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ABSTRACT

ACTIVE COMPLIANCE CONTROL STRUCTURE DESIGN FOR A
ROBOTIC-GRINDING MACHINE

Abdiilhamit DONDER
M.Sc., Department of Mechanical Engineering
Supervisor: Assoc. Prof. Dr. E. IThan KONUKSEVEN

September 2017, 115 Pages

Grinding operation has an advantage of precise form shaping in machining processes.
However, if the surface profile is not known before the machining process, it is hard
to obtain an accurate surface profile using a grinding operation. In this work, a novel
method to compensate the form shaping errors in grinding operations due to the lack
of a priori knowledge of the surface profile will be presented. Grinding operation on a
workpiece with an unknown surface profile is aimed. Compliance force control is
implemented by means of admittance control in two degrees of freedom using a piezo
actuator and a hexapod parallel manipulator. The desired force interaction between the
tool and the workpiece was achieved by imposing an offset from the preset depth of
cut. Additionally, tool deflection due to the grinding forces of the robotic grinding
setup is taken into consideration. The deflections are computed from the grinding
forces in real time and the compensation is performed by the hexapod robot in six
degrees of freedom. Based on the literature review, this is the first study in which
grinding on a workpiece with an unknown surface profile was performed while tool
deflection due to the grinding forces was compensated. Two different control
algorithms namely PID control and Active Disturbance Rejection Control were tested

on a robotic grinding setup and the experiment results are discussed.



Keywords: Robotic Grinding; Active Compliance Control; Force Control,
Admittance Control; Piezo Actuator; Precision Machining; Negative Compensation;
PID; Angle Compensation; Tool Deflection; ADRC
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0z

ROBOTIK-TASLAMA MAKINESI ICIN AKTIiF UYUM KONTROLCU
TASARIMI

Abdiilhamit DONDER
Yiiksek Lisans, Makine Miihendisligi Boliimii
Tez yéneticisi: Dog. Dr. E. Ilhan KONUKSEVEN

Eyliil 2017, 115 Sayfa

Taslama islemi hassas yiizey elde etme amaciyla yapilan bir talagli imalat yontemidir.
Yiizey formunun 6nceden bilinmedigi durumlarda taglama islemi ile hassas yiizey elde
etmek robotik taglama icin zor bir siiregtir. Bu ¢alismada, yiizey formunun 6nceden
bilinmemesinden dolay1 olusan form sekillendirme hatalarinin aktif uyum
kontrolciileri ile telafi yontemleri lizerinde durulmus, sekli bilinmeyen bir is
pargasinin robot tarafindan 6zgiin bir yontem ile taslanabilmesi hedeflenmistir.
Kuvvet uyum kontrolii; bir tanesi yiiksek frekansta hareket edebilen piezo eyleyici,
digeri hekzapod robot ile kontrol edilen 2 serbestlik derecesindeki kontrolcii ile
saglanmistir. Ek olarak, taslama kuvvetlerinden dolay1 olusan kesici takim sehimi ve
acis1 da dikkate alinmigtir. Olusan sehim ve ag1 farki gergek zamanlh olarak kuvvet
geribeslemesi ile hesaplanip, 6 serbestlik derecesine sahip hekzapod robot ile
kompanzasyon saglanmistir. Yapilan literatiir taramasma gore, bu c¢alisma, aci
kompanzasyonu uygulanirken sekli bilinmeyen bir numunenin taglama isleminin
gerceklestirildigi ilk ¢alismadir. PID ve aktif bozucu giris engelleme kontrolciisii
olmak tizere iki farkli kontrolcli denenmis, robotik taslama diizeneginde yapilan

deneyler ve sonugclar iizerindeki tartisma sunulmustur.

vii



Anahtar Kelimeler: Robotik Taslama; Aktif Uyum Kontrolii; Kuvvet Kontrolii;
Admitans Kontrol, Piezo Eyleyici; Hassas Isleme; Negatif Kompanzasyon; PID; A1

Kompanzasyonu; Takim egilmesi; ADRC

viii



To my parents
and my brother






ACKNOWLEDGEMENTS

First of all, I would like to express my sincere appreciation to my supervisor Assoc.
Prof. Dr. E. Ilhan Konukseven for his invaluable guidance, advice, and criticism and

especially his extreme support that made this study possible.

I am thankful to Prof. Dr. Mehmet Caliskan and Asst. Prof. Dr. Kutluk Bilge Arikan

for their valuable guidance and inspiring comments.

I would like to express my thanks to my dear friends and colleagues Kemal A¢ikgoz,
Payam Parvizi, Masoud Latifi-Navid, Omer Okumus, Musab Cagr1 Ugurlu and Ugur
Mengilli for their friendship and technical support throughout the thesis period.

I am grateful to my lovely family for their support, love and encouragement through

all my life.

Last, but not least, | thank the Scientific and Technological Research Council of
Turkey (TUBITAK) for their financial support:

- 2211 Yurt I¢i Lisansiistii Burs Programu.

- Bilimsel ve Teknolojik Arastirma Projelerini Destekleme Program: — 114E274

Xi



xii



TABLE OF CONTENTS

ABSTRACT ettt b e b et b et b e nr e e e Y

OZ. e, vii

ACKNOWLEDGEMENTS ...ttt XI

TABLE OF CONTENTS ..o XIil

LIST OF TABLES ... oot et XVi

LIST OF FIGURES ...ttt e XVii

NOMENCLATURE. ...ttt siee s XX
CHAPTERS

1. INTRODUCTION ..ottt 1

1.1 Automated Grinding SYStEMS .......ccveiveieiicse e 2

1.2 IMOEIVALION ...ttt 2

1.3 Grinding ProCess FOICES .......cviieiiririerie et 3

1.4 Force Control in Robotic Grinding ..........ccoovvvvieieiineeeseeseeeeees 5

1.5 Machine tool stiffness: Tool deflection compensation ..............ccccvevennene. 6

1.6 CBN TOOIS ..o 8

1.7 Organization 0Of the TNESIS .......c.coviiiiiiiirie s 9

2. LITERATURE SURVEY ...ttt s 11

2.1 Force Control in Grinding Operations ..........c.coovereereneneneneseseeeeeens 11

2.2 Piezo actuators in machining .......cccccvevieeiieiie e 14

2.3 Passive Compliant TOOIS........ccoveiiiiiiiiieceece e 15

Xiii



2.4 Hybrid Force / Velocity Control ... 17

2.5 Tool Deflection COMPENSALION.........c.coviiiiiiiiieieieiee e 18
3. EXPERIMENTAL SETUP ..o 21
3.1 Overview Of the SELUP ....ccvviveiiccc e 21
3.1.1 PIEZO ACIUALON .....cuiviieieeititeieis e 23
3.1.2 Hexapod (Parallel Manipulator)...........ccccovvvieiveieiie e, 26

B L3 SPINAIE .o 27
3.1.4 Multi AXis FOrce/TOrquUE SENSOF........c.ccveiueiieieeireceeseesie e, 28
3.1.5 The Control SOFtWAre...........ccceiiiieiiiree e 29

3.2 MEASUIEMENT SETUPD.....eiiiiiiiiiiieeiirieesire et e e et e et e e e e snnee e 29

4. TWO DEGREE OF FREEDOM HYBRID VELOCITY FORCE

CONTROL STRUCTURE ..ottt 33
4.1 PID CONIOIEI......ciiiiiiiiieeee s 38
4.2 Active Disturbance Rejection Controller (ADRC)........ccocovvviviinieienn, 39

5. MODELLING AND OPTIMIZATION OF CONTROLLER

PARAMETERS. ... .. 43
5.1 System Identification of the Piezo Actuator............ccccceevevvevrcieiieennenn, 43
5.2 0Verall Model .........coooiiiiiiiiie e 44
5.3 Optimization of Controller Parameters by Genetic Algorithm............... 49

6. MACHINE — TOOL STIFFNESS: ORIENTATION COMPENSATION..51

6.1 Calculation of displacement and orientation errors from force feedback:
Double integration Method ...........cccoiiiiiiiiiii s 51

6.2 Kinematic Calculations for the movements with respect to the tool tip. 55
7. EXPERIMENTAL PROCEDURE........ccccoiiiiiiiicce e 59

7.1 Experiment with PID controller..........cccocoviieiii i 60

Xiv



7.2 Experiment With ADRC ..ot 64

7.3 Contour Tracking EXPeriment ..o 65

8. RESULTS OF THE EXPERIMENTS .....cooiiiii e 67

8.1 Experiment with PID controller, FN = 7.5 N .....cccccoviiiiiecceece e, 67

8.2 Experiment with PID controller, FN = 10N ......ccccoviviiiiiiececeece e, 72

8.3 Experiment with ADRC, FN = 7.5 N ..o 76

8.4 Contour Tracking Experiment, FN = 1T N.......cccooeiiiiieiiecece e 80

9. CONCLUSION AND FUTURE WORK ......ccoiiiieieiie e 81

9.1 CONCIUSION ... 81

9.2 FULUIE WOTK ...ttt 81

REFERENGES...... ..ottt bbbt 83
APPENDICES

AL SPECIFICATIONS ... 89

B. MATLAB CODE OF SPINDLE CONTROLLER.......ccccciiiiiiiiiiiee, 93

C. USER GUIDE FOR DEVELOPED HEXAPOD GRAPHICAL USER
INTERFACE ... s 96

D. MATLAB CODE OF HEXAPOD CONTROLLER.........cccccoviiiiiiiiiennen, 99

XV



LIST OF TABLES

Table 1 - Angles of the fit lines in Figure 52 (PID FN=7.5N) .......ccccccvvviriviirieennnn, 71
Table 2 - Angles of the fit lines in Figure 52 (PID FN=10N) ........ccccccvvivrrvnrrnennnnn. 75
Table 3 - Angles of the fit lines in Figure 52 (ADRC FNn=7.5N).......cccccceecvrrrriurnunn. 79
Table 4 - PI Company piezo actuator specifications .[65]........c.cccccveveviverviiieieennnnn, 89
Table 5 - PI Company Hexapod parallel manipulator specifications.[65]................. 90

Table 6 - Multi-axis force/torque sensor specifications (ATI Gamma IP60) .[65] ...91
Table 7 - Spindle SPeCITICALIONS .......cc.ccueiiieieiiereee e 92

XVi



LIST OF FIGURES

Figure 1 - lllustration of the grinding operation on a flat surface.............cccccceevinenen. 4
Figure 2 - lllustration of the grinding operation on a curvy surface...........c.ccecveeenens 4
Figure 3 - Linear motion with applied force control[5] ........ccccoooviiniiiiiiiiicee, 5
Figure 4 - lllustration of the deformation of a grinding tool.............cccccevevieiniennn, 7
Figure 5 - Cylindrical CBN t0O0IS [13] ....eoiveiiiieiicie e 8
Figure 6 - Grinding SYStEM [7]......coiveiiiieiieee e 12
Figure 7 - Grinding SYSTEM [L7].....ccoiiiiiiiieieieee s 12
Figure 8 - Schematic construction of the precise alignment system [27] .................. 14

Figure 9 - Schematic design of the chuck-pallet system with active vibration control

BIEMENES [28] ... it e e 15
Figure 10 - ATI’s deburring tool family[32]......ccccceiiiiriiininieee e 16
Figure 11 - Axial Compliant tool head [30]......ccccoviiiiriiiiieee s 16
Figure 12 - Robot in contact with a wooden object [34] .......cccoovveviiieviiceccceee, 17
Figure 13 - Overall appearance of the experimental Setup .........cccccceeviveviiiieieenenn, 21
Figure 14 - Coordinate SYSTEIM .........cciiiiiiiiieieriese e 22
Figure 15 - P-602 Piezo-Move flexure-guided piezo actuator............c.ccocvvvvvvnnenne 23
Figure 16 - Connection scheme of the piezo actuator............cccoceeveeievecie e s, 24
Figure 17 - Designed printed circuit board ............cccooveiieiiciccieseeeceee e, 25
Figure 18 - SIMULINK Schema for step inputs to Piezo Actuator.............cccceeveunee. 25
Figure 19 - 0.3, 0.6 and 0.9 mm step input responses of Piezo Actuator .................. 26
Figure 20 - Hexapod H-824 from P1 Company [48].......cccccoveveiieiiiie e, 27
Figure 21 - Frequency converter (left) and the spindle (right) from BMR Company

A0 ettt re s 27
Figure 22 - Developed SIMULINK Model for controlling the Spindle..................... 28
Figure 23 - ATI Gamma F/T SENSOr [29] ...ccvvviieeiiiiie e 29
Figure 24 - Devices and Connection ProtoCols............ccocevvveiiiiiiciie e 30

Xvii



Figure 25 - Appearance of the measurement SEtUP............coovevvrireinineiceine e 31

Figure 26 - KEYENCE LK-H027 Laser Measurement Device [50]......c.cccccccvevennenn 31
Figure 27 — The eccentricity between tool and the sensor (Modified from [23])......35
Figure 28 - Functional Diagram of a PID Control Loop [53].....ccccooervrineniniiienen, 38
Figure 29 - ADRC TOPOIOGY [S4] ..c.veiverieiiiieieieierie e 41
Figure 30 - y(t)=A+B sin(Ct+D) -- C is frequency(rad/sec) W=27f...........cccccvrrururen 45
Figure 31 - PID Controller Model ..., 46
Figure 32 - Active Disturbance Rejection Controller Model.............cccccocevveiiinennn. 47
Figure 33 - Model of the Plant ...........cov e 48
Figure 34 - Grinding animation ...........ccoeriiiiieiene e 49
Figure 35 - Tool deflection due to the grinding force (P).......ccccooeveiiiiiiiinieienee, 51
Figure 36 - The tool modeled as a cantilever rod .............cccocveveiieeiii v 52
FIQUIE 37 = CULTOOL......ciiiee ettt are s 52

Figure 38 - Illustration of tool deflection and reference frames for kinematic
(071 [o1 W] = ] OSSR 55

Figure 39 - Rotated hexapod (Note that the tool surface is parallel to the workpiece

UL 7101 USROS 58
FIQUIE 40 - SAMPIE......eiiiiieiieiee bbb 60
Figure 41 - Used SIMULINK Model for PID Control ...........cccccoeveiiiiiiniiineenen, 60
Figure 42 - Plant SIMULINK MOdEL..........c.ccoveiiiieiicccc e 61
Figure 43 - Hexapod Orientation Compensation SIMULINK Model........................ 62
Figure 44 - Used SIMULINK Model for ADRC..........ccoviiiiiiiieee e, 63
Figure 45 - Local Normal Force (PID FN=7.5N) ......cccccoriiiniiiiieiec e, 67
Figure 46 - Piezo Actuator Movements (PID FN=7.5N) ......c.cccccooiiveviiieiieiecien, 68
Figure 47 - Piezo Actuator Velocity (PID FN=7.5N).......cccccoveiiiiiiiicieicceee e, 68
Figure 48 - Hexapod Velocity (PID FN=7.5N) .....cccooiiiiiiiiiieec e, 69
Figure 49 - Hexapod angle variation around X direction (PID Fn=7.5N)................. 69
Figure 50 - Hexapod angle variation around Y direction (PID Fn=7.5N)................. 70

Figure 51 - Surface forms before and after grinding operation. The measurement is
taken from the mid-section of the workpiece (PID FNn=7.5N) ........cccccocervrivriinivnrnnnn. 70

XViil


file:///C:/Users/Abdulhamit/Dropbox/Deburring/Papers/Tez/Son/Son/Son%20Deney%207.5%20N/Son/Ulaş%20hoca%20düzeltmelerden%20sonra/Yiğit%20Taşçıoğlu%20düzeltmelerden%20sonra/enstitü%20düzeltmelerinden%20sonra/ilhan%20hoca%20düzeltmelerden%20sonra/Thesis_AbdulhamitDonder.docx%23_Toc493189072
file:///C:/Users/Abdulhamit/Dropbox/Deburring/Papers/Tez/Son/Son/Son%20Deney%207.5%20N/Son/Ulaş%20hoca%20düzeltmelerden%20sonra/Yiğit%20Taşçıoğlu%20düzeltmelerden%20sonra/enstitü%20düzeltmelerinden%20sonra/ilhan%20hoca%20düzeltmelerden%20sonra/Thesis_AbdulhamitDonder.docx%23_Toc493189073
file:///C:/Users/Abdulhamit/Dropbox/Deburring/Papers/Tez/Son/Son/Son%20Deney%207.5%20N/Son/Ulaş%20hoca%20düzeltmelerden%20sonra/Yiğit%20Taşçıoğlu%20düzeltmelerden%20sonra/enstitü%20düzeltmelerinden%20sonra/ilhan%20hoca%20düzeltmelerden%20sonra/Thesis_AbdulhamitDonder.docx%23_Toc493189082
file:///C:/Users/Abdulhamit/Dropbox/Deburring/Papers/Tez/Son/Son/Son%20Deney%207.5%20N/Son/Ulaş%20hoca%20düzeltmelerden%20sonra/Yiğit%20Taşçıoğlu%20düzeltmelerden%20sonra/enstitü%20düzeltmelerinden%20sonra/ilhan%20hoca%20düzeltmelerden%20sonra/Thesis_AbdulhamitDonder.docx%23_Toc493189084

Figure 52 - Ground WOIKPIECE .......c..oiuiiiiiiieecee e 71

Figure 53 - Vertical scanning (z direction) of the sample surface form (PID

FNZ7.5N) ettt r et b r et e reans 72
Figure 54 - Local Normal Force (PID FN=10N) .....cooviiiiieiieienieneee e 73
Figure 55 - Piezo Actuator Movements (PI1D FN=10N).......cccceveeriininrienneniieseeneenn, 73
Figure 56 - Hexapod angle variation around X direction (PID Fn=10N).................. 74
Figure 57 - Hexapod angle variation around Y direction (PID Fn=10N).................. 74
Figure 58 - Surface forms before and after grinding operation. The measurement is
taken from the mid-section of the workpiece (PID FN=10N) .......ccc.cccevvrrvrirrvnrnrnnn 75
Figure 59 - Vertical scanning (z direction) of the sample surface form (PID Fn=10N)
.................................................................................................................................... 76
Figure 60 - Local Normal Force (ADRC FN=7.5N) .......cccceoviiiiiiiiiiie e, 76
Figure 61 - Piezo Actuator Movements (ADRC FN=7.5N) .......ccccccrervinininnirnirennen, 77
Figure 62 - Hexapod angle variation around X direction (ADRC Fn=7.5N) ............ 77
Figure 63 Hexapod angle variation around Y direction (ADRC Fn=7.5N)............... 78
Figure 64 Surface forms before and after grinding operation. The measurement is
taken from the mid-section of the workpiece (ADRC Fn=7.5N) ........cc.ccoovrvvrivrrnnnnn 78

Figure 65 - Vertical scanning (z direction) of the sample surface form (ADRC
FNZT.5N) ettt ettt e b e eerears 79
Figure 66 — Two surface profiles obtained from the same sample by 2 different
MEASUrEMENT METNOUS ........oiieie e 80
Figure 67 — Sampling time and calibration matrix callback .............cc.ccooninnn 96

Figure 68 - Controlling hexapod robot — Developed Graphical User Interface......... 98

XiX


file:///C:/Users/Abdulhamit/Dropbox/Deburring/Papers/Tez/Son/Son/Son%20Deney%207.5%20N/Son/Ulaş%20hoca%20düzeltmelerden%20sonra/Yiğit%20Taşçıoğlu%20düzeltmelerden%20sonra/enstitü%20düzeltmelerinden%20sonra/ilhan%20hoca%20düzeltmelerden%20sonra/Thesis_AbdulhamitDonder.docx%23_Toc493189108

ADRC
CAD
CBN
¢ @b)

DoF

e(t)
E
Fy By By By

Fint

fr

F/T Sensor

GUI

NOMENCLATURE

Active Disturbance Rejection Control
Computer Aided Design

Cubic Boron Nitride

Transformation matrix between reference frames a and b
Degree of Freedom

error

Gaussian noise

Modulus of elasticity

a,p, q, b reference frames

Interaction Force

Reference Force

Local tangential force

Local normal force

Reference normal force

Measured force in X direction
Measured force in Y direction
feedrate in tangential direction

Force Torque Sensor

Graphical User Interface

XX



A
ﬁ HexapodNew
ﬁdesiredTool
ly

K

L

M,

MZSpindle

md

P

PID

p(@)
Remm

RForward
mm

Ttool

T, 1y and 7,
T;

Tp

Transformation homogenous matrix for forward kinematics
Transformation homogenous matrix for new hexapod position
Desired transformation homogenous matrix for the tool
Moment of inertia with respect to Y axis

Proportional Gain

Tool length

Reaction moment between tool and the spindle

Measured moment around Z axis of the spindle

Moving Direction

Grinding interaction force

Proportional — Integral - Derivative

Reaction force in x direction between tool and spindle
Rotation matrix around x axis

Rotation matrix around y axis

Rotation matrix between the moving plate of the hexapod robot
and the spindle tip

Forward kinematics rotation matrix

Revolution per Minute

Radius of the cutting tool

Distances from moving plate of the hexapod to spindle tip
Integral Time Constant

Derivative Time Constant

XXi



TForward
u

i’
Viex
Von

e

a

B

Ay
Ax

ot

on

Tool forward kinematics translation
Controller Output

i" unit vector of reference frame x
Velocity of the hexapod

Velocity of the piezo actuator
Rotation angle around x axis

Level of significance

Rotation angle around y axis

Delay operator

Eccentricity of the force/torque sensor with respect to spindle axis
in Y direction

Eccentricity of the force/torque sensor with respect to spindle axis
in X direction

Tool deflection in tangential direction

Tool deflection in normal direction

XXii



CHAPTER 1

INTRODUCTION

Together with the occurrence of Industry 4.0 concept, the necessity for frequent
changes in the produced parts has started to change the structure of the manufacturing
systems. Due to the increased demand on customized products, the studies related to
adaptive machining centers have gained recognition for the last two decades. In
particular, machining of a work-piece with an unknown shape is one of the main
concern of modern-day researchers since significant part of the overall cost is allocated
for extracting computer aided design (CAD) models of the work-pieces and path

planning studies.

Even if the CAD model of the work-piece is available, most of the time, it is hard to
perform good calibration of the work-piece and the robot [1]. Additionally, due to the
finite stiffness of the robotic grinding systems, the angle of the tool is affected
according to the grinding forces. This is one of the major reasons for unqualified

surface finishes.

In this study, grinding of a work-piece with an unknown shape was investigated,
admittance control based active compliance controller was developed and
implemented on the robotic — grinding setup. For implementation purposes a piezo
actuator was added to the robotic grinding system. Tool angle compensation is also

implemented in real-time.

For control structure, two different methods namely proportional - integral — derivative
(PID) and active disturbance rejection control (ADRC) were utilized and compared.

The optimization of controller parameters was done by genetic algorithm. System



identification techniques were utilized in order to estimate the system model

parameters.
1.1 Automated Grinding Systems

Grinding operation is one of the most important processes in order to obtain smooth
surfaces. It is an abrasive machining process. However, in manual grinding, the quality
of the operation mostly depends on the skills of the operator. Therefore, automated

grinding systems have gained recognition in the last decades.

The developments in path planning algorithms and control systems paved the way for

robotic grinding systems.

CNC machining centers with high stiffness are commonly used in industry for
grinding purposes. Their disadvantage is relatively small working ranges and high
investment costs compared to industrial serial manipulators. However, the
disadvantage of industrial serial manipulators is that they have relatively low machine
stiffness correspondingly low accuracy[2]. Another kind of manipulator used in
robotic machining is parallel manipulators. Even though their precision characteristics
are better compared to serial manipulators, the limited working area they have is one

of the most important drawbacks of them.

The combination of parallel and serial manipulators in robotic grinding was first

proposed in [3]. This structure offers both high reachability and high precision.

In the last decade, with the advance of piezo-electric technology, piezo-actuators
started to be seen in some robotic grinding applications where high frequency and

precise movements are needed.
1.2 Motivation

Due to the difficuty of manual grinding operation, automated or robotized grinding

cells have started to be seen in the industry. Although even an unexperienced person



can learn how to perform grinding at a certain level very fast, the robotization of this

process is challenging.

In robotic - grinding, most of the robot control systems in industry require the work-
piece shape or end-effector path, which can be obtained by means of off-line
programming, CAD models etc.

One of the ways of reducing the task programming phase which covers the important
part of the overall cost is the bringing the robotic grinding system in capability to cope
with a work-piece with an unknown shape. The realization of this is significant

especially when frequent changes occur in production.

One of the places where frequent changes occur in production is water jet cutting
companies. Due to the nature of water jet, the cut surface is left as uneven. Therefore,
these porducts are machined in milling machines after cutting operation. Once the
materal is removed from water jet table, in order to put it on a milling table again,
calibration between the machine and the workpiece should be performed. However,
most of the time, perfect calibration cannot be reached in exchange for limited time.
With the proposed approach in this work, this calibration procedure is eliminated and,

most importantly, time which was spent unnecessarily will be saved.

Additionally, the burr locations are generally unknown after machining. For instance,
after moulding and milling, in order to remove the burrs, proposed approach in this

study, can be utilized as well.

1.3 Grinding process forces

As in the other machining applications, the generated force components in grinding
has one of the most important effects in terms of surface quality. These forces are

generally dependent on the quality of the cutting tool, the material of the work-piece,



spindle speed, depth of cut and feedrate. Additionally, the wear of the tool gradually

affects the process forces.

Asitisseenin Figure 1, the direction which is tangent to the surface is called tangential
direction, and the direction perpendicular to tangential direction is called the normal
direction. Therefore, grinding force in normal direction is called normal force,

similarly the force in tangential direction is called tangential force.

Tangential Direction Normal

t
Direction
n
NP VA AN e s LA A S Wit A A N o A WS AN = A A A

‘ Surface to be ground Work-piece

Figure 1 - lllustration of the grinding operation on a flat surface

In Figure 2 red circle represents the cutting tool, “md” is short for moving direction of

the tool. Tangential force is shown by F;, and the normal force is shown by F, .

Figure 2 - lllustration of the grinding operation on a curvy surface



1.4 Force Control in Robotic Grinding

When a compliant relative motion of the work-piece and the tool is desired, force

control is a kind of control strategy that can be encountered frequently.

The system is called a compliant system when the end effector trajectory is modified
based on online sensor information during the process [4]. In order to apply, for

instance, a constant normal force, an active compliant system is needed.

Figure 3 - Linear motion with applied force control[5]

Grinding interaction forces can affect the temperature distribution, tool wear,
efficiency, material removal, therefore controlling the grinding forces is one of the

ways of determining the machining quality.

One of the advantages of force control is that the force controlled robotic grinding
system can track the unknown surface by trying to keep the interaction force constant
(Figure 3). By doing so, grinding operation of a work-piece with an unknown shape
can be performed which can reduce the task programming phase that is the main

motivation of this thesis.



Another advantage of force controlled grinding is that it prevents the work-piece to be
ground with reduced material removal rate as wheel wear occurs [6]. In [7] it was
shown that the force control technique can reduce the average grinding force and
grinding force variation. Additionally, as stated in [8] force controlled grinding

requires less stringent calibration.

1.5 Machine tool stiffness: Tool deflection compensation

Grinding with constant normal force and constant tangential velocity is a well-known
approach for increasing the operation accuracy and getting constant depth of cut and
surface quality along work-piece. However, the mentioned approach is effective when
using universal grinding machines that are stiffer than CNC type machines and the
deflection of the tool and setup is negligible. In the case of robotic grinding, the
stiffness of the robot and setup is approximately 30 times lower than CNC type
grinding machines (this was concluded by comparing [9] and [10]). Consequently,
there are considerable tool and setup deflections which have significant effect on the
grinding forces. During grinding with CNC type machines when there is a flat work-
piece profile and if the grinding parameters (depth of cut, spindle speed and feedrate)
are constant, the grinding normal and tangential forces are expected to be constant
either. But in the robotic grinding due to lower stiffness and tool-setup deflection, the
grinding forces can show three different characteristics through the work-piece profile
even when the grinding parameters are constant and the work-piece has flat surface
profile. The mentioned three characteristics are classified in three regimes in [11]. In
the first regime the grinding forces remain almost constant because the tool is able to
cut the work-piece with set feedrate. In the second regime there is an almost linear
increase in grinding forces because the tool cannot cut the work-piece with set feedrate
and consequently tool deflection happens. In the third regime a transition between
regime 1 and regime 2 happens where small tool deflection occurs followed by

immediate compensation.



The mentioned difference between characteristics of the robotic grinding and CNC
type grinding shows the effect of tool deflection and setup stiffness on normal and
tangential forces behaviors. In grinding operation with force feedback, commonly the
force sensor is mounted behind the spindle or underneath the work-piece. If tool
deflection happens, an misalignment occurs between tool tip reference frame and the

force sensor reference frame as shown in Figure 4.

In this case the measured normal and tangential grinding forces by the sensor are not
grinding forces of the tool reference frame because of the mentioned misalignments.

That’s why in this study, compensation of these misalignment is considered as well.

Work-piece D

Figure 4 - Illustration of the deformation of a grinding tool



1.6 CBN Tools

CBN abrasive mounted bits (Figure 5) are frequently preferred in precision robotic

grinding due to the following properties they have:

e Excellent wear resistance

e Heat dissipation

e CBN tools do not require frequent dressing operation as tool wear occurs,

e They do not require the usage of coolant [12].

e CBN grains are much harder than aluminium oxide and silicon carbide grains
[12]

These are why CBN tools were used as the machining tool in the scope of this

thesis.

Figure 5 - Cylindrical CBN tools [13]



1.7 Organization of the Thesis
The contents of the chapters are as follows:

Chapter 2 provides a literature survey of force control in robotic grinding, researches
considering tool deflection, piezo actuators in machining and hybrid force/velocity

control.

Chapter 3 explains the used experimental setup and measurement setup which was

build in the scope of this thesis.

In chapter 4, two DoF hybrid velocity force control structure is discussed. In this
control structure normal force and tangential velocity was tried to be kept constant and
in this study this method was implemented on the robotic grinding setup.

In chapter 5, the method for modelling and optimization of controller parameters is
explained and the SIMULINK model for simulation is discussed. The unknown
surface profile was modeled as sinusoidal shape. Genetic algorithm was utilized for
the optimization of controller parameters.

In chapter 6, the tool deflection compensation method which was developed for the
hexapod robot grinding tool was given. In order to measure the amount of deflection

cantilever beam theory was utilized. The tool compensation is performed in two axes.

In chapter 7, conducted experiments are explained and the used SIMULINK models

together with the optimized parameters are given.

In chapter 8, the results of the conducted experiment are shown. Additionally, surface

form measurements of the ground sample are given.

Finally, chapter 9 presents the discussion and the conclusion.
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CHAPTER 2

LITERATURE SURVEY

2.1 Force Control in Grinding Operations

It is well known that one of the effects of the force variation is surface roughness in
grinding operation[7]. Force data coming from the interaction of the tool and the
workpiece is the main source of information [14]. Ref. [15] is the first study which

proposes force controlled grinding.

Explicit force control which is the strategy used in this thesis, keeps the inner position
control loop and implements admittance control. According to the difference between
reference grinding force and the measured grinding interaction force, suitable motion
of the manipulator is performed in order to obtain the desired force. Inner position
loop improves the stability[16]. In contrast to this, the position is extracted from the
measured force in implicit force control. Since the desired position is known,
consequently the distance the robot should cover is known. Therefore, the manipulator

gives the appropriate movement which corrects the current robot position[17].

In[7], a force control system for a CNC machining center was designed to reduce the
grinding force variation and surface roughness. The system includes an electric hand
grinder mounted on a CNC machining center, a force sensor to measure the normal
grinding force, and a force control sub-system to adjust the grinding depth. The system
is shown in Figure 6. Constant normal force control technique was developed by the

authors.

In[17], the authors investigated simple position based force control algorithms for an
industrial robot and proposed a proportional controller with positive position
feedback. The grinding system they utilized is shown in Figure 7.

11



Holder

Hand grinder

Work-piece

Force sensor

Force/torque sensor

Robot load limiter

Gripper

Contact surface

“Z-axis compliance wrist” element

Figure 7 - Grinding system [17]

In [18], force dependent feed-rate control and orthogonal force (pressure) control was
studied. In [19], a control strategy was studied in which the goal is to simultaneously
track the desired motion in tangential direction and regulate the desired force normal

12



to the surface. In [20], an adaptive force control based deburring algorithm was
developed. This algorithm is used to maintain the interaction between the work-piece
and the deburring tool. The algorithm aims to make the normal force and normal
velocity equal to zero. Throughout this adaptive algorithm, big burrs can be efficiently
removed and damage to the work-piece under unexpected conditions can be avoided.
In [21], the proposed controller allows the achievement of the decoupling of the
normal force and tangential velocity control loops of robot manipulators employed in

the contour tracking task of objects of unknown shape.

In [4], general properties of active force control methods have been discussed. In [16],
the robot control system is based upon the external force control. They keep the
original position control loop and added external force control loop as a new major
loop. In [22], a model for grinding process of an automatic grinding system with
grinding force control was developed and the corresponding PID controller was
designed. In [23], the paper deals with the use of a hybrid force/velocity control law
for the robotic deburring of planar work pieces with an unknown shape. They

controlled the normal force, tangential velocity and normal velocity.

In [24], an algorithm was developed in order to control the interaction force between
tool and the work-piece. A plate and a roller are used to guide the tool. These guides
prevent the tool to exceed a certain depth of cut. The interaction force between the tool
and the work- piece is kept constant. However due to the guiders used in this work,

this is not a proper example for precise force control.

In [25] two different algorithms namely “Gradient Prediction Method” and
“Progressive Stiffness Method” were designed for grinding. Contour following quality
was improved. In “Gradient Prediction Method” gradient of the workpiece is estimated
and force errors are corrected. “Progressive Stiffness Method” tries to keep the contact

force force constant.
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Additionally, in [26], which is also a publication of the author, justification of force

control is given.
2.2 Piezo actuators in machining

In [27], an active tailstock was developed in order to correct the tilt errors of the
rotating crankshaft during grinding. This tailstock produces a counter-tilt and it
compensates the possible grinding errors caused by the rotation of the asymmetric
crankshaft. The needed compensation is performed by piezo-hydraulic hybrid
positioning actuator. The schematic construction of the precise alignment system is

shown in Figure 8.

In [28], an active controlled palletized work-piece holding system was presented for
milling operations. The active control system developed here employs piezo-actuators

to control the force dynamically Figure 9.

Linear
axes

Protective
ver

Figure 8 - Schematic construction of the precise alignment system [27]
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Force sensor

/ Dynafix Chuck

< Piezo Actuator

Force sensor

Steel-Bar element

Piezo Actuator

Figure 9 - Schematic design of the chuck-pallet system with active vibration control
elements [28]

2.3 Passive Compliant Tools

In industry, as opposed to the method in this study, applications of passive compliance
are also common. There are special deburring tools such as flex-deburr from [29] that
are able to compensate the form errors passively by tracking the forms. Tracking is
not performed by an active system. The tool tip can track the surface profile due to the
suitable stiffness value of the used material. The mechanical design of active
compensation on these tools is a hot-topic in literature [30][31].
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Figure 10 - ATI’s deburring tool family[32]

Robot moving
platform

. Pneumatic cylinders
Fixed mount

Moving mount

Tool spindle

Tool

v

E—

Figure 11 - Axial Compliant tool head [30]
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2.4 Hybrid Force / Velocity Control

With the advance of control techniques, the researchers attached importance to
machining of a work-piece with an unknown shape. In order to obtain constant depth
of cut from a homogeneous material, the grinding parameters such as feedrate, spindle
speed, should be invariant throughout the surface profile. These requirements can be

achieved via hybrid force/velocity control [33].

In [34], the implementation of grinding of a work-piece with an unknown shape was
performed. As the control algorithm hybrid force/velocity control structure was
utilized. The authors dealt with the problems related to configuration dependent
dynamics of the manipulator.

Figure 12 - Robot in contact with a wooden object [34]
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In [35], the effects of elastic transmission of the robots during contour tracking of a
work-piece with an unknown shape are investigated. The large force oscillations due
to the elasticities in joints are compensated by an additional normal velocity feedback

loop.

In [21], decoupling of normal force and tangential velocity control loops was studied.
The controller was expressed as multi input — multi output, time varying, PID

controller.

In [36], joint friction effects to normal force and tangential velocity variations in

hybrid force / velocity controller were investigated.
Additionally, [23] and [37] are the examples of contour tracking.
2.5 Tool Deflection Compensation

There are several researches in literature related to the compensation of tool deflection
effect on work-piece. In this section a review of different strategies of these studies
are expressed. Most of the mentioned studies are related to the end milling operation.

Kline et al [38] proposed a method for prediction of tool and work-piece deflection
amount in end milling operation based on cantilever beam theory. They used a force
model and cantilever beam theory for obtaining deflection amount. Similarly, Ryu et
al. [39] investigated side wall machining operation and tried to predict the errors
caused by tool deflection. But, they did not express a solution for compensation of
these errors. The effect of work-piece curvature on tool deflection and resulting

surface errors are investigated in [40].

A method based on path correction is proposed by Law et al. [41]. Their aim was to

decrease tool deflection and its effect on work-piece using optimum tool path.

Approaches for path correction in the end milling operation were presented in [42]-

[45] by adding an offset to the tool path. They used cantilever beam theory in order to

18



calculate the amount of tool deflection. Rao et al. [46] proposed an iterative approach
instead of single offset for compensation of offset error caused by tool deflection.

However, they did not investigate tool angle compensation.

A method for compensation of tool angle and tool displacement during end milling
operation is proposed by Yang et al. [47] where a sensor is used for detecting tool
deflection amount. The strong side of their research is that they considered both tool

angle and tool tip displacement by compensation of errors.
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CHAPTER 3

EXPERIMENTAL SETUP

3.1 Overview of the setup

In the scope of this thesis, previously designed and partially built experimental setup
was modified and used. The overall appearance of the experimental setup is shown in

Figure 13.

Figure 13 - Overall appearance of the experimental setup
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In addition to 6-DoF parallel manipulator, the experimental setup has an additional 1
degree of freedom which is actuated by a piezo actuator. The actuator is fixed to the
properly constrained table, presents a single degree of freedom in the x direction as
shown in Figure 14. While performing grinding in y direction as shown in the same
figure, the machining errors can be reduced by admittance control based negative

compensation by the actuation of the piezo actuator.

Figure 14 - Coordinate System

The robotic grinding setup components shown in Fig. 1 are:
1) Hexapod (6 DoF): PI H-824 6 DoF hexapod precision parallel positioning system

2) ATI Gamma IP60 Force / Torque Sensor
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3) Spindle: BMR Typ. 222-42-MHM

4) Workpiece

5) Piezo Actuator: Pl P-602 PiezoMove Flexure Actuator
6) Table (which has 1 DoF in x direction)

3.1.1 Piezo Actuator

In this work a P-602 Piezo-Move flexure-guided piezo actuator is utilized to control
the movements of the table precisely (Figure 15). A piezoelectric actuator converts an
electrical signal into a precisely controlled physical displacement. If displacement is
prevented, a useable force will develop. The precise motion control, afforded by piezo
actuators, is used to finely adjust machining tools etc. They are used in applications

requiring movement or force.

In this thesis, a piezo actuator is used in order to move the machining table in one
degree of freedom. Response characteristics of piezo actuator is better than the
hexapod robot. That is the reason why piezo actuator was utilized.

Figure 15 - P-602 Piezo-Move flexure-guided piezo actuator
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The piezo actuator is controlled by its P1 E-610.S0 LVPZT motion amplifier/controller
which includes PI (Proportional and Integral) controller. The working range of the
piezo actuator is 1 mm and its closed loop resolution is 7nm. In this system it is used
in closed loop mode thanks to the Strain Gauge sensors installed on it. Electronic

connections between the piezo actuator and the driver was performed and the
connection scheme is shown in Figure 16.

In order to facilitate the connection between the computer and the controller of the
piezo actuator a printed circuit board was designed and produced.

The control input for the piezo actuator in our setup is voltage (0 to 10 V) and the
output is position (0 to 1 mm). While giving input, it is possible to take the actual
position data of the piezo actuator by strain gauge sensors installed on it. A simple

SIMULINK Model which was prepared for this purpose can be seen in Figure 18.

PZT-Output =
PZT-GND =

|

|
Amlifier Input

15V DC

GIND

1
Sensor Monitor GIND

Sensor Exitation
Sensor Readout Signal
Sensor Readout Signal
Sensor Exitation GIND

+

AR,

Figure 16 - Connection scheme of the piezo actuator
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Figure 17 - Designed printed circuit board

Step Inputt

Step Input2

= Analog
| A / | Output
Step Input3 Analog Output
Analog ]

Humusoft »
| MFE24 [suto] inpit

L Sensor Monitor
Step Inputéd Analog Input

D Humusoft

MFE24 [auto]

— Analog IN
Step Inputs —

Step Inputt

Figure 18- SIMULINK Schema for step inputs to Piezo Actuator

In this figure, the step inputs up to 10 V are given to Piezo Actuator by using
“Analog Output” block of the data acquisition card Humusoft MF624. And the
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responses are read by the “Analog Input” block of the same data acquisition card.
“Sensor Monitor” block shown in Figure 18 is used to show the responses of the
piezo actuator against 3V, 6V and 9V (which correspond to 0.3, 0.6 and 0.9 mm

inputs) are shown in Figure 19 in blue. The specifications of the piezo actuator are
given in Appendix A.

Position [mm]

Figure 19-0.3, 0.6 and 0.9 mm step input responses of Piezo Actuator

3.1.2 Hexapod (Parallel Manipulator)

Hexapod is the main device which carries all the other parts of the robotic grinding
experimental setup. It has 6 linear actuators connecting the platforms of the parallel
manipulator. The parallel manipulator is shown in Figure 20 and the specifications are
shown in Appendix A. A MATLAB SIMULINK model and a GUI was developed for
controlling the hexapod robot. The used guide of the GUI is given in Appendix C.
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Figure 20 - Hexapod H-824 from Pl Company [48]

3.1.3 Spindle

BMR Company’s Typ. 222-42-MHM Spindle — Frequency Converter couple [49] was
used (Figure 21). The datasheet of the spindle is provided in Appendix A.

The frequency converter is connected to the workstation over its 15 pin D-SUB
connector’s RS232 pins and SIMULINK model for controlling the spindle was
developed as shown in Figure 22. The MATLAB Code in the MATLAB function is
given in Appendix B.

Figure 21 - Frequency converter (left) and the spindle (right) from BMR Company
[49]
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Figure 22 - Developed SIMULINK Model for controlling the Spindle

3.1.4 Multi Axis Force/Torqgue Sensor

In grinding operations force/torque sensors are extensively used. These sensors are
used to measure the amount of force applied on parts of the machine. Additionally, by
measuring the force which is applied on the tool, they can be used to check whether
the contact is performed between the tool and the work-piece or not. Also if the contact

is performed, the force/torque sensors can be used to measure the level of the contact.

On our robotic-grinding experimental setup, there is one force/torque sensor. This
sensor is able to provide the data of the forces on 3 Cartesian basis axes and of the
torques around the same axes. The transducer electronics have bandwidth of 5 kHz to
10 kHz (depending on gain settings). The force torque sensor used in this work is
shown in Figure 23. The specifications are shown in Table 6.

National Instruments PCI-6052E data acquisition card is used for F/T sensor.
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Figure 23 - ATI Gamma F/T sensor [29]

3.1.5 The Control Software

In order to control and drive hexapod, force/torque sensor, piezo actuator and spindle;
MATLAB SIMULINK software was utilized. Used SUMULINK models are
explained in the related sections. These four devices are connected to the workstation

over the protocols summarized in Figure 24.

In order to control the hexapod robot, a graphical user interface was prepared by
MATLAB as shown in Figure 68. Step by step user manual of this GUI is given in
Appendix C.

3.2 Measurement Setup

In order to understand the amount of material removed from the surface of the work-
piece and the form change, the ground amount should be measured before and after
the experiment. That is why a measurement setup was built in the scope of this thesis
as shown in Figure 25. The measurement system consists of a precise positioning

system and a laser measurement device. In this system, laser measurement device is
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Figure 24 - Devices and Connection Protocols

located at the fixed part of the positioning system and the work-piece is passed by in
front of it. In every 500 um intervals a measurement is taken. Therefore, surface form

is obtained.

A KEYENCE LK-H027 measurement device was utilized for the measurement system
(Figure 26). These sensors are extensively used in the industry when precise
measurement is needed. Its measurement range is 17-23 mm and the repeatability is
0.02 pm.
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Figure 25 - Appearance of the measurement setup

Figure 26 - KEYENCE LK-H027 Laser Measurement Device [50]
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CHAPTER 4

TWO DEGREE OF FREEDOM HYBRID VELOCITY FORCE CONTROL
STRUCTURE

In order to obtain constant depth of cut throughout the surface profile, the grinding
parameters (feedrate in tangential direction, spindle speed, interaction force in normal
direction) should be kept constant. Keeping spindle speed constant is not a problem
since generally spindles work with their speed controllers. However, keeping the
feedrate constant in tangential direction and obtaining the constant interaction force in
normal direction on a varying surface can be quite problematic. In this study a hybrid
controller which controls feedrate in local tangential direction and grinding interaction
force in local normal direction was developed. While feedrate compensation was
performed with 6 DOF hexapod robot, normal force compensation was performed by
high frequency piezo actuator. Local normal and tangential directions are shown in

Figure 2.

In order to obtain constant depth of cut from variable surface, the key strategy that
should be implemented is imposing appropriate normal force and tangential velocity.
That is, classical explicit hybrid force/velocity control should be implemented [33]. In
order to obtain the actual local normal force from measured X and Y force
components, the algorithm which is explained in [23] was utilized.

The local tangential force is as follows:

Ft _ MzSpindle (1)

Ttool

Where:
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M spinare: Measured moment around Z axis of the spindle

Ttoo1: Radius of the cutting tool

However, with the used setup, measured moment around Z axis of the force/torque
sensor M, is not the moment around the axis of the spindle since the force/torque
sensor has an eccentricity with respect to the spindle. Therefore, local tangential force
was calculated as follows:

MzSpindle Mz — Fx Ay - FY * Ax

F, = = 2
‘ Ttool Ttool ( )

Where:

Fx: Measured force in X direction
Fy: Measured force in Y direction
M,: Measured moment around Z axis of the force/torque sensor
M, spinaie: Moment around Z axis of the spindle
Ay: Eccentricity of the force/torque sensor with respect to spindle axis in Y direction

Ax: Eccentricity of the force/torque sensor with respect to spindle axis in X direction
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Figure 27 — The eccentricity between tool and the sensor (Modified from [23])

After calculation of F;, the local normal force E, is calculated by the utilization of the

following equality:

\/sz + F? = \/Fnz + F? ©)
Therefore:
E, = x2+F2_Ft2 4)

Determination of Ax and Ay was performed by the procedure explained in [23] which

is simple least squares parameter estimation procedure.
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While the spindle is switched off, it is traveled around the contour. During this
operation forces and Z moment are collected. Since the spindle is able to roll while
tracking the surface, the measured moment is only because of the X and Y force

components. That is,
Mypeqs. = Fx * Ay + Fy * Ax (5)

After collecting N samples, following linear system can be written:

Mypeasa = Fxy x Ay + Fy, * Ax
Mymeas.2 = Fx, x Ay + Fy2 * Ax
: : : (6)
Mypeasn-1 = Fxy_qxAy+Fy,_, *Ax
M peas.n = Fxy * Ay + FYN * Ax
In matrix form:
M peas. = FX (7)
Where;
M;measa Fx, Fyl Ay
M, peas. = : ’ F=|: K X= Ax] 8)
MzMeas.N FxN FYN
As a result:
A )
X= [A; = FpvazMeas. (9)
Where FP™?is the pseudoinverse matrix of F.
After this procedure Ay and A, were calculated as:
Ay] —0.6 mm
X = =
[AX [ 38 mm (10)
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Constant velocity control is performed by the controller of the hexapod robot.

However, when the piezo actuator is in action, the resultant feedrate increases since

Fp = "Vlgex + VF?zo (11)

the feedrate is defined as:

where:
Vyex:Velocity of the hexapod
Vp,o: Velocity of the piezo actuator

In order to keep the local feedrate constant, the hexapod robot arranges its velocity
according to the movements of the piezo actuator. Firstly, reference local feedrate and
normal force components are entered by the user. If the actual normal force is not
equal to the reference normal force, the error is defined as the difference between
reference normal force and the actual normal force. In the next step, the actual normal
force is controlled by the movements of the piezo actuator. However, due to the
movements of the piezo actuator the feedrate which is the combination of the
movements of the hexapod and the piezo actuator increases. In order to keep the local
feedrate constant, the controller decreases the velocity of the hexapod. After that
updated actual normal force is calculated from measured X and Y force components
and the moment around Z axis. Control of the feedrate of the hexapod robot is
considered as an independent loop [21]. Additionally, tool deflection compensation
which will be explained in Chapter 7 is considered as an independent separate loop as

well.
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4.1 PID Controller

PID Controllers are extensively used in industry due to their simplicity, robustness,

easy implementation and their well-known tuning techniques [51], [52].

The transfer function of the PID controller can be written as follows:

1
GPID(S) = K (1 +—+4 TDS) (12)
Tis
Where: K is the proportional gain, T; is the integral time constant, T}, is the derivative

time constant.

—» K, e?)

Setpoint
Voltage Proportional

ty

f
Control
@ Error -» K;.'[E(I)df Voltage +» Process
0

_ Integral

de(t) Output —»
dt
Differential

— K,

Figure 28 - Functional Diagram of a PID Control Loop [53]

The most important weaknesses of PID control are as follows [54]:
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¢ Due to noise sensitivity, PID controller is often used without derivative(D)
term
e Integral term introduces saturation and reduced stability margin due to phase

lag.
4.2 Active Disturbance Rejection Controller (ADRC)

In order to eliminate the weaknesses of classical PID control, ADRC was firstly
proposed in [55], [56]. It has been studied for approximately two decades.

Additionally, according to the literature it is more suitable for non linear plants.
ADRC proposes following fundamental properties[54]:

1. Set-point Jump and Tracking Differentiator

Generally, reference input of the system is given as a step input which is not
suitable for most of the dynamic system since it results in a sudden jump of the
output. In order to eliminate this drawback, it is necessary to have a transient
profile that can be easily followed by the output of the system. Additionally,
since the differentiation used in classical PID control is sensitive to noise,
ADRC proposes following method:

For a double integral plant:

.?.Cl = Xy (13)
5(2 =Uu

A discrete-time solution for a discrete double integral plant:

u = fhan(vy; — v, v, 79, hy) (14)
vy =V, + ho, (15)
v, = v, + hu (16)

where h is the sampling period, ry and h, controller parameters.
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Additionally, fhan(vy, v,, 19, hyg) is:

d=hr2, ay=hv, y=uv,+a, (17)
a, = JA@+ 8yD (18)

a, = ag + sign(y)(a; — d)/2 (19)

s, = (sign(y + d) — sign(y — d))/2 (20)
a=(ap+y—az)sy+a, (21)

sq = (sign(a + d) — sign(a — d))/2 (22)

fhan = —r (g — sign(a)) Sq — rsign(a) (23)

The most important utility of the method above is the ability to take the
derivative of a noisy signal with a good signal to noise ratio and to work as a
noise filter.

Nonlinear Feedback Combination

Following non-linear function is proposed for the combination of non-linear
feedbacks:

e

fal(e,a,6) = ol-«a
le|*sign(e) el =6

le] <6

e presents error, a and § are small numbers as explained in [57].

. Total Disturbance Estimation and Rejection via Extended State Observer
(ESO)

ESO provides real time feedback to eliminate the disturbance by estimating the
disturbances and unmodelled dynamics of the system. This structure was

designed for robustness against the variations in plant. Therefore, the necessity
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for integral control which has an inherent lag that can make a closed loop

control system unstable is eliminated.
The augmented variable is introduced as:

x5 = a(t) = f (g, %0, (), £) 24)

where; x; are the states, w(t) is external disturbances and t is time.

Therefore, the non-linear state observer can be constructed as follows:

e=z—y (25)

fe = fal(e,0.5,8), fe, = fal(e,0.25,5) (26)
z1 = 2, + hzy — Bose 27)

Zy = 7, + h(zs + bu) — Boafe (28)

Z3 = 23 — Posfer (29)

where; 8 parameters are the observer gains, zs is the total action of unknown

disturbances and z,, z, are the estimates of the states x; and x,.

Therefore, ADRC topology can be constructed as follows:

v
v | Transient —JO—Efr Nonlinear u y
—  Profile k- Weighted » Plant
Generator | /2 €2 Sum
- Y
bﬁl I
> Extended
£ State |-
21 Observer

Figure 29 - ADRC Topology [54]
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CHAPTER 5

MODELLING AND OPTIMIZATION OF CONTROLLER PARAMETERS

For modelling purposes MATLAB SIMULINK was used.
5.1 System ldentification of the Piezo Actuator
- Data Collecting Experiments

4 experiments each of which lasted 5 minutes were conducted. While the tool traces
the y direction, a flat shaped work-piece was ground. When the tool and the work-
piece are in contact with a normal force of 5-20 N, 10um step inputs were given to the
piezo actuator. Therefore, response of the piezo actuator to step inputs under grinding

loads were recorded.
- System Identification

After the collection of input and output data of the piezo actuator, system identification
analysis was performed. For this purpose, MATLAB System Identification Toolbox
was utilized[58].

In this study, transfer function model estimation is performed by ARX method[59] by
MATLAB System Identification Toolbox. The model is represented by the following
structure[60]:

y(@) = —ayy(t = 1) = = an, y(t = ng) + byu(t =1 —my) + -

+ by, u(t —ny —ny + e(t) (30)

where:
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e(t): Gaussian noise

a,, and a,,: Model parameters

n, and ny: The order of the polynomials of the output A(q) and the input B(q)
respectively

ny: Time delay between y(t) and u(t)

The polynomial representation of (30) is given in (31)

A(q)y(t) = B(q)u(t — ny) + e(t) (31)
Where

A(@=1+a,q7 "+ +a,q" (32)

A(@Q=1+a,q7 "+ +a,q" (33)

q~1 is the delay operator, for instance:
u(t =1) = g u(t)

In order to estimate A(q) and B(q), nonlinear least squares identification method was

utilized.

By using each dataset (input and output couple) 3 discrete transfer functions (2", 3",
4™ order) were estimated. Then the 2" order transfer function which was estimated by

the 3 dataset was selected.

0.001333z
z2 — 1,949z 4 0,9503

G(z) = (34)

5.2 Overall Model

The unknown shape of the work-piece is designed as sinusoidal. The location of the
profile with respect to the tool is updated at each time instant according to the given

feedrate. The parameters of the sinusoidal profile are given in Figure 30.
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Differentiation of parameter D is used as tool feedrate and A is the position of the

piezo actuator.

Figure 30 - y(t)=A+B sin(Ct+D) -- C is frequency(rad/sec) w=2nf

As shown in Figure 31 and Figure 32 closed loop controllers were used in the system.
The controller output is the position change of the piezo actuator. The plant block is
shown in Figure 33. After the position of the piezo actuator is determined, “A”
parameter of sinusoidal profile is calculated in “Calculation of parameter A” block.
Since this “A” parameter determines the distance between the tool and the work-piece
in X direction, its inputs are tool radius, amplitude of the profile (B), initial depth of

cut and initial piezo position.
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10 PID - Controller Input Normal Force —
Reference Force
PID Controller Plant
1 + |
— + Gaussian Noise
1/(0.8*2%pi)s+1 Generator
Low pass filter Ao

Gaussian

Figure 31 - PID Controller Model

“D” value of sinusoidal profile was determined according to piezo velocity. Therefore,
in order to determine the piezo velocity, derivative of the piezo position was taken.
After that “Calculation of hexapod velocity” block takes set feedrate and piezo
velocity as inputs and calculates the hexapod velocity. By taking the integral of this

velocity value, parameter “D” was reached.

After determination of all the parameters for sinusoidal profile generation, it was
created and Local Depth of Cut is determined by calculating the intersection point of
the tool and the surface profile. The determination of generated normal force
component from the local DoC was performed by the grinding force model explained
in [11]. After “Plant” block, the loops are closed by adding Gaussian Noise with a
variance of 0.8 which is the variance of actual measured force data.

The animation of the grinding operation was prepared. A screenshot of it is shown in
Figure 34.
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Grinding Animation

4 T T T T T T T T T
Mormal Force:6 5708 M
2F Time:16.799 s .
Piezo direction: J, DoC:0.45652 mm
OF Piezo position: 0.77036 mm -
ot i

Length of the workpiece [mm]

Figure 34 - Grinding animation

The blue circle represents the tool while the red curve shows the work-piece surface
profile. The intersection point of the tool and the surface profile is calculated at each
time step and shown by small green circle. Pink arrow represents the relative
movement direction of the tool. After the determination of this direction, black line
which is parallel to the movement direction is drawn at the bottom of the tool as
tangent. After that the local depth of cut which is shown by green is calculated as the
perpendicular distance between this black line and the intersection point of the tool

and the surface profile.

The determination of generated normal force component from the local depth of cut is

performed by a grinding force model [11].
5.3 Optimization of Controller Parameters by Genetic Algorithm

Genetic Algorithm is a method by which constructed and unconstructed optimization
problems can be solved. At each time step, the algorithm selects some individuals in
order to use them as parents in the next iteration. These selected parents are used to
generate new generation at the following time step. After a certain iteration, optimal

solution is approached.
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The usage of this method in controller parameter tuning is also extensively used
technique[61]-[63]. In this study, genetic algorithm was used for the tuning of PID

controller parameters.

For the implementation of genetic algorithm, MATLAB SIMULINK 2013a Response
Optimization was preferred[64].
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CHAPTER 6

MACHINE — TOOL STIFFNESS: ORIENTATION COMPENSATION

When the tool interacts with the work-piece, due to the generated grinding forces, it
deflects similar to Figure 35. In order to eliminate this defect, hexapod is programmed
to compensate angle differences by rotating around x and y axes. The amount of
rotation is determined by double integration method.

—

» 40

Figure 35 - Tool deflection due to the grinding force (P).

6.1 Calculation of displacement and orientation errors from force feedback:

Double integration method

Assuming that the spindle and the machine is rigid, and the tool has a finite stiffness.

Then the tool can be modeled as a cantilever rod:
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Figure 36 - The tool modeled as a cantilever rod

Cutting the tool at a certain x distance:

Figure 37 - Cut tool

In order to calculate the deflection and stiffness double integration method will be

utilized:

d?y
EIYE == —M (35)

Where
E: Modulus of Elasticity
I,: Moment of Inertia with respect to Y axis

y: displacement
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x: The distance from point A
Therefore, following equilibrium equation can be written:
—Px+PL+M=0
Leaving M alone:
M=P(x—-1L)

Implementing double integration method:

d2
Elyd—x}zlzP(L—x) = PL — Px

El dy = PL Px? +C
Yax - T T 1
PLx? Px3
Elyy: 2 _T+Clx+62

Where, C; and C, are constants.

Implementing boundary conditions:

Forx =0,
y=0-0C,=0
Forx =0,
dy
E:O—)C&:
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(40)
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As a result:

dy_H_P L x?
ax U TEL\"Y T2 (43)

P L2 x3
Y=2EL\"Y T3 (44)

Maximum deflection and maximum slope occur at the end of the tool.

Forx =1L
PL3
= =S 45
PR P2
= =S 46
max ZEIY ( )
Moment of inertia can be calculated as follows:
nd*

where, “d” is the diameter of the tool.
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6.2 Kinematic Calculations for the movements with respect to the tool tip.

Force/ Torque
Sensor &

Spindle o 1(a)

‘ ol gl
%
® NaF»(B)
®»)

i
U D

Figure 38 - Illustration of tool deflection and reference frames for kinematic

calculations

Kinematic transformation matrix will be based on inertial reference frame.

ﬁgj\;MF aga)'“t ﬁga)vﬁt

Fa P q Fb

C@h) — F@p)Fma) ¢ @b)

The transformation matrix between frames F;, and F, is obtained from CMM

measurement device (ﬁé‘}‘}M)_ Therefore:
Clab) — ﬁ(g‘?\;M eﬂi‘l/”).at eﬁga/q)ﬁt

Solving the components of (50):

55

(48)

(49)

(50)

(51)



~ t ~
= Réczlv;M eulathl\;M

eV = (@ BB @)

Where

Ala,q) — 5(a) ﬁ(a/p)a
C = Ry €1 t

_p@ p@ b ma p@
= ReymRenm € Reym

— u ag A(a)
= e ™Rcym

t ~
—Uuiat

Alga) — pla@)
C@D =Ry e

Therefore (52) becomes:

(a
2

~(a/q) ~@) ' _g g Dp o =(q)
u ) — U1t p,U ua
es Pt = Riyy e" e Pre™®R i

As a result, the forward kinematics transformation matrix of the robot is:

Aab) — @ 5@ b map@ p@ b _wa 7YY8, wa p@
C@h) = Revim Reym €7 Reypy Reyyy €7 71502 Pre ‘Reym
= eﬁZ.BteﬁlatR\gllV?M

That is;

A~

ﬁForward = R3(/a) R\a(ca)R\g;/;M

Rotation of the tool tip around x axis due to the generated grinding forces:

1 0 0
}?)((“) =10 cos(a;) —sin(a;)
0 sin(a;) cos(ag)
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Where a; is the rotation angle around x axis and is calculated by double integration

method.

Rotation of the tool tip around y axis due to the generated grinding forces:

R cos(By) 0 sin(B)
RW=| o 1 0 (58)

—sin(B) 0 cos(fy)

Where f; is the rotation angle around y axis and is calculated by double integration
method.
Similarly, tool forward kinematics translation is:

Ty +6n

Trorwara = [Ty T ot (59)
r,—L

Where 7, 1, and 7, are the distances from moving plate of the hexapod to spindle tip.
L is the tool length, &t is the tool deflection in tangential direction due to grinding
forces. dn is the tool deflection in normal direction due to grinding forces. 6t and én

are calculated by double integration method.

Finally, transformation homogenous matrix for forward kinematics is:

7@ _ [R T, ]
H — |YForward Forward 60
Sl P 1 (60)

Therefore, transformation homogenous matrix for new hexapod position and

orientation is:
—~ = A(a)—l
HHexapodNeW - HdesiredToolHFK (61)

whereH j.qireqaro0; 1S the desired transformation homogenous matrix for the tool.

The Euler angles to be given to the hexapod are calculated from HHexapodNeW.
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The rotated hexapod is shown in Figure 39. After the rotation, the reference frame of
the force torque sensor is rotated as well. In order to obtain actual interaction forces,

a transformation between force/torque reference frame and F;, is performed as well.

Force / Torque
Spindle Sensor

Figure 39 - Rotated hexapod (Note that the tool surface is parallel to the workpiece
surface)
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CHAPTER 7

EXPERIMENTAL PROCEDURE

MATLAB SIMULINK was utilized for controlling the devices of the grinding setup.
The “Plant” block without its control part is shown in Figure 42. Note that hexapod

orientation compensation is considered as a separate independent loop.

In Figure 42 “Control Input” is the amount of change in the piezo position. It is added
to the current position of the piezo actuator in “Add1” block. After that the signal goes
through a saturation block before reaching the rate limiter. The purpose of the rate
limiter is to prevent piezo actuator to exceed the set feedrate value since the piezo
actuator can perform high frequency movements. In the next step, the signal is given
to the Humusoft MF624 DAQ by “Analog Output to Piezol” block in order to be sent

to the piezo actuator.

In order to calculate the velocity of the hexapod robot, the data which is given to the
piezo actuator goes through a discrete derivative block in order to determine the
velocity of the piezo actuator. After that the velocity of the hexapod robot is calculated

from the set feedrate value with (11).

The generated force values are obtained by “Feedrate from F/T Sensor1” block. Then
biasing is performed by block “Calculation of the biased forces and moments” Finally,

the normal force is calculated with (4).

One of the most important drawbacks of water jet cutting is the inclined surface form
it left as shown in Figure 53. In industry these parts are machined again in order to
obtain flat surface profile. However, this process constitutes the significant amount of
time due to the calibration process of the robot and workpiece. With the proposed

method, significant amount of time and effort can be saved.
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After water jet cutting, the material difference between upper point and the lower point
of the sample is 280 um. In order to correct this inclined surface, grinding operation
is performed by keeping the normal grinding force constant. The force value is taken
from a grinding model[11].

Single pass grinding operation was performed.

The used sample form is shown in Figure 40 - Sample

Figure 40 - Sample

7.1 Experiment with PID controller

The used SIMULINK Model is shown in Figure 41.

10 PID - Control Input Normal Force » l |

Reference Normal Force Scope

Controller
Plant

Figure 41 - Used SIMULINK Model for PID Control
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-114 2 >+
. —P
XtoolDesired2
Add1
X
dispZ nexPoint >
YtoolDesired
| ZF-orce 137.2404 »+
. —|
ZtoolDesired 1
Add
dispY 7
0 >
Analog
Input alphaDesired
Analog Input ﬁ
[0 }—>
betaDesired
agley
0 >
1 yFoice
¥ gammaDesired
angleZ »
|
Deflection Calculatd >
»
M
- Product1
con
P j'

cons

Product

XToolDesired

YToolDesired

ZTHACrss e

alphaDesired

betaDesired

hexapodMovements

gammaDesired

gammaTool

dtTool

betaTool

dnTool

Kinematic_calibration

Commended
positions

Figure 43 - Hexapod Orientation Compensation SIMULINK Model
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The PID parameters were determined by genetic algorithm as:

Kp: 84.06
Kd: 14.1
Ki: -0.01766

The experiment parameters are:

Set feedrate: 0.1 mm/sec

Spindle speed: 25000 rpm

Material: 4mm ST37

Diameter of the used CBN tool: 4mm
Down-cut grinding operation

Length of the tool: 23.5 mm

7.2 Experiment with ADRC

The used SIMULINK Model is shown in Figure 44.

The controller parameters were determined by genetic algorithm as:

Kp: 61.17
Kd: 78.64
alpha: 0.9448
b0: 0.543

The experiment parameters are:

Set feedrate: 0.1 mm/sec

Spindle speed: 25000 rpm

Material: 4mm ST37

Diameter of the used CBN tool: 4 mm

Down-cut grinding operation
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e Length of the tool: 23.5 mm

7.3 Contour Tracking Experiment

In order to detect the surface form of unknown profile, contour traking operation can
be performed. For this purpose an experiment was conducted with the following

properties:

e Used Control Method: PID

o Kp: 84.06
e Kd:14.1
e Ki:-0.01766

The experiment parameters are:

e Set feedrate: 0.1 mm/sec
e Spindle speed: 0 rpm (freely rotatable on the workpiece)
e Material: 4mm ST37
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CHAPTER 8

RESULTS OF THE EXPERIMENTS

Four experiments were conducted in order to test the performance of the controller.
Three of them was grinding experiment and the remaining one was contour tracking
experiment. Two of grinding experiments was by PID controller with different

reference normal forces and the other one was by ADRC.

Additionally one more experiment was conducted in order to obtain desired sinusoidal

surface profile.
8.1 Experiment with PID controller, Fn=75N

The variation of the local normal force when it is set to 7.5 N is shown in Figure 45.

Local Normal Force
15 T T T T T

i | i | I
0 50 100 150 200 250
Time[s]

Figure 45 - Local Normal Force (PID Fn=7.5N)

The movements of the piezo actuator are shown in Figure 46
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Piezo Actuator Movements

1 ; ! ! ! J

Displacement [mm]

i 1 i | ]
0 50 100 150 200 250
Time[s]

Figure 46 - Piezo Actuator Movements (PID Fn=7.5N)

The velocity of the piezo actuator after discrete derivation is shown in Figure 47.

Piezo Actuator Velocity

Velocity[mm/sec]

1 i | ]
50 100 150 200 250
Time[s]

0.05 i
0

Figure 47 - Piezo Actuator Velocity (PID Fn=7.5N)

The velocity of hexapod robot is shown in Figure 48.
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Hexapod Velocity

=)
b}
& 0.1
E
1=
=
Q
S 0.098
D
=
0.096 | ] i I 1
(0] 50 100 150 200 250
Time[s]

Hexapod angle around X axis[deg]

Figure 48 - Hexapod Velocity (PID Fn=7.5N)

Angle compensation around X axis

0.1
0.2
03
0.4
0.5

i 1 i 1
0 50 100 150 200 250
Time[s]

Figure 49 - Hexapod angle variation around X direction (PID Fn=7.5N)
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Angle compensation around Y axis

0 ; ! ! ! J

i 1 i ] ]
0 50 100 150 200 250
Time[s]

Hexapod angle around Y axis[deq.

Figure 50 - Hexapod angle variation around Y direction (PID Fn=7.5N)

The change in the surface form is shown in Figure 51.

[mm]
3.5

3 | — First
Contact

2.5 -
2
15
1 X
0.5

0 T T T T T T
0 5 10 15 20 25 30[mm]

I =f-original form

—A-after grinding

Figure 51 - Surface forms before and after grinding operation. The measurement is
taken from the mid-section of the workpiece (PID Fn=7.5N)

In order to compare two surface forms, shown in Figure 51, they were superimposed

and mean square error was calculated as 0.00174mm?.
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Additionally, several scans were performed in z direction in order to understand the
success of angle compensation controller. After that lines were fit to the scans. Table

1 illustrates the angles of these lines with respect to the vertical axis.

Figure 52 - Ground workpiece

Table 1 - Angles of the fit lines in Figure 52 (PID Fn=7.5N)

Numbered
sections in 1 2 3 4 5 6 7 8
Figure 52

The angle of
the surface
form with
-0,15 | -0,17 | -0.12 | -0.14 | -0.10 | -0.06 | -0.09 | -0.12
respect to the

vertical axis
(deg)
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3.5 —e—after waterjet cutting
3
2.5 = after grinding operation with
2 tool angle compensation
15
after grinding operation
1 without tool angle
0.5 compensation
0 - T
0 0.1 0.2 0.3 0.4 0.5 0.6 [mm]

Figure 53 - Vertical scanning (z direction) of the sample surface form (PID
Fn=7.5N)

As it is understood from, Figure 46, the work-piece is not well-aligned with respect to
the piezo actuator in y direction. However, when Figure 51 is considered,
misalignment does not seem to cause a problem which is very good advantage of the
force control as it is explained in [8]. Additionally, with force control, the
disadvantages due to tool wear are eliminated as well.

From piezo actuator and hexapod velocity figures, it can be seen that the local feedrate
is kept constant at 0.1 mm/sec. The reaction of hexapod against the force variations
can be seen in Figure 49 and Figure 50. The 4° angle (the angle after water jet cutting)
with respect to the vertical axis was reduced to approximately 0.1° while it can be

decreased to 0.5° without angle compensation.

8.2 Experiment with PID controller, Fn =10 N

The variation of the local normal force when it is set to 10 N is shown in Figure 54.
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Local Normal Force
15 T T T T T

i 1 i 1
0 50 100 150 200 250
Time[s]

Figure 54 - Local Normal Force (PID Fn=10N)

The movements of the piezo actuator are shown in Figure 55.

Displacement [mm]

Piezo Actuator Movements

i 1 i 1
] 50 100 150 200 250
Time[s]

Figure 55 - Piezo Actuator Movements (PID Fn=10N)
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Angle compensation around X axis

(]

0.1
0.2
0.3
0.4

-0.5

Hexapod angle around X axis[deq]

1 i 1
0] 50 100 150 200 250
Time[s]

Figure 56 - Hexapod angle variation around X direction (PID Fn=10N)

Angle compensation around Y axis
0 T T T T T

Hexapod angle around Y axis[deq

i ] i ]
0 50 100 150 200 250
Time[s]

Figure 57 - Hexapod angle variation around Y direction (PID Fn=10N)

The change in the surface form is shown in Figure 58.

In order to compare two surface forms, shown in Figure 58, they were superimposed

and mean square error was calculated as 0.0036mm?.
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Additionally, several scans were performed in z direction in order to understand the
success of angle compensation controller. After that lines were fit to the scans. Table

2 illustrates the angles of these lines with respect to the vertical axis.

[mm]
b

First
Contact

5 -

4 y
J'
y

A~ after grinding
== original form

0 T T T T T T
0 5 10 15 20 25 30[mm]

Figure 58 - Surface forms before and after grinding operation. The measurement is
taken from the mid-section of the workpiece (PID Fn=10N)

Table 2 - Angles of the fit lines in Figure 52 (PID Fn=10N)

Numbered
sections in 1 2 3 4 5 6 7 8
Figure 52

The angle of
the surface
form with
-0,16 | -0,22 | -0.13 | -0.11 | -0.05 | -0.09 | -0.09 | -0.10
respect to the

vertical axis
(deg)
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[mm]
4 Il
3.5 4 k X —¢—after waterjet cutting

3
25 == after grinding operation with
2 | tool angle compensation
1.5
—i—after grinding operation
1 without tool angle
05 compensation
0 1
0 0.6 [mm]

Figure 59 - Vertical scanning (z direction) of the sample surface form (PID Fn=10N)

8.3 Experiment with ADRC, Fn=75N
The variation of the local normal force when it is set to 7.5 N is shown in Figure 60.

Local Normal Force
15 T T T T T

i 1 i 1
8] 50 100 150 200 250
Time[s]

Figure 60 - Local Normal Force (ADRC Fn=7.5N)

The movements of the piezo actuator are shown in Figure 61.
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Piezo Actuator Movements

1 T T T T T
R - T N .. ST N |
E, 0.8 §
% 06 .................................................... ............................................ -
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§ 04_ ................................................... .............................................. -
2 3
,5 02_ ‘ ................................................ -
0 i 1 | | 1
0 50 100 150 200 250
Time[s]
Figure 61 - Piezo Actuator Movements (ADRC Fn=7.5N)
§ Angle compensation around X axis
RS 0 T T T
] : :
é 0.1 ....................................................... .............................. =}
= : :
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Figure 62 - Hexapod angle variation around X direction (ADRC Fn=7.5N)
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0.1
0.2
03
0.4
05

Hexapod angle around Y axis[deq.

Angle compensation around Y axis

T T T T T
| 1 1 i |
0 50 100 150 200 250

Time[s]

Figure 63 Hexapod angle variation around Y direction (ADRC Fn=7.5N)

The change in the surface form is shown in Figure 64.

3.5
[mr3n] O First
Con
25 AN X
' ~S~——
2 \
-‘-af‘tergrinding
Yy
1.5 L5
-.-originalform
1
X
0.5
0 T T I I I
0 5 10 15 20 25

Figure 64 Surface forms before and after grinding operation. The measurement is

In order to

taken from the mid-section of the workpiece (ADRC Fn=7.5N)

compare two surface forms, shown in Figure 58, they were superimposed

and mean square error was calculated as 0.0043 mm?.
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Additionally, several scans were performed in z direction in order to understand the
success of angle compensation controller. After that lines were fit to the scans. Table

3 illustrates the angles of these lines with respect to the vertical axis.

Table 3 - Angles of the fit lines in Figure 52 (ADRC Fn=7.5N)

Numbered
sections in 1 2 3 4 5 6 7 8
Figure 52

The angle of
the surface
form with

-0,19| -0,26 | -0.13 | -0.11 | -0.12 | -0.09 | -0.13 | -0.12
respect to the

vertical axis
(deg)
[mm]
4.5
48 -

X | —4—2after waterjet cutting

3
2.5 == after grinding operation with
2 tool angle compensation
1.5 o )
after grinding operation
1+ without tool angle
05 compensation
U - T T .
0 0.1 0.2 0.3 0.4 0.5 0.6[mm]

Figure 65 - Vertical scanning (z direction) of the sample surface form (ADRC
Fn=7.5N)
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8.4 Contour Tracking Experiment, Fn =1 N

The two surface profiles (obtained by laser measurement and contour tracking) of the
same sample are shown in Figure 66.

Measured Workpiece
1.2 T T
: ; —A— obtained by contour tracking
1 s sssemes smoms E st .............. original form

= | ) | : f
50.8' ............... i s e e W e s RS ARREE R ERTEERR) ¥ ...... .
QDO : . 4
O : : ] 2 ;
c . 2 6 ¥ S
FERN N -Y RETITRTY AT FEPRPPPRNRAPPUR s, rPROr SRR /SR TERRPRRES Ton nins s pmigs siastos 8 .
w i 3 ¢ : .
a ; : ; : :

04 ................. ................... ................... .................. . ......

"0 5 10 15 20 25

Distance[mm]

Figure 66 — Two surface profiles obtained from the same sample by 2 different
measurement methods

The mean square error of two surface forms is 0.000724 mm?
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CHAPTER 9

CONCLUSION AND FUTURE WORK

9.1 Conclusion

In this study, hybrid force/velocity control method was implemented to the robotic
grinding experimental setup with tool angle compensation. While the local normal
force is tried to be kept constant by the movements of the piezo actuator, the
compensation of the local tangential velocity and tool compensation are performed by
the hexapod robot. Based on literatiire review, this is the first study in which these two
control algorithms were used simultaneously in real time. The results show that
significant amount of path planning and calibration effort can be saved by the proposed
approach. The surface angle which was created by water jet cutting was eliminated.

Two different control algorithms were tested. The mean square error of the surface
profile obtained by ADRC is approximately 2.5 times greater than the surface profile
obtained by PID controller. It has been shown that PID method results in better than
ADRC in this application.

It was proven that contour tracking operation can be utilized in order to measure the

surface form of the sample.

Additionally, it was shown that the modelling in SIMULINK environment is a useful
approach for developing and testing a controller. The results obtained by the controller

are in accordance with the results obtainded by simulation using SIMULINK model.
9.2 Future Work
Surface quality of the workpiece after the robotic grinding operation may not be at

required level for all applications. In an attempt to obtain better surface quality and to
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reduce surface roughness, another improvement would be done by changing the piezo
electric component to the bottom of the workpiece. By doing so, existed system would
have less movement capability along the x-axis, yet this deficiency can be atoned by
the hexapod manipulator. However, placing the piezo actuator to the bottom of the
worktable would allow us the vibrate workpiece along z axis during the grinding
operation at a desired frequency. Advantage of movement of the z axis would be the
elimination of the uneven surface of the workpiece in z direction at the end of the

process.

The purpose of this study is applying robotic grinding process by preserving the initial
shape of the material. By applying constant force control, it is proven that the
workpiece has the same surface profile after desired amount of material is removed.
Yet, a significant improvement would be adjusting the final surface shape of the
workpiece to desired one after the machining operation. Applying an angle to the
surface of the material during the operation would grant us the opportunity of changing
the final form of the workpiece rather than preserving the initial one. This
enhancement would be applied by controlling the hexapod angle during the grinding

process.

Final improvement would be the investigation of the effect of the temperature to the
grinding operation. Due to nature of the machining, temperature at the contact point
between tool and workpiece increases. Generated heat because of the friction, has an
effect on both workpiece as well as cutting tool. Generation of a model which
investigates the changes on workpiece material properties or effects of high
temperature on cutting performance would improve the performance of the robotic

grinding application.
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APPENDIX A

SPECIFICATIONS

Table 4 - PI Company piezo actuator specifications .[65]

P-602.850

Active axes

| x

Drive Properties

Motion and positioning

Piezoceramics

PICMA® P-888

Integrated sensor SGS E!ecrr{ca[ 39 uF
' capacitance

Dynamic
Open-loop iravel - 1000 um operating current | 4 uA/(Hz x um)
20to 120V -

coefficient
Closed-loop travel | 1000 um Miscellaneous

Operating
Op en—l(?op 0.5 nm temperature -10to 50 °C
resolution

range
C!osed—‘loop 7 nm Material Stainless steel
resolution
C.Yosec?—loop non-| ; s o Dimensions 126 mm x 34
linearity mm x 14 mm
Repeatability 50 nm Cable length 0.5/05/2m
Mechanical properties Miscellaneous

Stiffness in motion
direction

0.4 N/um

Unloaded resonant
frequency

150 Hz
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Table 5 - PI Company Hexapod parallel manipulator specifications.[65]

H-824.Gxx
Max.  Velocit
Active axes g Yéz' Oz 9 a; 0 SO\ 11 mradss
yr Uz x: Py, Uz
: . Tvp. Velocities -
Motion and positioning forX,Y,Z 0.5 mm/s
Typ. Velocitie:
Travel Range X,Y | £22.5 mm P OIS | s 5 mrad/s
Jor 6, 6'},, 0,
Travel Range Z +/2.5 mm Mechanical Properties
Travel R 2
e &) 41750 Stiffness X,Y | 1.7 N/um
0y, 6, :
Travel Range 0, +/2.5° Stiffness Z 7 N/um
. Load (base plate
Smg:’e a::'rr:faror 0.007 pm horizontal / any | 10/5 kg (max)
design resolution : .
orientation)
Holding  force,
Min.  incremental de-energized 100 7/ 50 N
. 0.3 um (base plate .
motion X,Y,Z . (max)
horizontal / any
orientation)
Min. incremental 35 J M , DC
motion 0,,0,,6, S ura otor type gear motor
Backlash X,Y 3 um Miscellaneous
Operating
Backlash Z I um temperatire -10to 50 °C
range
Backlash 6,, 0, 20 urad Material Aluminum
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Table 6 - Multi-axis force/torque sensor specifications (ATI Gamma IP60) .[65]

Fesy +1200 N

E, +4100 N

Tx/y +79 Nm

T, +82 Nm

X-axis & Y-axis forces (K, K,) 9. 1x10°N/m
Z-axis force (K,) 1.8x10’N/m
X-axis & Y-axis torque (K, Ky,)) 1. 1x10*Nm/rad
Z-axis torque (K;) 1.6x10% Nm/rad
F,F,T, 1400 Hz
E,T.,T, 2000 Hz
Weight 0.255 kg
Diameter 75.4 mm
Height 33.3 mm

91




Table 7 - Spindle Specifications

221-42-MHP

High-frequency spindle
Pneumatic direct tool change

Spindle for high-speed milling, -grinding, -
drilling, -engraving

Technical specifications

=  High precision hybrid ball bearings - 2 Pcs. =

Lifetime lubricated, maintenance free
Motor: type 2

Nominal output power: max. 0,3 kW
Voltage: max.43 V

Current: max. 7 A

Frequency: max. 1000Hz

Motor poles: 1 pair

Rotation speed: max. 60.000 rpm
Motor protection: thermistor

Speed monitoring: transmitter
Sealing-air

Housing diameter: 42 mm

Cooling system: non cooled

Dimensions

Power-, torque- and speed diagram

%0

300

220

200
Watt

Tool change: pneumatic direct tool change

Clamping range: up to 6 mm  (1/4")
Coupler plug: 7-pole plastics

Weight: 2,2 kg

[€)
GmbH

=

R

ﬁas
L =y R SRR ST SRR P
Nem
T/ 7
000 100C0 20020 30000 40000 50000 8000
pm

BMR GmbH - elektrischer & elektronischer Geratebau
Unterreichenbacher StraBe 1+ D-90455 Nurnberg-Katzwang
Tel. +49 (0)9122-631480 - Fax + 49 (0)9122-6314829

info@bmr-gmbh.de
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APPENDIX B

MATLAB CODE OF SPINDLE CONTROLLER

%$Author: Abdulhamit DONDER

function [Percent, Current, RpmSpindle] = fcn(spindleSpeed,

biasData)
coder.extrinsic('fwrite', 'strcat')
coder.extrinsic('serial', 'fopen',6 'fread',6 'set')
persistent s txdata decStart txdata decPercent

txdata decCurrent
persistent txdata decDutyRpm txdata decActRpm

txdata decRpmSpindle

if isempty(s)

s = serial ('COM1");

set (s, 'Terminator','', 'InputBufferSize',
50000, "BaudRate',115200) ;

fopen (s);

$initialization

rxdata dec = zeros(3,1);
DutyRpm = 0;
Percent = 0;
Current = 0;

RpmSpindle = 0;
ActRpm = 0;

% Specify hex codes to be transmitted
txdataStart = ['24"];

%$Convert to decimal format

txdata decStart = hex2dec(txdataStart);

[

% Specify hex codes to be transmitted
txdataDutyRpm = ['41']; %duty rpm

%Convert to decimal format

txdata decDutyRpm = hex2dec (txdataDutyRpm) ;

% Specify hex codes to be transmitted

txdataActRpm = ['42']; %actual rpm of the converter
%$Convert to decimal format

txdata decActRpm = hex2dec (txdataActRpm) ;

% Specify hex codes to be transmitted
txdataRpmSpindle = ['43']; %Srpm of the spindle
%Convert to decimal format
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txdata decRpmSpindle = hex2dec (txdataRpmSpindle);

% Specify hex codes to be transmitted
txdataPercent = ['0C';'a4';'08"];

%$Convert to decimal format

txdata decPercent = hex2dec (txdataPercent);

% Specify hex codes to be transmitted
txdataCurrent = ['0C';'b6'"';'0b"'];

$Convert to decimal format

txdata decCurrent = hex2dec(txdataCurrent);

end
if biasData ==

$velocity adjustment
spindleSpeedHex = dec2hex (fix (spindleSpeed/10)) ;
spindleSpeed2Hex =

strcat (spindleSpeedHex (2), spindleSpeedHex (3)) ;
spindleSpeed3Hex = strcat('0',spindleSpeedHex (1))
$Specify hex codes to be transmitted
txdata = ['01';spindleSpeed2Hex; spindleSpeed3Hex];
%$Convert to decimal format
txdata dec = hex2dec(txdata);
$Write using the UINT8 data format
fwrite (s, txdata _dec, 'uint8');
%$Read back data in decimal format
rxdata dec = fread(s, [3, 1], 'char');

% %Write using the UINT8 data format
fwrite (s, txdata decStart, 'uint8'");
%Read back data in decimal format
rxdata dec = fread(s, [3, 1], 'uint8");

% %Write using the UINT8 data format

fwrite (s, txdata decRpmSpindle, 'uint8');

rxdata dec = fread(s, [3, 1], 'uint8'); S%read
RpmSpindle2Hex = decZhex (rxdata dec(2));
RpmSpindle3Hex = decZhex (rxdata dec(3));

RpmSpindleHex = strcat (RpmSpindle3Hex, RpmSpindle2Hex) ;
RpmSpindle = hex2dec (RpmSpindleHex) *10;

% %Write using the UINT8 data format

fwrite (s, txdata decPercent, 'uint8');

rxdata dec = fread(s, [3, 1], 'uint8'); S%read

else

rxdata dec = zeros(3,1);

DutyRpm = 0;
Percent 0;
Current = 0;
RpmSpindle =

0;
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ActRpm = 0;
end
Percent2Hex = decZhex(rxdata dec(2));
Percent3Hex deczhex (rxdata dec(3));
PercentHex = strcat (Percent3Hex, Percent2Hex) ;
Percent = hex2dec (PercentHex)*0.1;

% SWrite using the UINT8 data format

fwrite (s, txdata decCurrent, "uint8'");

rxdata dec = fread(s,[3, 1],'uint8'); %read
Current2Hex = dec2hex(rxdata dec(2));
Current3Hex decZhex (rxdata dec(3));
CurrentHex = strcat (Current3Hex, Current2Hex) ;
Current = hex2dec (CurrentHex)*0.01;
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APPENDIX C

USER GUIDE FOR DEVELOPED HEXAPOD GRAPHICAL USER

INTERFACE

This appendix gives a fully detailed explanation for using developed user interface.

N oo g &

10.

11.

Turn on the digital motion controller of the hexapod robot and the workstation.
Open the related Simulink file that is going to be used for control purposes.
Run the callback shown in Figure 67 in order to save the sampling time to

workspace.

Figure 67 — Sampling time and calibration matrix callback

Run “HexVeloSabitXYZUVW.m” file.

The window in Figure 68 appears.

Click “Initialization” button.

Click “Connect and Reference Move” button. The hexapod will perform a
reference move. Therefore, make sure that there is a safe space around the
hexapod.

In Simulink, build the model and connect to target.

Click “Start Simulink” button in the GUI shown in Figure 68.

In order to translate the hexapod in three Cartesian axes, use the “Move to
Target” buttons for related axes.

In order to see the current position of the hexapod robot, use “Current Position”

button.
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12. “Angle compensation start” button starts the angle compensation. The hexapod
moves “Target Y by compensating the tool angle errors.

13. In case of emergency, “Stop Movement” button is placed.
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APPENDIX D

MATLAB CODE OF HEXAPOD CONTROLLER

$Author: Abdulhamit DONDER

function varargout = HexVeloSabitXYZUVW (varargin)

% HEXVELOSABITXYZUVW MATLAB code for HexVeloSabitXYZUVW.fig
HEXVELOSABITXYZUVW, by itself, creates a new
HEXVELOSABITXYZUVW or raises the existing

singleton*.

X

o\

o° oo

oe

H = HEXVELOSABITXYZUVW returns the handle to a new
HEXVELOSABITXYZUVW or the handle to
the existing singleton*.

o° oo

oe

HEXVELOSABITXYZUVW (' CALLBACK', hObject, eventData, handles,...) calls
the local
% function named CALLBACK in HEXVELOSABITXYZUVW.M with the

given input arguments.

oe

% HEXVELOSABITXYZUVW ('Property', 'Value',...) creates a new
HEXVELOSABITXYZUVW or raises the

% existing singleton*. Starting from the left, property
value pairs are

% applied to the GUI before HexVeloSabitXYZUVW OpeningFcn
gets called. An

% unrecognized property name or invalid value makes property
application

% stop. All inputs are passed to

HexVeloSabitXYZUVW OpeningFcn via varargin.

oe

oe

*See GUI Options on GUIDE's Tools menu. Choose "GUI allows
only one
instance to run (singleton)"

o° oo

oe

See also: GUIDE, GUIDATA, GUIHANDLES

\o

s Edit the above text to modify the response to help
HexVeloSabitXYZUVW

% Last Modified by GUIDE v2.5 06-Aug-2017 09:39:56

% Begin initialization code - DO NOT EDIT

gui Singleton = 1;

gui State = struct('gui Name', mfilename,
'gui Singleton', gui Singleton,
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'gui OpeningFcn',
@HexVeloSabitXYZUVW OpeningFcn,

'gui OutputFcn',
@HexVeloSabitXYZUVW OutputFcn,

'gui LayoutFcn', 1,

'gui Callback', (1
if nargin && ischar (varargin{l})

guil State.gui Callback = str2func(varargin{l});

end

if nargout
[varargout{l:nargout}] = gui mainfcn(gui State, varargin{:});
else
guil mainfcn(gui State, varargin{:});
end
% End initialization code - DO NOT EDIT

[}

% ——-— Executes just before HexVeloSabitXYZUVW is made visible.
function HexVeloSabitXYZUVW OpeningFcn (hObject, eventdata,
handles, varargin)

This function has no output args, see OutputFcn.

o\

% hObject handle to figure

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)
% varargin command line arguments to HexVeloSabitXYZUVW (see
VARARGIN)

% Choose default command line output for HexVeloSabitXYZUVW
handles.output = hObject;

% Update handles structure
guidata (hObject, handles);

% UIWAIT makes HexVeloSabitXYZUVW wait for user response (see
UIRESUME)
% uiwait (handles.figurel);

% ——— Outputs from this function are returned to the command line.
function varargout = HexVeloSabitXYZUVW OutputFcn (hObject,
eventdata, handles)

% varargout cell array for returning output args (see VARARGOUT) ;

% hObject handle to figure

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

o)

% Get default command line output from handles structure
varargout{l} = handles.output;
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function editl Callback (hObject, eventdata, handles)

% hObject handle to editl (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)
% Hints: get (hObject, 'String') returns contents of editl as text
% str2double (get (hObject, 'String')) returns contents of

editl as a double

% —--—- Executes during object creation, after setting all
properties.

function editl CreateFcn (hObject, eventdata, handles)

% hObject handle to editl (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all

CreateFcns called

% Hint: edit controls usually have a white background on Windows.
See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

oe

end

% —--- Executes on button press in Initialization.

function Initialization Callback (hObject, eventdata, handles)

% hObject handle to Initialization (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

sampleTime=0.001; %$Sampling time
assignin('base', 'sampleTime',sampleTime)
b0 = 0.5;

assignin('base', 'b0',b0)

CAL=[-0.02106, -0.00725, 0.22614, -13.82224, 0.08640, 13.98781;
-0.22758, 16.33921, 0.10624, -8.03676, -0.12379, -8.05002;
24.95057, -1.06034, 25.17707, -1.04570, 25.01689, -0.47779;
-0.00955, 0.30094, -0.72927, -0.117e66, 0.72374, -0.16452;
0.84126, -0.03894, -0.42088, 0.27778, -0.42192, -0.25142;
0.00460, -0.43627, 0.00710, -0.42940, -0.00189, -0.43578];

assignin('base', '"CAL',CAL) %$to matlab workspace

Q

% —--—- Executes on button press in ReferenceMove.
function ReferenceMove Callback (hObject, eventdata, handles)
% hObject handle to ReferenceMove (see GCBO)
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% eventdata reserved - to be defined in a future version of
MATLAB
handles structure with handles and user data (see GUIDATA)
% Reference stage if needed
if (~exist ('Controller'))
Controller = PI GCS Controller();
end;
if (~isa(Controller, "PI GCS Controller'))
Controller = PI _GCS Controller();
end;

o\°

%$Set up connection between PC and Controller

ip = '169.254.10.196";
assignin('base', 'ip',ip) %to matlab workspace
port = 50000;

assignin('base', 'port',port) %Sto matlab workspace

Controller = Controller.ConnectTCPIP(ip, port);

Controller = Controller.InitializeController():;
assignin('base', 'Controller',Controller) %$to matlab workspace
%Get basic parameters

% query controller identification

identification = Controller.gIDN() ;

assignin('base', 'identification',identification) %to matlab
workspace

disp(identification);

% query axes
availableaxes = Controller.gSAI();
if (isempty(availableaxes))

return;
end
availableaxes = regexp (availableaxes, '[\w—]+', 'match');
numberOfAxis = length(availableaxes);
axisname = 'x';

assignin('base', 'availableaxes',availableaxes)
assignin('base', 'numberOfAxis', numberOfAxis)
assignin('base', 'axisname',axisname)
axisname = 'x';
% Reference stage
if (~Controller.gFRF (axisname))
Controller.FRF (axisname) ;
bref = 0;
while (bref)
bref = ~Controller.IsControllerReady():;
pause (0.1);
end
end
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if (~Controller.gFRF (axisname))

return;
end
% —--—- Executes on button press in startSimulink.
function startSimulink Callback (hObject, eventdata, handles)
% hObject handle to startSimulink (see GCBO)
% eventdata reserved - to be defined in a future version of

MATLAB

$ handles structure with handles and user data (see GUIDATA)
load system('Main Controllerseperated hexapod 2015");

set param('Main Controllerseperated hexapod 2015','SimulationComma
nd', 'Start"');

blockl =
'Main Controllerseperated hexapod 2015/Kinematic calibration/Sell’

block2 =
'Main Controllerseperated hexapod 2015/Kinematic calibration/Sel2’

block3 =
'Main Controllerseperated hexapod 2015/Kinematic calibration/Sel3'

block4d =
'Main Controllerseperated hexapod 2015/Kinematic calibration/Adl';
block5 =
'Main Controllerseperated hexapod 2015/Kinematic calibration/Ad2';
blockée =
'Main Controllerseperated hexapod 2015/Kinematic calibration/Ad3';

rtol = get param(blockl, 'RuntimeObject');

rto2 = get param(block2, 'RuntimeObject');

rto3 = get param(block3, 'RuntimeObject');

rto4 = get param(block4, 'RuntimeObject');

rto5 = get param(block5, 'RuntimeObject');

rto6 = get param(block6, 'RuntimeObject');
assignin('base', 'rtol',rtol) %$to matlab workspace
assignin('base', 'rto2',rto2) %S$to matlab workspace
assignin('base', 'rto3',rto3) %S$to matlab workspace
assignin('base', 'rtod',rtod) S$to matlab workspace
assignin('base', 'rto5',rto5) %$to matlab workspace
assignin('base', 'rto6',rto6) %$to matlab workspace
block7 = 'Main Controllerseperated hexapod 2015/hexVelo’;
rto7 = get param(block7, 'RuntimeObject');

assignin('base', 'rto7',rto7)

Q

%to matlab workspace

% —--- Executes on button press in stopSimulink.
function stopSimulink Callback (hObject,

eventdata,

handles)
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oo

hObject handle to stopSimulink (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)
set param('Main Controllerseperated hexapod 2015', 'SimulationComma
nd', 'Stop"')

function edit3 Callback (hObject, eventdata, handles)

% hObject handle to edit3 (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get (hObject, 'String') returns contents of edit3 as text
str2double (get (hObject, 'String')) returns contents of
edit3 as a double

oo

% —-—-—- Executes during object creation, after setting all
properties.

function edit3 CreateFcn (hObject, eventdata, handles)

% hObject handle to edit3 (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all

CreateFcns called

% Hint: edit controls usually have a white background on Windows.
See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'"),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white'");

o°

end

% ——-—- Executes on button press in moveToTargetX.

function moveToTargetX Callback (hObject, eventdata, handles)

% hObject handle to moveToTargetX (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

Controller = evalin('base', 'Controller'); S$from matlab workspace

)

% working with mov command

trajectorySource = 0;
Controller.SPA('1',419436800,trajectorySource,null(1l));
L}

axisname = 'x';
target = str2double (get (handles.edit2, 'String'));

Controller.VLS (1) ;
Controller.MOV (axisname, target) ;
% while (any(Controller.IsMoving('"')))
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positionX = Controller.gPOS('x'");
set (handles.posX, 'string',num2str (positionX));

o° oo

o\

end

while (Controller.IsMoving (axisname))
% Display progress

positionX = Controller.gPOS('x'");

set (handles.posX, 'string',num2str (positionX));

pause (0.1);
end

positionX = Controller.gPOS('x'");
set (handles.posX, 'string',num2str (positionX));

% —--- Executes on button press in moveToTargetY.

function moveToTargetY Callback(hObject, eventdata, handles)

% hObject handle to moveToTargetY (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

Controller = evalin('base', 'Controller'); S$from matlab workspace

o)

% working with mov command
trajectorySource = 0;
Controller.SPA('1',419436800,trajectorySource,null (1)) ;

axisname = 'y';

target = str2double (get (handles.editl, 'String'));

Controller.VLS (1) ;
Controller.MOV (axisname, target) ;
while (Controller.IsMoving (axisname))
% Display progress
positionY = Controller.gPOS('y');
set (handles.posY, 'string',num2str (positionY));

pause (0.1);

end
positionY = Controller.gPOS('y');
set (handles.posY, 'string',num2str (positionY));

% —--- Executes on button press in moveToTargetZ.

function moveToTargetZ Callback (hObject, eventdata, handles)

% hObject handle to moveToTargetZ (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)
Controller = evalin('base', 'Controller'); %from matlab workspace

o)

% working with mov command
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’

trajectorySource = 0
',419436800, trajectorySource,null (1)) ;

Controller.SPA('1l

A} A}

axisname = 'z';
target = str2double (get (handles.edit3, 'String'));

Controller.VLS (1) ;

Controller.MOV (axisname, target) ;

while (Controller.IsMoving (axisname))
% Display progress

positionZ = Controller.gPOS('z"');

set (handles.posZ, 'string',num2str (position?Z));

pause (0.1);

end
positionZ = Controller.gPOS('z"');
set (handles.posZ, 'string',num2str (positionZz));

o

% —--—- Executes on button press in stopMovement.

function stopMovement Callback (hObject, eventdata, handles)

% hObject handle to stopMovement (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)
Controller = evalin('base', 'Controller'); %$from matlab workspace
result = 1;

assignin('base', 'result',result) %to matlab workspace
Controller .HLT ('x");
Controller . .HLT('y');
Controller .HLT('z");

function edit2 Callback (hObject, eventdata, handles)

% hObject handle to edit2 (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get (hObject, 'String') returns contents of edit2 as text
str2double (get (hObject, 'String')) returns contents of
edit2 as a double

o°

% —--—- Executes during object creation, after setting all
properties.

function edit2 CreateFcn (hObject, eventdata, handles)

% hObject handle to edit2 (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all

CreateFcns called
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% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

end

% —--—- Executes on button press in currentPos.

function currentPos Callback (hObject, eventdata, handles)

% hObject handle to currentPos (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

Controller = evalin('base', 'Controller'); S$from matlab workspace
positionX = Controller.gPOS('x'");

positionY = Controller.gPOS (
positionZ = Controller.gPOS (
positionU = Controller.gPOS ('
positionV = Controller.gPOS (
positionW = Controller.gPOS('w')
set (handles.posX, 'string',num2str

(positionX));
set (handles.posY, 'string',num2str (positionY));
set (handles.posZ, 'string',num2str (positionZ));
set (handles.posU, 'string',num2str (positionlU));
set (handles.posV, 'string',num2str (positionV));
set (handles.posW, 'string',num2str (positionW));
% —--- Executes on button press in about.
function about Callback (hObject, eventdata, handles)
% hObject handle to about (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles structure with handles and user data (see GUIDATA)

a=menu ('Author: Abdiilhamit DONDER, adonder@metu.edu.tr','Close');

% —--—- Executes on button press in angleCompensation.

function angleCompensation Callback (hObject, eventdata, handles)
% hObject handle to angleCompensation (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)
Controller = evalin('base', 'Controller'); %$from matlab workspace
rtol = evalin('base','rtol'); S$from matlab workspace

rto2 = evalin('base','rto2'); S$from matlab workspace

rto3 = evalin('base','rto3'); S$from matlab workspace

rtod =

( )
( )
( )
evalin('base', 'rto4d'); %from matlab workspace
( )
( )
( )

rto5 = evalin('base', 'rto5'); %from matlab workspace
rto6 = evalin('base','rto6'); S$Sfrom matlab workspace
rto7 = evalin('base','rto7'); S$from matlab workspace
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% working with mov command

trajectorySource = 0;
Controller.SPA('1',419436800,trajectorySource,null (1)) ;
% working with points
trajectorySource = 1;
Controller.SPA('1',419436800,trajectorySource,null (1)) ;

$for Y movement

targetYcompensation =

str2double (get (handles.targetYCompensation, 'String'));
nextDesiredPoint¥Y=0;

initialLoopA = Controller.gPOS('");

initialLoop =
[initialLoopA(l);initialloopA(2);initialloopA(3) ;initialloopA(4) ;i
nitialLoopA(5);initialloopA(6)1];

YinitialLoop= initiallLoopA(2);

dataNumber = 6;

nextPoints = zeros (6,dataNumber) ;

result=0; %in case of emmergency it is going to be 1
assignin('base', 'result',result) %$to matlab workspace

while result==

hexapodMovementl = rtol.OutputPort (l) .Data;
hexapodMovement2 = rto2.OutputPort (1) .Data;
hexapodMovement3 = rto3.OutputPort (1) .Data;
hexapodMovement4 = rto4d.OutputPort (1) .Data;%radians
hexapodMovement5 = rto5.0utputPort (1) .Data; %radians
hexapodMovement6 = rto6.0utputPort (1) .Data;sradians
hexapodMovements =
[hexapodMovementl, hexapodMovement?2, hexapodMovement3, hexapodMovemen
t4*180/pi, hexapodMovement5*180/pi, hexapodMovement6*180/pi];
HexVeloY = rto7.InputPort(l) .Data;
pause (0.1)

% in order to write positions on simulink simultaneously

positions = Controller.gPOS('");
assignin('base', 'positions',positions); %$to matlab workspace

set param('Main Controllerseperated hexapod 2015/Pos', 'Value', 'pos
itions');

$for Y movement (feedrate)
difYY = targetYcompensation-YinitialLoop;
bufferSizeY = abs(difYY) / (HexVeloY * 50/1000);
steppp = difYY / bufferSizeY;
prevv = YinitialLoop;
for i=l:dataNumber

nextPointsY (i) = prevv + steppp;
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prevv = nextPointsY(1i);
end

for i=1l:dataNumber
if sign(steppp) ==
if nextPointsY (i)>targetYcompensation
nextPointsY (i)=targetYcompensation;
end

= -1
<targetYcompensation
)=targetYcompensation;

elseif sign(steppp) =
if nextPointsY (i)
nextPointsY (i
end
end

end

for i=1:dataNumber
nexPoint=nextPointsY (i) ;
assignin('base', 'nexPoint',nexPoint) Sto matlab workspace

set param('Main Controllerseperated hexapod 2015/YtoolDesired', 'Va

lue', 'nexPoint');
end

YinitialLoop = YinitialLoop + dataNumber * steppp;

difX = hexapodMovements (l)-initialLoop (1) ;
difY = hexapodMovements (2)-initialLoop(2);
difZ = hexapodMovements (3)-initialLoop(3);
difU = hexapodMovements (4)-initialLoop (4);
difV = hexapodMovements (5)-initialLoop (5);
difW = hexapodMovements (6)-initialLoop (6) ;
dif = [difX;difY;difz;difU;difVv;difw];
HexVeloY

Controller.VLS (HexVeloY); %Normally HexVeloY is the velocity
in Y direction. But due to impossibilities it is commended as the
velocity of hexapod.

distance = (difX"2+difY"2+difz"2)"(1/2);
bufferSize = distance / (HexVeloY * 50/1000);
stepp = dif / bufferSize;

prev = initialLoop;

for i=l:dataNumber
nextPoints(:,1i) = prev + stepp;
prev = nextPoints(:,1i);
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end

for

i=1:dataNumber
$for X:
if sign(stepp(l)) =
if nextPoints (1,
nextPoints (1

=1
i) >hexapodMovements (1)
s 1)

=hexapodMovements (1) ;
end

elseif sign(stepp(l)) == -1
if nextPoints (1, 1)<hexapodMovements(1)
nextPoints (1,1i)=hexapodMovements (1) ;
end
end
$for Y:
if sign(stepp(2)) =
if nextPoints (2,
nextPoints (2

=1
i) >hexapodMovements (2)
,1)

=hexapodMovements (2) ;
end

elseif sign(stepp(2)) == -1
if nextPoints (2, 1)<hexapodMovements(2)
nextPoints (2, 1) =hexapodMovements (2) ;
end
end
$for Z:
if sign(stepp(3)) =
if nextPoints (3,
nextPoints (3

=1
i) >hexapodMovements (3)
r1)

=hexapodMovements (3) ;
end

elseif sign(stepp(3)) == -1
if nextPoints (3,1i)<hexapodMovements (3)
nextPoints (3, 1) =hexapodMovements (3) ;
end
end
$for U:
if sign(stepp(4)) =
if nextPoints (4,
nextPoints (4

1

i) >hexapodMovements (4)
, 1) =hexapodMovements (4) ;
end

elseif sign(stepp(3)) == -1
if nextPoints (4, 1)<hexapodMovements(4)
nextPoints (4, i) =hexapodMovements (4) ;
end
end
$for V:
if sign(stepp(5)) ==
if nextPoints (5,1i)>hexapodMovements (5)
nextPoints (5,1)=hexapodMovements (5) ;
end
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elseif sign(stepp(5)) == -1
if nextPoints (5,1)<hexapodMovements (5)
nextPoints (5,1)=hexapodMovements (5) ;
end
end
Sfor W:
if sign(stepp(6)) ==
if nextPoints (6,1)>hexapodMovements (6)
nextPoints (6,1)=hexapodMovements (6) ;
end

elseif sign(stepp(6)) == -1
if nextPoints (6, 1) <hexapodMovements (6)
nextPoints (6,1i)=hexapodMovements (6) ;
end
end
Controller MOV ('X Y Z2 U V W', nextPoints(:,1));

$for GUI
position = Controller.gPOS(''");
set (handles.posX, 'string',num2str (position(l)));
set (handles.posY, 'string',num2str(position(2)));
set (handles.posZ, 'string',num2str (position(3)));
set (handles.posU, 'string',num2str (position(4)));
set (handles.posV, 'string',num2str (position(5)));
set (handles.posW, 'string',num2str (position(6)));
end
result = evalin('base', 'result'); %Sfrom matlab workspace

initialloop = initialloop + dataNumber * stepp;

end

function edité6_Callback (hObject, eventdata, handles)

% hObject handle to edit6 (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)
% Hints: get (hObject, 'String') returns contents of edit6 as text

oe

str2double (get (hObject, 'String')) returns contents of
edit6 as a double

% —--- Executes during object creation, after setting all
properties.

function edité6 CreateFcn (hObject, eventdata, handles)

% hObject handle to edit6 (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

111




% handles empty - handles not created until after all
CreatefFcns called

Hint: edit controls usually have a white background on Windows.
See ISPC and COMPUTER.

if ispc && isequal (get (hObject, 'BackgroundColor'),

get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');

o° oo

end

% —--—- Executes on button press in moveToTargetW.

function moveToTargetW Callback (hObject, eventdata, handles)

% hObject handle to moveToTargetW (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

Controller = evalin('base', 'Controller'); S$from matlab workspace

% working with mov command
trajectorySource = 0;
Controller.SPA('1',419436800,trajectorySource,null(1l));

axisname = 'w';

target = str2double(get (handles.edit6, 'String'));

Controller.VLS (1) ;
Controller.MOV (axisname, target) ;
while (Controller.IsMoving (axisname))
% Display progress
positionW = Controller.gPOS('w');
set (handles.posW, 'string',num2str (positionW));

pause (0.1) ;

end
positionW = Controller.gPOS('w');
set (handles.posW, 'string',num2str (positionW))

function edit5 Callback (hObject, eventdata, handles)

% hObject handle to edit5 (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

Hints: get (hObject, 'String') returns contents of editb as text
str2double (get (hObject, 'String')) returns contents of
editb as a double

o° oo
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% —--—- Executes during object creation, after setting all

properties.
function edit5 CreateFcn (hObject, eventdata, handles)
% hObject handle to edit5 (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all
CreateFcns called

% Hint: edit controls usually have a white background on Windows.
See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

o\

end

% —--- Executes on button press in moveToTargetV.

function moveToTargetV Callback (hObject, eventdata, handles)

% hObject handle to moveToTargetV (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

Controller = evalin('base', 'Controller'); S$from matlab workspace

o)

% working with mov command
trajectorySource = 0;
Controller.SPA('1"',419436800,trajectorySource,null(l));

axisname = 'v';
target = str2double (get (handles.editb5, 'String'));

Controller.VLS (1) ;
Controller.MOV (axisname, target) ;
while (Controller.IsMoving (axisname))
% Display progress
positionV = Controller.gPOS('v');
set (handles.posV, 'string',num2str (positionV));

pause (0.1);

end
positionV = Controller.gPOS('v');
set (handles.posV, 'string',num2str (positionV));

function edit4 Callback (hObject, eventdata, handles)

% hObject handle to edit4 (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get (hObject, 'String') returns contents of editd as text
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% str2double (get (hObject, 'String')) returns contents of
edit4 as a double

% ——-—- Executes during object creation, after setting all
properties.

function edit4 CreateFcn (hObject, eventdata, handles)

% hObject handle to edit4 (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all

CreateFcns called

Hint: edit controls usually have a white background on Windows.
See ISPC and COMPUTER.

if ispc && isequal (get (hObject, 'BackgroundColor'),

get (0, '"defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');

o° o°

end

% —--—- Executes on button press in moveToTargetU.

function moveToTargetU Callback (hObject, eventdata, handles)

% hObject handle to moveToTargetU (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see GUIDATA)

Controller = evalin('base', 'Controller'); %$from matlab workspace

o

% working with mov command
trajectorySource = 0;
Controller.SPA('1',419436800,trajectorySource,null(1l));

L} L}

axisname = 'u';
target = str2double(get (handles.edit4, 'String'));

Controller.VLS (1) ;
Controller.MOV (axisname, target) ;
while (Controller.IsMoving (axisname))
% Display progress
positionU = Controller.gPOS('u');
set (handles.posU, 'string',num2str (positionU));

pause (0.1) ;

end
positionU = Controller.gPOS('u');
set (handles.posU, 'string',num2str (positionU))

function targetYCompensation Callback (hObject, eventdata, handles)
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% hObject handle to targetYCompensation (see GCBO)
% eventdata reserved - to be defined in a future version of

MATLAB

% handles structure with handles and user data (see GUIDATA)
% Hints: get (hObject, 'String') returns contents of
targetYCompensation as text

% str2double (get (hObject, 'String')) returns contents of

targetYCompensation as a double

% —--—- Executes during object creation, after setting all
properties.

function targetYCompensation CreateFcn (hObject, eventdata,
handles)

% hObject handle to targetYCompensation (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all

CreateFcns called

% Hint: edit controls usually have a white background on Windows.
See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end

oe
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