
ule. Also, positive voltage generates positive angle and negative voltage generates negative 
angle in external axis module.  
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1.2 Aim 
• Finding a way to convert offset data in mm from the seam tracking system to I/O 

module output voltage.  
• Figuring out the relationship between the output voltage of I/O module and the 

external axis angle, and the position of the TCP. (TCP is the target of the laser 
beam on the work piece.) 

• Performing the external axis movement in real-time including analysing time behav-
iour of the system. 

• Analysing the external axis system in terms of position accuracy and speed of the 
TCP. 

1.3 Limitations 
• Only straight weld joint lines will be used for this project. 
• The test will not be done during welding application. 
• Laser beam welding tool will not be used in this project. Instead, a laser pointer is 

used to see the position of the TCP on the work piece. 
 

 
Figure 1.1 – General Structure of Tool Manipulation System 
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2 Related work (Background) 

An extensive literature study was performed to investigate various tool manipulation systems 
in laser beam welding applications. The literature review begins with the relevant concepts 
and applications. To be able to design a tool manipulation system for traditional laser beam 
welding applications, the focus is kept on tool manipulation technology. However, explana-
tion of tool manipulation system requires the knowledge of demands which the laser beam 
welding applications put on the tool manipulation. Research articles related to laser beam 
welding applications and motion control applications were reviewed. Necessary books were 
provided and chapters were reviewed. The search for academic journals, books and research 
was primarily done via the University West Library. Tool manipulation, seam tracking and 
laser beam welding papers are examples which are accessible for students through University 
West Library. 

One common and significant technological trend in the industry is the increasing number 
of laser beam welding applications [2]. With respect to changes in demands, which come 
with the industrial revolutions and developed technology, manufacturers are struggling with 
increasing the quality of the product and decreasing the production time. In terms of welding 
applications, manufacturers need position accuracy, repeatability, speed and quality [3]. A 
welding application which can ensure welding with an offset which is smaller than the error 
tolerance of the welding application can assure high-quality welding [4].  

The word “laser” stands for light amplification by stimulated emission of radiation [3]. 
The laser beam welding is a welding technique which is used for welding multiple compo-
nents of metal with the use of laser [5]. Laser beam welding applications use powerful energy 
sources (105 to 107 W/cm2) [6] to create high-density radiation light beam [4]. The main idea 
behind laser beam welding is to melt the material with the high-density laser beam and by 
solidifying joining the parts together [1]. Since the robots are more accurate and faster than 
human workers, and robots don’t need an environmental comfort, usage of industrial robots 
in laser beam welding applications lead to increased speed, accuracy and repeatability [2].  

A laser beam welding application has several advantages. Laser beam welding ensures 
contactless welding [7] and creates more flexibility with the ability to access to the tight cor-
ners. Also, laser beam welding applications can ensure reduction of processing time and dec-
rement of the energy consumption.  

However, in this project, the absolute accuracy of the industrial robots is not able to cope 
with the accuracy need of the laser beam welding application. To enhance the accuracy of 
the laser beam welding application, tool manipulation technology must be used. With the 
help of tool manipulation technology, the external axis module can manipulate the laser beam 
welding tool to the desired path. That's why usage of tool manipulation system is very im-
portant in the laser beam welding applications.  

 
 

2.1 Tool Manipulation 
An accurate tool manipulation technology is a key for creating a robotised laser beam welding 
process since the main difficulties in laser beam welding applications are motion control and 
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work piece measurement [8]. Motion control techniques have been developed in the industry 
for a long time.  
     The laser beam welding processes were used with many kinds of sensors such as induc-
tive, vision-based and ultrasonic sensors for seam tracking systems. Because of its non-con-
tact and high position accuracy measurement, the vision based sensor was used in this pro-
ject. The vision based sensor is a system which uses images captured by a camera to deter-
mine presence, orientation and accuracy of parts. Laser-based vision sensors consist of three 
main parts; a laser diode, a CCD camera and an optical filter [9]. The diode emits laser light 
to the work piece as a stripe which is wide enough to cover the weld joint. The CCD camera 
is connected to the main system or computer. The position of the weld joint is detected via 
image processing from the CCD camera image. The acquired weld joint position from the 
image processing gives a value of the offset. An offset is an input to this project. 
     Figure 2.1 represents the systematic approach for how to deal with the trajectory planning 
issues. Trajectory planning is a system which has three main inputs; path specifications, path 
constraints and manipulator’s dynamic constraints [12].  
     In this project, the laser beam welding application has a defined TCP coordinate which is 
the TCP coordinate of the point X in Figure 1.1. The TCP coordinate of the point X is an 
input to the trajectory planner as the path specification in Figure 2.1  [10].  The predefined 
TCP coordinate is the actual TCP weld joint coordinates. The difference between the defined 
TCP coordinate and the predefined TCP coordinate is the offset. The manipulation action 
changes the defined TCP coordinate with respect to the offset input [12]. However, several 
steps must be implemented before manipulation action. Before moving the robot arm, de-
tection of the obstacle constraint and the path constraint is important for both inhabitation 
of obstacles on the path and processing a smooth welding application which the end effector 
hits the correct weld joint locations [11]. Obstacle constraint refers to whether there are any 
obstacles on the path and path constraint refers to whether the manipulator hand must trav-
erse a specified path [10]. The path constraint is an input to the Trajectory Planner. The 
obstacle constraint was excluded in this project. Furthermore, the manipulator’s dynamic 
constraint is an input to the trajectory planner  [10]. The manipulator’s dynamic constraint 
refers to the limitation by the dynamic behaviour of the external axis module in this project.  
     Except for those inputs to the trajectory planner in Figure 2.1, to manipulate the laser 
beam welding tool for welding a predefined TCP coordinate, a seam tracking system which 
senses the work piece is required to generate the offset [13]. 
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Figure 2.1 – Trajectory Planner Block Diagram [10]. 

2.2 The Motion Control of the TCP for the Laser Beam Welding 
Components in sensor guided laser beam welding applications are a robot controller, seam 
tracking sensor and welding tools. All components require real-time execution [14].  
     From the control analysis point of view, two kinds of distinct control phases are used to 
manipulate the movement of the robot arm [12]. The first one is gross motion control. The 
gross motion control is when the robot arm moves from initial point to vicinity of the target 
(desired) point along the predefined path. The second one is the fine motion control which 
the end effector interacts with the object via sensors to complete the task. In this project, the 
fine motion control was used to get the TCP in the right place using a 6-axis industrial robot 
with the added external axis system. The tool is the laser beam welding tool and the object 
is the external axis module. The fine motion control structure in this project is presented in 
Figure 2.2. 
     In Figure 2.2, the external axis module which was connected to the industrial robot is 
shown with number 1 and the movable part of the external axis module is shown with num-
ber 2. The movement is angular and in the Y direction. Also, the work pieces which need to 
be welded is shown with number 3 and number 4 represents the weld joints. In this project, 
fine motion control is based on the angular movement of the number 2 in Figure 2.2. Also, 
the blue line represents the external axis module movement when the offset is 0 and the 
target of the blue line is the defined TCP coordinate which is an input to the trajectory plan-
ner as the path specification in Figure 2.1. The red line represents the external axis module 
movement when there is an offset in Figure 2.2. The angle between the blue line and the red 
line is the external axis angle. The Figure 2.2 is not on the scale. 
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Figure 2.2 – The Fine Control Structure in this project with the materials which need to be 

welded 
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3 Method  

This section explains the way of how the external axis system was created, what was used to 
create the external axis system and how the external axis system was evaluated in terms of its 
position accuracy and dynamic behaviour.  

3.1 Experiment Setup 
The main idea of the project is to find the relation between the “offset input from the seam 
tracking system” and the “target position of the laser beam, which is defined as the TCP”. 
The main idea behind setup is to program the control module in a way to ensure the neces-
sary output voltage with respect to input offset. The project includes conversion between an 
offset input in millimetre to the external axis angle and the external axis angle to the output 
voltage of I/O module.  
      In Figure 3.1, points in between point B and C is the offset range in this project. The 
offset range represents the number of offsets which the external axis module can work with. 
If the offset is out of offset range, the external axis module cannot manipulate the tool. The 
tip of the laser beam welding tool is shown as point An in Figure 3.1. When the external axis 
module manipulates the tool, the laser falls within a triangle. This triangle (Δ ABC) is shown 
in Figure 3.1.   

In Figure 3.1, two triangles (Δ ABC on the left side and Δ ABC on the right side) repre-
sent two different situations of laser beam welding application and the range of the external 
axis module which is between point B and C. The Δ ABC on the left side represents the laser 
beam welding application when the offset input is 0 mm. So, laser (red line) is vertical to the 
work piece (BC line). The Δ ABC on the right side represents the laser beam welding appli-
cation when the offset is the distance between point X and point Y. Point X represents the 
nominal weld joint coordinate and point Y the actual weld joint. The external axis angle α is 
the angle in between nominal laser line (AX line) and actual laser line (AY line) in Figure 3.1. 
In this project, the height of the laser beam welding tool from work piece (distance between 
point A and X in Figure 3.1) is 300 millimetres. This situation allows external axis module to 
manipulate the laser beam welding tool for TCP offsets which are smaller than +/-3.04 mil-
limetres. The distance between point B and point C in Figure 3.1 is 6.08 millimetres.  

In the worst-case scenario of welding application, a weld joint has 3 mm offset. However, 
3 mm offset in welding application is not realistic. If the offset is 3 mm, the laser damages 
the material. During welding applications, the offset must not be more than the radius of the 
laser beam on the work piece. The radius of the laser beam is 0.20 mm in this project. 
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Figure 3.1 – The Triangle (Δ ABC) which the TCP falls within (In left, offset is 0 mm, 

in right, offset is the distance in between point X and Y). Note that this is not to scale. 
A positive offset means the offset of the target positioning is on the CX line and a nega-

tive offset means the offset of the target positioning is on the BX line in Figure 3.1. Because 
of this positioning, the voltage output of the I/O module can be negative. A positive voltage 
refers to the offset in the CX line and a negative voltage refers to the offset on the BX line 
in Figure 3.1. The Figure 3.1 is not on the scale. 
In this project, the feeding direction of laser beam welding tool (laser beam welding direction) 
is along the X axis and the laser beam oscillating direction is along Y axis in Figure 3.1.  So, 
when the external axis module manipulates the laser beam welding tool, the TCP coordinate 
changes along the Y axis (BC line).  
      There is a relationship between the offset and the angle, as can be calculated from trigo-
nometry. The distance between A and X in Figure 3.1 which is the height of the laser beam 
welding tool above the work piece is 300 millimetres. The formula below follows directly 
from trigonometry, based on the meter. 
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1)  α = arctan(
d

0.3) 
When the α is calculated, the system knows what must be the degree to manipulate the 

external axis module to hit the correct weld joint coordinate. However, the I/O module has 
an analog input with a range between -10 V and +10 V.  

The formula below shows the relationship between the I/O module output and the an-
gle α. The αMax represents the maximum value which the α can get. In this project, the max-
imum value of the external axis angle is 0.58°. V is the output of the I/O module which 
triggers the external axis system. The external axis program was created with formula 1 and 
formula 2 in Twincat V3 environment. 

2)     𝑉𝑉 =
α ∗ 10
(αMax ) 

3.2 System 
Physical components of the external axis system are a computer (the external axis program), 
the Beckhoff module and an external axis module. The connection between external axis 
program and I/O Module was ensured with the EtherCAT Fieldbus system. With the Ether-
CAT Fieldbus system, process data exchange with thousand digital input-output takes 30 µs, 
which is transferring 125 bytes over 100 Mbit/second EtherCAT [15]. 100 Mbit/second 
EtherCAT is known as 100BASE-TX EtherCAT network or fast EtherCAT.  
     The computer which The Twincat Version 3 was installed manages the manipulation pro-
cess of the laser beam welding tool. The output of the seam tracking program is the input 
for the external axis system. Figure 3.2 presents the general structure of the external axis 
system for tool manipulation. The external axis system has three main parts which are: 

• The External Axis Program 
• I/O Module 
• External Axis Module. 
The external axis program is the system which controls the I/O module for manipulating 

the external axis module. The external axis program calculates the voltage output of the I/O 
module with respect to certain offset and commands I/O module to provide necessary volt-
age. The Twincat Version 3 was used to create the external axis program and the external 
axis program was created in PLC structured text language.  

The EtherCAT allows the EK1100 module to be defined as a system coupler. EK1100 
system coupler has a module which is called the EL4132. The EL4132 is an analog output 
terminal which ensures changeable output voltage between -10 V and +10 V. The EL4132 
analog output terminal has two outputs; and the channel of the outputs in the Twincat Ver-
sion 3 are "%39.0" and "%41.0". 

For the external axis program, “%39.0" output was used. The offset input and the max-
imum external axis angle input was defined as a variable in the external axis program. The 
maximum value of the external axis angle is 0.58°. 
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Figure 3.2 – Physical components of the external axis system 

However, certain calibration must be implemented to the PLC structured text code to work 
with The Twincat Version 3. The output variable of the EL4132 analog output module is an 
integer. At the same time, the output voltage of the PLC code is a real number. So, conver-
sion from real number to integer must be calibrated in Twincat environment. However, scal-
ing of the integer output in Twincat Version 3 is between -32767 to +32767 bits [16]. For 
example, if the output of the analog module shall be 5.4 V, program output must be 17694 
(= 5.4

10
× 32767) bit. When the bit-output is 17694, the physical output is 5.4 V. This con-

version is related to the behaviour of The Twincat Version 3 environment. So, the formula 
below is used to convert the required output to an integer. 

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑑𝑑𝑖𝑖𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑 𝑜𝑜𝑜𝑜𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖 = 32767∗simulation output(desired voltage)
10

  

3.2.1 I/O Module 
The input-output module is the combination of Beckhoff EK1100 coupler and the EL4132 
analog output module. The EK1100 coupler connects 100BASE-TX EtherCAT network 
with the EtherCAT terminals [17]. The EK1100 coupler has 65534 EtherCAT terminals. 
Each EtherCAT terminal represents 1 bit. The EtherCAT cable is connected between the 
computer in Figure 3.2 and the Signal input EtherCAT port of the EK1100 coupler in Figure 
3.3. The Link / Act in the lamp in Figure 3.3 shows whether the connection is done success-
fully or not. Also, The EK1100 coupler has 24 V DC power supply. The power supply socket 
is the coupler supply in Figure 3.3. The power LEDs light up when the power supply con-
nection is done. The input for the power contacts provides the power supply for the Ether-
CAT terminals and power contacts feed the EtherCAT terminals. In the external axis system, 
EtherCAT Terminal is EL4132 analog output module. The data connection between the 
EK1100 coupler and EL4132 analog output module is ensured by the E-BUS connection 
and; the power supply input for the EL4132 analog output module is the power contact in 
Figure 3.3 and in Figure 3.4. Figure 3.3 shows the front panel of the Beckhoff EK1100 
coupler.  

The EL4132 analog output module [18] has eight sockets which are also shown in Figure 
3.4. From the sockets, the 1-3 output is the first channel (39.0) and 5-7 output is the second 
channel (41.0) in Figure 3.4. In this project, (39.0) channel is used. The front panel of EL4132 
analog output module is in Figure 3.4.  
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Figure 3.3 – The front panel of the Beckhoff EK1100 coupler 

 
Figure 3.4 – The front panel of EL4132 Analog Output Module  
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3.2.2 External Axis Module 
The main idea of the external axis module is to ensure a better position accuracy in the laser 
beam welding process. When an offset is detected by the seam tracking system, the external 
axis module ensures the manipulation movement of the laser beam welding tool to the right 
position to mitigate the offset. 

The External axis module which is from Permanova AB is presented in Figure 3.2. The 
system has a servo motor which manipulates the movable part (number 2 in Figure 2.2) with 
an angle (the external axis angle) with respect to the voltage input from the I/O module. 

3.3 Measurement Technique 
To examine the external axis behaviour, the system shall be evaluated in terms of time of the 
TCP movement, position accuracy and the speed of the TCP movement. The speed of the 
TCP movement is the motion speed of the laser pointer (TCP) on the work piece. For that 
purpose, a camera (FULL HD 1080P 13-megapixel resolution camera with 30 frames per 
second value [19]) and a laser pointer attached to the external axis is used to examine the 
external axis system. The distance between the camera and the work piece was 300 mm and 
the camera is perpendicular to the work piece. The external axis module was manipulated 
several times with defining different offset values to the external axis system. The TCP dis-
placement was recorded by the camera. Videos were analysed frame by frame, the first and 
the last frames of the TCP displacement were invested, and the time of the TCP movement 
and the speed of the TCP movement were obtained with respect to different input offsets 
from analysis of frames. For analysing the frames of the videos, and for obtaining the dis-
placement of the TCP in pixel and the distance in between two lines (5 mm) in pixels from 
frames, Wondershare Filmora 2017 [20] was used.  
     During the measurements, a checked notebook paper was placed on the work piece with 
the distance between two lines being 0.5 cm. To calculate the displacement of TCP in mm: 

1) The TCP coordinate with offset zero was defined and recorded via Flex Pedant (ABB 
robot controller [21]). 

CONST robtarget Target_10: = [[pos.x, pos. y, pos.z],[orient.q1,orient.q2,orient.q3,ori-
ent.q4],[confdata.cf1,confdata.cf4,confdata.cf6,confdata.cfx],[extjonint.eax.a,ex-
tjonint.eax.b,extjonint.eax.c,extjonint.eax.d,extjonint.eax.e,extjonint.eax.f]];   
The TCP coordinate variables are position variables (pos.x, pos. y, and pos.z), orientation 

variables (orient.q1, orient.q2, orient.q3, and orient.q4), configuration variables 
(confdata.cf1, confdata.cf4, confdata.cf6, confdata.cfx) and external axis variables (ex-
tjonint.eax.a, extjonint.eax.b, extjonint.eax.c, extjonint.eax.d, extjonint.eax.e, extjonint.eax.f). 
However, in this project, only pos.y position variable and extjonint.eax.an external axis vari-
able was used. 

The offset input from the seam tracking system is the changes in pos.y variable in the 
TCP coordinate of the actual weld joint. So, the accuracy of the TCP coordinate is related to 
the accuracy of the offset. Also, the external axis angle α is the extjonint.eax.a variable in the 
TCP coordinate.  

2) The displacement of the TCP in the pixel is obtained from frames.  
3) The distance in between two lines (5 mm) is obtained in pixels. 
4) The ratio between these aforementioned variables (1, 2) was used to calculate the 

displacement of the TCP in mm. 

𝑀𝑀𝑖𝑖𝑀𝑀𝑀𝑀𝑜𝑜𝑖𝑖𝑖𝑖𝑑𝑑 𝑃𝑃ℎ𝑦𝑦𝑀𝑀𝑦𝑦𝑦𝑦𝑀𝑀𝑦𝑦 𝑂𝑂𝑑𝑑𝑑𝑑𝑀𝑀𝑖𝑖𝑖𝑖 =
5 ∗ (variable 1)

(variable 2 )
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5)  The displacement of the TCP is the offset. Since the laser beam oscillating direction 
is along Y axis in Figure 3.1, the changes in offset create a change in the pos. y vari-
able in the TCP coordinate. Also, the external axis module movement creates a 
change in external axis variable (extjonint.eax.a) which is the external axis angle (α). 
So, the resulting TCP coordinate is: 

CONST robtarget Target_10: =[[pos.x,(pos.y+offset),pos.z],[orient.q1,orient.q2,ori-
ent.q3,orient.q4],[confdata.cf1,confdata.cf4,confdata.cf6,confdata.cfx],[ α,ex-
tjonint.eax.b,extjonint.eax.c,extjonint.eax.d,extjonint.eax.e,extjonint.eax.f]];  
To calculate the time of the TCP movement, all frames of the video were checked one 

by one and two specific frames are detected. One of these frames is the last frame before 
TCP starts to move from the initial position in the video. The other frame is the first frame 
after the TCP displacement in the video. Since the 30 frames are equal to 1 second in this 
measurement technique (frames per second value of the camera is 30), the time of the TCP 
movement was obtained from the number of frames between the first frame and the last 
frame. 

The speed of the TCP movement is equal to the ratio between the measured physical 
offset and the time of the TCP movement. 

Position recognition of the TCP is a source of error. In this project, if the time of the 
TCP movement is smaller than 0.06 second, 30 frames per second can ensure only 2 frames. 
The measurement with only two frames can cause an error in the calculation. This error can 
be reduced by using a camera with a higher frame per second value. 

3.4 Manipulation Process 
In this project, the TCP coordinate of the point X in Figure 3.1 is: 

CONST robtarget X: =[[182.7,-27.7,0.4],[0.01369,0.69863,-
071534,0.00425,[0,0,0,0],[0,9E9,9E9,9E9,9E9,9E9]; 

After physical connections were completed, the external axis program was created with for-
mula 1 and formula 2 in Section 3.1 and the TCP coordinate was defined, the task was per-
formed several times with different offsets. Necessary data collection was created with re-
spect to position accuracy and dynamic behaviour of the external axis system. With respect 
to different offset inputs, the TCP coordinates were defined. Then, these data collections 
were converted to the tables and graphs to make the comparison and evaluation of the sys-
tem.  
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4 Evaluation of the External Axis System 

In this project, after the external axis program is created in Chapter 3 and the output voltage 
of input-output module is provided with respect to offset input, the external axis system was 
evaluated; necessary data collection was created and experiments were analysed with respect 
to computation, position accuracy and speed of the TCP displacement. 

4.1 The Effect of the Placement of the Laser Beam Welding Tool 
The height of the laser beam welding tool, the range of the external axis module and the 
offset are the inputs to the external axis program. Changes in the placement of the laser beam 
welding tool with respect to work piece require different input variables for the external axis 
program but Figure 3.1 is still applicable. 

4.2 The External Axis Program Outputs 
The external axis program was processed several times with different offsets as inputs. With 
respect to different offsets, both external axis angles and the I/O module outputs were rec-
orded and presented in Table 4.1. Both external axis angle variables and the I/O module 
output variables are based on the formula 1 and the formula 2 in section 3.1. Negative exter-
nal axis angles in Table 4.1 represents the laser beam welding tool manipulation when the 
offset of the target positioning is on the BX line in Figure 3.1. 

Table 4.1 –Results of the External Axis Program with respect to different offsets 
Offset(mm) Angle 𝛂𝛂(degree) I/O Output Voltage 

(Volt) 

1.00 0.19 3.29 
1.50 0.28 4.93 
1.70  0.32   5.59 
2.00  0.38 6.58 
2.50 0.47     8.22 
3.00 0.57 9.86 

-1.00 -0.19 3.29 
-1.50 -0.28 4.93 
-2.00 -0.38 6.58 
-2.50 -0.47     8.22 
-3.00 -0.57 9.86 
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4.3 The Position Accuracy and The Speed of the TCP Movement on 
Work Piece 

Position accuracy is the major problem in this project. Even though the project is based on 
evaluating the position accuracy of an industrial robot via an external axis, %100 accuracy 
could not be achieved. Also, the position accuracy of the tool manipulation system is de-
pendent on both the seam tracking system and the external axis system. So, for a successful 
tool manipulation, also the seam tracking system must be accurate in terms of the offset 
calculation. 

To evaluate the speed the time of the TCP movement, a camera and a laser pointer was 
used. The laser pointer was attached to the external axis module pointing on the work piece 
showing the TCP-position and the manipulation processes run several times with different 
offsets; detailed information can be seen in Section 3.3. A data collection was created with 
the offset as a given input, and respective time of the TCP movement, and measured physical 
offset as outputs. Table 4.2 was created with different input offset values. For example, the 
first line in Table 4.2 represents the data collection when the external axis module is manip-
ulating the tool when the offset is 1.00 mm.  

When the offset is positive, displacement of the TCP is on the CX direction in Figure 3.1 
which means both the speed and the velocity of TCP displacement is positive. When the 
offset is negative, displacement of the TCP is to the BX direction in Figure 3.1 which means 
the velocity of the TCP displacement is negative.  

The time, speed and the measured physical offset behaviour of the external axis module 
is presented in Table 4.2. The external axis module can manipulate the tool in less than 1 
second if the offset is smaller than 1.70 millimetre. However, if the offset is bigger than 1.70 
millimetres, time of the TCP movement increases a lot.  

In Table 4.2, the position accuracy of the TCP represents how much the measured phys-
ical offset matches with the offset input to the external axis system. So, the position accuracy 
of the TCP was calculated by the difference between the offset (first column in Table 4.2) 
and the measured physical offset (third column in Table 4.2). Since the position error of the 
TCP is smaller than the radius of the laser beam (the radius of the laser beam is 0.20 mm in 
this project), this error is negligible. 

The error percentage is calculated as 

𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖 𝑜𝑜𝑖𝑖𝑖𝑖𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑀𝑀𝑖𝑖𝑖𝑖 =  
𝐼𝐼𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖 𝑜𝑜𝑑𝑑𝑑𝑑𝑀𝑀𝑖𝑖𝑖𝑖 −  𝑚𝑚𝑖𝑖𝑀𝑀𝑀𝑀𝑜𝑜𝑖𝑖𝑖𝑖𝑑𝑑  𝑜𝑜ℎ𝑦𝑦𝑀𝑀𝑦𝑦𝑦𝑦𝑀𝑀𝑦𝑦  𝑜𝑜𝑑𝑑𝑑𝑑𝑀𝑀𝑖𝑖𝑖𝑖

𝑦𝑦𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖 𝑜𝑜𝑑𝑑𝑑𝑑𝑀𝑀𝑖𝑖𝑖𝑖
100 

These changes in the error percentages are the result of the method of this project. The 
method of this project requires an improvement for the future work. 

Figure 4.1 represents the offset – the time of the TCP movement graph of the external 
axis module and Figure 4.2 represents the offset speed graph of the external axis module 

 
 
 

 
 
 
 
 
 
 

 Table 4.2 – The Time, Speed and Offset Behaviour of the External Axis Module 
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Input Off-
set(mm) 

 

Time of the 
TCP  

Movement 
(second) 

Physical  
Offset 
(mm) 

The speed of the 
TCP Movement 

(mm/second) 

The error in 
the Position  
of the TCP 

(mm) 
 

The error 
percentage 

with respect 
to the offset 

input 
(%) 

1.00 0.13 0.99 7.50 0.01 1 

1.50 0.16 1.48 8.92 0.02 1.33 

1.70  0.18 1.69 9.14 0.01 0.58 

2.00  0.91 1.98 2.17 0.02 1 

2.50 1.01 2.53 2.60 0.03 1.20 

3.00 1.11 3.03 2.70 0.03 1 

-1.00 0.13 -0.99 7.50 0.01 1.00 

-1.50 0.16 -1.48 8.92 0.02 1.33 

-2.00 0.91 -1.98 2.17 0.02 1 

-2.50 1.01 -2.57 2.60 0.03 1.20 

-3.00 1.11 -3.03 2.70 0.03 1 

 

 
Figure 4.1 – Offset time graph of the external axis module movement 
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Figure 4.2 – Offset speed graph of the external axis module 

     The actual TCP weld joint coordinates which were achieved by the measured physical 
offsets (third column in Table 4.2) are presented in Table 4.3. In this project, the TCP coor-
dinate of the point X in Figure 3.1(when the offset is 0 mm) is: 

CONST robtarget X: =[[182.7,-27.7,0.4],[0.01369,0.69863,-
071534,0.00425,[0,0,0,0],[0,9E9,9E9,9E9,9E9,9E9]; 

Table 4.3 – The Actual TCP weld joint coordinate pos.y and extjonint.eax.a variables 
The measured physical 

offsets which The TCP’s 
were achieved with 

(mm). 
 

Pos.y 
(mm) 

extjonint.eax.a 
(Angle 𝛂𝛂(degree)) 

0.99 -26.71 0.19 

1.48 -26.22 0.28 

1.69 -26.01 0.32 

1.98 -25.72 0.38 

2.53 -25.17 0.47 

3.03 -24.67 0.57 

-0.99 -28.69 -0.19 

-1.48 -29.18 -0.28 

-1.98 -29.68 -0.38 

-2.57 -30.27 -0.47 

-3.03 -30.73 -0.57 
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5 Conclusion 

In this thesis work, the evaluation of the external axis system for tool manipulation is ex-
plained. First, in the literature study part, the seam tracking systems, and the external axis 
module fundamentals were explained and research was covered. Secondly, the relationship 
between offset data in mm from the seam tracking system to the TCP coordinate was figured 
out. Finally, accuracy and dynamic behaviour of the external axis system was examined. 
Based on the results presented in the previous chapters, the following observations and con-
clusions can be made. 

• The position accuracy analysis in Section 4.3 shows that the position accuracy de-
mand of the laser beam welding applications can be satisfied by the external axis 
system (see Section 4.3). The absolute accuracy of the external axis system has ap-
proximately 1 % error with respect to measured physical offset. For example, when 
the offset is 1.00 mm, actual displacement of the TCP on the work piece is 0.99 mm. 
1 % error is small enough to be negligible. Further results can be seen in Table 4.2. 

• If the time of the TCP movement is smaller than 0.06 second, the external axis sys-
tem analysis (measurement of time of the TCP movement and the speed of the TCP 
Movement) must be done with a camera which has at least 60 frames per second 
value. Shorter the time of the TCP movement requires a camera with higher frames 
per second value for measuring the time of the TCP movement accurately. 

• The method of this project revealed strange result for larger offsets. So, the method 
of this project requires improvement for the future work.  

5.1 Future Work and Research 
The future work would involve the evaluation of the movement of the external axis module 
with respect to different tool weights. When a heavy laser beam welding tool is attached to 
the external axis module, the external axis module might behave differently in terms of time 
and positioning. Further, the future work would involve a research regarding a well-tuned 
controller that controls the manipulation of the external axis based on the seam tracking 
system measurement of the offset. To perform a successful laser beam welding application, 
the seam tracking system must provide an accurate offset.  

5.2 Critical Discussion 
Right from the start of the literature review phase, the work involved in the tool manipulation 
for robotised laser beam welding has personally aided me in learning the logic behind the 
tool manipulation and automation control via the Twincat Modules. There existed numerous 
cases when I had to brush up my knowledge in PLC to move on with the project work. 
Moreover, my knowledge and skills in Beckhoff Control Modules have increased, which was 
a big question mark when I started my project. The time for the thesis work could have been 
utilized in a more efficient way if I was able to figure out the method for collecting the time, 
measured physical offset and TCP coordinate data quicker than I did and have more 
knowledge specific to the Beckhoff Control Module. The data collection for specific scenar-
ios (i.e.: offset = 0.5 mm) would have been completed and error margins in the method 
would be eliminated with the usage of a camera which has a high frame per second property 
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with better resolution, and the data collection would be more suitable for more realistic sce-
narios, given the opportunity to redo the work with the knowledge of today.   
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