
Appendix A

Modelling Real-time systems
The purpose of this appendix is to describe the tools of the modelling
technique used for modelling the process control system in chapter 4. This
description will delimited to the tools which are used to describe the process
control system, and is based on [Ward et. al, vol. 1] and [Ward et. al, vol. 2].
The technique provides a language for describing the context, the
architecture and the functionality of a real-time system. The technique is
adapted from [Ward et al], in which the philosophy of this particular
modelling technique is described in further details.
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Defining the System Context
In order to understand the purpose and the functionality of a system, one
have to become familiar with the role of the system. In this manner we have
to identify the relations between the system boundaries and the surrounding
environment. The context schema identifies the boundaries of the system,
the in/output of the system and the external entities, by which the system
interacts.
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0

Terminator

Terminator

Terminator

Terminator

Figure A1: Context Schema notation [Ward et al, vol. 1. P. 15].

The system is represented by a single transformation (circle) which includes
the entire functionality of the system. The external entities by which the
system interacts are called terminators and is represented by boxes. The
arrows describe the flows of data through the system interface and the
direction of these flows.

Hierarchical composition
The transformation may be decomposed into a sub set of transformations.
This decomposition serves the purpose of reaching a set of sub
transformations, for which it becomes possible to get a thorough
understanding of each transformation.
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Figure A2: An example of decomposition. This figure illustrates a
possible decomposition of the transformation in Figure A1.

When decomposing a transformation we must keep track of the flows
coming in and going out. For a specific transformation these flows are
preserved through the process of decomposing. In addition we will observe
a number of flows between the new sub transformations. An example of this
is shown in the transformation schema in Figure A2, which is a
decomposition of the system transformation in the context diagram in
Figure A1.

In order to facilitate recognition of the structure of the levels in the
transformation schemas, we will number the transformations. The context
schema will be numbered as 0, while the transformations of the next level of
transformations will be numbered by a zero point the number of the specific
sub transformation. When a transformation is decomposed into a lower level
of transformations, it is indicated by a shadow, see Figure A3.

Handling Flows
As already observed we have more than one type of flows. The types of
flows will be described in the following, and so will the storing of flows.
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Conventions for Data Flows

This section serves as an overview of the different types of data flows. The
flows are represented with their conventions in the following table.

Z
Time-discrete data flow. This type of flows
will only contain data at individual points in
time, and is considered to have an undefined
value or null value at all other times.

YZ
X

Two subsets of the time-discrete data flow Z
are used by two different successor
transformations

Z

All of the time-discrete data flow Z is used by
two different successor transformations.

Y Z
X

The time-discrete data flow Z is composed of
two different time-discrete data flows, X and
Y. X and Y are provided from two different
predecessors.

Z

All of the time-discrete data flow Z may be
provided by either of two predecessor
transformations

Z
Time-continuous data flow. This type of data
flow exists at every instant within a  time
interval, such as a variable which value is a
function of time.

Z
Event Flow. This type of flows has no content,
i.e. it is only the presence of the flow which is
interesting. An example is the signal from a
button. The signal has no content, but only tells
us that the button is pressed.
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Storing Data

Sometimes we may need to store some data for later use. This can be done
by use of two different storing mechanisms, the data store and the event
store. The data store is usually served by transformations at discrete points
in time. The flows between transformations and data stores will always be
represented by single headed arrows. The data store is represented as shown
in Figure A4.

Data Type

xx

Figure A4: Data store.

The name of the data in the data store is the same as the name of the data
flow which supplies the store with data, and which pulls out data from the
store. Therefore the flows in and out of stores will not be labelled with data
names, but the data in these flows are defined in the store.

The event store is analog to the data store, and it is represented by two
parallel dotted lines like shown in

Event type

xx

Figure A5: Event Store.
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Types of Transformations
In the present modelling method we have two different types of
transformations, the data transformation and the control transformation.

Data Transformation

The data transformation serves the function of transforming data from one
format to another, i.e. performing calculations. The data transformations are
visualised as a continuous full line circle as shown in

Decoded Message

Code

Coded Message
Decode 
Message

xx

Figure A6: The data transformation serves the purpose of
transforming coded messages into decoded messages [Ward et al,
vol. 1. P. 42]

Control Transformation

A control transformation is represented by a dotted circle and serves only
event flows like e.g. an on/off signal. This yields both for input and output
signals. This type of Transformations is intended to control the sequence of
data handling.
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Figure A7: The control transformation is controlling the crossing
signal. All flows are event flows. [Ward et al, vol. 1. P. 48]

In Figure A7 we can see an example of a simple control flow in which the
crossing signal is controlled by the status of trains approaching and leaving
the crossing.
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Appendix B

Data Structures
This appendix states the definitions of data that is used in the functional
architecture in chapter 5. The data is presented in alphabetical order.

1Calibration Parameters .............................................................................................2
Delta Equipment Time ...............................................................................................2
Delta Sensor Time......................................................................................................2
Equipment Control Vector .........................................................................................2
Equipment Status .......................................................................................................4
Estimated Workpiece Parameters and Positions for Flange joints .............................4
Estimated Workpiece Parameters and Positions for Flank joints ...............................6
Extended Profile Nodes..............................................................................................7
Measured Profile Vector ............................................................................................8
Modelled Workpiece Parameters .............................................................................10
Process Model Parameters .......................................................................................10
Profile Node .............................................................................................................10
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Profile Type ............................................................................................................. 11
Robot Locations....................................................................................................... 11
Sensor Control Vector ............................................................................................. 11
Sensor Status............................................................................................................ 12
System Time ............................................................................................................ 12
Transformed Profile Vectors ................................................................................... 13
Welding Control Vectors ......................................................................................... 14

Calibration Parameters

The calibration parameters are the two 4 x 4-transformation matrices
sensorTendeffector, which describes the transformation from the sensor frame to
the endeffector frame and TCPTendeffector, which describes the transformation
from TCP frame to the endeffector frame. The endeffector frame specifies
the position and orientation of the endeffector of the mechanical robot
structure.

Delta Equipment Time

The delta equipment time is a parameter, which is assigned the difference
between the system time (value of timer in the welding control system) and
the timer of the welding equipment controller. When the timer in the
welding controller is reset, it will start counting from zero. At that moment
the delta equipment time will be set to the actual value of the system time.

When the robot locations are received from the welding equipment
controller, the welding equipment controller has defined the time stamps.
When the delta equipment time is added to the time stamps, these are
synchronised with the timer of the welding control system.

Delta Sensor Time

Delta sensor time has the same function as the delta equipment time, though
it is used for synchronising the timestamps of the measured profile vectors
with the time of the welding control system.

Equipment Control Vector

The equipment control vectors are the specific equipment commands. These
must be specified in an equipment specific language. This description is
general an specifies only the general types of commands.
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The equipment control vector consists of a command part and a part for task
specification for the equipment. The command part has the following
possibilities:

• Set welding equipment in slave mode.

• Reset equipment time.

• Start sending robot locations.

• Movement Command.

• Reset welding equipment.

The task specification part is used for movement commands only. The
contents is:

• Point type (End point or Not End point).

• Transformation matrix: endeffectorTbase.

• Velocity.

• Wire feed rate.
If the point type is ‘End point’ the execution of welding control vectors is
stopped after execution of this equipment control vector.
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Equipment Status

This response describes the status for execution of a specific equipment
control vector. The following values of equipment status is possible:

• Accepted/Success/Fail.
If the command part of the equipment control vector is a movement
command or start sending robot locations, the equipment status will respond
with accepted or fail. This response only indicates if the equipment
controller accepts the commands or not. The execution of these commands
is not ended when the response is received. If the task specification part of a
movement command is end point, the response is success or fail. If the
response is success, the command is executed when the response is
received.

If the command part of the equipment control vector is reset equipment time
or Set welding equipment in master mode, the equipment status will respond
with success or fail. Then the response is received after the command is
executed, unless the execution fails.

Estimated Workpiece Parameters and Positions for Flange
joints

The estimated workpiece parameters contain a local description of the weld
groove. This description consists of geometric information as well as
information about the workpiece conditions. The estimated workpiece
parameters for Flange joints includes the following:

• Joint type

• Type of material for plate 1

• Type of material for plate 2

• Coating type, plate 1

• Coating type, plate 2

• Thickness of coating, plate 1

• Thickness of coating, plate 2

• Thickness of plate 1 (T1)
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• Thickness of plate 2 (T2)

• Angle of workpiece 1 (α1)

• Angle of workpiece 2 (α2) (Only for flank-joints)

• Edgedist 1

• Edgedist 1

• Groove frame (grooveTbase)

• Gap

• Angle between surfaces (αs)

• Tack/No tack

• Angle between welding direction and gravity

• Angle between weld bisector and gravity
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Figure 1: Geometric parameters in the estimated
workpiece parameters for Flange-joints.
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Estimated Workpiece Parameters and Positions for Flank joints

Flank joints are characterised by the position of the weld groove, which is
between the ends of the workpieces. A flank joint is shown in figure 2 with
the corresponding measured profile.

Workpiece 2
Workpiece 1

x x
x x

x x

Figure 2: Flank joint and the corresponding measured profile.

The parameters mentioned in the section ‘estimated workpiece parameters
for Flange joints’ are present in the estimated workpiece parameters for
flank joints as well. Though three additional parameters are present in this
structure:

• Off-set

Gap

T1 T2

Workpiece 2
Workpiece 1

Edgedist 2
Edgedist 1
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Figure 3: Flank joint and corresponding geometric parameters.
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Extended Profile Nodes

An extended profile node is a local description of the weld groove by means
of R, S and T points. The structure corresponds to the structure of profile
nodes, except that the gap and the angle between the plates are included in
the extended profile node.

The positions of R, S and T points are specified in the robot base frame.
Additionally the profile node describes the fillet radius of workpiece 1 and
2. For Flange-joints the fillet radius is only specified for workpiece 1. The
last three parameters of a profile node are booleans, which indicates whether
or not one or both plates in the weld groove are missing at that particular
position.

• R1

• S1

• T1

• R1

• S2

• T2

• Tack/No tack

• Gap

• Angle between workpiece surfaces

• Fillet radius (r1)

• Fillet radius (r2) (Only for flank- and edge joints)

• Plate 1 missing

• Plate 2 missing

• Both plates missing
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Measured Profile Vector

The measured profile vector includes a definition of three points on each
workpiece in the weld groove (R, S and T) and a definition of the radius of
fillets. The R, S and T – points defines the surface of a workpiece that may
have a bevel shape at the weld groove.

R1

R2

S1

S2

T1

T2

R1 R2S1 S2
T1 T2

Figure 4: R, S and T points used for description of the weld groove profiles for T- and flank-
joints when bevel shapes are present.

In case there is no bevel shapes in the weld groove it will be necessary to
know an eventual fillet radius of the workpieces in order to recognize the
position of the workieces and to calculate the size of the gap.
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Figure 5: R, S and T points for description of the weld groove profiles for flange- and flank-joints
when there are no bevel shapes.

Even though bevel shapes are normal in arc welding processes they are
rarely used in laser welding. Though the preparation of workpieces may
without intention cause the workpieces to have a small bevel or fillet radius.
In case of bevel shape or fillet radius are present at the measuring position
the points T1 and T2 are positioned as shown in Figure 4 and Figure 5. This
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makes it possible to describe the exact workpiece geometry for these
instances.

If a tack weld is present at the measured position the points T1 and T2 will
be identical and describe the point of intersection between the lines
described by |R1S1| and |R2S2| for T-joints. For flank joints the points T1
and T2 are also identical in the instance where a tack weld is recognised.
These points are then positioned on the line that reaches the points R1 and
R2. The point is the mid-point of the projection of the tack area on this line.

The measured profile vector includes a time stamp telling when the
measurement is made in local sensor time.

The measured profile vector looks like this:

• Time Stamp

• R1

• S1

• T1

• R1

• S2

• T2

• Tack/No tack

• End/Not end

• Fillet radius (r1)

• Fillet radius (r2) (Only for flank- and edge joints)

• Plate 1 missing

• Plate 2 missing

• Both plates missing

• Success/Fail



B.10 Appendix B: Data Structures

Modelled Workpiece Parameters

The modelled workpiece parameters specify the workpiece geometry, fit-up
and surface treatment. The modelled workpiece parameters are:

Her indsættes statiske parametre fra workpiece model. Strukturering af
forsk. fugetyper specificeres.

Process Model Parameters

The process model parameters are organised as a matrix. The first column of
the matrix represents specific values of gap. The second third and fourth
column represents a corresponding set of control variables. An inverse
process model is shown below:

Gap Welding speed Wire feed rate Displacement

0.0mm 1000mm/min 400mm/min 0.3mm

0.3mm 850mm/min 1800mm/min 0.4mm

0.6mm 500mm/min 3000mm/min 0.5mm

0.8mm 400mm/min 4000mm/min 0.7mm

Profile Node

A profile node is a local description of the weld groove by means of R, S
and T points. The positions of R, S and T points are specified in the robot
base frame. Additionally the profile node describes the fillet radius of
workpiece 1 and 2. For Flange-joints the fillet radius is only specified for
workpiece 1. The last three parameters of a profile node are booleans, which
indicates whether or not one or both plates in the weld groove are missing at
that particular position.

• R1

• S1

• T1

• R1

• S2

• T2
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• Tack/No tack

• Fillet radius (r1)

• Fillet radius (r2) (Only for flank- and edge joints)

• Plate 1 missing

• Plate 2 missing

• Both plates missing

Profile Type

The profile type specifies a set of generic geometric workpiece parameters
of the weld groove. A number of profile types may be defined in the system.
The profile types that are defined at this point is: Flank joint, Flange joint,
edge-flank joints and edge-Flange joint.

Robot Locations

The robot controller continuously delivers information about the location of
the robot. The robot locations consist of:

• Transformation matrix (endeffectorTbase).

• Time stamp.

Sensor Control Vector

The sensor control vector that consist of a command part and a task
specification for the sensor. The command part must have the following
possibilities:

• Set profile type

• Reset sensor time

• Start Profile Measurement

• Stop Measuring Profile

• The task specification part must have the following possibility:

• Profile type
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The profile type may be specified by an integer, a string or similar. This
specification serves as identification of the parameters that the sensor
system must recognise and quantify in the measurements for a given profile
type, such as a T-joint or a flank-joint.

For each profile type a number of characteristics are defined in the sensor
system. The purpose of these characteristics is to facilitate precise
measuring of the workpieces. These characteristics may not be known by
the user of the sensor system and are therefore out of the scope of the
present PhD-work.

Sensor Status

The sensor status is a vector that contains two logical values for the status of
the requested operation and for measurement of a tack weld. The status for
tackweld is set when the sensor system successfully has performed a
measurement in which a tack weld is recognised. Additionally a value for
the time at which the command is executed or failed in the sensor system.

The Sensor status looks like this:

• Success/Accepted/Not success

• Tack weld /No tack weld

• Time stamp

System Time

System Time is the actual timer value of the welding control system. This
values changes continuously.
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Transformed Profile Vectors

The transformed profile vectors corresponds to the measured profile vectors
with the exception that the positions of R, S and T points are specified in the
robot base frame. Additionally there is no time stamp in these vectors.

• R1

• S1

• T1

• R1

• S2

• T2

• Tack/No tack

• End/not end

• Fillet radius (r1)

• Fillet radius (r2) (Only for flank- and edge joints)

• Plate 1 missing

• Plate 2 missing

• Both plates missing

• Success/Fail
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Welding Control Vectors

The welding control vectors specifies the welding control variables for the
welding process. These variables describes the motion of the laser beam by
using the following variables:

TCP frame relative to world frame (TCPTWorld)

Welding speed

Wire feed rate
Continuity type

The TCPTWorld frame defines the position and orientation of the laser beam
relative to the world frame. The origin of the TCP frame is placed in the
focus point of the laser beam. The vector iTCP points away from the welding
equipment in the direction of the laser beam. TCPTWorld is a transformation of
grooveTTCP.

The welding speed is the speed that is specified for the motion of TCP from
the previous to the actual point.

The wire feed rate is the wire speed from the previous to the actual point.

The continuity type defines the type of point. The point may be a start point,
an intermediate point or an end point. The execution process uses the
continuity information. If e.g. the continuity is ‘end’ the execution will stop
the execution will be stopped after executing that particular welding control
vector.
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Software
This appendix is a print of the software developed during the Ph.D. Project.
The appendix is not explained or commented directly in the report, but is the
implementation of chapter 4. Though the functional architecture in chapter 4
is updated with respect to gained experience during the work.

The software is implemented on a platform based on the operating system
IRMX. The robot controller is implemented on the same platform. The robot
controller is extended with “Compile Cycles” from Power Automation,
Germany. By compile cycles it is possible to compile user specified routines
programmed in the C language into the robot controller. The compile cycles
system is event driven and calls the user programmed routines on specified
events. The individual user written software modules are printed in the
following with a very short introduction.
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Module basic.ltx

This module defines the modules that are used during compilation of the
software related to the basic compile cycle (see description later on this
page).

Source code
czmain.obj, &
GPIBdrv.obj, &
SCAN.obj, &
basic.obj, &
matlib.obj, &
queue.obj, &
WlProCon.obj, &
kalib.obj,

Module servo4.ltx

This module specifies the modules that are used during compilation of the
software related to the servo compile cycle (see description under the
module servo4.c).

Source code:
czmain.obj, &
servo4.obj, &

Module basic.c

This module communicates with the basic compile cycle in the robot
controller. The basic compile cycle is a job in the IRMX control platform
that controls the high level operations in the robot controller. The basic
compile cycle generates events during these operations, and it is possible to
interact with the robot controller by implementing user written procedures
that are activated by the events of the basic job. Exchange of data is possible
between the user written procedures and the robot controller. In this way
NC-blocks is generated by the basic compile cycle and filled out by values,
which are calculated in the user written procedures.
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Souce code:
/****************************************************************************
*
* Filename: basic.c
*
* Author: HJA
* Date : 4. november 1996
*
* Date of last modification:
*
****************************************************************************
*
* Specification:
* -------------

*/
#include <stdio.h>
#include <i86.h>
#include "cc_pa.h"
#include "WlProCon.h"
#include "Kalib.h"
#include "global.h"
#include "math.h"
#include "queue.h"

WORD_T choice;
INT_T status;
WORD_T Old_NC_Status;

DWORD_T Adr_Mask[26] = {1, 2, 4, 8, 0x10, 0x20, 0x40, 0x80,
0x100, 0x200, 0x400, 0x800, 0x1000, 0x2000,
0x4000, 0x8000, 0x10000, 0x20000, 0x40000,
0x80000, 0x100000, 0x200000, 0x400000, 0x800000,
0x1000000, 0x2000000} ;

WORD_T Bit_Mask[8] = {1, 2, 4, 8, 0x10, 0x20, 0x40, 0x80} ;

I_NCBLK_T inp1, inp2 ;
O_NCBLK_T out1;
O_NCBLK_T out2 ;

I_EVNT_T inp5 ;
O_EVNT_T out5 ;

I_COM_T inpCom ;
O_COM_T outCom ;

I_STAT_T inpStat ;
O_STAT_T outStat ;

#define Idle 0
#define MovingToStartPoint 1
#define Searching 2
#define Welding 3
#define WeldingFinished 4
#define FinishingNcProgram 5
#define ExecutionInterrupted 6
#define InitializingKalibration 7
#define PerformingKalibration 8
#define MovingToGrooveStartPoint 9
#define InitializingCoordinationIndexes 10
#define ReadyForInitialSCV 11
#define ExecutingSubroutine 12
#define Enabled 50
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#define Disabled 51

unsigned int BasicBlockTransfers;
unsigned int BlockTransfersBeforeStart;
unsigned int BlockTransfersBeforeEnd;
unsigned char PA_STATUS;
unsigned char OverWriteTemporaryLevel;
unsigned char GenerateIntermediateBlock;
unsigned char DisableBlockProcessing = FALSE;
unsigned char EnableBlockProcessing = FALSE;
unsigned char BlockStatus;
unsigned char NewPositionFromServo = Disabled;
unsigned char dummy;
unsigned char TransferDummy;
unsigned char PaFile = FALSE;
int StartPointStrategy;
unsigned char EndPointStrategy;
double T1, T2, Tstart;
int WelProConCommand;
char ExecuteSubroutine = FALSE;

/****************************
External function declarations:
------------------------------*/
extern unsigned char KalibrationResponse;
extern unsigned char WelProConResponse;
extern void MessageText (char *TextBuf);

/****************************/

struct TransferredDataFromServo{
unsigned int ServoBlockTransfers;
double ActualAxisPositions[5];
double TimeForPosition;
};

static struct TransferredDataFromServo ServoData;
extern struct ControlVector NewConVec;
static struct ControlVector MemActive, MemPassive, MemTemporary;
static struct ControlVector StartPoint, EndPoint;
FILE *pa;
FILE *axispos;

/*=========================================================================*/

void ResetApplicationProgram(void)
{

if(PaFile)
{

fprintf(pa, "ResetApplicationProgram is executed\n");
fflush (pa);

}
ResetWeldingProcessController();
PA_STATUS = Idle;
WelProConCommand = Idle;
WelProConResponse = Idle;
NewPositionFromServo = Disabled;
BlockTransfersBeforeStart = 0;
BlockTransfersBeforeEnd = 0;
BlockStatus = Enabled;
OverWriteTemporaryLevel = FALSE;
GenerateIntermediateBlock = FALSE;

}
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void ActivateEmergencyStop(void)
{

I_STAT_T inpStat;
O_STAT_T outStat;

choice = 10 ; /* Activate Emergency Stop */
(*b_stat) (choice, &status, &inpStat, &outStat) ;

}

void CheckStatus(void)
{

#define Restart 0x0001
#define EmergencyOff 0x0002
#define CycleOff 0x0004
#define CycleOn 0x0008
#define CycleStop 0x0010
#define ProgramHalt 0x0020
#define ProgramEnd 0x0040
#define DwellTime 0x0080
#define ControlReset 0x0100
#define HomingTravel 0x0200
#define Buffering 0x0400

I_STAT_T inpStat;
O_STAT_T outStat;
WORD_T NC_Status;

choice = 1 ; /* read NC status */
(*b_stat) (choice, &status, &inpStat, &outStat) ;
if (status == 0)
{

NC_Status = 0;
NC_Status = (NC_Status | outStat.O1_STAT.NCSTATUS);
if ((NC_Status & EmergencyOff) || (NC_Status & ControlReset)

/* || (NC_Status & Restart) || (NC_Status & ProgramHalt)*/)
{

if(PaFile)
{

fprintf(pa, "NC Status = %d\n", NC_Status);
fflush(pa);

}
ResetApplicationProgram();
BasicBlockTransfers = ServoData.ServoBlockTransfers;

}
}

}

void OverWriteTemporaryLevelWithStartPoint(void)
{

NewConVec.AxisPosition[0] = StartPoint.AxisPosition[0]; /* Axis B */
NewConVec.AxisPosition[1] = StartPoint.AxisPosition[1]; /* Axis B */
NewConVec.AxisPosition[2] = StartPoint.AxisPosition[2]; /* Axis C */
NewConVec.AxisPosition[5] = StartPoint.AxisPosition[5]; /* Velocity */
NewConVec.AxisPosition[6] = 9; /* G-word; Activate look ahead function*/
NewConVec.AxisPosition[18] = 1000; /* Wire Feed Speed */ /* Axis S */
NewConVec.AxisPosition[20] = 0; /* Voltage Output for Laser Power */
NewConVec.AxisPosition[23] = StartPoint.AxisPosition[23];/* Axis X */
NewConVec.AxisPosition[24] = StartPoint.AxisPosition[24];/* Axis Y */
NewConVec.AxisPosition[25] = StartPoint.AxisPosition[25];/* Axis Z */
OverWriteTemporaryLevel = TRUE;
if(PaFile)
{

fprintf(pa, "StartPoint is copied into NewConVec\n");
fflush(pa);

}
}
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double GetSystemTime(void)
{

double SystemSeconds;
double SystemMinutes;
choice = 15;
(*b_stat) (choice, &status, &inpStat, &outStat);
SystemSeconds = outStat.O15_STAT.SYSTEMUHR;
SystemMinutes = outStat.O15_STAT.SYSTEMUHRMIN;
SystemSeconds = SystemSeconds/1000 + SystemMinutes * 60;
return SystemSeconds;

}

void far main(unsigned short event)
{

switch (event)
{

/*------------------ Basis ----------------------------------------*/
case E_START:
{

choice = 1; /* set events */

inp5.I1_EVNT.EVENT = E_B4000;
(*b_evnt) (choice, &status, &inp5, &out5);

inp5.I1_EVNT.EVENT = E_INTPRET_END;
(*b_evnt) (choice, &status, &inp5, &out5);

inp5.I1_EVNT.EVENT = E_BASIS_SERVO_COM;
(*b_evnt) (choice, &status, &inp5, &out5);

inp5.I1_EVNT.EVENT = E_GCODE_START;
(*b_evnt) (choice, &status, &inp5, &out5);

inp5.I1_EVNT.EVENT = E_TRANSFER;
(*b_evnt) (choice, &status, &inp5, &out5);

if(PaFile)
{

pa = fopen("PA.LOG","w+");
fprintf(pa, "PA.LOG IS OPENED");
fflush(pa);

}
}
break; /** End of "case E_START:" **/

/*------------------Basis------------------------------------------*/
case E_B4000:
{

if((BasicBlockTransfers > 0) && (PA_STATUS != Idle))
CheckStatus();

/***********************************/
if((NewPositionFromServo == TRUE) && (PA_STATUS != Idle))
{

tryUpdateRobotLoc((ServoData.TimeForPosition - Tstart),
ServoData.ActualAxisPositions[0],

ServoData.ActualAxisPositions[1],ServoData.ActualAxisPositions[2],
ServoData.ActualAxisPositions[4], ServoData.ActualAxisPositions[3]);

NewPositionFromServo = FALSE;
if(PaFile)
{

fprintf(pa, "ServoData.TimeForPosition:
%f\n",ServoData.TimeForPosition);

fflush (pa);
}

}
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/***********************************/
if ((PA_STATUS == InitializingKalibration) &&

(BasicBlockTransfers == BlockTransfersBeforeStart) &&
(BlockStatus != Disabled))

{
DisableBlockProcessing = TRUE;
if(PaFile)
{

fprintf(pa, "PA_STATUS = InitializingKalibration");
fflush(pa);

}
}

/***********************************/
else if((PA_STATUS == InitializingKalibration) &&

(ServoData.ServoBlockTransfers == BlockTransfersBeforeStart)&&
(ServoData.ActualAxisPositions[3] == StartPoint.AxisPosition[2]) &&
(ServoData.ActualAxisPositions[4] == StartPoint.AxisPosition[1]) &&
(ServoData.ActualAxisPositions[0] == StartPoint.AxisPosition[23]) &&
(ServoData.ActualAxisPositions[1] == StartPoint.AxisPosition[24]) &&
(ServoData.ActualAxisPositions[2] == StartPoint.AxisPosition[25]) &&
(BlockStatus == Disabled))

{
WelProConCommand = InitializeKalibration();
if (KalibrationResponse == KalibrationInitialized)
{

PA_STATUS = PerformingKalibration;
if(PaFile)
{

pa = fopen("pa.log", "w+");
fprintf(pa, "KalibrationInitialized");
fprintf(pa, "PA_STATUS is set to PerformingKalibration");
fprintf(pa, "KalibrationResponse = KalibrationInitialized");
fprintf(pa, "PA_STATUS is set to PerformingKalibration");
fflush(pa);

}
}

}
/***********************************/

else if (PA_STATUS == PerformingKalibration)
{

WelProConCommand = PerformKalibration();
if(PaFile)
{

fprintf(pa, "PerformKalibration is called");
fflush(pa);

}
if (KalibrationResponse == KalibrationFinished)
{

PA_STATUS = Idle;
EnableBlockProcessing = TRUE;
if (PaFile)
{

fprintf(pa,"KalibrationResponse = KalibrationFinished");
fflush(pa);

}
}

}
/***********************************/

else if (PA_STATUS == WeldingFinished)
ResetApplicationProgram();

/***********************************/
else if((PA_STATUS == MovingToStartPoint) &&

(BasicBlockTransfers < BlockTransfersBeforeStart) && (TransferDummy))
{

OverWriteTemporaryLevelWithStartPoint();
}

/***********************************/
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else if ((PA_STATUS == MovingToStartPoint) &&
(BasicBlockTransfers == BlockTransfersBeforeStart) &&
(BlockStatus != Disabled))

{
DisableBlockProcessing = TRUE;

}
/******** Start of PA_STATUS == MovingToStartPoint ********/

else if ((PA_STATUS == MovingToStartPoint) &&
/* (ServoData.ServoBlockTransfers == BlockTransfersBeforeStart) &&*/
(sqrt(square(ServoData.ActualAxisPositions[3] -

StartPoint.AxisPosition[2]))<10) &&
(sqrt(square(ServoData.ActualAxisPositions[4] -

StartPoint.AxisPosition[1]))<10) &&
(sqrt(square(ServoData.ActualAxisPositions[0] -

StartPoint.AxisPosition[23]))<10) &&
(sqrt(square(ServoData.ActualAxisPositions[1] -

StartPoint.AxisPosition[24]))<10) &&
(sqrt(square(ServoData.ActualAxisPositions[2] -

StartPoint.AxisPosition[25]))<10) &&
(BlockStatus == Disabled))

{
if(PaFile)
{

fprintf(pa,"Start Point is Reached\n");
fflush(pa);

}

/****** Start Set Template And Syncronize Time ******/

WelProConCommand = SetSensorTemplate(ServoData.ActualAxisPositions[3]);
if (WelProConResponse == SensorTemplateSet)
{

T1 = GetSystemTime();
WelProConCommand = SyncronizeSensorTime();
if (WelProConResponse == SensorTimeSyncronized)
{

T2 = GetSystemTime();
Tstart = (T2-T1)/2 + T1;
NewPositionFromServo = Enabled;
if (PaFile)
{

fprintf(pa,"System- And SensorTimeSyncronized\n");
fprintf(pa,"T2 - T1 = %f\n",(T2-T1));
fflush (pa);

}
}

}
/****** End Set Template And Syncronize Time ******/

/*********** Start Initialize Sensor **************/

if (WelProConResponse == SensorTimeSyncronized)
WelProConCommand = InitializeSensor();

if (WelProConResponse == SensorInitialized)
{

PA_STATUS = InitializingCoordinationIndexes;
if (PaFile)
{

fprintf(pa,"SensorInitialized\n");
fprintf(pa,"PA_STATUS = InitializingCoordinationIndexes\n");
fflush (pa);

}
}

/*********** End Initialize Sensor **************/

} /** "End of PA_STATUS == MovingToStartPoint" **/
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else if (PA_STATUS == InitializingCoordinationIndexes)
{

WelProConCommand = InitializeRstIndex();
if (WelProConResponse == InitializingRstIndex)

if(PaFile)
{

fprintf(pa, "InitializingRstIndex");
fflush(pa);

}
if (WelProConResponse == InitializingRstIndexFinished)
{

PA_STATUS = ReadyForInitialSCV;
if(PaFile)
{

fprintf(pa, "InitializingRstIndex");
fflush(pa);

}
}

}
/******** Start Make Initial Control Vector *******/
if (PA_STATUS == ReadyForInitialSCV)
{

WelProConCommand = GetInitSCV();
if(WelProConResponse == InitSCVGenerated)
{

PA_STATUS = MovingToGrooveStartPoint;
if((BasicBlockTransfers >= BlockTransfersBeforeEnd) &&

(BlockTransfersBeforeEnd > 0))
GenerateIntermediateBlock = TRUE;

if (BlockStatus == Disabled)
EnableBlockProcessing = TRUE;

OverWriteTemporaryLevel = TRUE;
if(PaFile)
{

fprintf(pa,"Initial SCV is Generated\n");
fflush(pa);

}
}

/******** End Make Initial Control Vector *******/
}

/******** End of PA_STATUS == ReadyForInitialSCV ********/

else if ((PA_STATUS == MovingToGrooveStartPoint) && (TransferDummy))
{

if(PaFile)
{

fprintf(pa,"PA_STATUS = MovingToGrooveStartPoint\n");
fflush(pa);

}
WelProConCommand = GetSuccSCV(ServoData.ActualAxisPositions[0],

ServoData.ActualAxisPositions[1],ServoData.ActualAxisPositions[2],
ServoData.ActualAxisPositions[4], ServoData.ActualAxisPositions[3]);

if (PaFile)
{

fprintf(pa,"WelProConResponse = %d ",WelProConResponse);
fflush(pa);

}
if(WelProConResponse == SuccSCVGenerated)
{

PA_STATUS = Searching;
if((BasicBlockTransfers >= BlockTransfersBeforeEnd) &&

(BlockTransfersBeforeEnd > 0))
GenerateIntermediateBlock = TRUE;

if (BlockStatus == Disabled)
EnableBlockProcessing = TRUE;
OverWriteTemporaryLevel = TRUE;
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if(PaFile)
{

fprintf(pa,"Second SCV is Generated\n");
fflush(pa);

}
}
else if (TransferDummy)

DisableBlockProcessing = TRUE;
}
else if (PA_STATUS == Searching)
{

if(PaFile && TransferDummy)
{

fprintf(pa, "PA_STATUS = Searching\n");
fflush(pa);

}
WelProConCommand = GetSuccSCV(ServoData.ActualAxisPositions[0],

ServoData.ActualAxisPositions[1],ServoData.ActualAxisPositions[2],
ServoData.ActualAxisPositions[4], ServoData.ActualAxisPositions[3]);

if(WelProConResponse == SuccSCVGenerated)
{

if(PaFile)
{

fprintf(pa, "Succeeding SCV Generated\n");
fflush(pa);

}
if((BasicBlockTransfers >= BlockTransfersBeforeEnd) &&

(BlockTransfersBeforeEnd > 0))
GenerateIntermediateBlock = TRUE;

OverWriteTemporaryLevel = TRUE;
if (BlockStatus == Disabled)
EnableBlockProcessing = TRUE;

}
else if (WelProConResponse == StartPointDefined)
{

PA_STATUS = FinishingNcProgram;
EnableBlockProcessing = TRUE;
ExecuteSubroutine = TRUE;
OverWriteTemporaryLevel = TRUE;

if(PaFile)
{

fprintf(pa, "PA_STATUS = FinishingNcProgram\n");
fflush(pa);

}
}
else if (TransferDummy)

DisableBlockProcessing = TRUE;
}
/**************** End of Searching ******************/

else if (PA_STATUS == Welding)
{

if (ExecuteSubroutine == FinishingNcProgram)
{

DisableBlockProcessing = TRUE;
ExecuteSubroutine = FALSE;
GenerateIntermediateBlock = TRUE;

}
if(PaFile)
{

fprintf(pa, "PA_STATUS = Welding\n");
fflush(pa);

}
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WelProConCommand = GetWCV(ServoData.ActualAxisPositions[0],
ServoData.ActualAxisPositions[1],ServoData.ActualAxisPositions[2],
ServoData.ActualAxisPositions[4], ServoData.ActualAxisPositions[3]);

if (WelProConResponse == WCVGenerated)
{

if((BasicBlockTransfers >= BlockTransfersBeforeEnd) &&
(BlockTransfersBeforeEnd > 0))

GenerateIntermediateBlock = TRUE;
OverWriteTemporaryLevel = TRUE;
if (BlockStatus == Disabled)

EnableBlockProcessing = TRUE;
if(PaFile)
{

fprintf(pa,"WelProConResponse = WCVGenerated\n");
fflush(pa);

}
}
else if (WelProConResponse == EndOfWCVQueue)
{

PA_STATUS = WeldingFinished;
NewPositionFromServo = Disabled;
if((BasicBlockTransfers >= BlockTransfersBeforeEnd) &&

(BlockTransfersBeforeEnd > 0))
GenerateIntermediateBlock = TRUE;

OverWriteTemporaryLevel = TRUE;
if (BlockStatus == Disabled)

EnableBlockProcessing = TRUE;
if(PaFile)
{

fprintf(pa,"Final Control Vector is Generated\n");
fflush(pa);

}
}
else if (TransferDummy == TRUE)

DisableBlockProcessing = TRUE;
}
else if ((PA_STATUS == WeldingFinished)&&(BlockStatus == Disabled))

EnableBlockProcessing = TRUE;

/*** Enable Block Processing Start ***/
if((EnableBlockProcessing == TRUE) && (BlockStatus != Enabled))
{

choice = 6;
inp2.I6_NCBLK.NC_STATUS = Old_NC_Status;
(*b_ncblk) (choice, &status, &inp2, &out2) ;
EnableBlockProcessing = FALSE;
BlockStatus = Enabled;
if(PaFile)
{

fprintf(pa, "EnableBlockProcessing Performed\n");
fflush(pa);

}
}
/*** Enable Block Processing End ***/

if (DisableBlockProcessing && (BlockStatus != Disabled))
{

/**** Read Old NC_status ****/
choice = 5;
(*b_ncblk) (choice, &status, &inp2, &out2) ;
Old_NC_Status = out2.O5_NCBLK.NC_STATUS;
if(PaFile)
{

fprintf(pa,"Old_NC_status read = %d\n",Old_NC_Status);
fflush(pa);

}
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/**** Disable Block Processing ****/
choice = 6;
inp2.I6_NCBLK.NC_STATUS = 14;
(*b_ncblk) (choice, &status, &inp2, &out2) ;
BlockStatus = Disabled;
DisableBlockProcessing = FALSE;
if(PaFile)
{

fprintf(pa,"Blockprocessing Disabled\n");
fflush(pa);

}
}

}
TransferDummy = FALSE;
break; /** End of "case E_B4000:" **/

/*------------------Basis------------------------------------------*/

case E_INTPRET_END:
{
/**************** Reading Temporary Level Start ***************/

choice = 3 ;
inp1.I3_NCBLK.LEVEL = 0 ;
(*b_ncblk) (choice, &status, &inp1, &out1) ;
for (dummy = 0; dummy < 26; dummy++)
{

MemTemporary.AxisPosition[dummy] = out1.O3_NCBLK.NC_ADDRESS[dummy];
}
if(PaFile)
{

fprintf(pa, "Temporary Level is read\n");
fflush(pa);

}
/**************** Reading Temporary Level End *****************/

/************ Start Determine State of NC Program *************/
if ((MemTemporary.AxisPosition[6] - 400 >= 0) &&

(MemTemporary.AxisPosition[6] - 400 < 100))
{

StartPointStrategy = MemTemporary.AxisPosition[6];
StartPoint.AxisPosition[0] = MemTemporary.AxisPosition[0];
StartPoint.AxisPosition[1] = MemTemporary.AxisPosition[1];
StartPoint.AxisPosition[2] = MemTemporary.AxisPosition[2];
StartPoint.AxisPosition[5] = MemTemporary.AxisPosition[5];
StartPoint.AxisPosition[6] = 9; /* G Code */

/* StartPoint.AxisPosition[12] = 03; /* Start wire feed spindel */
StartPoint.AxisPosition[18] = 0; /* Wire Feed Rate */
StartPoint.AxisPosition[20] = 0; /* Laser Power */
StartPoint.AxisPosition[23] = MemTemporary.AxisPosition[23];
StartPoint.AxisPosition[24] = MemTemporary.AxisPosition[24];
StartPoint.AxisPosition[25] = MemTemporary.AxisPosition[25];
PA_STATUS = MovingToStartPoint;
BlockTransfersBeforeStart = BasicBlockTransfers + 2;
chooseIpm(StartPointStrategy - 400);
if(PaFile)
{

fprintf(pa, "PA_STATUS = MovingToStartPoint\n");
fprintf(pa, "BlockTransfersBeforeStart =

%d\n",BlockTransfersBeforeStart);
fprintf(pa, "BasicBlockTransfers: %d\n", BasicBlockTransfers);
fprintf(pa, "ServoBlockTransfers: %d\n",

ServoData.ServoBlockTransfers);
fflush(pa);

}
}
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if ((MemTemporary.AxisPosition[6] - 500 >= 0) &&
(MemTemporary.AxisPosition[6] - 500 < 100))

{
EndPointStrategy = MemTemporary.AxisPosition[6];
BlockTransfersBeforeEnd = BasicBlockTransfers;
GenerateIntermediateBlock = TRUE;
if(PaFile)
{

fprintf(pa, "PA_STATUS = G500 is found\n");
fflush(pa);

}
}
if (MemTemporary.AxisPosition[6] == 399)
{

PA_STATUS = InitializingKalibration;

BlockTransfersBeforeStart = BasicBlockTransfers + 2;
StartPoint.AxisPosition[0] = MemTemporary.AxisPosition[0];
StartPoint.AxisPosition[1] = MemTemporary.AxisPosition[1];
StartPoint.AxisPosition[2] = MemTemporary.AxisPosition[2];
StartPoint.AxisPosition[23] = MemTemporary.AxisPosition[23];
StartPoint.AxisPosition[24] = MemTemporary.AxisPosition[24];
StartPoint.AxisPosition[25] = MemTemporary.AxisPosition[25];

if(PaFile)
{

fprintf(pa, "PA_STATUS = InitializingKalibration\n");
fflush(pa);

}
}

if ((MemTemporary.AxisPosition[12] == 30) && (ExecuteSubroutine ==
FinishingNcProgram))

{

PA_STATUS = Welding;
if(PaFile)
{

fprintf(pa, "PA_STATUS is Set to Welding\n");
fflush(pa);

}
}

/************* End Determine State of NC Program **************/
}
break; /** "case E_INTPRET_END:" **/

/*------------------Basis------------------------------------------*/

case E_GCODE_START:
{

/************ Overwrite Temporary Level Start ***********/
if (OverWriteTemporaryLevel == TRUE)
{

choice = 4 ;
inp1.I4_NCBLK.LEVEL = 0 ;
inp1.I4_NCBLK.NC_PROG = 1 ;
for (dummy = 0; dummy < 26; dummy++)
{

if (dummy == 23 || dummy == 24 || dummy == 25)
{

inp1.I4_NCBLK.NC_ADDRESS = dummy ;
inp1.I4_NCBLK.NC_VALUE = NewConVec.AxisPosition[dummy];
(*b_ncblk) (choice, &status, &inp1, &out1) ;

}
}
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if (PA_STATUS == Welding || PA_STATUS == WeldingFinished)
{

inp1.I4_NCBLK.NC_ADDRESS = 5;
inp1.I4_NCBLK.NC_VALUE = NewConVec.AxisPosition[5];
(*b_ncblk) (choice, &status, &inp1, &out1) ;

inp1.I4_NCBLK.NC_ADDRESS = 6;
inp1.I4_NCBLK.NC_VALUE = 1;
(*b_ncblk) (choice, &status, &inp1, &out1) ;

inp1.I4_NCBLK.NC_ADDRESS = 18;
inp1.I4_NCBLK.NC_VALUE = NewConVec.AxisPosition[18];
(*b_ncblk) (choice, &status, &inp1, &out1) ;

}
OverWriteTemporaryLevel = FALSE;
if(PaFile)
{

pa = fopen("pa.log","a+");
fprintf(pa, "Temporary Level is Overwritten\n");
fprintf(pa,"NewConVec[5] = %f\n",NewConVec.AxisPosition[5]);
fprintf(pa,"NewConVec[18] = %f\n",NewConVec.AxisPosition[18]);
fprintf(pa,"PA.LOG IS CLOSED");
fclose(pa);

}
} /** "if OverWriteTemporaryLevel == TRUE" **/

if (ExecuteSubroutine == TRUE)
{

choice = 4 ;
inp1.I4_NCBLK.LEVEL = 0 ;
inp1.I4_NCBLK.NC_PROG = 1 ;
if(StartPointStrategy == 401) /* G401 = kalibrering */
{

inp1.I4_NCBLK.NC_ADDRESS = 6 ; /* G-kode vaelges */
inp1.I4_NCBLK.NC_VALUE = 1; /* vaerdi saettes til 4

(forsinkelsesblok)*/
}
else
{

inp1.I4_NCBLK.NC_ADDRESS = 16 ; /* Q-kode vaelges (kald underprogram)
*/

inp1.I4_NCBLK.NC_VALUE = 222; /* vaerdi saettes til 222 (program nr)
*/

}
(*b_ncblk) (choice, &status, &inp1, &out1) ;

ExecuteSubroutine = FinishingNcProgram;
OverWriteTemporaryLevel = FALSE;
if(PaFile)
{

fprintf(pa, "Temporary Level is Overwritten\n");
fprintf(pa,"Subroutine is started\n");
fflush(pa);

}
} /** "if OverWriteTemporaryLevel == TRUE" **/

/************* Overwrite Temporary Level End ************/

/********** Generate Intermediate Block Start ***********/
if (GenerateIntermediateBlock == TRUE)
{

choice = 9;
inp1.I9_NCBLK.INTERPOSE_FLAG = 2;
(*b_ncblk) (choice, &status, &inp1, &out1) ;
GenerateIntermediateBlock = FALSE;
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if(PaFile)
{

fprintf(pa, "Intermediate Block is Generated\n");
fflush(pa);

}
} /**"if GenerateIntermediateBlock == TRUE" **/

/*********** Generate Intermediate Block End ************/
}
break; /** End of "case E_GCODE_START:" **/

/*------------------Basis------------------------------------------*/

case E_TRANSFER:
{

MemActive = MemPassive;
MemPassive = MemTemporary;
BasicBlockTransfers++;
TransferDummy = TRUE;
if(PaFile)
{

fprintf(pa, "BasicBlockTransfers = %d\n",BasicBlockTransfers);
fprintf(pa, "ServoBlockTransfers = %d\n",ServoData.ServoBlockTransfers);
fflush(pa);

}
}
break; /** "case E_TRANSFER:" **/

/*------------------Basis-----------------------------------------*/

case E_BASIS_SERVO_COM:
{
/**** Recieve Servodata from Servo Process Start *****/

choice = 22;
inpCom.I22_COM.OFFSET = 0;
inpCom.I22_COM.LEN = sizeof(ServoData);
inpCom.I22_COM.DEST_22 = &ServoData;
(*b_com)(choice, &status, &inpCom, &outCom);
if((NewPositionFromServo == FALSE) || (NewPositionFromServo == Enabled))

NewPositionFromServo = TRUE;
/****** Recieve Servodata from Servo Process End ******/
}
break; /** End of "case E_BASIS_SERVO_COM:" **/

} /** "End switch (event)" **/
} /** "void far main(unsigned short event)" **/

Module servo4.c

This module communicates with the servo compile cycle in the robot
controller. The servo compile cycle is a job in the IRMX control platform
that controls the lower level operations in the robot controller, such as
control of the servo drives, input, output etc. The servo compile cycle
generates events during these operations, and it is possible to interact with
the robot controller by implementing user written procedures that are
activated by the events of the servo job. Exchange of data is possible
between the user written procedures and the robot controller. In this way
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The communication with the servo job is used for reading immediate
positions of the robot axes and to transfer these values to the module basic.c.

Source code:
/****************************************************************************
*
* Filename: servo4.c
*
* Author: HJA
* Date : 4. october 1996
*
* Date of last modification:
*
****************************************************************************
*
* Specification:
* -------------
*/

#include <stdio.h>
#include <i86.h>
#include <cc_pa.h>

WORD_T choice;
INT_T status;
WORD_T Old_NC_Status;
float MinuteCounter = 0;
float PreviousClock = 0;
float DummyClock;
DWORD_T Adr_Mask[26] = {1, 2, 4, 8, 0x10, 0x20, 0x40, 0x80,
0x100, 0x200, 0x400, 0x800, 0x1000, 0x2000,
0x4000, 0x8000, 0x10000, 0x20000, 0x40000,
0x80000, 0x100000, 0x200000, 0x400000, 0x800000,
0x1000000, 0x2000000} ;

WORD_T Bit_Mask[8] = {1, 2, 4, 8, 0x10, 0x20, 0x40, 0x80} ;

struct ExecutedData {
unsigned int NumberOfServoBlocksTransferred;
double AxisPos[5];
double ServoClock;
};

struct ExecutedData CommunicationToBasic;

I_COM_T inpCom;
O_COM_T outCom;

I_AXES_T inpAxes;
O_AXES_T outAxes;

I_EVNT_T inpEvnt;
O_EVNT_T outEvnt;

I_STAT_T inpStat;
O_STAT_T outStat;

/*=========================================================================*/
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void far main(unsigned short event)
{

switch (event)
{
/*------------------Servo-----------------------------------------*/
case E_START:
{

choice = 1; /* set events */

inpEvnt.I1_EVNT.EVENT = E_TRANSFER;
(*b_evnt) (choice, &status, &inpEvnt, &outEvnt);

inpEvnt.I1_EVNT.EVENT = E_SERVO_BASIS_COM;
(*b_evnt) (choice, &status, &inpEvnt, &outEvnt);

inpEvnt.I1_EVNT.EVENT = E_POSPROC_VALUES;
(*b_evnt) (choice, &status, &inpEvnt, &outEvnt);

CommunicationToBasic.NumberOfServoBlocksTransferred = 0;
}
break;
/*------------------Servo------------------------------------------*/
case E_SERVO_BASIS_COM:
{

choice = 24;
inpCom.I24_COM.OFFSET = 0;
inpCom.I24_COM.LEN = sizeof(CommunicationToBasic);
inpCom.I24_COM.SOURCE_24 = &CommunicationToBasic;
(*b_com) (choice, &status, &inpCom, &outCom);

}
break;
/*------------------Servo------------------------------------------*/

case E_POSPROC_VALUES:
{

choice = 15;
(*b_stat) (choice, &status, &inpStat, &outStat);
DummyClock = outStat.O15_STAT.SYSTEMUHR;
if (PreviousClock > DummyClock)

MinuteCounter++;
PreviousClock = DummyClock;
CommunicationToBasic.ServoClock = (DummyClock/1000 + 60 * MinuteCounter);

choice = 1;

inpAxes.I1_AXES.AXIS_NR = 1;
(*b_axes) (choice, &status, &inpAxes, &outAxes);
CommunicationToBasic.AxisPos[0] = outAxes.O1_AXES.ISPOS_MACHINE;

inpAxes.I1_AXES.AXIS_NR = 2;
(*b_axes) (choice, &status, &inpAxes, &outAxes);
CommunicationToBasic.AxisPos[1] = outAxes.O1_AXES.ISPOS_MACHINE;

inpAxes.I1_AXES.AXIS_NR = 3;
(*b_axes) (choice, &status, &inpAxes, &outAxes);
CommunicationToBasic.AxisPos[2] = outAxes.O1_AXES.ISPOS_MACHINE;

inpAxes.I1_AXES.AXIS_NR = 4;
(*b_axes) (choice, &status, &inpAxes, &outAxes);
CommunicationToBasic.AxisPos[3] = outAxes.O1_AXES.ISPOS_MACHINE;

inpAxes.I1_AXES.AXIS_NR = 5;
(*b_axes) (choice, &status, &inpAxes, &outAxes);
CommunicationToBasic.AxisPos[4] = outAxes.O1_AXES.ISPOS_MACHINE;

}
break;
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/*------------------Servo------------------------------------------*/
case E_TRANSFER:
{

CommunicationToBasic.NumberOfServoBlocksTransferred++;

}
break;

/*------------------Servo------------------------------------------*/

default:
break;

}
}

Module wlprocon.c

The name of this module is abbreviation of “Welding Process Controller”.
The procedures in this module controls the welding process according to the
inverse process model. The positions of the robot axes and the
transformation from the robot co-ordinate system to the sensor co-ordinate
system are used for determination of the position of the weld groove. The
size of gap in the weld groove is calculated on the basis of measured
positions of the workpieces in the weld groove, and welding control vectors
are generated.

Source code:
/**************************************************************************
File: WlProCon.c Alias: Welding Process Controller.
**************************************************************************/

#include "WlProCon.h"
#include "math.h"
#include "SCAN.h"
#include "Search.h"
#include "global.h"
#include "stdio.h"
#include "matlib.h"
#include "queue.h"

char *IpmFileName;
int RobotLocationFound;
IPM ipm;
int IpmType; /*IpmType is set to 0 for 'kalib.ipm' and to 1 for 'start.ipm'*/
struct ControlVector NewConVec;
extern RST_buffer rst_buffer;
RST_buffer RstMachine;
char FilterStartPoint = 3;
char FilterInitiated = 3;
char Tack = FALSE;
extern int GPIBdummy;
int NewConVecCounter = 0;
int MeasErrorCounter = 0;
double SensorRotation_X;
double delta_Ly;
double L_lookahead;
double L_focus;
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double L_sensor;
double PreviousB;
double PreviousC;
double PreviousX;
double PreviousY;
double PreviousZ;
double counter;
double Movement;
double Blockmove = 7.0 * 1000;
double DeltaCurve;
double CurveLength;
RST_buffer RstIndex[10];
char WaitDummy;
Plane Wp1Plane;
unsigned char SensorStatus;
unsigned char WelProConResponse;
char PosFile = FALSE;
char genposFile = TRUE;
char MonitorFile = TRUE;
char KinematFile = TRUE;
char TestFile = FALSE;
FILE *Test, *kinemat, *monitor, *pos, *genpos;
double MeasuredGap;
double SensorGap;
double FilterFactor;
double MaxPointToLineDeviation;
double WeldLength = 0;

TransformationMatrix sensor_T_machine, machine_T_sensor,
reference_T_machine, machine_T_reference, machine_T_ic;

Point R1_machine, S1_machine, T1_machine, R2_machine, S2_machine,
T2_machine, TCP_machine, Oic_start, Oic, Pfocus_ic, Pfocus_machine;

Vector R2S2, S2T2;

/*********************/

void ResetWeldingProcessController(void)
{

SensorStatus = StopVision();
if (KinematFile)
{

fprintf(kinemat,"StopVision: %d\n", SensorStatus);
fflush(kinemat);

}
SensorStatus = TurnLaserOff();
if (KinematFile)
{

fprintf(kinemat,"TurnLaserOff: %d\n", SensorStatus);
fflush(kinemat);

}
if (KinematFile)
{

fprintf(kinemat,"SensorStatus set to %d\n", SensorStatus);
fflush(kinemat);

}
WelProConResponse = EndOfWCVQueue;
SensorGap = 0;
FilterInitiated = FilterStartPoint;
WeldLength = 0;
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if (KinematFile)
{

fprintf(kinemat,"\n ResetWeldingProcessController is performed\n");
fprintf(kinemat,"KINEMAT.LOG IS CLOSED");
fclose(kinemat);

}
if (MonitorFile)
{

fprintf(monitor, "MONITOR.LOG IS CLOSED");
fclose(monitor);

}
if (PosFile)
{

fprintf(pos, "POSITION.LOG IS CLOSED");
fclose(pos);

}
if (genposFile)
{

fprintf(genpos, "genpos.LOG IS CLOSED");
fclose(genpos);

}

if(TestFile)
{

fprintf(Test, "TEST.LOG IS CLOSED");
fclose(Test);

}
ResetRobotLocationQueue();
counter = 0;

}

/**************************************/

int CheckRstValidity(RST_buffer *sensor)
{

double a1, b1, c1, a2, b2, c2, P1, P2, distance;

makeLine(sensor->R1[1], sensor->R1[2], sensor->S1[1], sensor->S1[2], &a1, &b1, &c1);
makeLine(sensor->R2[1], sensor->R2[2], sensor->S2[1], sensor->S2[2], &a2, &b2, &c2);
distance = distBetweenPointAndLine(sensor->T1[1], sensor->T1[2], a1, b1, c1);
if (counter < 3 || SensorStatus == 1 || distance < MaxPointToLineDeviation)
{

distance = distBetweenPointAndLine(sensor->T2[1], sensor->T2[2], a2, b2, c2);
if (counter < 3 || SensorStatus == 1 || distance < MaxPointToLineDeviation)
{

distance = distBetweenPointAndLine(sensor->T1[1], sensor->T1[2], a2, b2, c2);
if (counter < 3 || SensorStatus == 1 || distance < MaxPointToLineDeviation)
{

if (KinematFile)
fprintf(kinemat,"Distance between T1 an line (R1 to S1) %.2f:\n",

distance);
fprintf(kinemat,"Valid position of T1\n", SensorStatus);

return TRUE;
}

}
}
if (KinematFile)
{

fprintf(kinemat,"Unproper position of T1 is corrected\n", SensorStatus);
fflush(kinemat);

}
/*IntersectionBetweenLines(a1, b1, c1, a2, b2, c2, &P1, &P2);
sensor->T1[1] = P1;
sensor->T1[2] = P2;*/
return FALSE;

}
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/**************************************/

double Filter(double Measurement)
{

static double PrevReturnValue, ReturnValue;

if (FilterInitiated == FilterStartPoint)
{

ReturnValue = Measurement;
PrevReturnValue = ReturnValue;
FilterInitiated = TRUE;
if (KinematFile)
{

fprintf(kinemat,"FilterInitiated\n");
fflush(kinemat);

}
return ReturnValue;

}

if (FilterInitiated == FALSE)
{

ReturnValue = PrevReturnValue;
PrevReturnValue = ReturnValue;
FilterInitiated = TRUE;
if (KinematFile)
{

fprintf(kinemat,"FilterInitiated\n");
fflush(kinemat);

}
return ReturnValue;

}

else
{

ReturnValue = (FilterFactor * PrevReturnValue) + ((1-FilterFactor) *
Measurement);

PrevReturnValue = ReturnValue;
return ReturnValue;

}
}

/*********************/

int DeltaY_Filter(double DeltaY_Value, double Distance)
{

static double MeanDeltaY_Value;
double FilterFactor = 0.6;
if (CurveLength<180000)
{

MeanDeltaY_Value = DeltaY_Value/Distance;
return 1;

}
else if (CurveLength < 190000)
{

MeanDeltaY_Value = FilterFactor * MeanDeltaY_Value + (1-FilterFactor) *
DeltaY_Value/Distance;

return 1;
}
else if (sqrt(square((DeltaY_Value - MeanDeltaY_Value * Distance)/Distance)) < 0.02)
{

MeanDeltaY_Value = FilterFactor * MeanDeltaY_Value + (1-FilterFactor) *
DeltaY_Value/Distance;

return 1;
}
else

return 0;
}
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/**************************************/

void Calculate_sensor_T_machine(double X, double Y, double Z, double B, double C)
{

TransformationMatrix Sensor_R_x, sensor_T_rest, sensor_T_reference;
double Brad, Crad;
Brad = (B/1000)*pi/180;
Crad = (C/1000)*pi/180;
if(KinematFile)

fprintf(kinemat,"SensorRotation_X = %.1f\n",SensorRotation_X/pi*180);

Sensor_R_x[0][0] = 1;
Sensor_R_x[0][1] = 0;
Sensor_R_x[0][2] = 0;
Sensor_R_x[0][3] = 0;

Sensor_R_x[1][0] = 0;
Sensor_R_x[1][1] = cos(SensorRotation_X);
Sensor_R_x[1][2] = -sin(SensorRotation_X);
Sensor_R_x[1][3] = 0;

Sensor_R_x[2][0] = 0;
Sensor_R_x[2][1] = sin(SensorRotation_X);
Sensor_R_x[2][2] = cos(SensorRotation_X);
Sensor_R_x[2][3] = 0;
/* sensor_R_x beskriver rotation af sensorframe omkring sensorens x-akse */

sensor_T_rest[0][0] = 0;
sensor_T_rest[0][1] = -1;
sensor_T_rest[0][2] = 0;
sensor_T_rest[0][3] = -L_lookahead;

sensor_T_rest[1][0] = 1;
sensor_T_rest[1][1] = 0;
sensor_T_rest[1][2] = 0;
sensor_T_rest[1][3] = -delta_Ly;

sensor_T_rest[2][0] = 0;
sensor_T_rest[2][1] = 0;
sensor_T_rest[2][2] = 1;
sensor_T_rest[2][3] = (L_focus - L_sensor);
/* sensor_T_rest beskriver translation af det roterede sensorframe

omkring sensorens x-akse til referenceframe + rotation 90grader om det
nye sensorframe -> skal prikkes for at gore transformationen komplet*/

matrixProd(Sensor_R_x, sensor_T_rest, &sensor_T_reference[0][0]);

machine_T_reference[0][0] = cos(Brad) * cos(Crad);
machine_T_reference[0][1] = -sin(Crad);
machine_T_reference[0][2] = sin(Brad) * cos(Crad);
machine_T_reference[0][3] = X;

machine_T_reference[1][0] = cos(Brad) * sin(Crad);
machine_T_reference[1][1] = cos(Crad);
machine_T_reference[1][2] = sin(Brad) * sin(Crad);
machine_T_reference[1][3] = Y;

machine_T_reference[2][0] = -sin(Brad);
machine_T_reference[2][1] = 0;
machine_T_reference[2][2] = cos(Brad);
machine_T_reference[2][3] = Z;

Invers(machine_T_reference, &reference_T_machine[0][0]);
matrixProd(sensor_T_reference, reference_T_machine, &sensor_T_machine[0][0]);
Invers(sensor_T_machine, &machine_T_sensor[0][0]);

}
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/*********************/

void Calculate_RST_machine(void)
{

int i;
for(i=0;i<3;i++)
{

RstIndex[1].R1[i] = 1000 * RstIndex[1].R1[i];
RstIndex[1].S1[i] = 1000 * RstIndex[1].S1[i];
RstIndex[1].T1[i] = 1000 * RstIndex[1].T1[i];
RstIndex[1].R2[i] = 1000 * RstIndex[1].R2[i];
RstIndex[1].S2[i] = 1000 * RstIndex[1].S2[i];
RstIndex[1].T2[i] = 1000 * RstIndex[1].T2[i];

}

pointTransformation(machine_T_sensor, RstIndex[1].R1, &RstMachine.R1[0]);
pointTransformation(machine_T_sensor, RstIndex[1].S1, &RstMachine.S1[0]);
pointTransformation(machine_T_sensor, RstIndex[1].T1, &RstMachine.T1[0]);
pointTransformation(machine_T_sensor, RstIndex[1].R2, &RstMachine.R2[0]);
pointTransformation(machine_T_sensor, RstIndex[1].S2, &RstMachine.S2[0]);
pointTransformation(machine_T_sensor, RstIndex[1].T2, &RstMachine.T2[0]);
/*RstMachine = FilterRstBuffer(RstMachine);*/

}

/*********************/

void Calculate_TCP_in_machineCoordinates(void)
{

Point TCP_reference;

TCP_reference[0] = 0;
TCP_reference[1] = 0;
TCP_reference[2] = -L_focus;

pointTransformation(machine_T_reference, TCP_reference, &TCP_machine[0]);
}

/*************************************/

void DefineIcFrame(void)
{

Vector dummyVec;
static Vector i_ic, j_ic, k_ic;
char dummyChar;

Oic[0] = RstMachine.T1[0];
Oic[1] = RstMachine.T1[1];
Oic[2] = RstMachine.T1[2];

makeVector(Oic_start,Oic,&i_ic[0]);
unitVector(i_ic,&i_ic[0]);

makeVector(Oic_start,RstMachine.R2,&dummyVec[0]);
cross(dummyVec,i_ic,&k_ic[0]);
unitVector(k_ic,&k_ic[0]);

cross(k_ic,i_ic,&j_ic[0]);
unitVector(j_ic,&j_ic[0]);

for (dummyChar = 0; dummyChar < 3; dummyChar++)
{

machine_T_ic[dummyChar][0] = i_ic[dummyChar];
machine_T_ic[dummyChar][1] = j_ic[dummyChar];
machine_T_ic[dummyChar][2] = k_ic[dummyChar];
machine_T_ic[dummyChar][3] = Oic[dummyChar];

}
}
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/*************************************/

int LowerInputRow(double MeasuredGap){
int row = 0;
if (KinematFile)

fprintf(kinemat, "MeasuredGap for LowerInputRow: %f\n", MeasuredGap);
while ((MeasuredGap > ipm.Input[row][0]) || (MeasuredGap == ipm.Input[row][0]))
{

if(row++ == ipm.NumOfRows)
{

if (KinematFile)
{

fprintf(kinemat,"ipm.NumOfRows = %d; Actual Row = %d\n", ipm.NumOfRows,
row);

fprintf(kinemat,"fejl: Sensor m†ler gab, som er st›rre end modellens
max,\n");

fprintf(kinemat,"eller ipm.NumOfRows for den anvendte procesmodel er
mindre end\n");

fprintf(kinemat,"antallet af r'kker i den adaptive tabel.\n");
fflush(kinemat);

}
return 666;

}
}
return (row - 1);

}
/*************************************/

int UpperInputRow(double MeasuredGap){
int row = (ipm.NumOfRows - 1);
while ((MeasuredGap < ipm.Input[row][0]) || (MeasuredGap == ipm.Input[row][0]))
{

if(row-- < 0)
{

if (KinematFile)
{

fprintf(kinemat,"fejl: Sensor m†ler gab, som er mindre end 0,\n");
fflush(kinemat);

}
return 666;

}
}
return (row + 1);

}
/*************************************/

double Interpolate(int Coloumn, double MeasuredGap, int LowerRow, int UpperRow){
double a;
double b;
double WCV_Value;

/* Find the equation of the line which connects the WCV Values corre-
sponding to the lower and larger gap: [WCV(gap) = a*gap + b] */

a = (ipm.Wcv[UpperRow][Coloumn] - ipm.Wcv[LowerRow][Coloumn]);
a = a/(ipm.Input[UpperRow][0] - ipm.Input[LowerRow][0]);

b = ipm.Wcv[LowerRow][Coloumn] - a * ipm.Input[LowerRow][0];

/* Find the interpolated WCV_Value which corresponds to the measured gap */

WCV_Value = a * MeasuredGap + b;
return WCV_Value;

}

/*************************************/
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void DetermineWCV(double Gap, float *Wp1Dist, float *Wire, float *WelSpeed){
int UpperRow;
int LowerRow;
double LaserPower;
double IncidentBeamAngle;
double DeltaDistance;
double DeltaWire;
double DeltaWelSpeed;

LowerRow = LowerInputRow(Gap);
UpperRow = UpperInputRow(Gap);
if (Gap == ipm.Input[LowerRow][0])
{

/*LaserPower = ipm.Wcv[LowerRow][0];*/
/*IncidentBeamAngle = ipm.Wcv[LowerRow][3];*/
/*DefocusLength = ipm.Wcv[LowerRow][1]; */
*Wire = ipm.Wcv[LowerRow][4];
*WelSpeed = ipm.Wcv[LowerRow][5];
*Wp1Dist = ipm.Wcv[LowerRow][2];

}

else if (Gap == ipm.Input[UpperRow][0])
{

/*LaserPower = ipm.Wcv[UpperRow][0];*/
/*DefocusLength = ipm.Wcv[UpperRow][1];*/
/*IncidentBeamAngle = ipm.Wcv[UpperRow][3];*/
*Wire = ipm.Wcv[UpperRow][4];
*WelSpeed = ipm.Wcv[UpperRow][5];
*Wp1Dist = ipm.Wcv[UpperRow][2];

}

else
{

/*LaserPower = Interpolate(0, Gap, LowerRow, UpperRow);*/
/*DefocusLength = Interpolate(1, Gap, LowerRow, UpperRow); */
/*IncidentBeamAngle = Interpolate(3, Gap, LowerRow, UpperRow);*/
*Wire = Interpolate(4, Gap, LowerRow, UpperRow);
*WelSpeed = Interpolate(5, Gap, LowerRow, UpperRow);
*Wp1Dist = Interpolate(2, Gap, LowerRow, UpperRow);
if (KinematFile)

fprintf(kinemat, "Interpolation Finished\n");
}
if(Tack == TRUE)
{

if (MonitorFile)
fprintf(monitor,"Tackprocedures are used\n");

UpperRow = UpperInputRow(2.0);
/*LaserPower = ipm.Wcv[UpperRow][0];*/
/*DefocusLength = ipm.Wcv[UpperRow][1];*/
/*IncidentBeamAngle = ipm.Wcv[UpperRow][3];*/
DeltaWire = ipm.Wcv[UpperRow][4];
DeltaDistance = ipm.Wcv[UpperRow][2];
DeltaWelSpeed = ipm.Wcv[UpperRow][5];
*Wire = *Wire + DeltaWire;
*WelSpeed = *WelSpeed + DeltaWelSpeed;
*Wp1Dist = *Wp1Dist + DeltaDistance;
Tack = FALSE;

}

}

/*************************************/
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void CalculateInitialConVec(double Xpos, double Ypos, double Zpos, double Bpos, double
Cpos)
{

double DeltaX, DeltaY, DeltaZ, Dist;
char dummy;

if (GPIBdummy > 498)
MeasErrorCounter++ ;

Calculate_sensor_T_machine(Xpos,Ypos,Zpos,Bpos,Cpos);
Calculate_RST_machine();

fprintf(kinemat, "Calulate_RST_machine er udfoert\n");
fflush(kinemat);

for (dummy = 0; dummy < 3; dummy++)
{

Oic_start[dummy] = RstMachine.T1[dummy];
}
Calculate_TCP_in_machineCoordinates();

DeltaX = (RstMachine.T2[0] - TCP_machine[0])/2 ;
DeltaY = (RstMachine.T2[1] - TCP_machine[1])/2 ;
DeltaZ = (RstMachine.T2[2] - TCP_machine[2])/2 ;
Dist = sqrt(DeltaX*DeltaX + DeltaY*DeltaY + DeltaZ*DeltaZ);

NewConVec.AxisPosition[5] = 300 ;
NewConVec.AxisPosition[23] = Xpos + DeltaX ;
NewConVec.AxisPosition[24] = Ypos + DeltaY ;
NewConVec.AxisPosition[25] = Zpos + DeltaZ ;

if(genposFile)
{

fprintf(genpos,"x = %.1f; y = %.1f; z = %.1f \n",
NewConVec.AxisPosition[23]/1000, NewConVec.AxisPosition[24]/1000,
NewConVec.AxisPosition[25]/1000);

}

if(MonitorFile)
{

monitor = fopen("monitor.log","w+");
fprintf(monitor, "MONITOR.LOG IS OPENED");
fprintf(monitor, "CurveLength => SensorGap => Speed => Wire => Dist\n");

}
if(PosFile)
{

pos = fopen("position.log","w+");
fprintf(pos, "POSITION.LOG IS OPENED\n");

}
if(genposFile)
{

genpos = fopen("genpos.log","w+");
fprintf(genpos, "genpos.LOG IS OPENED\n");
fprintf(genpos, "Denne fil indeholder genererede vaerdier, som er sendt til

robotten\n");
}

if(TestFile)
{

Test = fopen("Test.log","w+");
fprintf(Test, "TEST.LOG IS OPENED");

}
if (KinematFile)

fprintf(kinemat, "CurveLength: %.0f => Initial Search Control Vector is
Generated\n",CurveLength);
}
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/*********************/

double CalculateSensorGap()
{

double a, b, c, gap;
double runding = 0.0;
a = (RstIndex[1].R1[2] - RstIndex[1].T1[2]) / (RstIndex[1].R1[1] -

RstIndex[1].T1[1]);
b = -1;
c = RstIndex[1].T1[2] - (a * RstIndex[1].T1[1]);
gap = a * RstIndex[1].T2[1] - RstIndex[1].T2[2] + c;
if (gap > 0)
{

gap = gap / (sqrt(square(a) + square(b)));
gap = gap / 1000;
if (gap > runding)

gap = gap - runding;
else gap = 0;
if(gap > 2)

gap = 2;
}
else
{

gap = (-1 * gap) / (sqrt(square(a) + square(b)));
gap = gap / 1000;
if (gap > runding)

gap = gap - runding;
else gap = 0;
if(gap > 2)

gap = 2;
}
fprintf(kinemat,"CalculateSensorGap is performed: %lf\n",gap);
if(gap < 0.2)

gap = gap;
return gap;

}
/*********************/

void CalculateNewSCV(double Xpos, double Ypos, double Zpos, double Bpos, double Cpos)
{

double DeltaX, DeltaY, DeltaZ, Dist;
float Wp1Distance, WireFeedRate, WeldingSpeed;

if (GPIBdummy > 498)
MeasErrorCounter++ ;

Calculate_sensor_T_machine(Xpos,Ypos,Zpos,Bpos,Cpos);
Calculate_RST_machine();
DefineIcFrame();
makePlane(Oic_start, RstMachine.T1, RstMachine.R1, &Wp1Plane[0]);
MeasuredGap = distBetweenPointAndPlane(Wp1Plane, RstMachine.T2)/1000;
SensorGap = CalculateSensorGap();
SensorGap = Filter(SensorGap);
if (KinematFile)

fprintf(kinemat,"CurveLength: %.0f: MeasuredGap: %.1f; SensorGap: %.1f\n",
CurveLength/1000, MeasuredGap/ 1000, SensorGap);

Calculate_TCP_in_machineCoordinates();

DetermineWCV(SensorGap, &Wp1Distance, &WireFeedRate, &WeldingSpeed);
WeldingSpeed = 200;
/*if (KinematFile)
{

fprintf(kinemat,"SensorGap = %f =>\n",SensorGap);
fprintf(kinemat,"Wp1Distance = %f\n", Wp1Distance);
fprintf(kinemat,"WireFeedRate = %f\n",WireFeedRate);
fprintf(kinemat,"WeldingSpeed= %f\n", WeldingSpeed);

} */



C.28 Appendix C: Software

Pfocus_ic[0] = 0;
Pfocus_ic[1] = -1000 * (SensorGap + Wp1Distance);
Pfocus_ic[2] = 0;
pointTransformation(machine_T_ic, Pfocus_ic, &Pfocus_machine[0]);

DeltaX = Pfocus_machine[0] - TCP_machine[0] ;
DeltaY = Pfocus_machine[1] - TCP_machine[1] ;
DeltaZ = Pfocus_machine[2] - TCP_machine[2] ;
Dist = sqrt(DeltaX*DeltaX + DeltaY*DeltaY + DeltaZ*DeltaZ);
/*if ((Movement > 10) && TestFile)

fprintf(Test, "CurveLength: %.0f => DeltaX: %f; DeltaY: %f; DeltaZ: %f\n",
CurveLength, DeltaX/Dist, DeltaY/Dist, DeltaZ/Dist);*/

NewConVec.AxisPosition[5] = 300 ;
NewConVec.AxisPosition[23] = Xpos + DeltaX ;
NewConVec.AxisPosition[24] = Ypos + DeltaY ;
NewConVec.AxisPosition[25] = Zpos + DeltaZ ;

if(genposFile)
{

fprintf(genpos,"x = %.1f; y = %.1f; z = %.1f \n",
NewConVec.AxisPosition[23]/1000, NewConVec.AxisPosition[24]/1000,
NewConVec.AxisPosition[25]/1000);

}
/*if (KinematFile)
{

fprintf(kinemat,"F = %f\n", NewConVec.AxisPosition[5]);
fprintf(kinemat,"Xpos = %f\n", NewConVec.AxisPosition[23]);
fprintf(kinemat,"Ypos = %f\n", NewConVec.AxisPosition[24]);
fprintf(kinemat,"Zpos = %f\n", NewConVec.AxisPosition[25]);

} */
if(MonitorFile)
{

fprintf(monitor, "CurveLength: %.0f => Gap = %.2f; Speed: %.0f; Wire: %.0f;
Wp1Dist: %.2f\n",

CurveLength/1000, SensorGap, WeldingSpeed, WireFeedRate, Wp1Distance);
}

if(PosFile)
{

fprintf(pos, "CL: %.1f T1[1]: %.2f; T1[2]: %.2f; T1[3]: %.2f\n ",
CurveLength/1000, RstMachine.T1[0]/1000, RstMachine.T1[1]/1000,

RstMachine.T1[2]/1000);
}

}
/*********************/

void CalculateNewWCV(double Xpos, double Ypos, double Zpos, double Bpos, double Cpos)
{

double DeltaX, DeltaY, DeltaZ, Dist;
float Wp1Distance, WireFeedRate, WeldingSpeed;

if (GPIBdummy > 498)
MeasErrorCounter++ ;

Calculate_sensor_T_machine(Xpos,Ypos,Zpos,Bpos,Cpos);
Calculate_RST_machine();
DefineIcFrame();

makePlane(Oic_start, RstMachine.T1, RstMachine.R1, &Wp1Plane[0]);
MeasuredGap = distBetweenPointAndPlane(Wp1Plane, RstMachine.T2)/1000;

SensorGap = CalculateSensorGap();
if (MonitorFile)
{
/* fprintf(monitor, "CurveLength: %.0f => RawGap = %.2f;\n",

CurveLength/1000, SensorGap); */
}
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SensorGap = Filter(SensorGap);
if (KinematFile)

fprintf(kinemat,"CurveLength: %.0f: MeasuredGap: %.1f; SensorGap: %.1f\n",
CurveLength/1000, MeasuredGap/ 1000, SensorGap);

DetermineWCV(SensorGap, &Wp1Distance, &WireFeedRate, &WeldingSpeed);

Pfocus_ic[0] = 0;
Pfocus_ic[1] = -1000 * (SensorGap + Wp1Distance);
Pfocus_ic[2] = 0;
pointTransformation(machine_T_ic, Pfocus_ic, &Pfocus_machine[0]);

Calculate_TCP_in_machineCoordinates();

DeltaX = Pfocus_machine[0] - TCP_machine[0] ;
DeltaY = Pfocus_machine[1] - TCP_machine[1] ;
DeltaZ = Pfocus_machine[2] - TCP_machine[2] ;

Dist = sqrt(DeltaX*DeltaX + DeltaY*DeltaY + DeltaZ*DeltaZ);

/*if(TestFile)
fprintf(Test, "CurveLength: %.0f => DeltaX: %f; DeltaY: %f; DeltaZ: %f\n",

CurveLength, DeltaX/Dist, DeltaY/Dist, DeltaZ/Dist);*/

if(DeltaY_Filter(DeltaY, Dist) == 1)
{

NewConVec.AxisPosition[5] = WeldingSpeed ;
NewConVec.AxisPosition[18] = WireFeedRate ;
NewConVec.AxisPosition[23] = Xpos + DeltaX ;
NewConVec.AxisPosition[24] = Ypos + DeltaY ;
NewConVec.AxisPosition[25] = Zpos + DeltaZ ;

if(genposFile)
{

fprintf(genpos,"x = %.1f; y = %.1f; z = %.1f \n",
NewConVec.AxisPosition[23]/1000, NewConVec.AxisPosition[24]/1000,
NewConVec.AxisPosition[25]/1000);

}
}
else

if(TestFile)
{

fprintf(Test,"CurveLength: %f: CONTROLVECTOR IS NOT EXECUTED BECAUSE OF BIG
DELTAY\n",

CurveLength/1000);
}

if (MonitorFile)
{

fprintf(monitor, "CurveLength: %.0f => Gap = %.2f; Speed: %.0f; Wire: %.0f;
Wp1Dist: %.2f\n",

CurveLength/1000, SensorGap, WeldingSpeed, WireFeedRate, Wp1Distance);
}

if(PosFile)
{

fprintf(pos, "CL: %.1f T1[1]: %.2f; T1[2]: %.2f; T1[3]: %.2f\n ",
CurveLength/1000, RstMachine.T1[0]/1000, RstMachine.T1[1]/1000,

RstMachine.T1[2]/1000);
}

}

/*********************/
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double CalculateDeltaCurve(double B, double C, double X,double Y,double Z)
{

DeltaCurve = square(X-PreviousX) + square(Y-PreviousY) + square(Z-PreviousZ);
DeltaCurve = sqrt(DeltaCurve);
CurveLength = CurveLength + DeltaCurve;
PreviousX = X;
PreviousY = Y;
PreviousZ = Z;
return(DeltaCurve);
/* Denne funktion skal udbygges til at indeholde B og C vinklerne */

}
/*************************************/

void InitializeScannerPosition(double C_angle)
{

FILE *scanpos;
int j;
double Parameter;

if ((scanpos = fopen("scanpos.INI", "rt"))
== NULL)

{
fprintf(stderr, "Cannot open scanpos");

}
/* read the scanner position data */

for(j = 0; j < 16; j++) /* Get to SensorRotation_X */
{

fscanf(scanpos, "%*s");
}
fscanf(scanpos, "%lf", &Parameter);
SensorRotation_X = Parameter/180 * pi;

for(j = 0; j < 8; j++) /* Get to delta_Ly */
{

fscanf(scanpos, "%*s");
}
fscanf(scanpos, "%lf", &Parameter);
delta_Ly = Parameter * 1000;

for(j = 0; j < 2; j++) /* Get to L_sensor */
{

fscanf(scanpos, "%*s");
}
fscanf(scanpos, "%lf", &Parameter);
L_sensor = (Parameter - 30) * 1000;

for(j = 0; j < 2; j++) /* Get to L_lookahead */
{

fscanf(scanpos, "%*s");
}
fscanf(scanpos, "%lf", &Parameter);
L_lookahead = Parameter * 1000;

for(j = 0; j < 7; j++) /* Get to L_focus */
{

fscanf(scanpos, "%*s");
}
fscanf(scanpos, "%lf", &Parameter);
L_focus = Parameter * 1000;

for(j = 0; j < 9; j++) /* Get to L_focus */
{

fscanf(scanpos, "%*s");
}
fscanf(scanpos, "%lf", &Parameter);
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MaxPointToLineDeviation = Parameter;

fscanf(scanpos, "%*s"); /* Get to MaxPointToLineDeviation */
fscanf(scanpos, "%lf", &Parameter);
FilterFactor = Parameter;

fclose(scanpos);
}

/*************************************/

void chooseIpm(int IpmNumber)
{

if (IpmNumber == 0)
IpmFileName = "start.ipm";

if (IpmNumber == 1)
IpmFileName = "kalib.ipm";

if(KinematFile)
{

fprintf(kinemat, "chooseIpm performed\n");
fprintf(kinemat, "Ipmnumber: %d; IpmFileName: %s\n", IpmNumber, IpmFileName);
fflush(kinemat);

}
}

/********************************************************/

int InstantiateIpm(void)
{

FILE *InverseProMod;
int i,j;
double Parameter;
int InstantiateStatus = FALSE;

if(KinematFile)
{

fprintf(kinemat, "InstantiatingIpm\n");
fprintf(kinemat, "IpmFileName: %s\n", IpmFileName);
fflush(kinemat);

}

ipm.NumOfRows = 6;

for (i = 0; i < 20; i++)
{

if ((InverseProMod = fopen(IpmFileName, "rt")) == NULL)
{

InstantiateStatus = FALSE;
if (KinematFile)
{

fprintf(kinemat,"Reading IPM failed: %d times\n", i);
fflush(kinemat);

}
fclose(InverseProMod);

}
else
{

InstantiateStatus = TRUE;
if (KinematFile)

fprintf(kinemat,"Reading IPM Succeded\n");
i = 20;

}
}
if (InstantiateStatus == FALSE)
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{
if(KinematFile)
{

fprintf(kinemat, "Cannot open IPM\n");
fflush(kinemat);

}
return FALSE;

}
/* read the data and display it */

else
{

for(j = 0; j < 31; j++) /* Get to the adaptive table */
{

fscanf(InverseProMod, "%*s");
}

for(i = 0; i < 6; i++) /* Read the rows of adaptive table */
{

fscanf(InverseProMod, "%lf", &Parameter);
ipm.Input[i][0] = Parameter;
fscanf(InverseProMod, "%lf", &Parameter);
ipm.Wcv[i][1] = Parameter;
fscanf(InverseProMod, "%lf", &Parameter);
ipm.Wcv[i][2] = Parameter;
fscanf(InverseProMod, "%lf", &Parameter);
ipm.Wcv[i][4] = Parameter;
fscanf(InverseProMod, "%lf", &Parameter);
ipm.Wcv[i][5] = Parameter;

}
fscanf(InverseProMod, "%*s");
fscanf(InverseProMod, "%lf", &Parameter);
WeldLength = Parameter;
fclose(InverseProMod);
if(KinematFile)
{

fprintf(kinemat, "IntantiateIpm completed succesfully\n");
fflush(kinemat);

}
return TRUE;

}
}

/*************************************/

int SetSensorTemplate(double C_angle)
{

unsigned char dummy[] = "fillet";
InitializeScannerPosition(C_angle);
if (KinematFile)
{

kinemat = fopen("kinemat.log","w+");
fprintf(kinemat,"KINEMATFILE IS OPENED\n");
fflush(kinemat);

}
if(InstantiateIpm() == FALSE)

ResetWeldingProcessController();
if (KinematFile)
{

fprintf(kinemat,"before 'set template'\n");
fflush(kinemat);

}

SensorStatus = SetTemplate(dummy);
if (SensorStatus == 0)
{
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if (KinematFile)
{

fprintf(kinemat,"SetTemplate %s: %d\n", dummy, SensorStatus);
fflush(kinemat);

}
WelProConResponse = SensorTemplateSet;

}
else
{

if (KinematFile)
{

fprintf(kinemat,"SetTemplate %s failed: %d\n", dummy, SensorStatus);
fflush(kinemat);

}
WelProConResponse = WaitingForSensor;

}
}

/*********************/

int SyncronizeSensorTime(void)
{

if (KinematFile)
{

fprintf(kinemat,"before 'syncronizeTime'\n");
fflush(kinemat);

}

SensorStatus = SyncronizeTime();
if (SensorStatus == 0)
{
WelProConResponse = SensorTimeSyncronized;

}
else
{

if (KinematFile)
{

fprintf(kinemat,"SyncronizeTime failed: %d\n", SensorStatus);
fflush(kinemat);

}
WelProConResponse = WaitingForSensor;

}
}

/*********************/
int InitializeSensor(void)
{

char dummy, index;
unsigned char LostSensorAcknowledge;
if (KinematFile)
{

fprintf(kinemat,"before 'TurnLaserOn'\n");
fflush(kinemat);

}

SensorStatus = TurnLaserOn();
if (KinematFile)
{

fprintf(kinemat,"TurnLaserOn: %d\n", SensorStatus);
fflush(kinemat);

}
LostSensorAcknowledge = SensorStatus;
/*****/

if (KinematFile)
{

fprintf(kinemat,"before 'StartVision'\n");
fflush(kinemat);

}
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SensorStatus = StartVision();
if (KinematFile)
{

fprintf(kinemat,"StartVision: %d\n", SensorStatus);
fflush(kinemat);

}
if (LostSensorAcknowledge == 0)

LostSensorAcknowledge = SensorStatus;
/*****/

for(dummy = 0; dummy < 5; dummy++)
{

/*To Empty MVS buffer for old measurements*/
SensorStatus = ReadRSTPoint();
if (SensorStatus == 0)

dummy = 5;
}
if (KinematFile)
{

fprintf(kinemat,"ReadInitialRST to empty MVS buffer: %d\n", SensorStatus);
fflush(kinemat);

}
if (LostSensorAcknowledge == 0)

LostSensorAcknowledge = SensorStatus;
/*****/

if (LostSensorAcknowledge == 0)
{

CurveLength = 0;
WelProConResponse = SensorInitialized;
if (KinematFile)

fprintf(kinemat,"SensorInitialized\n");
}
else
{

if (KinematFile)
fprintf(kinemat,"InitializeSensor Failed\n");

SensorStatus = StopVision();
if (KinematFile)

fprintf(kinemat,"StopVision: %d\n", SensorStatus);
SensorStatus = TurnLaserOff();
if (KinematFile)
{

fprintf(kinemat,"TurnLaserOff: %d\n", SensorStatus);
fflush(kinemat);

}
WelProConResponse = WaitingForSensor;

}
}

/*********************/

/*Preparing Measurement For Initial SCV, by filling RstIndex*/

int InitializeRstIndex(void)
{

static char index = 0;
char dummy;
for(dummy = 0; dummy < 5; dummy++)
{

SensorStatus = ReadRSTPoint();
if (SensorStatus == 0)

dummy = 5;
}
if (SensorStatus == 0)
{

RstIndex[index] = rst_buffer;
index++;
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if (index > 9)
{

index = 0;
WelProConResponse = InitializingRstIndexFinished;

}
else

WelProConResponse = InitializingRstIndex;
}
else

WelProConResponse = WaitingForSensor;
}

/*********************/

int GetInitSCV(void)
{

double Xpos, Ypos, Zpos, Bpos, Cpos;
char dummy;
if (KinematFile)
{

fprintf(kinemat,"GetInitSCV at CurveLength: %f\n", CurveLength);
fflush(kinemat);

}
for(dummy = 0; dummy < 5; dummy++)
{

SensorStatus = ReadRSTPoint();
if (KinematFile)

fprintf(kinemat,"SensorStatus = %d\n",SensorStatus);
if ((SensorStatus == 0) && (CheckRstValidity(&rst_buffer) == TRUE))

dummy = 5;
}
for (dummy = 0; dummy < 10; dummy++)
{

RstIndex[dummy] = RstIndex[dummy + 1];
}
RstIndex[9] = rst_buffer;
if((RstIndex[8].t > RstIndex[9].t) || (RstIndex[7].t > RstIndex[8].t))

RstIndex[8] = RstIndex[9];
if (SensorStatus == 0)
{

RobotLocationFound = tryFindRobotPosition(RstIndex[1].t, &Xpos, &Ypos, &Zpos,
&Bpos, &Cpos);

if (RobotLocationFound == TRUE)
{

PreviousB = Bpos;
PreviousC = Cpos;
PreviousX = Xpos;
PreviousY = Ypos;
PreviousZ = Zpos;

CalculateInitialConVec(Xpos, Ypos, Zpos, Bpos, Cpos);
fprintf(kinemat, "CalculateInitialConVec er udfoert\n");
fflush(kinemat);

WelProConResponse = InitSCVGenerated;
counter = 0;

}
else

WelProConResponse = WaitingForRobot;
}
else

WelProConResponse = WaitingForSensor;
}

/*********************/

int GetSuccSCV(double Xpos, double Ypos, double Zpos, double Bpos, double Cpos)
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{
char dummy;
if (KinematFile)

fprintf(kinemat,"GetSCV\n");
Movement = Movement + CalculateDeltaCurve(Bpos, Cpos, Xpos, Ypos, Zpos);
if ((counter < 5) || (Movement > Blockmove))
{

if (KinematFile)
fprintf(kinemat,"Movement = %f\n",Movement/1000);

SensorStatus = ReadRSTPoint();
if ((SensorStatus == 0) && (CheckRstValidity(&rst_buffer) == TRUE))
{

for (dummy = 0; dummy < 9; dummy++)
RstIndex[dummy] = RstIndex[dummy + 1];

RstIndex[9] = rst_buffer;
if((RstIndex[8].t > RstIndex[9].t) || (RstIndex[7].t > RstIndex[8].t))

RstIndex[8] = RstIndex[9];

RobotLocationFound = tryFindRobotPosition(RstIndex[1].t, &Xpos, &Ypos, &Zpos,
&Bpos, &Cpos);

if(RobotLocationFound == TRUE)
{

if (KinematFile)
{

fprintf(kinemat,"RobotLocation is Found for actual Sensor
Measurement\n");

fflush(kinemat);
}
CalculateNewWCV(Xpos, Ypos, Zpos, Bpos, Cpos);
/*CalculateNewSCV(Xpos, Ypos, Zpos, Bpos, Cpos);*/
WelProConResponse = SuccSCVGenerated;
if (KinematFile)

fprintf(kinemat, "ScvGenerated\n");
Movement = 0;
counter++;

}
}
else
{

WelProConResponse = WaitingForSensor;
if (KinematFile)

fprintf(kinemat, "WaitingForSensor in GetSuccSCV\n");
}

}
else
{

WelProConResponse = WaitingForRobot;
if (KinematFile)

fprintf(kinemat, "WaitingForRobot in GetSuccWcv\n");
}
if (counter == 5)

WelProConResponse = StartPointDefined;
}

/*********************/

int GetWCV(double Xpos, double Ypos, double Zpos, double Bpos, double Cpos)
{

char dummy, meascounter = 0;
if (KinematFile)

/*fprintf(kinemat,"GetWCV\n");*/
Movement = Movement + CalculateDeltaCurve(Bpos, Cpos, Xpos, Ypos, Zpos);
if (Movement > Blockmove)
{

if (KinematFile)
fprintf(kinemat,"Movement = %f\n",Movement/1000);

SensorStatus = ReadRSTPoint();



Appendix C: Software C.37

if (SensorStatus == 1)
{

Tack = TRUE;
FilterInitiated = FALSE;
if (MonitorFile)

fprintf(monitor,"Filter is initiated\n");
while(meascounter < 12)
{

SensorStatus = ReadRSTPoint();
if ((SensorStatus == 0) && (CheckRstValidity(&rst_buffer) == TRUE))
{

for (dummy = 0; dummy < 9; dummy++)
RstIndex[dummy] = RstIndex[dummy + 1];
RstIndex[9] = rst_buffer;
meascounter++;

}
if((RstIndex[8].t > RstIndex[9].t) || (RstIndex[7].t > RstIndex[8].t))

RstIndex[8] = RstIndex[9];
}

}
else if ((SensorStatus == 0) && (CheckRstValidity(&rst_buffer) == TRUE))
{

for (dummy = 0; dummy < 9; dummy++)
RstIndex[dummy] = RstIndex[dummy + 1];

RstIndex[9] = rst_buffer;
if((RstIndex[8].t > RstIndex[9].t) || (RstIndex[7].t > RstIndex[8].t))

RstIndex[8] = RstIndex[9];

RobotLocationFound = tryFindRobotPosition(RstIndex[1].t, &Xpos, &Ypos, &Zpos,
&Bpos, &Cpos);

if(RobotLocationFound == TRUE)
{

if (KinematFile)
fprintf(kinemat,"RobotLocation is Found for actual Sensor

Measurement\n");
CalculateNewWCV(Xpos, Ypos, Zpos, Bpos, Cpos);
WelProConResponse = WCVGenerated;
if (KinematFile)

fprintf(kinemat, "WcvGenerated\n");
Movement = 0;
counter++;

}
}
else
{

WelProConResponse = WaitingForSensor;
if (KinematFile)
{

fprintf(kinemat, "WaitingForSensor: %d in GetWcv\n", SensorStatus);
fprintf(kinemat, "rst_buffer.t: %.2f; RstIndex[9].t: %.2f\n",

rst_buffer.t, RstIndex[9].t);
}

}
}
else
{

WelProConResponse = WaitingForRobot;
/*if (KinematFile)

fprintf(kinemat, "WaitingForRobot in GetWcv\n");*/
}
if (CurveLength >= WeldLength * 1000 )

ResetWeldingProcessController();
}
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Module wlprocon.h

This module is a header file for wlprocon.c

Source code
/**************************************************************************

File: WlProCon.h Alias: Header file for Welding Process Controller.

**************************************************************************/
/***************************************************************************

Definition of variables:
***************************************************************************/

#define InitSCVGenerated 50
#define SuccSCVGenerated 51
#define WCVGenerated 52
#define StartPointDefined 53
#define WaitingForRobot 54
#define EndOfWCVQueue 55
#define WaitingForSensor 56
#define SensorInitialized 57
#define SensorTimeSyncronized 58
#define SensorTemplateSet 59
#define KalibrationInitialized 60
#define KalibrationOngoing 61
#define KalibrationFinished 62
#define InitializingRstIndex 63
#define InitializingRstIndexFinished 64

/**************************************************************************
Definition of functions:

***************************************************************************/

void ResetWeldingProcessController(void);

void chooseIpm(int IpmNumber);

int SetSensorTemplate(double C_angle);

int SyncronizeSensorTime(void);

int InitializeSensor(void);

int InitializeRstIndex(void);

int GetInitSCV(void);

int GetSuccSCV(double X, double Y, double Z, double B, double C);

int GetWCV(double X, double Y, double Z, double B, double C);

void UpdateRobotLocations(double T, double X, double Y, double Z, double B, double C);

int FindRobotPosition(double T, double *LocalXPos, double *LocalYPos,
double *LocalZPos, double *LocalBPos, double *LocalCPos);

Module Scan.c

This software is a high level interface for communication with an external
hardware platform through a GPIB interface. The laser range sensor is
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controlled through an external hardware platform and communication
between the user written procedures for laser welding control and the
software for the laser range sensor is therefore implemented by using a
GPIB interface (General Purpose Interface Bus). The GPIB interface
consists of a hardware interface board on each platform, connected by
cables, and software for controlling this board on each platform.

Source Code
/************************************************
Filename: SCAN.c
************************************************/
#include "dos.h"
#include "stdio.h"
#include "scan.h"
#include "GPIBdrv.h"
#include "global.h"

extern RD rd;
WR wr;
extern int ibcnt;
RSTpoints rstpoint[6];
Transfer_buffer transfer_buffer;
RST_buffer rst_buffer;
int loop;
char MvsFile = TRUE;
FILE *mvs;

/*******************/
void DelayFunction(int DelayCounts)
{

int i;
for(i = 0; i < DelayCounts; i++);

}

/*******************/
unsigned char TurnLaserOn(void)
{

ibonl(1); /*Initialize GPIB board*/
DelayFunction(10000);
ibsic(); /*Set interface clear (local GPIB board)*/
DelayFunction(10000);
ibsre(1); /*Set remote enable*/
DelayFunction(10000);
ibcmd("?_@(",4); /*Set GPIB board to talk and sensor GPIB board to listen*/
DelayFunction(10000);
wr[0]=6; /*Code for Turn on laser*/
wr[1]=0; /*Stop bit*/
ibwrt(wr,((long)strlen(&wr[1])+1));
DelayFunction(10000);
ibcmd("?_H ",4); /*Set GPIB board to listen and sensor GPIB board to talk*/
DelayFunction(10000);
ibrd(rd,2000L); /*Read response from scanner*/
DelayFunction(10000);
if(MvsFile)
{

fprintf(mvs, "Turn Laser On: %d\n", rd[0]);
}
return rd[0];

}
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/*******************/

unsigned char TurnLaserOff(void)
{

ibcmd("?_@(",4); /*Set GPIB board to talk and sensor GPIB board to listen*/
DelayFunction(10000);
wr[0]=7; /*Code for Turn on laser*/
wr[1]=0; /*Stop bit*/
ibwrt(wr,((long)strlen(&wr[1])+1));
DelayFunction(10000);
ibcmd("?_H ",4); /*Set GPIB board to listen and sensor GPIB board to talk*/
DelayFunction(10000);
ibrd(rd,2000L); /*Read response from scanner*/
DelayFunction(10000);
if(MvsFile)
{

fprintf(mvs, "Turn Laser Off: %d\n", rd[0]);
fprintf(mvs, "MVS.LOG IS CLOSED");
fclose(mvs);

}
return rd[0];

}

/*******************/

unsigned char StartVision(void)
{

ibcmd("?_@(",4); /*Set GPIB board to talk and sensor GPIB board to listen*/
DelayFunction(10000);
wr[0]=1; /*Code for Start sensor*/
wr[1]=0; /*Stop bit*/
ibwrt(wr,((long)strlen(&wr[1])+1));
DelayFunction(10000);
ibcmd("?_H ",4); /*Set GPIB board to listen and sensor GPIB board to talk*/
ibrd(rd,2000L); /*Read response from scanner*/
DelayFunction(10000);
if(MvsFile)
{

fprintf(mvs, "Start Vision: %d\n", rd[0]);
}
return rd[0];

}

/*******************/

unsigned char StopVision(void)
{

ibcmd("?_@(",4); /*Set GPIB board to talk and sensor GPIB board to listen*/
DelayFunction(10000);
wr[0]=0; /*Code for Start sensor*/
wr[1]=0; /*Stop bit*/
ibwrt(wr,((long)strlen(&wr[1])+1));
DelayFunction(10000);
ibcmd("?_H ",4); /*Set GPIB board to listen and sensor GPIB board to talk*/
ibrd(rd,2000L); /*Read response from scanner*/
DelayFunction(10000);
if(MvsFile)
{

fprintf(mvs, "Stop Vision: %d\n", rd[0]);
}
return rd[0];

}
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/*******************/

unsigned char SyncronizeTime(void)
{

ibcmd("?_@(",4); /*Set GPIB board to talk and sensor GPIB board to listen*/
DelayFunction(2000);
wr[0]=9; /*Code for Syncronization of Time Stamp*/
wr[1]=0; /*Stop bit*/
ibwrt(wr,((long)strlen(&wr[1])+1));
DelayFunction(2000);
ibcmd("?_H ",4); /*Set GPIB board to listen and sensor GPIB board to talk*/
DelayFunction(2000);
ibrd(rd,2000L); /*Read response from scanner*/
DelayFunction(2000);

/* if(MvsFile)
{
fprintf(mvs, "Syncronize Time: %d\n", rd[0]); remmet ud for at spare tid
} */
return rd[0];

}

/*******************/

unsigned char SetTemplate(unsigned char TemplateName[81])
{

wr[0]=2; /*Code for Turn on laser*/
strcat(wr, TemplateName);

ibonl(1); /*Initialize GPIB board*/
DelayFunction(10000);
ibsic(); /*Set interface clear (local GPIB board)*/
DelayFunction(10000);
ibsre(1); /*Set remote enable*/
DelayFunction(10000);
ibcmd("?_@(",4); /*Set GPIB board to talk and sensor GPIB board to listen*/
DelayFunction(10000);
ibwrt(wr,((long)strlen(&wr[1])+1));
DelayFunction(10000);
ibcmd("?_H ",4); /*Set GPIB board to listen and sensor GPIB board to talk*/
DelayFunction(10000);
ibrd(rd,2000L); /*Read response from scanner*/
DelayFunction(10000);
if(MvsFile)
{

mvs = fopen("mvs.log","w+");
fprintf(mvs, "MVS.LOG IS OPENED");
fprintf(mvs, "Set Template (%s): %d\n", TemplateName, rd[0]);

}
return rd[0];

}

/*******************/

unsigned char ReadRSTPoint(void)
{

unsigned int i;
wr[0]=3; /*Code for Reading RSTpoints from the Sensor*/
wr[1]=0;
ibcmd("?_@(",4); /*Set GPIB board to talk and sensor GPIB board to listen*/
DelayFunction(5000);
ibwrt(wr,(long)(strlen(&wr[1])+1));
DelayFunction(5000);
ibcmd("?_H ",4); /*Set GPIB board to listen and sensor GPIB board to talk*/
DelayFunction(5000);
ibrd(rd,2000L); /*Read response from scanner*/
DelayFunction(5000);
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if(MvsFile)
{

fprintf(mvs, "Read RST Point: %d\n", rd[0]);
}
ExtractRSTPoints();
return rst_buffer.status;

}

void ExtractRSTPoints()
{

char dummy;
transfer_buffer.status = (rd[0]);

for(loop = 0; loop <= 5; loop++)
{

rstpoint[loop].u = *(float *)(&rd[1 + (loop*8)]); /*0 8 16 24 32 40 48 */
rstpoint[loop].v = *(float *)(&rd[5 + (loop*8)]); /*4 12 20 28 36 44 52*/

}
transfer_buffer.Time = *(float *)(&rd[ibcnt-4]);
/* Move the RSTpoint structure into the Transferbuffer structure. */
transfer_buffer.R1 = rstpoint[0];
transfer_buffer.S1 = rstpoint[1];
transfer_buffer.T1 = rstpoint[2];
transfer_buffer.T2 = rstpoint[5];
transfer_buffer.S2 = rstpoint[4];
transfer_buffer.R2 = rstpoint[3];
/*
* Move Transferbuffer into Replybuffer
*/

rst_buffer.R1[0] = 0;
rst_buffer.R1[1] = rstpoint[0].u;
rst_buffer.R1[2] = rstpoint[0].v;
rst_buffer.S1[0] = 0;
rst_buffer.S1[1] = rstpoint[1].u;
rst_buffer.S1[2] = rstpoint[1].v;
rst_buffer.T1[0] = 0;
rst_buffer.T1[1] = rstpoint[2].u;
rst_buffer.T1[2] = rstpoint[2].v;
rst_buffer.T2[0] = 0;
rst_buffer.T2[1] = rstpoint[5].u;
rst_buffer.T2[2] = rstpoint[5].v;
rst_buffer.S2[0] = 0;
rst_buffer.S2[1] = rstpoint[4].u;
rst_buffer.S2[2] = rstpoint[4].v;
rst_buffer.R2[0] = 0;
rst_buffer.R2[1] = rstpoint[3].u;
rst_buffer.R2[2] = rstpoint[3].v;
rst_buffer.t = transfer_buffer.Time;
rst_buffer.status = transfer_buffer.status;
if (MvsFile)
{

fprintf(mvs,"rst_buffer.t = %f\n",rst_buffer.t);
/* fprintf(mvs,"rst_buffer.R1: %f, %f,

%f\n",rst_buffer.R1[0],rst_buffer.R1[1],rst_buffer.R1[2]);
fprintf(mvs,"rst_buffer.S1: %f, %f,

%f\n",rst_buffer.S1[0],rst_buffer.S1[1],rst_buffer.S1[2]);
fprintf(mvs,"rst_buffer.T1: %f, %f,

%f\n",rst_buffer.T1[0],rst_buffer.T1[1],rst_buffer.T1[2]);
fprintf(mvs,"rst_buffer.R2: %f, %f,

%f\n",rst_buffer.R2[0],rst_buffer.R2[1],rst_buffer.R2[2]);
fprintf(mvs,"rst_buffer.S2: %f, %f,

%f\n",rst_buffer.S2[0],rst_buffer.S2[1],rst_buffer.S2[2]);
fprintf(mvs,"rst_buffer.T2: %f, %f,

%f\n",rst_buffer.T2[0],rst_buffer.T2[1],rst_buffer.T2[2]);
*/
}

}
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Module Scan.h

This module is a header file for the module scan.c

Source code
/********************************************************
Filename: SCAN.h
*********************************************************/

unsigned char TurnLaserOn(void);
unsigned char TurnLaserOff(void);
unsigned char StartVision(void);
unsigned char StopVision(void);
unsigned char SyncronizeTime(void);
unsigned char SetTemplate(unsigned char TempName[79]);
unsigned char ReadRSTPoint(void);

void ExtractRSTPoints();

Module Gpibdrv.c

This module is driver software for a low level GPIB-interface between the
user written software procedures and procedures on an external hardware
platform. The laser range sensor is operated by the external Platform. The
software is a commercial source code, which is adapted to the specific
control system and hardware addresses. Since there is a copy right on the
commercial source code it is not provided in this appendix. Another reason
is that only a minor part of this source code is actually produced within this
specific work.

Module Gpibdrv.h

This module is a header file for the above mentioned GPIB interface, and is
not provided in this appendix.

Module Queue.c

This module controls the queue of robot locations. The robot location is
updated with a relatively high fequency in order to estimate the position of
the sensor at the time measurement are made. All operations on the queue of
robot locations are controlled by this module.
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Source code
/****************************************************************************
Filename: queue.c

Module for handling of queue operations.

Author Henrik John Andersen

january 5 1998.
****************************************************************************/

#include <stdlib.h>
#include <stdio.h>
#include <queue.h>
#include <global.h>
#include <matlib.h>

char QueueInitialized = FALSE;
char QueueFile = TRUE, measposFile = FALSE;
double NumberOfQueueElements;
Node *head, *current;
FILE *qfile, *measpos;

/**************************************/

void InitializeQueue(void)
{

head = NULL;
current= NULL;
if(QueueFile == TRUE)
{

NumberOfQueueElements = 0;
qfile = fopen("qfile.log","w+");
fprintf(qfile,"QFILE IS OPENED\n");

}
if(measposFile == TRUE)
{

measpos = fopen("measpos.log","w+");
fprintf(measpos,"measpos IS OPENED\n");
fprintf(measpos,"Denne fil indeholder maalte positioner, som robotten har

gennemloebet\n");
}

}
/**************************************/

void InsertNode(void)
{

Node *NewNode;

/* allocate memory for node */
if ((NewNode = (Node *) malloc(sizeof(Node))) == NULL)
{

if(QueueFile == TRUE)
{

fprintf(qfile,"Not enough memory to allocate buffer\n");
}

}
NumberOfQueueElements++;
if(QueueFile == TRUE)
{

fprintf(qfile,"Insert Node; NumberOfQueueElements: %.0lf\n",
NumberOfQueueElements);

}



Appendix C: Software C.45

NewNode->next = head;
head = NewNode;
current = head;

}

/**************************************/

void UpdateNode(element el)
{

current->Element = el;
if(QueueFile == TRUE)

fprintf(qfile,"Node is Updated at time = %.2lf \n\n", current->Element.time);
}

/**************************************/

void DeleteNode(void) /* Deletes current */
{

Node *IntermediateNode;

if(current != head)
{

IntermediateNode = head;
while (IntermediateNode->next != current)

IntermediateNode = IntermediateNode->next;
}
else head = head->next;
free(current);
current = head;
NumberOfQueueElements--;

}

/**************************************/

void DeleteEndOfQueue(void) /* Deletes all nodes behind current */
{

Node *dummy;

if(current->next != NULL)
{

dummy = current->next;
current->next = NULL;
current = dummy;
while(current->next != NULL)
{

dummy = current->next;
current->next = NULL;
free(current);
NumberOfQueueElements--;
current = dummy;
if(QueueFile == TRUE)
{

fprintf(qfile,"Node is deleted\n");
fprintf(qfile,"NumberOfQueueElements: %.0lf\n", NumberOfQueueElements);

}

}
free(current);
NumberOfQueueElements--;
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if(QueueFile == TRUE)
{

fprintf(qfile,"Node is deleted\n");
fprintf(qfile,"NumberOfQueueElements: %.0lf\n", NumberOfQueueElements);

}
}

}

/**************************************/

void ResetRobotLocationQueue(void) /* Deletes all nodes in the queue */
{

Node *IntermediateNode;

current = head;

while (current != NULL)
{

if(current->next != NULL)
{

IntermediateNode = (Node *)current->next;
current->next = NULL;

}
else IntermediateNode = NULL;
free(current);
if(IntermediateNode != NULL)

current = IntermediateNode;
else

current = NULL;
NumberOfQueueElements--;
if(QueueFile == TRUE)

fprintf(qfile,"NumberOfQueueElements = %.0lf\n", NumberOfQueueElements);
}
NumberOfQueueElements = 0;
head = NULL;
current = NULL;
QueueInitialized = FALSE;
if(QueueFile == TRUE)
{

fprintf(qfile,"RobotLocationQueue is Resat\n\n");
fprintf(qfile,"QFILE IS CLOSED");
fclose(qfile);

}
if(measposFile == TRUE)
{

fprintf(measpos,"measpos IS CLOSED");
fclose(measpos);

}

}

/**************************************/

/*Sets current to the node containing the robot position right after the
sensor measurement. current->next points to the robot position taken right
before (or at the same time as) the sensor measurement. */

int FindNearestNodes(double SensorClock)
{

Node *dummy;
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if(head->Element.time < SensorClock)
{

if(QueueFile == TRUE)
{

fprintf(qfile,"head->Element.time = %.3lf\n",head->Element.time);
fprintf(qfile,"SensorClock = %.3lf\n",SensorClock);
fprintf(qfile,"actual SensorClock is in front of last updated robot

position\n");
}
current = NULL;
fflush(qfile);
return -1;

}

current = head;
dummy = (Node *)head->next;

while(dummy->Element.time > SensorClock)
{

current = dummy;
if(current->next == NULL)
{

if(QueueFile == TRUE)
fprintf(qfile,"The sensor measurement is older than oldest robot

location\n");
fflush(qfile);

return -2;
}

else
dummy = (Node *)current->next;

}
return 0;

}

/**************************************/

void tryUpdateRobotLoc(double T, double X, double Y, double Z, double B, double C)
{

element NewElement;
Point Previous, Actual;
float UpdateFrequency = 2; /* Hz , Must not be 0! */
char TimeDummy;
if (QueueInitialized == FALSE)
{

InitializeQueue();
Previous[0] = 0;
Previous[1] = 0;
Previous[2] = 0;

}
else
{

Previous[0] = head->Element.x;
Previous[1] = head->Element.y;
Previous[2] = head->Element.z;

}
Actual[0] = X;
Actual[1] = Y;
Actual[2] = Z;

if(measposFile == TRUE)
{

fprintf(measpos,"Actual_X = %.1f; Actual_Y = %.1f; Actual_Z = %.1f;\n",
X/1000, Y/1000, Z/1000);

}
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if ((QueueInitialized == TRUE) &&
(T - head->Element.time >= 1/UpdateFrequency))
TimeDummy = TRUE;

else TimeDummy = FALSE;

if ((QueueInitialized == FALSE) || (distance(&Previous, &Actual) > 50) ||
(TimeDummy == TRUE))

{
InsertNode();
NewElement.time = T;
NewElement.x = X;
NewElement.y = Y;
NewElement.z = Z;
NewElement.b = B;
NewElement.c = C;

UpdateNode(NewElement);
QueueInitialized = TRUE;

}
}

/**************************************/

/* This function is only feasable for finding the robotlocation at a certain
point in time. As input the function requires a pointer to the queue of
robotlocations, the time for which the position is wanted, and pointers
to the addresses of X, Y, Z, B and C. */

int tryFindRobotPosition(double Tsensor, double *LocalXPos,
double *LocalYPos, double *LocalZPos, double *LocalBPos, double *LocalCPos)

{
Node *before;

int dummy;
if(QueueFile == TRUE)

fprintf(qfile,"finding robotposition and goto FindNearestNodes\n",*(LocalXPos));

dummy = FindNearestNodes(Tsensor);
if (dummy == -2)

return FALSE;

if(dummy == -1)
return FALSE;

before = (Node *)current->next;
if(Tsensor == before->Element.time)
{

*(LocalXPos) = before->Element.x;
*(LocalYPos) = before->Element.y;
*(LocalZPos) = before->Element.z;
*(LocalBPos) = before->Element.b;
*(LocalCPos) = before->Element.c;

}

else if(Tsensor == current->Element.time)
{

*(LocalXPos) = current->Element.x;
*(LocalYPos) = current->Element.y;
*(LocalZPos) = current->Element.z;
*(LocalBPos) = current->Element.b;
*(LocalCPos) = current->Element.c;

}
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else if((Tsensor > before->Element.time) &&
(Tsensor < current->Element.time))

{
*(LocalXPos) = before->Element.x +
(current->Element.x - before->Element.x)/
(current->Element.time - before->Element.time) *
(Tsensor - before->Element.time);

*(LocalYPos) = before->Element.y +
(current->Element.y - before->Element.y)/
(current->Element.time - before->Element.time) *
(Tsensor - before->Element.time);

*(LocalZPos) = before->Element.z +
(current->Element.z - before->Element.z)/
(current->Element.time - before->Element.time) *
(Tsensor - before->Element.time);

*(LocalBPos) = before->Element.b +
(current->Element.b - before->Element.b)/
(current->Element.time - before->Element.time) *
(Tsensor - before->Element.time);

*(LocalCPos) = before->Element.c +
(current->Element.c - before->Element.c)/
(current->Element.time - before->Element.time) *
(Tsensor - before->Element.time);

}
current = before;
DeleteEndOfQueue();

current = head;
if(QueueFile == TRUE)
{

fprintf(qfile,"Time: %lf\n",Tsensor);
fprintf(qfile,"Xpos: %lf\n",*(LocalXPos));

}
return TRUE;

}

/**************************************/

Module Queue. h

This module is the header file for module “Queue.c”

Source code
/****************************************************************************
Filename: queue.h

Header file for the queue.c module.
****************************************************************************/

/*#include <global.h>*/

typedef struct{
double x, y, z, b, c, time;
}element;

typedef struct{
element Element;
void *next;
}Node;
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typedef struct{
Node *head, *current;
}Queue;

/*
typedef struct{
RST_buffer RST_element;
}rst_element;

typedef struct{
rst_element RstElement;
void *next;
}RstNode;

typedef struct{
RstNode *head, *current;
}RstQueue;

*/

void InitializeQueue(void);
void InsertNode(void);
void UpdateNode(element el);
void DeleteNode(void);
void DeleteEndOfQueue(void); /* Deletes current and all nodes behind this */
void ResetRobotLocationQueue(void);
void tryUpdateRobotLoc(double T, double X, double Y, double Z, double B, double C);
int tryFindRobotPosition(double Tsensor, double *LocalXPos,

double *LocalYPos, double *LocalZPos, double *LocalBPos, double *LocalCPos);

Module Matlib.c

This module is a library for mathematic functions used in the system. Some
of the procedures are taken directly from existing software modules in other
systems.

Source code:
/****************************************************************************
* Filename : MatLib.C Date: 05.07.1996/OM
*****************************************************************************
*
* Author : Ole Madsen
*
* Description : Mathematic functions used in the search system and the
* welding controller.
*
****************************************************************************/
#include <stdio.h>
#include <global.h>
#include <math.h>
#include <matlib.h>

const double Err = 0.00001;
const double Cerr = 0.000000001;
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/*--------------------------------------------------------------------------
/* Geometric procedures and functions concerning planes in space
/*------------------------------------------------------------------------*/

/*--------------------------------------------------------------------------
/* void makePlane(Point p1, Point p2, Point p3, double *PL)
/*--------------------------------------------------------------------------
/* Returns the four parameters (A,B,C and D) of the equation for a plane:
/* Ax + By + Cz = D
/* The inputs are three points in the plane and an address for the plane.
/*------------------------------------------------------------------------*/
void makePlane(Point p1, Point p2, Point p3, double *PL)
{

int i;
double maxlength, nextlength, dummylength;
Vector maxvec, nextvec, dummyvec, NormalVector;

/** We find the two longest vectors in order to minimize uncertainties) **/

makeVector(p1,p2,&maxvec[0]);
makeVector(p1,p3,&nextvec[0]);

/*maxlength = vectorLength(maxvec);
nextlength = vectorLength(nextvec);
if(nextlength > maxlength)
{

dummylength = maxlength;
*dummyvec = *maxvec;
maxlength = nextlength;
*maxvec = *nextvec;
nextlength = dummylength;
*nextvec = *dummyvec;

}
makeVector(p2,p3,&dummyvec[0]);
dummylength = vectorLength(dummyvec);

if (dummylength > maxlength)
{

nextlength = maxlength;
*nextvec = *maxvec;
maxlength = dummylength;
*maxvec = *dummyvec;

}
else if (dummylength > nextlength)
{

nextlength = dummylength;
*nextvec = *dummyvec;

} */

cross(maxvec,nextvec,&NormalVector[0]);

*PL = NormalVector[0];
*(PL+1) = NormalVector[1];
*(PL+2) = NormalVector[2];
*(PL+3) = 0;
for (i=0;i<3;i++)

*(PL+3) = *(PL+3) + NormalVector[i] * (*(p1+i));
}
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/*--------------------------------------------------------------------------
/* double distBetweenPointAndPlane(Plane Pl, Point P)
/*--------------------------------------------------------------------------
/* Returns the distance between a point and a plane in space:
/* The inputs are a plane and a point in space.
/*------------------------------------------------------------------------*/
double distBetweenPointAndPlane(Plane Pl, Point P)
{
double dist;
dist = Pl[0] * P[0] +Pl[1] * P[1] +Pl[2] * P[2] - Pl[3];
dist = dist/(sqrt((Pl[0]*Pl[0])+(Pl[1]*Pl[1])+(Pl[2]*Pl[2])));
if (dist < 0)

dist = dist * (-1);
return dist;
}

/*--------------------------------------------------------------------------
/* Procedures and functions involving lines and points in two dimensions
/*------------------------------------------------------------------------*/

/*--------------------------------------------------------------------------
/* void makeLine(double A1, double A2, double B1, double B2, double *a, double *b,
double *c)
/*--------------------------------------------------------------------------
/* Returns the three parameters (a,b and c) of the equation for a line:
/* ax + by + C = 0 (For two dimensional coordinate system)
/* The inputs are two points (A1,A2) and (B1,B2) in a two dimensional coor-
/* dinate system, and an address for the parameters a, b and c.
/*------------------------------------------------------------------------*/

void makeLine(double A1, double A2, double B1, double B2, double *a, double *b, double
*c)
{

*a = (B2 - A2)/(B1 - A1);
*b = -1;
*c = A2 - ((*a) * A1);

}

/*--------------------------------------------------------------------------
/* double distBetweenPointAndLine(double P1, double P2, double a, double b, double c)
/*--------------------------------------------------------------------------
/* Returns the distance between a point (P) and a line (aX + bY + c = 0)
/* in a two dimensional Coordinate system:
/* The inputs are the line parameters (a, b and c) and a two dimensional
/* point (P).
/*------------------------------------------------------------------------*/
double distBetweenPointAndLine(double P1, double P2, double a, double b, double c)
{
double dist;

dist = (a*P1 + b*P2 + c)/(sqrt(sqr(a) + sqr(b)));

if (dist < 0)
dist = dist * (-1);

return dist;
}
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/*--------------------------------------------------------------------------
/* void IntersectionBetweenLines(double a1, double b1, double c1, double a2, double b2,
double c2, double *P1, double *P2)
/*--------------------------------------------------------------------------
/* Returns the point (P1, P2) of intersection between a line (a1X + b1Y + c1 = 0)
/* and a line (a2X + b2Y + c2 = 0)
/* in a two dimensional Coordinate system:
/* The inputs are the line parameters (a1, b1, c1, a2, b2, c2) and the address of
/* the two dimensional point (P).
/*------------------------------------------------------------------------*/
void IntersectionBetweenLines(double a1, double b1, double c1, double a2, double b2,
double c2, double *P1, double *P2)
{
*P2 = (a1*c2/a2 - c1)/(b1 - a1*b2/a2);
*P1 = -c2/a2 - b2/a2 * (*P2);
}

/*--------------------------------------------------------------------------
/* Vector procedures and functions
/*------------------------------------------------------------------------*/

/*--------------------------------------------------------------------------
/* double dot(Vector A, Vector B);
/*--------------------------------------------------------------------------
/* Returns the dot product of A and B.
/*------------------------------------------------------------------------*/

double dot(Vector A, Vector B) {
return(A[0]*B[0]+A[1]*B[1]+A[2]*B[2]);

}

/*--------------------------------------------------------------------------
/* double distance(Point P1,Point P2);
/*--------------------------------------------------------------------------
/* Returns the distance between two points P1 and P2.
/*------------------------------------------------------------------------*/

double distance(Point *P1, Point *P2) {
int i;
double sum = 0;
for (i=0;i<3;i++)
sum += (P2[i]-P1[i])*(P2[i]-P1[i]);

return sqrt(sum);
}

/*--------------------------------------------------------------------------
/* double vectorLength(Vector V);
/*--------------------------------------------------------------------------
/* Returns the length of a vector
/*------------------------------------------------------------------------*/

double vectorLength(Vector V) {
int i;
double sum=0;
for (i=0;i<3;i++)
sum += (V[i])*(V[i]);

return(sqrt(sum));
}

/*--------------------------------------------------------------------------
/* double AngleBetweenVectors(Vector V1, Vector V2)
/*--------------------------------------------------------------------------
/* Returns the acute (spidse) angle between the vectors V1 and V2
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/*------------------------------------------------------------------------*/

double AngleBetweenVectors(Vector V1, Vector V2)
{

double Angle;
Angle = acos(dot(V1,V2)/(vectorLength(V1)*vectorLength(V2)));
Angle = Angle * 180/pi;
return (Angle);

}

/*--------------------------------------------------------------------------
/* void cross(Vector A,Vector B,double *C);
/*--------------------------------------------------------------------------
/* Computes the cross product of A and B. The result is contained in the
/* addresses of a vector type, starting with the element C at the initial
/* address.
/*------------------------------------------------------------------------*/

void cross(Vector A,Vector B,double * const C) {

*(C) = A[1]*B[2]-A[2]*B[1];
*(C+1) = A[2]*B[0]-A[0]*B[2];
*(C+2) = A[0]*B[1]-A[1]*B[0];

}

/*--------------------------------------------------------------------------
/* bool unitVector(Vector A, double *e);
/*--------------------------------------------------------------------------
/* Computes the unit vector of A. The result is contained in a vector type,
/* starting with the element e at the initial address.
/* If the length of A = 0 then the function will return 0
/* else it will return 1
/*------------------------------------------------------------------------*/
int unitVector(Vector A, double * const e) {

double l = vectorLength(A);
if (l < Err){
return(0);

}

*e = A[0]/l;
*(e + 1) = A[1]/l;
*(e + 2) = A[2]/l;

return(1);
}
/*--------------------------------------------------------------------------
/* void makeVector(Point P1,Point P2, double * const V);
/*--------------------------------------------------------------------------
/* Computes the vector between P1 and P2. The result is contained in a vector
/* type, starting with the element V in the initial address.
/*------------------------------------------------------------------------*/

void makeVector(Point P1,Point P2, double * const V){
int i;
for (i=0;i<3;i++)
*(V + i) = P2[i]-P1[i];

}
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/*--------------------------------------------------------------------------
/* TransformationMatrix procedures
/*------------------------------------------------------------------------*/

/*--------------------------------------------------------------------------
/* void Invers(TransformationMatrix Txu,TransformationMatrix &Tux);
/*--------------------------------------------------------------------------
/* Computes the invers of transformationMatrix Txu. The result in contrined
/* in Tux.
/*------------------------------------------------------------------------*/

void Invers(TransformationMatrix Txu,double * const Tux) {
TransformationMatrix T;
int i,j,dummy=0;
for (i=0;i<3;i++) {

for (j=0;j<3;j++)
T[j][i]=Txu[i][j];}

for (i=0;i<3;i++)
T[i][3] = -(Txu[0][i]*Txu[0][3]+Txu[1][i]*Txu[1][3]+Txu[2][i]*Txu[2][3]);

for (i=0;i<3;i++)
for (j=0;j<4;j++){

*(Tux + dummy++) = T[i][j];
}

}

/*--------------------------------------------------------------------------
/* void matrixProd(TransformationMatrix T1,

TransformationMatrix T2,
double * const res) {

/*--------------------------------------------------------------------------
/* Computes the multiplum of T1 and T2. The result is contained in res.
/*------------------------------------------------------------------------*/

void matrixProd(TransformationMatrix T1,
TransformationMatrix T2,
double * const res) {

int i,j,MatrixDummy = 0;
TransformationMatrix T;

for (i=0;i<3;i++)
for (j=0;j<3;j++)
T[i][j] = T1[i][0]*T2[0][j]+T1[i][1]*T2[1][j]+T1[i][2]*T2[2][j];

for (i=0;i<3;i++)
T[i][3] = T1[i][0]*T2[0][3]+T1[i][1]*T2[1][3]+T1[i][2]*T2[2][3]+T1[i][3];

for (i=0;i<3;i++)
for (j=0;j<4;j++)

*(res+MatrixDummy++) = T[i][j];
}

/*--------------------------------------------------------------------------
/*
/*void pointTransformation(TransformationMatrix T,Point P1,double * const P2)
/*
/*--------------------------------------------------------------------------
/* Transforms a point P1 from a representation relatively to a frame a to
/* to a representation relatively to a frame b. The transformation from
/* frame b to frame a (bTa)is represented by the transformation matrix T.
/* Pb = bTa * Pa.
/*------------------------------------------------------------------------*/

void pointTransformation(TransformationMatrix T,Point P1,double * const P2){
Point P;
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int i;

for (i=0;i<3;i++)
P[i]=T[i][0]*P1[0]+T[i][1]*P1[1]+T[i][2]*P1[2]+T[i][3];

for (i=0;i<3;i++)
*(P2+i) = P[i];

}

/*--------------------------------------------------------------------------
/*
/*void vectorTransformation(TransformationMatrix R,Vector A,double * const B)
/*
/*--------------------------------------------------------------------------
/* Transforms a vector A from a representation relatively to a frame a to
/* to a representation relatively to a frame b.The transformation from
/* frame b to frame a (bTa)is represented by the transformation matrix T.
/* Vb = bTa * Va.
/*------------------------------------------------------------------------*/

void vectorTransformation(TransformationMatrix R,Vector A,double * const B){
Vector V;
int i,j;
for (i=0;i<3;i++)
{ double sum=0;

for (j=0;j<3;j++)
sum+=A[j]*R[i][j];
V[i] = sum;

}
for (i=0;i<3;i++)
*(B+i) = V[i];

}

double sqr(double X)
{ return(X*X);}

/*--------------------------------------------------------------------------}
/* void transformABCToTransMatrix(Point P,
/* double A,double B,double C,
/* TransformationMatrix &Tt);
/*--------------------------------------------------------------------------}
/* From Craig pp. 45 }
/*------------------------------------------------------------------------*/

/*
void transformABCToTransMatrix(Point P,

double A,double B,double C,
TransformationMatrix &Tt)

{
Tt[0][0] = cos(A)*cos(B);
Tt[1][0] = sin(A)*cos(B);
Tt[2][0] =-sin(B);

Tt[0][1] = cos(A)*sin(B)*sin(C)-sin(A)*cos(C);
Tt[1][1] = sin(A)*sin(B)*sin(C)+cos(A)*cos(C);
Tt[2][1] = cos(B)*sin(C);

Tt[0][2] = cos(A)*sin(B)*cos(C)+sin(A)*sin(C);
Tt[1][2] = sin(A)*sin(B)*cos(C)-cos(A)*sin(C);
Tt[2][2] = cos(B)*cos(C);

Tt[0][3] = P[0];
Tt[1][3] = P[1];
Tt[2][3] = P[2];

}
*/



Appendix C: Software C.57

/*
void transformTransmatrixToABC(TransformationMatrix Tt,

double &A, double &B, double &C)
{

B = atan2(-Tt[2][0],sqrt(sqr(Tt[0][0])+sqr(Tt[1][0])));
if (fabs(B-pi/2)>Cerr) {

A = atan2(Tt[1][0],Tt[0][0]);
C = atan2(Tt[2][1],Tt[2][2]);
return;

}
A = atan2(-Tt[0][1],Tt[1][1]);
C = 0;

}
*/

Module Matlib.h

This module is the header file for module “matlib.c”.

Source code
#define pi 3.141592653589793
#define RadToDegree=180/pi;
#define DegreeToRad = pi/180;

typedef double TransformationMatrix[3][4];

typedef double Vector[3];
typedef double Plane[4];
/*
class polyCurve {

public:
double a0,a1,a2,a3;
int order;
double calcPoly(double Yi);
Boolean Intersection(polyCurve B,Point *P);

};
*/

/* Vector procedures and functions */
void makeLine(double A1, double A2, double B1, double B2, double *a, double *b, double
*c);

double distBetweenPointAndLine(double P1, double P2, double a, double b, double c);

void IntersectionBetweenLines(double a1, double b1, double c1, double a2, double b2,
double c2, double *P1, double *P2);

void makePlane(Vector V1, Vector V2, Point P, double *PL);

double distBetweenPointAndPlane(Plane Pl, Point P);

double dot(Vector A, Vector B);

double distance(Point *P1, Point *P2);

double vectorLength(Vector V);

double AngleBetweenVectors(Vector V1, Vector V2);

void cross(Vector A,Vector B,double * const C);

int unitVector(Vector A, double * const e);
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void makeVector(Point P1,Point P2, double * const V);

/* TransformationMatrix procedures */

void Invers(TransformationMatrix Txu,double * const Tux);

void matrixProd(TransformationMatrix T1,
TransformationMatrix T2,
double * const res);

void pointTransformation(TransformationMatrix T,Point P1,double * const P2);

void vectorTransformation(TransformationMatrix R,Vector A,double * const B);

double sqr(double X);

/*
void transformABCToTransMatrix(Point P,

double A,double B,double C,
TransformationMatrix &Tt);

void transformTransmatrixToABC(TransformationMatrix Tt,
double &A, double &B, double &C);

*/
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Experiments

This appendix shows the documentation of experiments described in chapter
7. The type of base material and dimensions, filler material and wire
thickness, protection gas, and plasma control gas were the same for all
experiments.

The base material was:

Thickness of workpieces was 10 mm for both workpieces in the joint.

Filler material was: ok autrod 12.51.

Thickness of filler wire was 1.0 mm.

Type of protection gas and plasma control gas were Helium.
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Experiment ID:
6B5

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           4.5 mm
Penetration depth:     7.1 mm
Notch size:                 0.2 mm
Curve length:             50 mm

Section B:
Binding depth:           5.1 mm
Penetration depth:     8.0 mm
Notch size:                 0.3 mm
Curve length:            180 mm

Section C:
Binding depth:           4.5 mm
Penetration depth:     7.7 mm
Notch size:                  0.3 mm
Curve length:            250  mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.6 kW

Binding depth:
4.7 mm (average)

Penetration depth:
7.6 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
6

Surface cracks except start/end:
Yes

Measured Gap:

Remarks:

Normal conditions

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



Appendix D: Experiments D.3

Experiment ID:
6B6

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           5.1 mm
Penetration depth:     7.2 mm
Notch size:                 0.3 mm
Curve length:           180  mm

Section B:
Binding depth:           5.2 mm
Penetration depth:     7.3 mm
Notch size:                 0.2 mm
Curve length:            280 mm

Section C:
Binding depth:           4.6 mm
Penetration depth:     7.3 mm
Notch size:                 0.2 mm
Curve length:           360  mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.6 kW

Binding depth:
5.0 mm (average)

Penetration depth:
7.3 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
6

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Normal conditions

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



D.4 Appendix D: Experiments

Experiment ID:
6B7

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           5.1 mm
Penetration depth:     7.4 mm
Notch size:                 0.2 mm
Curve length:            100 mm

Section B:
Binding depth:           5.0 mm
Penetration depth:     6.9 mm
Notch size:                 0.3 mm
Curve length:            230 mm

Section C:
Binding depth:           4.2 mm
Penetration depth:     7.4 mm
Notch size:                 0.1 mm
Curve length:           380  mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 kW

Binding depth:
4.8 mm (average)

Penetration depth:
7.2 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
6

Surface cracks except start/end:
Yes

Measured Gap:

Remarks:

Normal conditions

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



Appendix D: Experiments D.5

Experiment ID:
6B8

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           5.4 mm
Penetration depth:     7.8 mm
Notch size:                 0.3 mm
Curve length:            130 mm

Section B:
Binding depth:          5.2  mm
Penetration depth:    8.1  mm
Notch size:                 0.2 mm
Curve length:            270 mm

Section C:
Binding depth:           5.5 mm
Penetration depth:     7.7 mm
Notch size:                 0.2 mm
Curve length:            380 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 kW

Binding depth:
5.4 mm (average)

Penetration depth:
7.9 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
6

Surface cracks except start/end:
Yes

Measured Gap:

Remarks:

Normal conditions

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



D.6 Appendix D: Experiments

Experiment ID:
6B10

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           6.2 mm
Penetration depth:     8.0 mm
Notch size:                 0.7 mm
Curve length:            110 mm

Section B:
Binding depth:           6.8 mm
Penetration depth:     9.5 mm
Notch size:                 0.5 mm
Curve length:            200 mm

Section C:
Binding depth:           3.0 mm
Penetration depth:    3.7 mm
Notch size:                 0.2 mm
Curve length:            360 mm

Intentional size of gap:
0.5 mm

Laser Power at weld scene:
7.5 Kw

Binding depth:
6.5 mm (average)

Penetration depth:
8.8 mm (average)

Notch size:
0.6 mm (average)

Stiffener from profile number:
6

Surface cracks except start/end:
No

Measured Gap:

Remarks:
Experiment with gap size 0.5 mm.

Section 6B10C is not considered in the interpretation of experiments, because it is regarded as a
result of equipment drop-out.

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900
0.9 1,1 700 1650



Appendix D: Experiments D.7

Experiment ID:
71E1

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
0 l/min

Section A:
Binding depth:           5.0 mm
Penetration depth:     7.3 mm
Notch size:                 0.3 mm
Curve length:            230 mm

Section B:
Binding depth:           4.9 mm
Penetration depth:     7.8 mm
Notch size:                 0.3 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 Kw

Binding depth:
4.9 mm (average)

Penetration depth:
7.6 mm (average)

Notch size:
0.3 mm (average)

Stiffener from profile number:
2

Surface cracks except start/end:
?

Measured Gap:

Remarks:

Plasma control gas flow is set to zero

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



D.8 Appendix D: Experiments

Experiment ID:
71E2

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
16 l/min

Section A:
Binding depth:           4.7 mm
Penetration depth:     8.1 mm
Notch size:                 0.1 mm
Curve length:            230 mm

Section B:
Binding depth:           4.4 mm
Penetration depth:     8.6 mm
Notch size:                 0.2 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 kW

Binding depth:
4.6 mm (average)

Penetration depth:
8.3 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
2

Surface cracks except start/end:
?

Measured Gap:

Remarks:

Plasma control gas flow is increased

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



Appendix D: Experiments D.9

Experiment ID:
71E3

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
29 l/min

Section A:
Binding depth:           5.0 mm
Penetration depth:     8.2 mm
Notch size:                 0.2 mm
Curve length:            230 mm

Section B:
Binding depth:           4.5 mm
Penetration depth:     9.2 mm
Notch size:                 0.2 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 kW

Binding depth:
4.7 mm (average)

Penetration depth:
8.7 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
2

Surface cracks except start/end:
?

Measured Gap:

Remarks:

Plasma control gas flow is increased

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



D.10 Appendix D: Experiments

Experiment ID:
72B1

Corner radius:
2.5 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:          5.2  mm
Penetration depth:     7.2 mm
Notch size:                 0.5 mm
Curve length:            230 mm

Section B:
Binding depth:           5.0 mm
Penetration depth:     7.6 mm
Notch size:                 0.5 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.45 kW

Binding depth:
5.1 mm (average)

Penetration depth:
7.4 mm (average)

Notch size:
0.5 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
Yes

Measured Gap:

Remarks:

Corner radius increased and measured gap overwritten by 0.0 mm in the system

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



Appendix D: Experiments D.11

Experiment ID:
72B2

Corner radius:
2.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           4.8 mm
Penetration depth:     7.4 mm
Notch size:                 0.5 mm
Curve length:            230 mm

Section B:
Binding depth:           4.7 mm
Penetration depth:     8.1 mm
Notch size:                 0.4 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 kW

Binding depth:
4.7 mm (average)

Penetration depth:
7.7 mm (average)

Notch size:
0.5 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:
Corner radius increased and measured gap overwritten by 0.0 mm in the system

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



D.12 Appendix D: Experiments

Experiment ID:
72B3

Corner radius:
1.5 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           4.3 mm
Penetration depth:     5.7 mm
Notch size:                 0.1 mm
Curve length:            230 mm

Section B:
Binding depth:           4.6 mm
Penetration depth:     6.5 mm
Notch size:                 0.5 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.45 kW

Binding depth:
4.5 mm (average)

Penetration depth:
6.1 mm (average)

Notch size:
0.3 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Corner radius increased and measured gap overwritten by 0.0 mm in the system

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



Appendix D: Experiments D.13

Experiment ID:
72B4

Corner radius:
1.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           4.4 mm
Penetration depth:     7.2 mm
Notch size:                 0.2 mm
Curve length:            280 mm

Section B:
Binding depth:           4.5 mm
Penetration depth:     7.2 mm
Notch size:                 0.2 mm
Curve length:            250 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.45 kW

Binding depth:
4.5 mm (average)

Penetration depth:
7.2 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Corner radius increased and measured gap overwritten by 0.0 mm in the system

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



D.14 Appendix D: Experiments

Experiment ID:
73B1

Corner radius:
2.5 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           6.5 mm
Penetration depth:     7.1 mm
Notch size:                 0.4 mm
Curve length:            230 mm

Section B:
Binding depth:           7.1 mm
Penetration depth:     8.0 mm
Notch size:                 0.5 mm
Curve length:            230 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 kW

Binding depth:
6.8 mm (average)

Penetration depth:
7.6 mm (average)

Notch size:
0.5 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Corner radius increased – The introduced error in the gap measurement is not compensated for

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



Appendix D: Experiments D.15

Experiment ID:
73B2

Corner radius:
2.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           6.4 mm
Penetration depth:     8.6 mm
Notch size:                 0.2 mm
Curve length:            230 mm

Section B:
Binding depth:           6.0 mm
Penetration depth:     8.3 mm
Notch size:                 0.4 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 kW

Binding depth:
6.2 mm (average)

Penetration depth:
8.4 mm (average)

Notch size:
0.3 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Corner radius increased – The introduced error in the gap measurement is not compensated for

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



D.16 Appendix D: Experiments

Experiment ID:
73B3

Corner radius:
1.5 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           5.7  mm
Penetration depth:     7.3 mm
Notch size:                 0.4 mm
Curve length:            230 mm

Section B:
Binding depth:           5.4 mm
Penetration depth:     7.2 mm
Notch size:                 0.3 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.45 kW

Binding depth:
5.6 mm (average)

Penetration depth:
7.2 mm (average)

Notch size:
0.4 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Corner radius increased – The introduced error in the gap measurement is not compensated for

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650



Appendix D: Experiments D.17

Experiment ID:
73B4

Corner radius:
1.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           5.5 mm
Penetration depth:     8.1 mm
Notch size:                 0.4 mm
Curve length:            230 mm

Section B:
Binding depth:           5.1 mm
Penetration depth:     6.4 mm
Notch size:                 0.2 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 kW

Binding depth:
5.3 mm (average)

Penetration depth:
7.3 mm (average)

Notch size:
0.3 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Corner radius increased – The introduced error in the gap measurement is not compensated for

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900
0.9 1,1 700 1650



D.18 Appendix D: Experiments

Experiment ID:
73C1

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           4.1 mm
Penetration depth:     7.7mm
Notch size:                 0.2 mm
Curve length:            230 mm

Section B:
Binding depth:           4.3 mm
Penetration depth:     6.8 mm
Notch size:                 0.2 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 kW

Binding depth:
4.2 mm (average)

Penetration depth:
7.2 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:

Measured Gap:

Remarks:

Displacement is decreased

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 -0,1 900 400
0.3 0,2 750 500
0.6 0,4 750 900

0.9 0,8 700 1650



Appendix D: Experiments D.19

Experiment ID:
73C2

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           5.2 mm
Penetration depth:     7.2 mm
Notch size:                 0.3 mm
Curve length:            420 mm

Section B:
Binding depth:           5.4 mm
Penetration depth:     7.5 mm
Notch size:                 0.4 mm
Curve length:            390 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.6 kW

Binding depth:
5.3 mm (average)

Penetration depth:
7.3 mm (average)

Notch size:
0.4 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Displacement is increased

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,5 675 600
0.3 0,8 563 750
0.6 1,0 563 1350

0.9 1,4 525 2475



D.20 Appendix D: Experiments

Experiment ID:
73C3

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           6.0 mm
Penetration depth:     8.0 mm
Notch size:                 0.3 mm
Curve length:            200 mm

Section B:
Binding depth:           5.1 mm
Penetration depth:     6.4 mm
Notch size:                 0.1 mm
Curve length:            230 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.6 kW

Binding depth:
5.6 mm (average)

Penetration depth:
7.2 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Displacement is increased

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,7 675 600
0.3 1,0 563 750
0.6 1,2 563 1350

0.9 1,5 525 2475



Appendix D: Experiments D.21

Experiment ID:
73E1

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           4.9 mm
Penetration depth:     7.7 mm
Notch size:                 0.3 mm
Curve length:            260  mm

Section B:
Binding depth:           5.0 mm
Penetration depth:     7.6 mm
Notch size:                 0.4 mm
Curve length:            230 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
6.1 kW

Binding depth:
4.9 mm (average)

Penetration depth:
7.7 mm (average)

Notch size:
0.4 mm (average)

Stiffener from profile number:
6

Surface cracks except start/end:
Yes

Measured Gap:

Remarks:

Laser Power is decreased

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650
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Experiment ID:
73E2

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           5.5 mm
Penetration depth:     7.3 mm
Notch size:                 0.4 mm
Curve length:            360 mm

Section B:
Binding depth:           5.2 mm
Penetration depth:     7.8 mm
Notch size:                 0.3 mm
Curve length:            330 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
6.9 kW

Binding depth:
5.3 mm (average)

Penetration depth:
7.5 mm (average)

Notch size:
0.3 mm (average)

Stiffener from profile number:
6

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Laser Power is decreased

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650
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Experiment ID:
73E3

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           6.0 mm
Penetration depth:     7.5 mm
Notch size:                 0.3 mm
Curve length:            130 mm

Section B:
Binding depth:           5.8 mm
Penetration depth:     8.4 mm
Notch size:                 0.4 mm
Curve length:            100 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.9 kW

Binding depth:
5.9 mm (average)

Penetration depth:
7.9 mm (average)

Notch size:
0.3 mm (average)

Stiffener from profile number:
6

Surface cracks except start/end:
Yes

Measured Gap:

Remarks:

Laser Power is increased

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 400
0.3 0,5 750 500
0.6 0,7 750 900

0.9 1,1 700 1650
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Experiment ID:
73F1

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           5.3 mm
Penetration depth:     8.3 mm
Notch size:                 0.7 mm
Curve length:           230  mm

Section B:
Binding depth:           5.7 mm
Penetration depth:     9.3 mm
Notch size:                 0.3 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.45 kW

Binding depth:
5.5 mm (average)

Penetration depth:
8.8 mm (average)

Notch size:
0.5 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Speed is decreased 50%

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 450 400
0.3 0,5 375 500
0.6 0,7 375 900

0.9 1,1 350 1650
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Experiment ID:
73F5

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:            4.3 mm
Penetration depth:     6.2 mm
Notch size:                 0.1 mm
Curve length:            230 mm

Section B:
Binding depth:           4.1 mm
Penetration depth:     6.0 mm
Notch size:                 0.2 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.45 kW

Binding depth:
4.2 mm (average)

Penetration depth:
6.1 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
6

Surface cracks except start/end:
Yes

Measured Gap:

Remarks:

Speed is increased 50%

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 1350 400
0.3 0,5 1125 500
0.6 0,7 1125 900

0.9 1,1 1050 1650
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Experiment ID:
73F6

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           4.6 mm
Penetration depth:     6.2 mm
Notch size:                 0.1 mm
Curve length:            330 mm

Section B:
Binding depth:           4.4 mm
Penetration depth:     5.5 mm
Notch size:                 0.3 mm
Curve length:            300 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 kW

Binding depth:
4.5 mm (average)

Penetration depth:
5.9 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
6

Surface cracks except start/end:
Yes

Measured Gap:

Remarks:

Speed is increased 25%

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 1125 400
0.3 0,5 938 500
0.6 0,7 938 900

0.9 1,1 875 1650
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Experiment ID:
73F7

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           4.9 mm
Penetration depth:     8.5 mm
Notch size:                 0.3 mm
Curve length:            230 mm

Section B:
Binding depth:           5.2 mm
Penetration depth:     8.4 mm
Notch size:                 0.2 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.5 kW

Binding depth:
5.1 mm (average)

Penetration depth:
8.4 mm (average)

Notch size:
0.3 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Speed is decreased 25%

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 675 400
0.3 0,5 563 500
0.6 0,7 563 900

0.9 1,1 525 1650
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Experiment ID:
73G1

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           4.3 mm
Penetration depth:     7.2 mm
Notch size:                 0.3 mm
Curve length:            230 mm

Section B:
Binding depth:           5.2 mm
Penetration depth:     7.9 mm
Notch size:                 0.3 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.45 kW

Binding depth:
4.7 mm (average)

Penetration depth:
7.6 mm (average)

Notch size:
0.3 mm (average)

Stiffener from profile number:
3

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Wire feed rate set to zero

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 0
0.3 0,5 750 0
0.6 0,7 750 0

0.9 1,1 700 0
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Experiment ID:
73G2

Corner radius:
0.0 mm

Work angle of laser beam:
19°

Travel angle of laser beam:
0°

Defocus length:
-15 mm

Work angle of wire and plasma gas:
45°

Travel angle of wire and plasma gas:
23°

Protection gas flow rate:
86 l/min

Plasma control gas flow rate:
6 l/min

Section A:
Binding depth:           4.3 mm
Penetration depth:     7.3 mm
Notch size:                 0.2 mm
Curve length:            230 mm

Section B:
Binding depth:           5.1 mm
Penetration depth:     7.5 mm
Notch size:                 0.3 mm
Curve length:            200 mm

Intentional size of gap:
0.0 mm

Laser Power at weld scene:
7.45 kW

Binding depth:
4.7 mm (average)

Penetration depth:
7.4 mm (average)

Notch size:
0.2 mm (average)

Stiffener from profile number:
2

Surface cracks except start/end:
No

Measured Gap:

Remarks:

Wire feed rate is increased 50%

Inverse Process Model Welding Control variables
Gap [mm] Displace-

ment [mm]
Speed

[mm/min]
Wire Feed

Rate [mm/min]
0.0 0,2 900 600
0.3 0,5 750 750
0.6 0,7 750 1350

0.9 1,1 700 2475
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Appendix E

Introduction to Laser Welding
This appendix includes a report, which was written in the beginning of the
present Ph.D. work. It gives a very basic introduction to laser technology
and to the laser welding process.



Annex A

Manual for Sensor Based
Laser Welding System
This annex is a manual for operators using the implemented laser welding
system in the laser processing cell at Odense Steel Shipyard. The manual is
written in Danish language.
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Annex A: Manual for Sensor Based Laser Welding System A.3
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Annex A: Manual for Sensor Based Laser Welding System A.5
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Annex A: Manual for Sensor Based Laser Welding System A.7
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Annex A: Manual for Sensor Based Laser Welding System A.9
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Annex A: Manual for Sensor Based Laser Welding System A.11
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Annex B

Material Specifications
This annex is a copy of the material Specifications for Steel plates used for
the procedure tests of the approved inverse process model. The same type of
material was used for the experiments presented in chapter 7.

The specification from the Danish steel mill ‘Det Danske Stålvalseværk’ is
on the metal sheets used for the deck plates, or for workpiece 2 in the
experiments.

The specification from fundia is on the steel profiles used as stiffeners or as
workpiece 1 in the experiments presented in chapter 7.
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Annex B: Material Specifications B.3



B.4 Annex B: Material Specifications



Annex C

Approved Procedure Test
This Annex includes a copy of the approved procedure test for utilising the
inverse process model for welding flange joints with a gap of maximum 0.5
mm. The procedure test was approved by the classification societies
American Bureau of Shipping (ABS) and Lloyds Register of Shipping. The
approval is signed on page 4 in this annex.
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Annex C: Approved Procedure Test C.3
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Annex C: Approved Procedure Test C.7
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Annex C: Approved Procedure Test C.9
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Annex C: Approved Procedure Test C.11
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Annex C: Approved Procedure Test C.13
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Annex D

Results of Magnetic Powder Inspection

This Annex comprises the test report from the Force Institutes regarding
magnetic powder inspection of the test pieces, which were welded for the
experimental part of the present work.
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Annex D: Results of Magnetic Powder Inspection D.3
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Annex D: Results of Magnetic Powder Inspection D.5
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Annex D: Results of Magnetic Powder Inspection D.7
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Annex D: Results of Magnetic Powder Inspection D.9



D.10 Annex B: Results of Magnetic Powder Inspection



Annex D: Results of Magnetic Powder Inspection D.11



D.12 Annex B: Results of Magnetic Powder Inspection


