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Abstract

To utilise the full potential of high-power lasers, such as for fusion energy applications,
large-scale facilities need to operate at high-repetition rates. The challenge of
positioning and aligning a target at the laser beam focus with an accuracy of
few micrometres (typically + 4 um) is significant, but it is a fundamental requirement
for a high-power laser interaction to ensure that targets are reproducibly accessible to
the highest intensities available. This requirement represents a serious problem for a
high-repetition rate laser system in which a fresh target has to be positioned and aligned
at the laser beam focus at a rate of at least 0.1 Hz (with plans for 10 Hz or higher in
future). Research presented in this thesis is the only known comprehensive study to focus
on the demonstration of a real-time target alignment system to fulfil the requirements
for the application of high-power high-repetition rate laser operation.

High-accuracy target alignment for high-repetition rate operation means that a
real-time position compensation method is required to maintain the target’s reference
position and plane throughout the operation. Achieving this requirement with a real-time
target alignment (position and orientation) system comes with challenges, which can be
broadly categorised in two areas: 1.capability development of the elements which are
used for the real-time target alignment control system, and 2. design of the real-time
target alignment control system. In this research, the performance improvement issues
of the target’s position control system, in terms of its capability of delivering high-
accuracy target positioning and orientation, were addressed before focusing on the
development of the real-time position and orientation control system.

The position control system used in this research for the target alignment is a five
degree-of-freedom hybrid kinematic mechanism, comprising both serial and parallel

kinematic mechanisms. Although parallel and hybrid mechanisms have recently



received much attention, and research is underway to extend their use in industrial
applications, comprehensive studies of their design, kinematics, dynamics and error
sources are lacking. For accuracy improvement of a hybrid or parallel mechanism, a
high level of complexity, as compared to a serial mechanism, arises mainly due to the
very high number of error parameters required to describe the mechanism kinematically.
For solving the problem, this research presents a method for developing a simplified
error model for a complex spatial mechanism with closed loops. The model was used to
demonstrate a practical calibration procedure to significantly improve the positional
accuracy of a hybrid or parallel mechanism. The procedure outlines effective strategies
for carrying out simple measurements to determine the error parameters and
compensating for the positional deviations of target with simple steps using software-
based compensation technique.

For the real-time target alignment system, the design of the control system is based
on an Abbe-compliant, in-process position measurement system of targets, employing a
plane mirror interferometer and the hybrid mechanism. An error model was developed
for the kinematic error analysis of the mechanism (dynamic influences, e.g. vibration,
were not considered) associated with the high-repetition rate process to determine the
position feedback information of the target during a high-repetition rate process. The
model was also used to identify the effects of the non-collocation of the target and the
measurement point of the interferometer on the control system’s performance - a
challenge for the real-time position control of targets. The behaviour of the control
system was investigated with the error model and experimental data. It was found that
the controller’s position compensation scheme can be ineffective due to erroneous
position feedback for the non-linear position information representing the non-

collocated measurement point and the actual target. To solve the problem, an angular

Vi



compensation technique was proposed for high-accuracy, real-time position and
orientation control of targets.

The findings of this research are valid for wider applications. For example, 1. The
method of simplifying the error model and the strategies developed for the calibration
and compensation procedure can be used for other types of parallel or hybrid
mechanisms, 2. The design principle of the real-time control system, the error model and
the position and orientation compensation strategies can be applicable to the design of

positioning systems requiring highly accurate position control of the end-effector.

vii



Table of Contents

List of figures
List of tables
Chapter 1 - INtrodUCHION ... ..ccvieciiiiiieiie ettt ettt et e s e e sebeesseesseessaesseessnessnennns 1
L1 BacKgroUnd .....cc.ooeiiiiiiiiiiiiceneee ettt st s 1
1.2 ReSEarch QUESLIONS......ccuiitieitieiieeie ettt ettt ettt et e e e 5
1.3 TRESIS SIUCTUIE .....eeeiiieieetteeiie ettt ettt ettt et esbe e sat e st e et e beebeesbeesaeas 5
1.4 Contribution to KNOWIEAZE.........coerieriririiniiiiciiecteceee e 7
Chapter 2 = LItETatUIC TEVIEW ...cuveeiiieeiieeeieeecireeeteeeiteeeveeestaeessreeeseeessseeesseeessseesssesessseesnses 12
2.1 High-POWET LASETS ...oueiuieieieieeie ettt ettt s e e s e 12
2.2 Microtargets for the 1asers.........coerieririiiiriiriereeeeeceee et 14
2.2.1 Microtarget ManUIACUIING........ceoveeurerireriierierte ettt ettt te e saee e 15
2.2.2 Microtarget CharacteriSation. ..........ccueerueeriierierie ettt ettt saee e 16
2.3 Microtarget delivery for high repetition rate laser system ..........ccocceceevererviencnnecnnnn 16
2.3.1 Target poSItiONING SYSTEIM ....eevueiruiieiieieetiesite st eteeteesteesteesieesaeeeteebeeseesaeesaeas 16
2.3.2 Main features of HAMS SYStEIM.......c.ccovivriiriiiiiiiicieeieesiee e ere e 21
2.3.3 Performance of HAMS ... 23
2.4 Accuracy of @ MECANISIN........ccccvieiviiiieitieciie e e e ereeteeseeesereeabeesbeesreesreesaneseneeens 24
2.4.1 EITOrS and QCCUTACY ....vievvieruiesirieeriariereesteesereseressreesseesseesseesssesssesssesssesssessssesenes 25
2.4.2  SOUICES OF BTTOT ....eeuvieiietieeiieeiie ettt ettt ettt st ee et e st esaeesnteenbeenseenseeseeneeas 26
2.4.3 Description of KINeMAtiC ©ITOTS.......c.eeruirriieriierierieeieeeesteeseeeee e ebeeseeseeesaees 26
2.5 MEASUTEIMEINL CITOTS. .. .eeeurieritieeieeeeiteeesteeesteeetteeettesbeeesateesbeeesateesbeeesseeesabeeenaseesases 28
2.6 Methods of error €limMiNation ...........cceeveeriierienieeie ettt see sttt eseee e 30
B A O} 1 o1 L 13 1o ) RSP 32
Chapter 3 -  Performance improvement of hybrid mechanism ............ccoccevereeiinccenenceenne. 35
3.1 KiNEMALIC SITUCTUTIE ....c..eeutieieiteiieiieie sttt ettt ettt sttt sttt nbe s b e 35
3.1.1 Serial KINEMAtIC SITUCTUTE........ccueruirieiiriieieitietee ettt 35
3.1.2 Parallel Kinematic StTUCLUIES .........cccueruirieriiniirieienteee ettt e 37
3.1.3 Hybrid Kine€matic StIUCTUIES ........eevvverrieeriieieenierieeteeieeieeieeeeeseeeseeesnseeseeneeens 40



3.1.4 Current research on parallel and hybrid kinematic mechanisms........................ 42

3.2 Calibration of hybrid mechaniSm..........cccccoereeriniriininiencnececceee e 43
3.3 Method of kinematic calibration .............ccceceeriiriiniiiiieeeeeeeeee e 44
3.3.1 Model for kinematic calibration............cccceeerierieririeninieeree e 45
3.3.2  POSE MEASUTECIMENLS ...c..veeuteeiieniiiniiieieeieeieentee sttt ete et e bt esbeesaeesatesareereenreennees 51
3.3.3  Parameter identifiCations.........cecueruerieriieieierieeie ettt 53
3.3.4 Implementation of calibration .........c.cecvervierieiiieiieeieereesee st 55
3.4 Key issues in calibrating parallel and hybrid kinematic mechanism ..................c...... 56
3.4.1 Issues related to kinematic model for position analysis.........ccccceevevecieeseeeneeennen. 56
3.4.2 Issues related to error Model ...........coeiieiiiiiiiniiiieeeeeee e 58
3.4.3 Issues related t0 MEASUTEMENLS .........eevueeriieriieriieiie ettt esieeeite et seee e 62
3.4.4 Issues related to parameter identification...........ccceeveerierienienieee e, 63
3.4.5 Issues related to implementation of the calibration: compensation ................... 64
3.5 Real-time position cONtrol 0f target ...........cccvevverierieiiierieereesee e 64
3.5.1 Requirements for real-time position CONtrol ............ccevvereerierreerreerreeseeseeenene 66
3.5.2 In-process position sensor for high-repetition rate laser operations................... 78
3.0 CONCIUSION ..entiiiiiiiieie ettt ettt ettt ettt e bt e s bt e s st e ente et e ebeesbeesseesaeas 82
Chapter 4 - Research methodolOZIes. .......co.eeieriiriirieniiieieeteeeee e 85
O T Y (T L8175 (03 TSRS 85
4.2 Selection of research Methods.........cccuieiiiiiieiee e 85
4.2.1 Research methods for the performance improvement of HAMS...................... 86

4.2.2 Research methods used for error estimation and real-time position compensation

FOT LATEEL. ... vievtieiieieeeee ettt ettt s e et e e b e et e et e e staestbessbeesseesseesseesssesssessseesseesseesssessan 88

4.2.3 Key parameters to determine in the research ...........cccevverieiviieviecneeseeere e 92

4.3 Resecarch methods USEd ........c..ooouiiiiiiiiiiiicicce e e 94
4.3.1 Analytical apPrOaCh ......cociiviiiiiieiieie e 94

4.3.2 Empirical approach ..........ccoocuveiiieiiieniesiecieee et 96

4.3.3 Experimental Method .........ccceeviiriiiiiiinieeieeieeeeeeee e 99
Chapter 5 -  Error modelling of the hybrid mechanism ............cccccoevveviieviieniieniecie e 105
5.1 INITOAUCHION ...ttt sttt sttt 105



5.2 MoOtiONSs OF HADS ...oooiiiiiiiiiiieieieieeeeeeeeeeee ettt et et et e taaaeeeaeeeseessassassesesessaeaans 107

5.3 Error mapping of the parallel mechanism of HAMS ..........cccooiiiiiiiiniiees 108
5.3.1 Analysing the error sources of tripod..........cccecieiiiiieniiniiii e 108
5.3.2 Strategy to develop error model for the parallel mechanism ...........cc.ccceeeee. 117

5.4 Kinematic analysis of HAMS ..o 120
5.4.1 Kinematic representation of HAMS for model development .......................... 120
5.4.2 Method of kinematic model ...........cccooiriiiiiiiiiiiee e 121

5.5 Modelling the parallel mechanism with N0 €T ........cccceviiriiiiiiiieiiieeeeeee, 124

5.6 Modelling for the mechanism with error ...........cccoeviiiiiiiiiiiiie e, 129
5.6.1  Error definitions .......cc.cevieiiiiiieiiieie ettt ettt sttt e 129
5.6.2 Model analysis: tip €ITOT ONLY ....c.eevuieriieriieiieieeieeieeee et 133
5.6.3 Model analysis: tilt €rT0r ONLY ......eevuieriiiiiiiiieieeeee e 135

5.7 Analytical equations to describe the error parameters ............cocceeeeeeereeeeneeneeeenne. 136
5.7.1  TIP €ITOT PATAIMNELEIS .....eeueeeeeneeeerieeeenteestenteeneeeesteeeeseeeseeseseeeseenseeseeneesneeneeees 137
5.7.2  Tilt ©ITOT PATAMELETS. ... ceueeteeueeeerieeeeeteeeterte et eee et et e seessee e seeeseeseeeseeeesseeneenees 138

5.8 COMNCIUSION ..ottt ettt ettt ettt et e a et e b e et e ee et e e e eneeneeees 139

Chapter 6 -  Calibration and COMPENSALION .......cc.eeveeriirireiieieerierte ettt eee e 143

0.1 INEOAUCTION ... .eiiiiiiiieiteeee ettt ettt et ettt et et esbeesneeenseenseens 143

0.2 Strategy for the CaliDIation..........c.cccvievierieiieiie ettt sre b e esbeereens 144

6.3 Kinematic modelling for calibration ............cccccveevveevienienieereereeeeseesee e ere e 148

0.4 MEASUTEITIENILS ......eouiieuiieiietieeiie ettt et ettt ee st et et e bt e sbtesaeesate e bt e beenbeesbeesateenteens 150
6.4.1 Types Of MEASUTCIMENLS........ccviiriieriieriieiieere ettt etee e sre b e esreesreeseaesenesereenns 150
6.4.2 Methods of the MEASUIEMENTS.........ccoviiiiiiieiiieeiee e 152

6.5 Error parameter identifiCation .........coceveerieririeninienenieetesesteeseee et 154
6.5.1 Identifying the error parameters of the tripod (RPS mechanism) .................... 154
6.5.2 Identifying the error parameters affecting the target position T'.................... 157

6.6 Implementation of the calibration results: compensation ..............ccecceervereercieeniens 161

6.7 Results and diSCUSSIONS .....eeuveiireieieieeieie ettt et see e neas 163
6.7.1 Performance improvement of HAMS .........c..cooveiieiiiniiiiiceee e 163



6.7.2 Evaluation of the compensation technique applied..........c.cccceevvievierienieennenne. 165

6.7.3 Improvement of the compensation technique ............cccccveeeeiiiiiiiiiciieeieeeiens 167

6.7.4 Calibration UNCEItaINtY ........ccecueeiuieiiieiienieeie ettt ettt et 170

6.7.5 Positional deviations of the target 7 for tilt (v) motion............ccevvevvervenennnnn, 173

0.8 CONCIUSION ..ottt ettt ettt et sb ettt et et s me et e sbeeaeenees 175
Chapter 7-  Development of a real-time target alignment SyStem...........ccccccverreereerrenenennn. 177
T.1 INEOAUCTION ..ttt ettt ettt ettt be e bt st eenteeeeens 177

7.2 The need for closed loop control for precision target alignment ..........c..cccevveeueeee. 178

7.3 Design of the control system for high-repetition rate laser operations .................... 179

7.3.1 Target position measurement for the high-repetition rate operation: applying the

ADDE PIINCIPLE 1ovvieniieeieeiiere ettt eteete e ere e ee bt e s taesebessseesseesseesssesssessseesseesanns 180
7.3.2 In-process measurement system for real-time target alignment....................... 182
7.4 Positional deviation of target during wheel rotation: model.............ccccevvrvrereennenns 183
7.5 Design of the closed 100p CONLIol SYSIEM ......cccveeveeriierierieeriereereeeeseee e ereereens 191

7.6 Experimental validation of the closed loop design for the high-repetition rate laser

OPCTALION ..e.vveeeriesieeteeieestesteeteeseeseesseessaessseasseasseesseesseessseassaasseasseasseesseesssesssesssensseessenns 194
7.6.1 Experimental ProCeAUIE ...........coceeriierierieeiieieeiteiteee ettt 194
7.6.2 Measurement UNCETLAINTIES. ......eeueeruieriierieeieeteesteeieesteeseteeeeeeeeeeesaeesneesaseenns 196

7.7 Results and diSCUSSION .....eevuieeuiiiiieiieiieiie ettt ettt s sneeeeeens 197

7.7.1 Characterisation of the high-repetition rate process in the open-loop control

system 197
7.7.2  Performance evaluation of the closed loop design..........ccccevereeneninnicncnnenne. 199
7.7.3 Investigating the closed loop design issues using the model .............c.ccveeneen. 201
7.8 Improvement of the closed loop control design..........cccveeveerieciierrienienieeieeieeiens 212
7.9 CONCIUSION ...ttt ettt ettt et e sttt esteest et e eaeenteseeneenseeneenseees 215
Chapter 8 -  Conclusions and future Work ..........ccccceeevieerieiiinienieiie e 218
8.1 OVETVIEW ..ottt ettt ettt et e a et bttt e bt et bt et e beeatenees 218
8.2 COMNCIUSIONS ...ttt ettt sttt be e 221

8.2.1 Requirements for the target alignment for high-repetition rate laser

OPCTALION L..vvievvietieeteeetteesteeteesttesteeeseesbeeseestaessseesseesseesseastsasssessseassesssessssesssesssesssensenns 221

Xi



8.2.2 Error model fOr HAMS ..ottt e e e e e e e ereeeeeee e 223

8.2.3 Performance improvement of HAMS ..........cccoooiiiiiiiiiiiecece e 224
8.2.4 Real-time target alignment...........coceeiieiiiiiiiiieeee e 227
8.3 FULUIE WOTK ....iiiiiiiiieeee ettt 228
8.3.1 High-repetition rate laser OPeration.............ccveevvecreereereeneerreeieesieeseeseeesneenns 228

8.3.2 Error model and the calibration process for parallel and hybrid mechanisms .230

8.3.3 Real-time alignment control for target............cccecvevveriercirncieeieee e 231
References
Appendix A An example of uncertainty budget for distance measurement by a laser

Appendix B
Appendix C

Appendix D

Appendix E
Appendix F

Appendix G

interferometer
Properties of the actuators used in the motion stages of HAMS
Inverse kinematics of HAMS extracted from the HAMS control software

Example of a motion programme for generating compensation for the
positional deviation of target in the z direction for a given tip rotation of
HAMS

The elements of the matrix in equation (7.12) of section 7.4
The elements of the matrix in equation (7.25) of section 7.4

Procedure to avoid the plane mirror’s misalignment during the

experimental set-up

xii



List of figures

Figure 2.1 Conceptual view of a laser fusion power plant with fusion chamber and
turbine generator [8]. .....oov o e 12
Figure 2.2 MEMS fabricated micro-parts (a) plastic disc targets (on Si wafer): 7.5 um
diameter and 1 pm thick; (b) thin film targets of silicon nitride: 32 um diameter and 50
MM ENTCK [L2]. ..t 15
Figure 2.3 Centre positioning of the silicon wafer [16]..........ccccoceveninininininiceen, 17
Figure 2.4 Representation of Gaussian beam in which target needs to be positioned
Within depth of TOCUS [16]......ecviiiiiiee et 18
Figure 2.5 HAMS for the high-power high repetition rate laser operations: (a) laser
beam-target interaction; (b) HAMS with the target interface wheel; (c) features of
HAMS; (d) target interface wheel with two target sections; (e) targets patterned around
the circumference of a target SECLION. ........ccccveiieii i 22
Figure 2.6 Eight silicon wafer target sectors attached to the interface wheel (scale in
millimetre). Microtargets are patterned around the circumference of the sectors [16]. 22
Figure 2.7 Accuracy, precision and trueness; trueness dominated accuracy (left) and
precision dominated accuraCy (Fght)........ccccoveieiieie e 24
Figure 2.8 Kinematic errors of a one-axis mechanism [33].........ccccccoveviviveiievnennene. 28

Figure 2.9 A 2D depiction of a calibre when measuring a circular object: a perfect

measurement with no error (top); measurement with Abbe error (bottom).................. 29
Figure 2.10 A one-dimensional depiction of cosine error [37].......cccccevvevveviieiiieennnnn, 30
Figure 2.11 Pre-calibrated error COMpenSation. ............ccvueiiveerieeiieeiieesie e seessiee s 31
Figure 2.12 Real-time error COMPENSAtiON. .........cccveiieiiieeiiieeriee e see e 31

Xiii



Figure 3.1 Serial kinematic machines abstracted to kinematic chain (t: tool, b: bed, w:

V0] 1 o1 LTr=) N 3 SRS TSSSRRSRO 36
Figure 3.2 A schematic of 6-DOF Puma robot (serial kinematic structure). ............... 36
Figure 3.3 Five-bar-link parallel kinematic StruCture. ...........ccccooeveveiienveie e 37

Figure 3.4 Some parallel kinematic structures (R, P, S and U denote revolute, prismatic,
spherical and universal joints respectively): (a) two degree of freedom 5R structure, (b)
three degree of freedom planar 3-RRR structure, (c) three degree of freedom 3-RPS
structure, (d) four degree of freedom structure with four RPUR chains, (e) five degree
of freedom structure with three PRRRR chains, (f) six degree of freedom general Stewart
0] L8 {01 1P USRS 38

Figure 3.5 Schematic representation of two types of hybrid mechanism: Tricept (left)

and EXeChOn (FIGNL).......oooioe e 41
Figure 3.6 D-H parameters representation for a revolute joint. ............cccccecevvevvenenne. 46
Figure 3.7 A simple closed loop mechanism with a 2D constraint................cccccoeuee.ee. 47

Figure 3.8 Constraint equation calculation (a) mechanism with a prismatic joint (b)

mechanism with a revolute JOINt. ..........ccooviiiii e 59
Figure 3.9 Block diagram of a feedforward-controlled position system. .................... 68
Figure 3.10 Block diagram of a feedback-controlled position system. ....................... 69

Figure 3.11 An Ishikawa diagram showing the factors that affect the performance of an
in-process measurement instrument [L00]. .......cccooiiiiiieii e 73
Figure 3.12 A design of a machine tool with the linear encoders configured to achieve
an in-line path of the functional point and the effective point of the scale [89]. .......... 76
Figure 3.13 Main components of a laser interferometer for the position measurement of
A MOVING STAGE. 1..veeivtieitie ittt ettt e et e et e e et e e be e et e e beessbeesaeeanbeeareeeree e 80

Figure 3.14 Plane mirror interferometer [119].......cooiiiiniiiiiiiiiieeeee e 81

Xiv



Figure 4.1 Laser interaCtion Chamber. ..........cceiveiieiiiiieese e 90

Figure 4.2 Steps of the microtarget alignment method during the laser operation of CLF.

Figure 4.3 Angular motion measurement using interferometer with retro-reflector. 100
Figure 5.1 Hybrid mechanism of HAMS. ... 105

Figure 5.2 Spatial 3-DOF RPS mechanism: (a) one of the three closed loops; (b) RPS

mechanism showing relevant structural parameters and a closed loop. ..................... 109
Figure 5.3 Spherical contact in the spherical joints [44].........ccccoveviveveiieieece e, 115
Figure 5.4 Kinematic representation of HAMS for model development................... 121

Figure 5.5 Five constraints applied to a cube result in a rotational degree of freedom at

IES CENLIE [125]. 1vreeieiee ettt et e et e e e sre e s beeaeeneenneas 124
Figure 5.6 Error motions associated with: (a) tip (u) and (b) tilt (V)......ccevvevvinennnes 130
Figure 6.1 The calibration process flow-diagram for HAMS. ............cccoeiieiiiienen, 148

Figure 6.2 Schematic representation of the interferometer setup. The setup shown in the
figure is to measure (a) the tip angular error uerr close to the centroid of the moving
platform E (b) tip displacement error Sxerr in the x direction close to E, and (c)
positional deviation Dxttilt error + arch.close to the target in the x direction due to
TP MOTION. L.t b bbbt 153
Figure 6.3 HAMS showing Abbe offsets and generalised error parameters for tip
4 10] €[] o TSRS SSRR 154
Figure 6.4 Translational error motions ézerr and dxerr of the tripod in the z and x
(01T 1[0 3 PP TRPURRT 155

Figure 6.5 Rotational error motion uerr of the tripod (RPS mechanism) of HAMS.

XV



Figure 6.6 Error parameters of the RPS mechanism (tripod) and the controller’s
compensation iNthe Z dIreCION..........cocveie i 156
Figure 6.7 Comparison of the target’s positional deviations determined by the forward
and inverse kinematics experiments and predicted by the error model. ..................... 158
Figure 6.8 Theoretically calculated (equations (6.1) to (6.3)) positional deviations at
varying tip angular motions (no tilt motion v or errors considered). ..........c.cccccvvenen. 159
Figure 6.9 Comparison of the target’s positional deviations determined by the forward
kinematics experiments (same results for the inverse kinematics experiments) and
predicted by the error MOdel. ..........ooveiiiie e 160
Figure 6.10 Target position accuracy improvement in the z direction through the
calibration and COMPENSAtION PIrOCESS. .....c.ccveiueerieiieireeieeie e se e sre e sre e 164
Figure 6.11 Target position accuracy improvement in the x direction through the
calibration and COMPENSAtiON PrOCESS. .....c.ccveiueerieiieiieieeie e e sre e sre e 164
Figure 6.12 Comparison of the two compensation techniques to improve the target
positional accuracy in the Z direCLION. ..........c.coveiiiiie i 168
Figure 6.13 Comparison of the two compensation techniques to improve the target
positional accuracy in the X direCtION. .........ccciieiiiiieiicce e 169
Figure 6.14 Comparison of the accuracy of the motions of z stage when measured at the
stage and at the tool point (z stage travel range is £ 40 MM)........cccccoevvveveiieveenenne 172
Figure 6.15 Comparison of the calculated and measured positional deviations of target
(tool point) due to tilt rotational errors (in z and x directions). ..........ccccceevvveveinenen, 174
Figure 7.1 Concept of the closed loop control for z position compensation.............. 181
Figure 7.2 Plane mirror position (a) ideal mirror setting (b) actual mirror setting. ... 182
Figure 7.3 Coordinate systems for the error model (a) with the effective and functional

POoINtS SHOWN 1N (D) @N (C). vevivviiiieie e 184

XVi



Figure 7.4 Hardware set-up for the closed loop control of the target. ...........ccccenne. 192
Figure 7.5 Control diagram of the closed loop control for HAMS motion stages..... 192
Figure 7.6 Simplified flow-diagram of the motion program for the high-repetition rate
(0] 015 LA 0] USSR 193
Figure 7.7 Profiles of the position feedback (z positional deviations) for eight locations
Of the target WNEEL. .........ocvveee e 198
Figure 7.8 Closed loop control system in which mirror position setting represents the

target position (i.e. complaint case where position feedback from EP and FP are same).

Figure 7.9 Closed loop control system in which mirror position setting does not
represent the target position (non-complaint case where position feedback from EP and
e L 10 AT 1011 DSOS PUUSRRPR 200
Figure 7.10 Experimental data (in open-loop) and model fitting for both mirror (EP) and
target poSition (FP) SEHINGS. ..ccvvcveiieie e 202
Figure 7.11 Tip motion error (6x) of the wheel calculated from the model fitting. .. 203
Figure 7.12 Tilt motion error (8y) of the wheel calculated from the model fitting... 203
Figure 7.13 Examination of the wheel rotation path for 1.5° when no or minimum
positional deviation read DY EP. ..., 205

Figure 7.14 Examination of the wheel rotation path for 1.5° when maximum positional

Figure 7.15 Resultant angular error a for some selective locations of the wheel as
calculated from the 6x and 6y associated with EP (a) and FP (D). .......coovvvvirinnen. 208
Figure 7.16 Comparison of the resultant angular errors a of the wheel between two

settings as calculated from the information in Figure 7.11 and 7.12. ........c.cccooevvvenee. 211

XVil



Figure 7.17 Performance of the improved scheme of the closed loop control using
angular COMPENSALION. .......cviiieiieiie ettt e e re e e e esreeneennes 212
Figure 7.18 Performance of the improved closed loop control using different approach
to angular COMPENSALION. .......ccuiiieiieii et ens 214
Figure 8.1 Conceptual flow-diagram of the target alignment process and other processes

for the high-repetition rate laser OPerations. ...........cccveveveereiieseese e 222

XViii



List of tables

Table 2.1 Motions required by the target position system [15,16]. ........cc.ccoovvivrivennn. 20
Table 2.2 Possible sources of error in HAMS [7,13,14,16]. .....ccoeoeiiiiniiiiinieeen 23
Table 3.1 Key characteristics of a sensor for an application.............ccoccoevvvniviiniennenn. 72

Table 4.1 Key parameters for the development of real-time position and orientation
CONEIOL FOF TANGEL. ...t 93
Table 4.2 Sensitivity of the measured length LMeas with respect to environment
(atmospheric) CONAItION [121].......ccooiiiiiiieieiee e 102
Table 7.1 Different categories of behaviour of the open-loop high-repetition rate system
(1.6, WHEEl TOLALION). ... 204

Table 7.2 Slopes of the 8x, 8y and a profiles as shown in Figure 7.11, 7.12 and 7.15.

XiX



List of publications

Journal papers

Karim S, Piano S, Leach RK, Tolley M. Error modelling and validation of a high-
precision five degree of freedom hybrid mechanism for high-power high-repetition rate
laser system. Prec. Eng., 2018;54:182-197.

Karim S, Piano S, Branson D, Santoso T, Leach RK, Tolley M. Real-time target
alignment system for high-power high-repetition rate laser operations using a five
degree-of-freedom hybrid mechanism. Intl. J. of Control, 2020 (accepted).

Conference papers

Karim S, Piano S, Leach R, Tolley M. Error analysis for a high-precision five degree of
freedom hybrid mechanism for high-power high-repetition rate laser system. Proc. 32"
Annal. Meet. ASPE, Charlotte, North Carolina, 29 Oct-3 Nov 2017.

Karim S, Piano S, Leach RK, Branson D, Tolley M. Calibration and adjustment of high-
precision five degree of-freedom hybrid mechanism. Proc. 33™ Annal. Meet. ASPE, Las
Vegas, 4-9 Nov 2018.

Non-paper conference presentations

Karim S, Piano S, Leach R, Tolley M. Error modelling of a hybrid five degree of
freedom mechanism for manipulation of high repetition rate laser microtargets. 6™
Target Fabrication Workshop 2017, Greenwich, London, 8-11 May 2017.

Karim S, Piano S, Leach R, Tolley M. Performance improvement of a hybrid five
degree-of-freedom mechanism for manipulation of high-repetition rate laser
microtargets. 7" Target Fabrication Workshop 2017, Darmstadt, Germany, 17-20
September 2018.

Book chapter

Karim S, Weber U. Kinematic design. In: Leach RK, Smith ST, (ed.). Basics of precision
engineering. CRC Press: 2018.

XX



XXi



Chapter 1 - Introduction

1.1 Background

Pulsed lasers with high-power (petawatt class lasers) have seen significant
development in the last few decades. High-power lasers are used for advanced research
activities in physics, chemistry and biology, for example, to accelerate subatomic
particles to high energies, to study biochemical and biophysical processes, and for
cutting-edge applications, such as fusion energy, radiation therapy and secondary source
generation (X-rays, electrons, protons, neutron and ions) [1-3]. To utilise the full
potential of high-power lasers, large-scale facilities need to operate at high-repetition
rates, which presents many engineering challenges [3,4]. One such challenge is the
positioning and aligning of a micro-scale target relative to the focus of the laser beam(s)
with an accuracy of few micrometres - a fundamental requirement for a high-power
laser-target interaction to ensure that targets are reproducibly accessible to the highest
intensities available, that is in the region of the laser beam focus as determined by the
Rayleigh range [5,6]. Fulfilling this requirement for a high-repetition rate laser system
means that fresh targets have to be positioned and orientated at the laser beam focus at
a rate of at least 0.1 Hz (with plans for 10 Hz or higher in future) [4-6]. For example,
clinically relevant experiments require several thousands of laser shots, which demand
for an automated target positioning system. However, no work, as the literature review
suggests, has been carried out to develop a solution that can fulfil the requirements for
the target alignment (positioning and orientation) for high-repetition rate laser operation.
One method of automated positioning of nano-scale targets was reported by Gao et al.
[7]. With the use of a six-axis hexapod, a specially designed target wheel, a microscope
and a confocal chromatic displacement sensor, they achieved a target positioning
accuracy of around 5 pum in all spatial dimensions at 0.5 Hz repetition rate. However,
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this method represents a pre-calibrated compensation for target’s positional deviations
and is inadequate to fulfil the requirements for the target alignment for high-repetition
rate laser operation as clearly outlined in this thesis for the first time in the research of
high-power high-repetition rate laser. Another method of automated target alignment
can be found in the form of an integrated target solution developed by the Central Laser
Facility (CLF) [8-10]. The target solution of the CLF, known as the “High Accuracy
Microtarget Supply” (HAMS) system, uses a number of identical targets manufactured
with MEMS technology and delivers the targets to the laser focus within specifications
at high speed (hertz level). Demonstration of an automated target alignment system
using HAMS s the focus of this research.

The target alignment at high-repetition rate depends on the ability of the motion
stages of HAMS to generate the translational and rotational motions to locate the target
with the required accuracy and repeatability. In fact, the position accuracy of a target
(tool or end-effector, but hereafter just called target) is one of the most important
requirements for many precision applications, such as ultra-precision machine tools,
coordinate measuring machines and surgical robots. Positional accuracy is generally
achieved by carrying out one or more of these processes: design - following precision
engineering principles; calibration, requiring steps, such as kinematic modelling, error
identification and error compensation; and compensation for the target’s path (or
trajectory), requiring in-process measurement of the position of the target while the
operation is taking place (i.e. real-time compensation) [1-10]. Real-time compensation
has been playing an increasingly important role in recent years in the process chain for
manufacturing of precision workpieces with complex shapes and/or tight tolerances
[6,7]. However, developing a real-time compensation technique for a precision

application comes with many challenges. For example, finding a suitable metrology



solution for in-process position measurements of targets can be difficult for a number of
reasons, e.g. appropriate mounting of the sensor in the manufacturing machine, high
measurement speeds to follow the manufacturing operation and avoidance of
environmental disturbances [5-7]. For high-power laser applications, finding a suitable
system for the real-time target alignment for high-repetition rate operation has its own
challenges, which can be broadly categorised in two areas: first, capability development
of the elements which are used in the real-time target alignment control system, and
second, design of the real-time target alignment control system. As such, in this research,
the performance improvement issues of HAMS, in terms of its capability of delivering
high-accuracy target positioning and orientation, were addressed before focusing on the
development of the real-time position and orientation control system for target for high-
repetition rate operation.

HAMS has a hybrid kinematic structure, comprising parallel and serial
mechanisms. Although it has been shown that kinematic calibration can be a practical
and economical way for enhancing the accuracy of mechanisms, the calibration process
is more complex for a parallel or hybrid mechanism than for a serial mechanism. This
complexity is due to the significant difficulty in describing the kinematic mechanism
using a minimum set of error parameters, representing the need for a computationally
demanding error model for the calibration process [20-23]. Further difficulties may arise
from the need for a costly measurement scheme [23,24], a complex method for
identifying many error parameters [20,25,26] and specialised technical knowledge and
information for implementing the calibration results into the mechanism’s controller
[20,22,23,27-31]. On the other hand, finding a real-time compensation method to
maintain the target’s reference position and plane throughout the high-repetition rate

operation comes with a separate set of challenges [32,33]. For example, the change of



target’s reference plane during the high-repetition rate operation may give rise to the
Abbe errors while measuring target’s positions by the sensors, indicating that the
position feedback to the controller may be incorrect. In such cases, position and
orientation compensations for target become ineffective for the real-time target
alignment control for high-repetition rate operation. By addressing such challenges in
two stated areas, this research demonstrates a model for the real-time target alignment
for high-repetition rate laser operations.

To summarise, there is a significant gap in research and knowledge concerning
the capability development of the target alignment (position and orientation) process for
high-power high-repetition rate laser operations. Capability development covers a wide
range of areas of target alignment in terms of requirements (e.g.
accuracy/repeatability/speed of the target alignment process), tasks (e.g. set reference
position and orientation, maintain reference position and orientation during high-
repetition rate operation), methods (e.g. initial alignment, real-time alignment during
high-repetition rate operation) and enabling technologies (e.g. position control system,
sensor for closed-loop feedback, closed-loop control system for target alignment).
Furthermore, the hybrid mechanism, used in this research for the real-time target
alignment system for high-repetition rate laser operations, represents a new generation
of kinematic mechanisms as opposed to serial and parallel mechanisms. Hybrid
mechanisms have recently received much attention and research is underway on how to
use them in industrial applications. As such, comprehensive studies of these new types
of mechanism in terms of their designs, kinematics, dynamics and performance
improvements are lacking. In addition, the development of an effective design strategy
for a real-time target alignment system for an industrial application represents an in-

process metrology system - a highly active research area of today’s manufacturing.



1.2 Research questions
The aim of the research is to demonstrate a system of controlling the position
and orientation of targets in real-time so that they can be located in space in the x, y and
z directions of a reference coordinate system within specifications as determined by the
requirements for high-repetition rate laser operations.
To meet the aim, three research questions need to be answered:

1. Does the motion control system (i.e. HAMS) used in the real-time target
alignment have the capabilities to fulfil the requirements of the positional and
orientation accuracies of targets?

2. What method can be applied to determine the positional and orientation
deviations of targets caused by the errors arising from high-repetition process?

3. What method can be applied to effectively compensate for the positional and
orientation deviations of targets during the high-repetition rate operation?

To answer the first question, two sub-questions need to be answered:

A. How can the errors of the mechanism be analysed to understand their effects on

the positional and orientation deviations of targets?

B. What procedure can be applied to improve the performance of the mechanism?

1.3 Thesis structure
To answer the research questions, the thesis is structured in the following way:
1. Chapter 2 gives an overview of high-power laser, the high-repetition rate laser
operations, the requirements for a high-repetition rate laser operation and the
description of HAMS. Chapter 2 also outlines the important features concerning
the accuracy of a mechanism and methods of accuracy improvement.
2. Chapter 3 begins by introducing the different types of kinematic mechanism

(serial, parallel and hybrid mechanisms) with their characteristics. The kinematic



calibration as a method to improve the performance of parallel and hybrid
mechanisms is then discussed with a comparison to the calibration method
usually carried out for a serial mechanism, thus highlighting the challenges of
developing a calibration method for a parallel mechanism. Chapter 3 also gives
an overview of the elements (e.g. sensors, control system) required for the real-
time position and orientation compensation for target in a precision application.
The development issues of the real-time position and orientation compensation
for target are also detailed.

Chapter 4 describes different methods used to answer the research questions.
Chapter 5 aims to answer the first research question by answering the first sub-
question. The process of error analysis and the development of an error model
for HAMS are detailed in this chapter.

Chapter 6 answers the second sub-question of the first research question and
gives details to the kinematic calibration and compensation procedure for
HAMS.

Chapter 7 gives answer to the second research question by describing an
analytical model to characterise the high-repetition rate process. The chapter
answers the third research question by laying out the following features: the
design principle of an in-process position measurement system for target, the
design of the closed loop control system, the analysis of the behaviours of the
real-time control system with the help of the model and experimental data, and
solutions to overcome the limitations of the control system.

Chapter 8 concludes the thesis by explaining how the outcomes of the research
represent a model to fulfil the requirements for the real-time target alignment for

high-repetition rate laser operation. The chapter also shows the research findings



that have generic characteristics to be valid for wider applications. Some avenues
of future research opportunity are also outlined based on the outcomes of the

research.

1.4  Contribution to knowledge
The significance of the research work in terms of contributing to the relevant
research field can be listed as follows:

A. There has been a notable increase in the number of high-power laser facilities across
the world and therefore an in increase in the number of laser shots available. This
recent laser development indicates the prospect of switching of the laser facilities
from experimental-based facilities to application-based facilities with high-
repetition rate laser operations, e.g. laser fusion energy application [33]. As the
research and development in high-repetition rate laser operation have begun only
recently, the multi-faceted engineering challenges have started emerging — solutions
to many of these are still unknown. Target alignment at the laser focus at a speed
comparable with the laser shot rate (at least 0.1 Hz) represents one such challenge;
this includes problems that must be addressed when trying to align targets within
short timescale (few seconds). Although an automated target alignment method can
be found in the literature (section 1.1), the research presented in this thesis is the
only known comprehensive study for the development of a real-time target
alignment system for the application of high-power high-repetition rate laser
operation. This research demonstrates a model of the real-time target alignment
system by outlining the requirements, tasks, methods and technologies for the high-

repetition rate laser operations (discussed in Chapter 4 to 8).



B. The principles, methods and findings related to the development of the real-time

target alignment have some generic features that can be applicable to wider precision

applications requiring high positional accuracy. For example,

a)

b)

In many applications, e.g. high-speed motion control stages, getting accurate and
reliable feedback of the target position (i.e. in-process measurement) during an
operation, e.g. machining, poses a significant challenge for the control system of
a mechanism. One of the main reasons for this is due to the inclusion of Abbe
errors to the target position measurement, since the functional point (target) and
the effective point (where the target position is actually measured) are often not
same. The inclusion of Abbe errors to the position measurement of target
represents uncertainty, limiting the positional accuracy of the target of the motion
control system. For most of the applications using motion control systems,
optical sensors are used to measure the displacements of the stages to determine
the position of the target, and Abbe errors are unavoidable. Recently, few designs
have emerged as Abbe-complaint motion control systems for high-accuracy
applications (an example of the application is given in section 7.3.1). However,
these designs are for the motion control of stages, and are not necessarily for the
real-time position and orientation control of target.

The research in this thesis presents a closed loop control system based on
an in-process target position measurement system designed to avoid Abbe errors
(Chapter 7). The design has been demonstrated for the real-time alignment
control for a high-accuracy application (i.e. target alignment for high-power laser
operation).

The research findings suggest that an Abbe-complaint design on its own may not

be enough to control the target alignment with high-accuracy due to the



uncertainty in determining a target’s position. An error model is developed to
predict this position uncertainty with the consideration that a high-repetition
process with a periodic motion is subject to kinematic errors arising from the
high-repetition process (Chapter 7). Using this model and the experimental data,
it has been proposed that two conditions, involving the error and structural
parameters, are important in determining the uncertainty of the target position
measurement due to non-collocation of the effective and functional points.

The periodic motion of the high-repetition process, its associated motion
parameters and the structural parameters of the system used in the model and in
the proposed conditions are believed to be non-application-specific and can be
found in wider applications. For example, the error model and the conditions can
be used at the design stage of a high-accuracy positioning system to predict the
uncertainty in the measurement of the target position in the presence of periodic
error/s (i.e. straightness error) that may arise from the drive system of the motion
stage/s.

Chapter 7 also presents strategies to overcome the position uncertainty for the
alignment (both position and orientation) control of target, whereas most of the

precision application research focuses only on the position control of target.

. Parallel mechanisms represent newer varieties of kinematic mechanism as compared

to serial mechanisms. Hybrid mechanisms have emerged in recent years to overcome

the inherent limitations of serial and parallel mechanisms, such as low accuracy and

limited workspace, respectively, while exploiting the advantageous characteristics

of both types, namely large workspace and high accuracy [9,10]. Although hybrid

mechanisms have recently received much attention, and research is underway on

how to use them in industrial applications, comprehensive studies of their design,



kinematics, dynamics and error sources are lacking. Since HAMS has a hybrid

mechanism and the focus of research question one is about capability development

of HAMS, the knowledge and understanding achieved from the current research will
contribute to the areas of parallel and hybrid mechanisms in the following ways:

a) A detailed literature review highlights the issues of developing an effective
kinematic calibration method for the performance improvement of the parallel
mechanisms (Chapter 3).

b) An analytical approach is presented to simplify the error mapping of the
complex kinematic structure of a hybrid mechanism (Chapter 4).

c) An error model is developed and demonstrated for the hybrid mechanism based
on only few error parameters as opposed to many parameters generally used to
describe a parallel or hybrid mechanism kinematically (Chapter 5 and 6).

d) A cost- and time-effective calibration procedure is proposed and demonstrated
for the positional and orientational accuracy improvement of the hybrid
mechanism. A modular approach, in which mechanisms are treated individually,
is adopted for the calibration process, and strategies are outlined for practical

implementation of the calibration results following simple steps (Chapter 6).
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Chapter 2 - Literature review

2.1 High-power lasers

The use of high-power laser radiation has provided ever-increasing opportunities
to investigate the interaction of ultra-strong laser fields with matter, contributing to the
exploration of new avenues of research in different branches of science [34]. Advanced
lasers enable the investigation of the science of extreme conditions that cannot be
produced elsewhere on earth (temperatures of millions of degrees of Celsius, pressures

of billions of atmospheres, and extremely strong electric and magnetic fields) [34,35].
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Figure 2.1 Conceptual view of a laser fusion power plant with fusion chamber and

turbine generator [39].

Pulsed lasers with high-power have seen significant development in the last few
decades. Up until now, over fifty petawatt class lasers worldwide are currently
operational, under construction or in the planning phase [2]. These advancements in
laser systems have opened up the opportunities of pursuing extraordinary research
experiments for physics, chemistry and biology in the laboratory conditions, for example
particle acceleration, inertial confinement fusion, radiation therapy and secondary

source generation (X-rays, electrons, protons, neutron and ions) [2]. Of particular

12



interest, lasers also have the potential to provide a significant proportion of the global
energy supply in the process of inertial fusion energy (IFE) [36,37]. IFE is the creation
of a fusion reaction in a mixture of deuterium and tritium, contained within a microtarget
(see Figure 2.1) [36]. Extremely powerful lasers fire a very short but intense pulses to
compress this mixture to a density of hundreds of grams per centimetre cubed and a
temperature of 10% °C. At this point, a fusion reaction can begin, releasing highly
energetic neutrons, whose energy can be captured and converted into electricity [38].
To achieve the full potentials, high-power lasers (HPLs) need to be operated at
high- repetition rate. However, many challenges in terms of scientific, engineering and
technological aspects are yet to overcome. Two major challenges are: 1. the production
of high-volume of laser targets (popularly known as microtargets) and 2. delivery of the
laser targets to the target chambers at a rate compatible with the high-repetition laser
systems [5,33,39]. For example, the GEMINI upgrade of the Astra laser at the
Rutherford-Appleton Laboratory (RAL) represents an experimental repetition rate of
one shot per 20 s with HPL (approximately 0.5 PW from two laser beams). The stated
GEMINI upgrade entails almost two orders of magnitude increase in the number of
targets required for Astra laser experiments. This prospect of operating HPL in high-
repetition rate represents two problems with regard to current laser facilities [5,33]:
1. Current production facilities of the microtarget can only supply nine weeks’
worth of the annual demand for microtargets for high-repetition rate operation.
2. With current target delivery systems, several minutes, as opposed to a few
seconds for high-repetition rate operation, are required to position and orientate
the target (i.e. target alignment) to the laser focus inside the target chamber.
It is forecasted by the high-power laser user community that the demand for the

high-repetition rate laser operation will be even higher in the future (high-power laser
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systems such as Extreme Light Infrastructure (ELI) and The High-Power laser Energy

Research facility (HIPER) will run at rates of hertz and kilohertz) [2]. Therefore,

research and development are required to enhance the capabilities of current laser

facilities to meet the requirements for the high-repetition rate operation. Delivery of

microtargets for high-repetition rate laser systems must fulfil the following requirements

[5,33]:

A. Appropriate fabrication technologies capable of producing targets at the required
rate with the required accuracy and precision;

B. Appropriate characterisation techniques in line with the production techniques to
maintain quality control;

C. Appropriate technologies to position and orientate the targets at the laser focus with
high accuracy at a speed compatible with the high-repetition rate operation;

D. Appropriate supporting systems to interface the processes, such as design,
production, quality control, delivery, end-of-life disposal and so on.

The scope of this research project is limited to the development of the appropriate

technologies for the position and orientation of the targets at a speed appropriate for

high-repetition rate laser operation.

2.2 Microtargets for the lasers

Microtargets used in laser experiments and applications have a very wide range
of design and material combinations, but typically they have a size of less than a few
millimetres with a dimensional accuracy of better than 2 pm [5]. The surface texture of
the components is another important factor that can be of the order of 50 nm (Ra). Foil-
type microtargets, made with a variety of materials such as carbon, plastic or gold, are
one of the most commonly used in experiments and their thickness can range from a few

nanometres to tens of micrometres [5].
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2.2.1 Microtarget manufacturing

Traditional target production techniques, such as precision micromachining, thin
film coating, micro-assembly, are at their limit to deliver to high repetition laser systems
and new technologies are in demand to fulfil the requirements [3,5,40]. Micro-electro-
mechanical systems (MEMS) are potentially a promising candidate for mass-producing
target components with high accuracies and at a high number. MEMS techniques use
silicon wafer-based techniques to mass produce geometries, and it has been possible to
fabricate a series of 2D and 3D targets at RAL (Figure 2.2). Although initial investment
can be very high for these techniques, it can potentially be very economical if large

numbers are required [33,41].
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Figure 2.2 MEMS fabricated micro-parts (a) plastic disc targets (on Si wafer): 7.5 um

diameter and 1 pm thick; (b) thin film targets of silicon nitride: 32 um diameter and 50

nm thick [41].

Not only the 2D membrane targets produced by MEMS are promising for high-

repetition rate laser operations, but the produced targets are usually very flat. For
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example, the Parylene membrane of Figure 2.2a has a roughness of 180 nm (Ra) and
waviness of 32 nm (Wa) [33]. As will be discussed in section 2.3.1, the target flatness is
an important parameter in determining whether the targets can be placed reproducibly

at the laser focus within specified tolerance.

2.2.2 Microtarget characterisation

It is essential that any target fabricated is characterised to ensure that the parameters
which are important for the laser experiments are measured and verified before the target
is issued to the user [5]. Some of the most commonly used instruments in a target
fabrication laboratory are: optical microscopy, scanning electron microscopy, coherence
scanning interferometey and confocal microscopy. However, none of the stated
instruments is considered suitable for the characterisation of the mass targets produced

for high-repetition rate operations due to their low characterisation speed [41].

2.3 Microtarget delivery for high repetition rate laser system

One of the requirements for high-repetition rate operations, as mentioned
previously, is the ability to deliver a large number of microtargets inside the laser
chamber and place the microtargets to the laser focus with correct alignment. This
requirement cannot be met without firstly, an appropriate target positioning and
alignment technique and secondly, an appropriate metrology technique to make sure the

targets are reproducibly placed at the target focus within specifications.

2.3.1 Target positioning system

Designing a system for the target positioning of high repetition-rate laser operations
poses many technical challenges. Not only the positioning system be capable of
delivering the target into the chamber with high accuracy and repeatability at the speed

of laser shot rates, the positioning system also needs to maintain positional stability and
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resistance to the electromagnetic pulses and debris that are produced in the ultra-intense
interaction environment [4]. In fact, although there are several factors that define the
specifications of the target positioning system, the main driver is the f-number of the
focusing optics [6,42]. According to [32], some important aspects of target positioning
and alignment determine the specifications for the accurate target positioning in the x, y
and z directions. The target positioning system should have the capabilities to fulfil the
specifications. The position specifications for targets and the motion requirements for

target alignment are discussed in the following sub-sections.

2.3.1.1  xand y-target centre positioning

The focal spot of the laser beam is 2 um diameter. The minimum target diameter is
300 um with the hole normal to the front plane of the target (Figure 2.3). The front plane
of the target plate needs to be positioned at a maximum angle of 50°, minimising the

free aperture. [32].

i 50°
I 192pum

Figure 2.3 Centre positioning of the silicon wafer [32].

300pV )

It is preferable to hit the target at the centre, within £ 10 um to ensure that the
laser-target interaction is symmetric. However, for most applications it is acceptable for
the laser to interact with the target at any point where the target mount will not interfere

with the reaction.
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23.1.2  z-laser focus

As explained in [32,43,44], the focus of the laser is critical as the intensity of the
laser is inversely related to the cross-sectional area of the focal spot of the laser beam.
The beam is modelled as a Gaussian beam (see Figure 2.4), so the Rayleigh length, Zg,

is considered as the region of focus for the beam. The Rayleigh range is the distance

Two?

over which the target is in the intense focus and is defined as: Zg == where wy, is the
beam waist and 4 is the wavelength used.
For a Gaussian beam, w, is related to the focal spot size. For the F/2 parabola

where a focal spot of 2.5 um is achieved, the Rayleigh range is 10.4 um.
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Figure 2.4 Representation of Gaussian beam in which target needs to be positioned

within depth of focus [32].

The beam characteristics described highlight the importance of accurate target
positioning since if the target is out of focus by just a few micrometres, the intensity can
be halved. The positioning and orientation of the target in space is therefore of vital

importance because of the short Rayleigh range of the F/2 parabola. Ideally, this loss in
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intensity is minimised by keeping the target within + 1 um of the beam waist (Figure
2.4). However, for practicality, achieving target positioning within + 4 um (i.e. the depth
of focus b of the beam) is considered satisfactory with respect to the capability of current
target positioning system of CLF’s Gemini high-power laser (Figure 2.4). As such, in
this research, + 4 um has been used as the required target position accuracy in the z
direction.

The current method of positioning of target is to image the rear surface of the
target to ensure that it is in the same plane as the focal spot of the laser. For this purpose,

a Mitutoyo microscope objective with a long working distance (13 mm) is used [43,45].

2.3.1.3 u and v-laser plane

The tip (u) and tilt (v) rotations are required to ensure that the front plane of the wafer
is perpendicular to the axis of the laser. This is required to ensure that the x, y and z
target positions are kept within the x, y and z position specifications during the rotation
of the target wheel [32]. It is important to understand that misorientation of target will

cause translation in z, resulting in de-focus of the laser [45].

2.3.1.4  Rotation of target —w

To supply large number of identical targets for a high-repetition rate operation, a
target wheel system is used. Targets are patterned on the wafer target sector using a
MEMS technique. The target sectors are placed around the circumference of the wheel
(see Figure 2.5 and 2.6), so that the wheel rotation w delivers targets into the focal spot
of the laser. It is required that the x, y and z positions of each target are within the position

specification during the complete wheel rotation.
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2.3.1.5 Motions for target alignment
For the accurate position and orientation of the target in space, translational and
rotational motions, as shown in Table 2.1, are required by the target positioning system

(i.e. motion control system).

Table 2.1 Motions required by the target positioning system [6,32].

Name Description Reference axis Motion required

required during

rotation
X Linear — horizontal - None To get the spot in the
perpendicular to axis of laser centre of the target
beam — parallel to chamber
floor
y Linear —  vertical — None To get the spot in the
perpendicular to axis of laser centre of the target
beam - perpendicular to
chamber floor
z Linear - along axis of laser None To get the target in
beam focus
u Rotation around x axis Target To make wafer plane
parallel to laser plane
Vv Rotation around y axis Target To make wafer plane
parallel to laser plane
W Rotation around z axis Central axis of To move between
wheel mount targets on a radial

pattern

As shown in Table 2.1, target wafer needs five degrees of freedom (x, y, z, u, v) with low
range and high resolution for positioning of the target relative to the laser focal spot and
the focal plane. In addition, a secondary rotation stage (v},) is needed to turn the wafer
at an angle to the laser beam to ensure that any debris or unexpected reflections do not
occur which may damage valuable tools/equipment. This functionality can be achieved
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by the v motion as shown in Table 2.1. A high-speed rotational motion (w) is required
to rotate the target wheel to deliver targets to the laser focal spot with high repetition.
All linear axis planes and the rotation axis need to be referred to the focal spot and focal
planes, except for the w rotation, to avoid the target positional deviations.

To fulfil the position specifications and the motion requirements, a five degree-of-
freedom (DOF) motion control system, known as high accuracy microtargetry system
(HAMS), has been designed and developed for accurate position and orientation of the
targets for the high-power Gemini laser to run at high-repetition rate [4]. An additional
motor added to the HAMS system provides the wheel’s rotational motion (w). In that

sense, HAMS can be said to have six DOFs.

2.3.2 Main features of HAMS system

2.3.2.1 Stages

Figure 2.5 shows the motion stages and other features of the HAMS. An x, z linear
translation stage with a tripod attached to the top allows the stages to achieve the
required positions. A target interface wheel sits on the rotating platform of the tripod. A
rotatory motor actuates the rotating platform mounted on the moving platform of the
tripod. The positioning of a target needs to be within an accuracy of + 4 um in the
direction of the laser (z) to ensure it is within the laser focus. Furthermore, positional

accuracy in the x and y needs to be of £ 10 um [4,6,32].

2.3.2.2 Interface wheel
To ensure that the targets can be attached to the stages, an interface wheel is needed
(Figure 2.5d). The wheel is essentially the target mount. The interface wheel needs to be

flat (1.4 um) since any movement in the z direction would take the target out of the focal
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plane. A machined ceramic wheel with good thermal stability is used for the target

mount.

Targets

Target section Target interface wheel

Spherical joint

Laser beam axis
Laser beam

Target interface - Tripod

7 Linear
| stages

b Prismatic joint ¢

Figure 2.5 HAMS for the high-power high repetition rate laser operations: (a) laser
beam-target interaction; (b) HAMS with the target interface wheel; (c) features of
HAMS; (d) target interface wheel with two target sections; (e) targets patterned around

the circumference of a target section.
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Figure 2.6 Eight silicon wafer target sectors attached to the interface wheel (scale in

millimetre). Microtargets are patterned around the circumference of the sectors [32].
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2.3.2.3 Target sectors

For HAMS system, MEMS based silicon wafer target sections are mounted on the
interface wheel as shown in Figure 2.5e and 2.6. Each target section can be designed for
a number of different target sizes but essentially the targets are patterned around the
circumference of the section. MEMS based silicon target sections are usually very flat

(less than 0.5 um) [32,42].

2.3.3 Performance of HAMS

HAMS provides the necessary motions, as shown in Table 2.1, for the target
alignment. However, target alignment for high-power laser operations depends on a
number of factors. For example, Table 2.2 shows typical sources of error in a target
alignment process, how they affect the position and orientation of the target and what
motions of HAMS are required to correct the resulting position and orientation error of
the target.

Table 2.2 Possible sources of error in HAMS [4,32,33,42].

Source of error Impact Related motion
of HAMS

Flatness of wafer target Target falls out of focus z

Mechanical mounting of wafer to mount Target falls out of focus z

Wobble of rotating stage Target falls out of focus z

Eccentricity of rotating stage Laser misses target X,y

Wobble of the target interface wheel Target falls out of focus u

as planes not maintained.
Laser Pointing jitter Laser misses target or falls ~ x,y, z

out of focus

The ability of HAMS to position and orientate the targets within the specifications
(see section 2.3.11 to 2.3.14) depends on HAMS’ performance in terms of its positional

and orientation accuracy, which can be affected by different errors, especially kinematic
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errors. Kinematically, HAMS has a hybrid mechanism — a combination of serial and
parallel mechanisms (see section 3.1.3 and Chapter 5). While the performance
improvement of a hybrid mechanism is discussed in Chapter 3, some important aspects

of the performance improvement of a mechanism are reviewed in the following sections.

2.4  Accuracy of a mechanism

According to Miller [46], accuracy is “qualitatively, the ability to achieve with
precision the true measurement quantity of a product characteristic or related process
parameter”. Precision is “the ability to obtain the same measured quantity value over
multiple attempts”, while the trueness is “the closeness of the average of repeated
measurements to the measurand value that is consistent with its definition”. The three
concepts are often explained with the example of an archer’s attempts to hit the bull’s
eye of a target. A well-grouped (i.e. repeatable) set of attempts may be said to have
precision. When the average position over a sufficient number of attempts is compared
with the true value, it represents trueness. Accuracy depends on both trueness and
precision, as shown in the Figure 2.7.

oD
cc‘c"\o

1’4 Average

(many attempts)

rac 'y

4 Cey,
C‘q}(\ 1{?

(e

Reference
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Figure 2.7 Accuracy, precision and trueness; trueness dominated accuracy (left) and

precision dominated accuracy (right).
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24.1 Errors and accuracy

Mechanical devices and structures used in precision operations, such as a computer
numerical control (CNC) machine or a coordinate-measuring machine (CMM), are
basically closed structural loops which maintain a relative position between two
components in a loop. For example, a machine tool can form the following loop: the
spindle shaft, the bearings, the housing, the guideways, the drives and the tools [47]. The
critical ‘open’ connection in the loop is between the work surface and the tool [48]. Any
positional error between tool and work surface will result in a dimensional error on the
part surface (tolerance, form, surface, sub-surface damage and so on). Thus, anything
that contributes to a positional error must be determined as per the ‘deterministic’ design
philosophy of Donaldson and Bryan [48-50].

If ‘error’ can be defined as any deviation in the position of the tool point or ‘end
effector’ from the theoretically required value to produce a workpiece of the specified
tolerance, the ‘accuracy’, on the other hand, can be alternatively defined as the degree
of agreement or conformance of a finished part with the required dimensional and
geometrical accuracy [48]. As such, the extent of error in machine gives a measure of
its accuracy, which is actually the maximum translational error between any two points
in the work volume of the machine [14].

Given that in instruments, mechanisms and machines (called only “mechanism”
hence forth) many parts interact to achieve a final accuracy and each part contributes to
the total error of the mechanism, keeping track of these errors becomes a complicated
work for designers and engineers. The best way to keep track of the errors is to formulate
an ‘error budget’ [48,51-53]. An error budget allocates resources among the different
components of a mechanism. It is considered as a system analysis tool used for the

prediction and control of the total error of a mechanism [52]. An error budget can also
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be a useful tool to keep track of the errors that occur between the measurement point and

the feedback point, which are not the same for a mechanism [14,54].

2.4.2 Sources of error

Although the accuracy of a precision mechanism can be affected by many error
sources, the following are considered as the major sources affecting the accuracy of the
relative end-effector position and orientation [14,47,55]:

1 geometric and kinematic errors;

2 thermo-mechanical errors;

3 loads;

4 dynamic forces;

5 motion control and control software.
The first three types of the error belong to quasi-static errors, whereas the fourth and
fifth types belong to dynamic errors. Quasi-static errors slowly vary with time and
related to the structural loop of the machine. The dynamic errors are more dependent on
the particular operating condition.

Quasi-static errors are considered as 70% of the total error of a machine tool [14].
Other error sources may cause a change in the geometry of the machine’s components
present in the machine’s structural loop, resulting in error in the final position and
orientation of the tool point or end effector. The magnitude of this positioning and
orientation error depends on the sensitivity of the machine’s structural loop to various

error sources [47].

24.3 Description of kinematic errors
Geometric errors are due to the imperfect geometrical features of a mechanism’s

structural components, for example, machine tool guideways, machine bed, bearings,
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carriages, lead-screws, rams, and their misalignment in the machine structural
configuration [56,57]. Geometric errors can be ‘systematic’, ‘hysteresis’ or ‘random’ in
behaviour [52,56]. Kinematic errors are due to the relative motion errors of several
moving components in a mechanism and arise from geometric errors. Kinematic errors
occur during the execution of linear, circular or other types of interpolation algorithm
and are more pronounced during actual machine operations [45,56].

To take a closer look at the nature of kinematic errors, consider the motion of a
simple one-axis mechanism, as shown in Figure 2.8 [48]. With respect to a typical
mechanism and its behaviour, six DOF relative to the three axes (x, y and z) of motion
can be identified - three translational motions along the x, y and z and three rotational
motions about the x, y and z axes. Three rotational DOFs associated with any of the three
axes are traditionally referred as “roll” (rotation about X, affecting y and z axes), “pitch”
(rotation about y, affecting the x and z axes) and “yaw” (rotation about z axis, affecting
the x and y axes). Thus, all rigid bodies have three translational and three rotational error
components associated with their motions. However, altogether there are 21 kinematic
errors, arising from the geometric sources, on a three-axis mechanism, e.g. a machine
tool [48]:

1. Linear displacement errors from three axes (3x1)

2. Vertical straightness errors from three axes (3x1)

3. Horizontal straightness errors from three axes (3x1)
4. Roll angular errors from three axes (3x1)

5. Pitch angular errors from three axes (3x1)

6. Yaw angular errors from three axes (3x1)

7. Squareness or orthogonality errors from three planes (3)
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Figure 2.8 Kinematic errors of a one-axis mechanism [58].

25 Measurement errors

Design considerations for a precision mechanism are directly affected by some
key measurement principles. Non-adherence to these principles gives rise to
measurement errors, leading to incorrect information about the position of the
tool/target/end-effector of a mechanism. While improving the performance of a
mechanism, the quantification of the measurement errors and their effects on the
positional deviation of the target/tool/end-effector of the mechanism are needed.

An important principle is called the Abbe principle, which Bryan (1979)
considers to be ‘the first principle of machine tool design and dimensional metrology’
[59]. The Abbe principle, first formulated by Ernst Abbe in 1890, states that a
measurement system shall be collinear with the axis along with the displacement is to
be measured [60-62]. This principle is often explained with a two-dimensional calliper
measuring a circular object as shown in Figure 2.9. Two lines are important in this
measurement operation — the horizontal line of motion at the functional point (FP) where
measurement needs to be taken and the measurement line at the effective point (EP)
where the measurement is actually taken. Displacement measurement at the actual plane
BB, instead of the ideal measurement plane AA, causes non-coincidence of EP and FP,
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resulting in Abbe error €4,,.. Due to this error, the L distance in the calliper will be read

aS Lerrors Where Loyror = L + Eappe

Measurement/moving jaw ObjectT y

Line of motion \f

Reference

Ideal measurement jaw

plane AA/ EP
actual plane BB / Reference
e - - plane
=\
T N
Measurement/moving jaw Object

y
FP T Line of motion

Ideal measurement

plane AA T Ny X\ _
Actual Reference
Abbe plane [/ jaw
offsetdy | g !
‘ i y EP Ezf;euce
= [T
€Abbe L >
|
LE?T'TOT

Figure 2.9 A 2D depiction of a calibre when measuring a circular object: a perfect

measurement with no error (top); measurement with Abbe error (bottom).

In addition to Abbe error, a cosine error can also affect the measurement results.
The cosine error occurs when the measurement axis is not parallel to the motion axis,
which means the measurement axis is not properly aligned to the motion axis [62]. As
shown in Figure 2.10, the cosine error can be calculated as,
(2.8)

€cost = Lerror = L = Lerror — Lerror COS @ty = Lerror(l — COS ax)

Another error, called the sine error, can also be present in a measurement system.

This error is commonly seen in the cases when a measurement system requires a
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mechanical contact, such as a micrometre or a tactile probe, to perform a measurement

[62]. Also, the sine error occurs when a cosine error is present.

Lerror L‘Q‘(X

C N\

N1 Reference plane

Figure 2.10 A one-dimensional depiction of cosine error [62].

2.6  Methods of error elimination

One of the main performance criteria of a modern production facility is its ability
to manufacture accurate workpieces. In fact, the increasing demand for complex
workpieces with shorter product life cycles and the small-scale production have made
the importance of the accuracy improvement of the machines/mechanism more than ever
[47]. There are fundamentally two types of strategy for the accuracy improvement of a
mechanism: error avoidance and error compensation [14,16]. The first approach aims to
build a more accurate mechanism through design and manufacturing so that the sources
of error are minimised. However, it is a costly strategy, and very often results in over-
designing. On the other hand, the aim of the error compensation is to build a relatively
lower grade machine with higher accuracy at lower cost. Error compensation is now

considered as the primary method of error reduction in industry [14].
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Figure 2.11 Pre-calibrated error compensation.

There are two approaches for error

compensation and real-time error compensation. In the first type, the error is measured
either before or after the calibration operation and then corrections are applied to the
measurement system by software compensation (Figure 2.11). As such, calibration and
compensation can take place at significantly different times. The other approach for error
compensation is a closed loop technique with the need for built-in metrology, which
means the errors are monitored during a process, for example machining, and the

compensation is carried out continuously as and when the machine/mechanism is in

compensation:

tool/target/end-effector

Measurement

pre-calibrated error

operation to constantly correct the inaccuracies (Figure 2.12) [14,16].
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Position
measuremm

Controller

ent

Sensor
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tool/target/end-effector
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Figure 2.12 Real-time error compensation.

As mentioned in section 2.5.1, since the accuracy of a machine is affected by the

interactions of the error sources, dealing with these errors individually should be
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replaced with a continuous basis. In other words, the error compensation techniques can
be broadly categorised as static error compensation and dynamic error compensation.
As such, the pre-calibrated error compensation dealing with the systematic errors of the
machine/mechanism is static compensation techniques. The real-time compensation, on
the other hand, is a dynamic compensation. This technique is desirable in industry since
it involves a combination of high accuracy, low cost and high production rate
[14,47,49,52]. It is to note that error compensation techniques are not concentred with
reduction of the absolute value of the errors, but simply to reduce the effect of the errors

on the accuracy of the machine or mechanism’s operation.

2.7  Conclusion

High-power lasers have seen significant development in the last few decades. To
utilise the full potential of high-power lasers, large-scale facilities need to operate at
high-repetition rates, which presents many engineering challenges. One such challenge
is the positioning and aligning of a micro-scale target relative to the focus of the laser
beam(s) with an accuracy of few micrometres to ensure that targets are reproducibly
accessible to the highest intensities available, that is in the region of the laser beam focus
as determined by the Rayleigh range. Fulfilling this requirement for a high-repetition
rate laser system means that new targets have to be positioned and aligned at the laser
beam focus at a high speed (at least 0.1 Hz).

To develop an automated solution for target alignment for high-repetition rate
laser operations, it is important, as has been shown in this chapter, to understand the
accuracy requirements (i.e. specifications) for the target positioning and alignment, the
desired motions to meet the specifications and the characteristics of the motion control
system used. Since the ability of the motion control system to position and orientate the

target to the specifications depend on a number of factors, including the kinematic errors
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arising from the geometric errors of a mechanism, the main sources of error of a
mechanism and the common methods of error elimination are discussed in this chapter.

The background literature presented in this chapter is important to understand
the various issues in relation to the two types of performance improvement strategy -
pre-calibrated error compensation (calibration in short) and real-time error
compensation — of a parallel or hybrid mechanism. As will be seen in the next chapter,
the performance improvement of a parallel or hybrid mechanism through error
compensation can be a complicated process due to the complexities of the kinematic
characteristics of a parallel or hybrid mechanism. Hybrid and parallel mechanisms are
new breed of mechanisms as compared to the traditional serial mechanisms, and
comprehensive studies of these new mechanisms in terms of their designs, kinematics,
dynamics and performance improvements are lacking. In the next chapter, research gaps
are identified while reviewing the literature of the performance improvement techniques
of the parallel and hybrid mechanisms. A brief introduction of the parallel and hybrid
mechanisms in terms of the characteristics of their kinematic structures is also given at

the outset of the chapter.
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Chapter 3 - Performance improvement of hybrid mechanism

3.1 Kinematic structure

All machines or mechanisms have structures made up of different parts. One of
the first considerations in the design of a structure is choosing how the parts of the
structure move in order to perform the functions for which the structure is designed
[63,64]. Essentially, a kinematic structure represents the kinematic chain or loop without
considering the detailed geometric, kinematic and functional aspects of the mechanisms
used. A kinematic chain can be described as a set of rigid bodies attached to each other.
For a metal cutting machine, a kinematic chain shows the flow of the motion in a
kinematic structure using all axes, the work piece, the tool and the bed of the machine
[15,65].

Kinematic structures can be arranged in serial, parallel and hybrid (combination of
serial and parallel) kinematic relationships, with different numbers of links and
connections to satisfy the functional requirements. The mobility of the kinematic
structures will depend on the number of joints and links, and the joints’ DOF, as can be

determined by Equation (3.1) [66]

M=6(n—1-j)+ X;f (3.1)

where n is the number of links in the mechanism, j is the number of joints and }.; f; is

the total number of DOF of the joints.

311 Serial kinematic structure

3111 Characteristic features

Traditional precision machines and most industrial robots are based on serial
kinematic structures (only having one open kinematic chain), in which multiple parts

(considering the parts as rigid bodies, ignoring elasticity and any deformation caused by
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large load conditions) are connected in series (Figure 3.1 and Figure 3.2). The two most
commonly used engineering joints used in serial structure are (1) prismatic joints (allows
two links to produce relative displacement along the common axis), and (2) revolute
joints, pivot joints or pin joints (allows two links to produce relative rotation about the
joint axis). Combining these two types of joints, many useful mechanisms are made for

precision machines and robots. [67,68].

Cantilever type
t-(C)-Z-Y-X-b-w

Portal/Gantry type
t-(C)-Z-Y-[X1 X2]-b-w

Column type
t-(C)-Z-Y-b-X-w

5-axis machine
t-(C)-Z-Y-X-b-B-C-w

Figure 3.1 Serial kinematic machines abstracted to kinematic chain (t: tool, b: bed, w:

work piece) [56].

Link

End-effector

Revolute joint

Figure 3.2 A schematic of 6-DOF Puma robot (serial kinematic structure).
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3.1.1.2  Benefits and limitations of serial kinematic structures

Serial kinematic machines usually have the advantages of a well-defined structure
and configuration and have comparatively large working volumes of simple shape. In
serial structures, the direct correlation between positioning actuators and machine axes
means the machine and workpiece coordinate systems can be the same, resulting in
straightforward control of the structure [69]. On the other hand, serial machines suffer
from large bending moments and second moments of mass, especially at the extremes
of axis travel if large masses are to be moved. Furthermore, these machine structures are
highly dependent on the precision of each positioning element in the kinematic chain

and are prone to compound error [69,70].

3.1.2 Parallel kinematic structures

3.1.2.1  Characteristic features

Parallel kinematic structures, which include parallel mechanisms and parallel
machines, have closed kinematic chain or loop architectures in which the end effector is
connected to the base by at least two independent kinematic chains [71]. In parallel
structures, the positioning actuators are arranged in parallel rather than being stacked
one on top of the other, requiring all the actuators to move simultaneously to effect any

change in end effector position or orientation [69].

¢ End effector
Joi 1

Joint 5 Passive joints

Link 0

Active joints

Figure 3.3 Five-bar-link parallel kinematic structure.
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To illustrate the principles of parallel kinematic structures, consider the following
example [67,72]: Figure 3.3 illustrates a five-bar linkage kinematic structure in which
five links (including the base link) are connected by five joints, therefore, having a
mobility of two. Essentially, two serial linkages are connected at a particular joint, point
A, thus forming a closed kinematic chain and indicating that serial linkages must
conform to a geometric constraint. Here, if two of the five joint angles are known (¢,
and ¢, in Figure 3.3), the position of the end effector can be determined. By controlling
joints 1 and 2 with two actuators, the end effector can be positioned within the vertical
plane of the structure. Thus, only two joints are active joints, driven by independent

actuators, while the other two joints are passive joints, which are free to rotate [72].

Figure 3.4 Some parallel kinematic structures (R, P, S and U denote revolute, prismatic,
spherical and universal joints respectively): (a) two degree of freedom 5R structure, (b)
three degree of freedom planar 3-RRR structure, (c) three degree of freedom 3-RPS
structure, (d) four degree of freedom structure with four RPUR chains, (e) five degree
of freedom structure with three PRRRR chains, (f) six degree of freedom general Stewart

platform.
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In Figure 3.4, some examples of different classes of parallel structure are shown
[71,73]. Note that a parallel kinematic structure’s characteristics can be described
symbolically by showing the types of joint present in the kinematic chain or leg, and by
stating the number of kinematic chains/legs available in the mechanism, for example, a
3RPS mechanism has three legs and three types of joint, namely revolute (R), prismatic

(P) and spherical (S).

3.1.2 Benefits and limitations of parallel kinematic structures

Parallel kinematic structures offer higher stiffness, lower moving mass, higher
acceleration, reduced installation requirements and mechanical simplicity as compared
to existing conventional machines with serial kinematic structures [67]. The parallel
structures have the potential to be highly modular, highly reconfigurable and high-

precision machines [65,69,71].

Parallel kinematic structures have received considerable attention in industry.
They have found their applications mainly in machine tools, medical applications for
ophthalmic surgeries, manipulators (Delta robot for very fast pick-and-place tasks of
light load, micromanipulator), flight/automobile/tank/earthquake simulators, and
precision positioning for very large telescopes, receiving antennas and as satellite
platforms for manoeuvring in space [71,74,75].

However, parallel kinematic structures have some limitations that pose challenges
to their widespread adoption [76,77]:

A. The main disadvantage of parallel structures is the limited workspace and the
difficulty of their motion control due to singularity problems. Singularity is a point
in the workspace where a kinematic machine/mechanism cannot move its end
effector due to certain geometric configuration(s) of the structure, for example,

collinear alignment of two or more axes of a robotic structure.
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B. Parallel structures have more complex working envelopes than traditional serial
machines. These working envelopes often take the form of an onion or mushroom
and depend on the exact layout of the machine structure.

C. Many parallel structures have limited ranges of motion, particularly rotational
motion.

D. The positioning and orientation inaccuracies of parallel kinematic structures can
stem from a number of sources: manufacturing errors of parallel structure elements,
assembly errors, error resulting from distortion by force and heat, control system
errors and actuator errors, errors due to overhanging structures, calibration and even
the accuracy of the mathematical models used.

E. The design-specific cost of parallel kinematic structures in comparison with

conventional machines can be high.

3.1.3 Hybrid kinematic structures
In recent years, many new types of parallel structures have been developed to
enhance the capabilities and performance of parallel kinematic machines, such as
maximising workspace, and increasing rotational capability [78]. However, considering
that some limitations are inherent to parallel kinematic structures, a new shift in
addressing the issues with parallel structures has occurred, motivating researchers to
look at hybrid structures, which consist of parallel and serial kinematic structures. This
shift, in fact, has created new research and development needs and promises interesting
innovations in design [79].
A mechanism with a hybrid structure is a combination of serial and parallel
kinematic structures to exploit the advantageous characteristics of both. This is generally
implemented by either connecting two parallel structures in series (one of the parallel

structures is the upper stage and the other is the lower stage, where the moving platform
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of the lower stage is the base platform of the upper stage) or connecting the series and
the parallel structures in series [67]. Mechanisms with hybrid structures, as compared to
the mechanisms with parallel structures, can improve the ratio of workspace to

architecture size and accuracy.

Active legs

Passive leg

Universal joint
Universal joint
| Parallel

structure

| Parallel

Prismatic joint Prismatic joint structure

Spherical joint Revolute joint

Serial
B
structure

- H | Serial
structure

Figure 3.5 Schematic representation of two types of hybrid mechanism: Tricept (left)

and Exechon (right).

To understand how a hybrid structure can be designed for a mechanism to achieve

five degrees of freedom of motion, consider the following design options [73]:

A. A structure can be arranged such that the upper stage provides the motions of three
degrees of freedom (rotations about the x and y axes and a translation along the z
axis), while the lower stage provides the motions of two degrees of freedom
(translations along the x and y axes). The hybrid motions (five degrees of freedom)
of the structure can be realised in two ways:

1. 3SPR (spherical-prismatic-revolute) as upper stage and ‘liner guiding
system’ as the lower stage.

2. 3SPR as upper stage and 3RRR (three revolute joints), which is a planar
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parallel structure, as the lower stage.

B. The hybrid structure can also be arranged such that the upper stage provides the
motions of three degrees of freedom (translations along x, y and z axes), while the
lower stage provides the motions of two degrees of freedom (rotations about the x
and y axes). The motions of the structures can be achieved by a combination of a
3SRR parallel structure as the upper stage and a two-degrees-of-freedom spherical
parallel structure as the lower stage. However, spherical parallel structures are
complex to manufacture and have low stiffness, low precision and small workspace,
hence, they are not currently popular in practice.

Among the early hybrid kinematic designs, the Tricept was considered as the first
commercially successful hybrid machine tool [80]. The Tricept has a three-degrees-of-
freedom parallel kinematic structure and a standard two-degrees-of-freedom wrist end
effector (Figure 3.5, left). Another hybrid machine, the Exechon, was introduced later
as an improvement over the Tricept design (Figure 3.5, right). The Exechon has an over-

constrained structure with eight links and a total of nine joints.

3.14 Current research on parallel and hybrid kinematic mechanisms

Parallel mechanisms using parallel kinematic structures offer some unique benefits
to some applications, and, as such, the design of parallel mechanisms and their
adaptations to various applications are under active research. Researchers are also
seeking solutions to overcome the limitations of the parallel mechanism, especially in
the areas of singularity problem, working envelop optimisation and positioning and
orientation inaccuracies [76-78]. The performance improvement of the parallel
mechanism in terms of positional and orientation accuracy represents a significant
challenge. In all parallel mechanisms, various types of geometric error can be related to

some physical errors, particularly machining and assembly errors of the mechanism,
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such as platform frame errors, revolute joint errors and spherical joint assembly errors.
Theoretical analysis to understand the effects of all these physical errors can be a
complex and time-consuming process. Although some studies have been pursued to
understand the effects of the significant geometric errors of some parallel mechanisms
[80-81], in most cases, the actual effects of the errors on the final position of the target
remain unclear, since it is assumed that some error averaging effects take place for the
parallel mechanisms as opposed to the cumulative addition of errors for the serial
mechanisms.

As for the hybrid mechanisms, although hybrid structures have recently received
much attention, and research is underway on how to use them in industrial applications,
e.g. machine with high-accuracy motion over a relatively larger workspace,
comprehensive studies of the mechanism’s design, kinematics, dynamics and error
sources are lacking [82,83].

Since a major focus of this research is to improve the performance of the hybrid
mechanism in terms of position and orientation accuracy, the following sections present
the findings of an in-depth literature survey of the state-of-the-arts of two performance

improvement approaches — kinematic calibration and real-time position control.

3.2 Calibration of hybrid mechanism

Although precision mechanisms consist of accurate mechanical components and
their assemblies, the precision of their motion is affected by many error sources [21].
The final positional accuracy of a mechanism is predominantly influenced by the
kinematic errors of the mechanism arise from the geometric errors, such as
manufacturing and assembly errors of the joints, by load deformation due to external
forces, and by thermal deformation [21,84]. Kinematic errors are considered as the main

sources of error for a mechanism.
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The above statements regarding kinematic error and accuracy are true for the serial
mechanism as well as for the parallel and hybrid mechanism [21]. However, some
researchers report that compared to serial mechanisms, parallel and hybrid mechanisms’
performance in terms of accuracy can be limited by their large number of links and joints
[85]. Irrespective of the mechanism, as indicated in section 2.7, the errors need to be
eliminated with an appropriate error compensation method rather than changing the
structure or design of the mechanism, which is often expensive. One method to
compensate for geometric errors is to carry out kinematic calibration and adjustment
(hereafter, just called calibration). In the following sections of the literature survey,
various aspects of the kinematic calibration of serial and parallel mechanisms are
discussed to identify the research gaps.

Kinematic calibration of a mechanism (serial or parallel) can be defined as a
procedure to estimate the numerical values of the errors, which represent the differences
between the actual and nominal values of the kinematic parameters to better describe the
kinematics of the mechanism, and these values are used to improve the mechanism’s
accuracy by acting on the mechanism’s controller [21]. Generally, the calibration
process has four steps: development of a model to relate the 3D Cartesian position of the
end-effector (or target) to the kinematic parameters of the mechanism; acquisition of the
actual end-effector positions and orientations using a measuring instrument;
identification of the kinematic error parameters based on the model and measurement;

and error compensation by adjusting the parameters of the controller [86].

33 Method of kinematic calibration
Although the methodology for the calibration of serial, parallel and hybrid
mechanisms fundamentally follows the same procedure, a number of issues make the

development of a calibration process for a parallel or hybrid mechanism more difficult
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than for a serial mechanism. For the sake of the convenience of the discussion, the four-
step calibration method is described at first, and then the challenges of developing a
kinematic model for a parallel mechanism is discussed with appropriate references to

the research works in the field of calibration of the parallel mechanisms.

331 Model for kinematic calibration
Works related to the model development for the calibration actually involves two

steps: kinematic model and error model [87].

3311 Kinematic model

For a mechanism to perform a task, the location of the end effector relative to a
global reference coordinate system (often it is the base of the mechanism) needs to be
established. This is called position analysis problem [72]. Kinematic model is required
to solve this problem. There are two types of kinematic model for solving position
analysis problems: forward or direct kinematic model and backward or inverse
kinematic model. For direct model, the joint variables are given, and the model computes
the location of the end-effector. On the other hand, inverse model determines the joint
variable that are necessary to bring the end effector to the desired location [24,72]. Both
types of model generally come into play during the kinematic calibration of the
mechanisms. In most cases, especially for the serial mechanism, direct kinematic model
is used in the first phase of the calibration (i.e. model development). The inverse
kinematic model is required during the implementation phase of the calibration (i.e. last

phase or compensation phase).

A number of different kinematic models are available for the kinematic analysis
of the kinematic mechanisms. For example, vector algebra method by Chase (1963) and

Lee and Liang (1988); the geometric method by Duffy and Rooney (1975); Denavit and
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Hartenberg (4x4 matrix method), the screw algebra method and so on [72,89,91].
However, the Denavit and Hatenberg method (or D-H method in short) based on
homogeneous transformation matrix (HTM) is the most popular one for the kinematic
analysis of the mechanisms due to its explicit physical interpretation of mechanisms and
the relatively simple implementation in the programming of the mechanism [88]. In this
method, coordinate systems are assigned to each joint and then each coordinate system
is related to the next one through a specific set of coefficients in the HTMs:

T = Al.Az.A3 aen .An (32)

Linkl’_l

Figure 3.6 D-H parameters representation for a revolute joint.

Figure 3.6 shows the spatial relationship between two consecutive links and their
associated coordinate systems according to the D-H method. The spatial relationship
between two consecutive links is a function of the joint type connecting them together.
A number of rotations and translations are required for the transformation, as
summarised below
AT =T(z,d)T(z,0)T(x,a)T(x, ), (3.3)
where a; represents the offset between two adjacent joint axes,

d; is the translational distance between two incident normal of a joint axis,

«; is the twist angle between two adjacent joint axes, and
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0; represents the joint angle between two incident normal of a joint axis.

For D-H representation, equation (3.3) becomes

cosf; —cosa;sinf; sina;sinf; a;cosé;
i-1 sinf; cosa;cosf; —sina;cosf; a;sinb;
A1 = i i i i
! 0 sin a; cosa; d;
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Figure 3.7 A simple closed loop mechanism with a 2D constraint.

(3.4)

Unlike open-loop mechanisms, all the coordinate systems in a closed loop

mechanism are defined by the geometry of the linkages, such that the coordinates of the

last linkage coincide with the base (zeroth) coordinate system, see example in Figure

3.7. In fact, while an open-loop mechanism can be described by one type equation, such

as equation (3.4), two types of equations are needed for the modelling of a parallel

mechanism with closed loops [72,90]:

1. Anequation, such as equation (3.5), that shows the open-loop transformation to

relate the end effector to the world coordinate or reference frame,

2. A closed loop constrain equation, such as equation (3.6), that shows closed

loop transformation.
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Figure 3.7 shows a simple closed loop mechanism with four links (L4, Lg, L. and

Lp) with two joints A and D with motors to locate the target point T. The following two

equations are required to describe the mechanism

Tiarget = AraAaABrT) (3.5)
Tc = AppApcAcpApa =1, (3.6)
where Ag,4 is the HTM from the reference frame xzygzz to joint A; Agr is the HTM
from the joint B to target T and so on; | is the identity vector because of the return to the
original system.
Although the D-H method is popular for modelling the mechanisms, it has several
limitations, as following:

A. In the D-H method, the link coordinate frames are located at the intersection of the
joint axis and the common normal. This means that the link coordinate frames are
function of the mechanism’s geometry and a small variation in the geometry will
cause the link coordinate frame to shift. This is a significant problem when
developing modelling for the mechanism’s calibration. In some modified D-H
methods, the dependence of the common normal is eliminated so that the small
deviations of the axis orientation can produce proportional changes to the parameters
[90].

B. Many serial mechanisms have revolute joints with nearly parallel axes, indicating no
unique common normal as per the D-H method. However, if it is found in the
calibration process that two axes are actually slightly inclined, and a unique common
normal exists, then the link coordinate frame will change significantly. This may
propagate through widely varying location of the coordinate frames and cause the

kinematic parameters to change to a wider extent [63,72,90].
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C. For parallel mechanisms, the D-H method is very complicated due to existence of
multiple closed loops in 3D mechanisms. For closed loop mechanism, geometric
method can offer more convenient way of kinematic analysis since the vector loop
equation can be written for each limb and the passive joint variables are eliminated

in these equations [72].

3.3.1.2  Error model
Correct identification of the kinematic error in the model is vital to increase the
effectiveness of the calibration process and thereby to improve the mechanism’s
positioning accuracy. The characteristics of an effective error model for a mechanism’s
calibration can be best described by defining a term, “Minimum complete and
parametrically continuous” (or MCPC), as below [20]:
A. A model must describe all the possible sources of error (i.e. it should be complete).
B. In the model, small geometrical errors must be described by small changes in the
values of the corresponding parameters, for example link length, joint offset (i.e. it
is parametrically continuous or proportional) to avoid singularity.
C. Each source of error can be described by one parameter (absence of redundant
parameters); in another word, the model is minimum.

MCPC model makes the error identification process easier at the later stage of the
calibration process, and it is possible to obtain unique numerical solution during the
implementation stage of the calibration process when inverse kinematics becomes
important [20].

Various strategies to develop error models for individual parallel mechanisms
are found in the literature based on the geometric method or the vector-loop equation

method [92], homogenous transformation matrix method [93], D-H method [92] and
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Jacobian method [27,94]. Considering the characteristics of a MCPC model, there are

fundamentally two approaches to develop an error model:

1. Objective function model and

2. Differential error model.

In the objective function model, errors are described by the variations of a specific set
of parameters used to define the mechanism’s structure, such as link lengths, joint axes
inclination and joint coordinates offsets. In terms of forward kinematics, the model can
be represented as [21]

S=f(Q sn+4), (3.7)
where S = [x,y,z,a,,y]" represents the end-effector’s pose, Q = [q4, ... g,]”is the
vector of the joint coordinates, s = [sy, ...s,]7 is the vector of the nominal structure
parameters, and A is the vector of their errors. In many cases, these parameters are
defined by adopting the D-H approach (see section 3.3.1.1). However, for calibration
purposes, an MCPC model has to be ensured, meaning that minimum structure
parameters should be used.

In the differential error model, errors are represented by a separate set of parameters
describing the differences between the nominal and actual geometry of the mechanism.
The forward kinematics of the model can be represented as [21]

S =f(Q sn D), (3.8)
where A= [e4, e,, e3, ... |, which consists of geometrical error parameters. For calibration
purposes, using a differential error model does not require to select minimum number of
structure parameters. However, the error parameters A must be defined by the minimum
numbers as per the definition of MCPC. The differential error model is commonly used

for the kinematic calibration of the parallel mechanisms.
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3.3.2 Pose measurements
Suitable measurement schemes need to be selected to obtain accurately the pose
(position and orientation) data or the subset of the pose data of the moving platform of
the parallel mechanism [22,28]. In principle, a pose data set is obtained by moving the
mechanism to some location of the workspace, record the joint displacement (lengths of
the legs) and then use a measurement equipment to determine the full or some part of
the pose. The measurement procedure is repeated many times for enough number of
locations of the workspace [90]. In terms of using the measuring equipment, existing
calibration method for the parallel mechanisms can be usually categorised as: external
calibration and self-calibration [22,23,92]:
1. for external calibration, the mechanism’s end-effector’s actual poses are
measured by an external measurement system (such as, laser tracker, camera,

interferometer),

2. for internal or self-calibration, redundant measurement information is collected
either from some sensors placed on the passive joints of the mechanism or

directly from the sensors of the active joints of the mechanism.

External calibration can be carried out by either full pose measurements or partial
pose measurements [21,22]. For full-pose measurements, the full end-effector’s pose in
terms of the complete information about the possible degree of freedom of the
mechanism is collected. The calibration problem in this measurement type is treated as
finding the kinematic parameters that minimise the residual, which is the difference
between the recorded joint displacements and the ones calculated from the inverse
kinematic model [22,23,92]. Full-pose measurement can be attractive for the kinematic
calibration of the parallel mechanism since each loop can be considered independently
for the calibration purpose, like the case of a serial mechanism. However, full-pose
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measurement is time-consuming, laborious and generally expensive, especially when
high-accuracy of the mechanism is required, advanced or special measurement
equipment are necessary [24,92]. On the other hand, in partial pose measurements,
incomplete motion information of the end-effector is used, and all the structural error
parameters cannot be identified through the calibration process [90,92]. In partial-pose
measurement, calibration problem is treated as finding the kinematic parameters that
minimise the errors between the measured pose and the ones determined by the direct
kinematic model [22]. Partial pose measurements may offer limited accuracy
improvement for the parallel mechanism. Furthermore, partial pose measurements use
direct kinematic model, and it is very difficult to find the analytical solutions to the direct
kinematic model for the parallel mechanism [90,92]. This will be discussed in section
3.4 when finding the issues of the calibration for the parallel mechanism.
Self-calibration is a newly emerged measurement and calibration technique for the
parallel mechanism [23,29,92]. It is a potentially attractive, economical solution mainly
for two reasons: elimination of the pose measurements and facilitation of the on-line
accuracy compensation [23,24]. So far, two approaches can be identified in the literature
for the self-calibration. In one method, extra sensors are added to the several passive
joints of the parallel mechanism to obtain redundant measuring information. Calibration
problem then becomes adjusting the kinematic parameters to minimise the difference
between the measured joint displacements and calculated joint displacements using
inverse kinematic model. However, adding extra sensors of suitable type to an existing
parallel mechanism to receive joint displacements is practically very difficult [23,29,92].
Another method of self-calibration is to impose constraints on some motions of
the parallel mechanism and measure the active joints. This is an attractive solution to the

problem mentioned above. However, appropriate mechanical fixtures are required to
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impose the constraints. Furthermore, using fixture can have two effects: 1. it can reduce
the workspace of the calibration, reducing the sensitivity of the kinematic parameters in
the calibration process; 2. deformation of the fixture can affect the calibration results

[23].

3.3.3 Parameter identifications

Once the error model and the measurement data are available, the next phase of the
calibration is to determine the parameters of the model (for differential error model, error
parameters) which enables predicted model data match closely with the measured data.
[21,90]. The identification process can be explained mathematically in the following
way [90].

Let A:1 be a HTM that represents the position and orientation of a mechanism’s

frame i relative to frame i-1. Using the D-H notation, it can be written that
At = AlY(s)), (3.9)
where s; is the mechanism’s parameter vector for joint i and s; = [6; 73 [; a;]7.
A kinematic equation can be written by taking the HTMs from the last frame to the base
frame of the mechanism
To=Th(k) = A34; .. A" =TT, (A7), (3.10)
where k is the parameter vector for the mechanism and k = [s; s3 S5 .....5,]".

Let &, = [69i 8y, Oy, 6ai]T where &, is the link parameter error vector. The actual
link transformation B:~1 is defined as
B ' = A{"'(s;)+d A;, where d A; = d A;(65,). (3.11)
The actual mechanism transformation T ,, can be written as
Tha = [li-a(Bi7 ). 3.12)

The error transformation for the mechanism can be defined as:
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dT =T}, — TY. (3.13)

Let q be vector of joint variables (6; or r;) and 6k = [6s4 53 653 .....8s,]T be
the mechanism parameter error vector. Also, let dT = TIAT, in which AT is the
transformation representing the change in T9 expressed in the coordinate frame n. The
mechanism’s transformation error AT is a non-linear function of the mechanism’s
parameter error §k. Thus, AT = AT(q, 6k).

The parameter identification problem of the mechanism’s calibration aims to
determine the &k from the measurements that have the information about AT. By
expanding the equation (3.12) and ignoring the second order products, an identification
Jacobian relating the change in manipulator transformation to the parameter error vector
can be found as:

OT,, = JmOk, where m=1,2,...j; (3.14)

OT is a differential translation and rotational vector which can take the following form
0 =6z, 6y, dx,

6z, 0 —=6x,dy,

-6y, 6x, 0 dz,|
0 0 0 1

6T = (3.15)

where dx,,, dy, and dz, are the small displacements from TS and 6x,,, 5y, and 5z, are
the small rotations about x,, y, and z, axes respectively; and j is the number of
observations during the measurements. Equation (3.14) represents a linear system which
can be solved using the least-square approach as:

Sk = [(JT)T]ST, (3.16)
where J= [J1J1 1 .......]]]T and 6T= [8T,0T,6T; .......ST]-]T. If equation (3.16) is

applied iteratively, it may converge if the kinematic error parameters of the mechanism

are small enough. The procedure of identification of the error parameters described is
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called as the linear least-square method and is most commonly used for the calibration
of the parallel mechanisms.

There is another method of parameter identification in which the problem is seen
as one of fitting a nonlinear regression model. For this method, the non-linear model for
the actual mechanism’s transformation of equation (3.12) can be written as
Ym=f(qm, k), where m=1,2,.. j; (3.17)
y is the actual mechanism’s end-effector pose which refers to BY of equation (3.11); and
j is the number of observations during the experiments.

The residuals for the model are:

en(6k) = x,, — f(qm, k), where m=1,2,...j; and (3.18)
X, 1S the vector that represents the measured pose of the mechanism at location m. The
aim of the parameter identification is to find the least square estimate of k that minimises

the function

L=y e " en. (3.19)
The procedure of the parameter identification described is known as non-linear

least-squares method.

3.34 Implementation of calibration

The previous three phases of calibration provide a more accurate kinematic model
with known parameters that should represent the accurate relationship between the pose
and the joint displacements. For a mechanism, when it accepts a command for a certain
pose, it converts it to some joint variables through an inverse kinematics model of the
control software. Therefore, to improve the mechanism’s performance, the calibration
data should be included in the inverse kinematics of the control software of the
mechanism [90]. However, the detail architecture of a mechanism is usually not

available to the user and making necessary changes to the inverse model may not be
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possible. Implementation of the calibration using inverse kinematics is often carried out
by the mechanism’s supplier.

An alternative option of implementing calibration data is through off-line pre-
processor [47,57,90] software. In this method, the desired 3D Cartesian positions are
used in the correct inverse model of the pre-processor to calculate the joint
displacements. These values are then used in nominal forward kinematics model of the
control software of the mechanism to calculate new 3D compensated positions for the
end-effector. When loaded these values in the control software, its nominal inverse
kinematic model calculates the necessary joint displacements so that the real desired
position of the end-effector is achieved. Therefore, in reality, the mechanism is
commanded to move to a position offset to the desired one, and due to the error of the

mechanism, the mechanism’s end-effector reach to the desired position.

3.4 Kaey issues in calibrating parallel and hybrid kinematic mechanism
Developing an economical kinematic model for a complex structure is always a
great challenge. While the accuracy improvement through kinematic calibration has
been well studied and reported for the serial mechanism, the accuracy improvement of
spatial parallel mechanisms through kinematic calibration is, still, a field of active
research, and the researchers have proposed various approaches to overcome different
issues related to the four steps of the kinematic calibration. Kinematic calibration for
parallel mechanism, as compared to a serial mechanism, is challenging for various

reasons. The key issues are briefly discussed below.

34.1 Issues related to kinematic model for position analysis
For calibration purposes, the position analysis of a target (or tool or end-effector)

using a kinematic model — direct or inverse kinematic model - determines the method to

56



use for the error model, the selection of the measurement method and the method of
error identification [90,22,23,27-29]. As has been discussed before, 1. both methods of
the error model - the objective function and the differential methods - depend on direct
and inverse kinematic model; 2. full pose or partial pose measurement is carried out
depending on whether inverse or direct kinematic model is used in the error model; and
3. the use of linear or non-linear least squares method for parameter indemnification
depends on whether inverse or direct kinematic model is used in the error model.
Carrying out position analysis using direct kinematic model is generally not difficult for
the serial mechanisms for several reasons, such as 1. an open-loop structure, 2. presence
of actuated and sensed joints (primarily, prismatic and revolute joints) in the structure,
3. availability of established method of kinematic model (e.g. the D-H method)
[21,24,84-87,90] However, inverse kinematic models can be complex for the serial
mechanism if the kinematic structures are not simple enough.

As opposed to serial mechanism, the presence of closed loops in the parallel
mechanism makes it difficult to develop a kinematic model for position analysis. As has
been shown in section 3.3.1.1 and Figure 3.7, two loop equations, including constraint
equation, are required to determine the relationship between the base coordinate frame
of the mechanism and the pose of the end-effector. The constraint equations in the
kinematic model introduce some dependent parameters, in addition to independent
parameters, in the model [21,90]. The problem of the position analysis in the presence
of the dependent parameters of parallel mechanism can be explained by referring to the
closed loop example in section 3.3.1.1 and Figure 3.7. It can be noted that with the joint
encoder readings, equation (3.6) is used to calculate the dependent variables, which are

used to calculate Ti,,4.c to locate the target position with respect to the reference

coordinate. For example, 85 is required to calculate T, g¢¢ O equation (3.5). Also, note
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the presence of HTM A, in both equations. As such, observation of equations (3.5) and
(3.6) highlights the major difference of the kinematic analysis for the open-loop (serial
mechanism) and closed loop (parallel) mechanisms. Some joint variables are dependent
parameters for the closed loop analysis. Since the dependent parameters can be
determined from the constraint equations, closed loop kinematic analysis usually has
fewer independent parameters than an open-loop kinematic analysis, which can make
the direct kinematic analysis of a closed loop (i.e. parallel) mechanism very difficult
[90].

Furthermore, unlike serial mechanism, many parallel mechanisms have passive
joints with no actuator or feedback system (no measured angles) — see section 3.1.2.
These passive joints, such as spherical joints, do not have unique axis of motion, unlike
the prismatic and revolute joints of the serial mechanism. This issue makes the kinematic
analysis of parallel mechanism more complicated.

For the above reasons, position analysis using forward kinematic model is
generally not adopted for the kinematic calibration of parallel mechanisms; instead,
inverse kinematics models are commonly used. In some cases, calibration works based
on direct and inverse kinematic models have been used to take the advantages of using
an inverse model along with the partial-pose measurements and linear least-square
method for parameter identification; however, the problem of the determination of a

high number of error parameters of the parallel mechanism still remains [23].

3.4.2 Issues related to error model

As mentioned before while describing the characters of a MCPC model, each source
of error should be represented by only one parameter. In other words, an error model for
calibration should have enough coefficients to express the deviation of the mechanism’s

structure from the nominal design [21,90]. For this purpose, the model should contain
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required number of independent kinematic parameters. The number of independent
parameters is equal to the number of constraint equations required to specify completely
the pose of the tool and the joint coordinate frame (note that all the relevant coordinate
frames, such as world/reference frame, tool frame and joint coordinate frame, are
defined in the kinematic analysis) [90]. For example, a prismatic mechanism needs eight
constraint equations and a revolute joint requires ten equations to completely specify the
pose of a tool (or end-effector) and the joint coordinate frame (see Figure 3.8). As such
the total number of independent parameters for a serial mechanism with multiple joints
(prismatic and revolute) can be determined by the following equation in order the
kinematic model to become complete:

N = 4R + 2P + 6, (3.20)
where N is the required number of independent parameters, R is the number of revolute

joints and P is the number of prismatic joints.
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Figure 3.8 Constraint equation calculation (a) mechanism with a prismatic joint (b)

mechanism with a revolute joint.

According to equation (3.20), a PUMA 560 manipulator (a 6-DOF robot arm in
the form of a shoulder, an elbow and a wrist and six revolute joints) needs thirty
independent kinematic parameters to define a complete kinematic model [90]. Among
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these thirty parameters, six are joint variables and 24 are constant parameters to represent
links, offsets, arbitrary zero position and arbitrary location of the tool frame. When these
30 independent parameters are used in a suitable method of generating a direct model, a
unique relationship between the joints and the pose are established for the PUMA 560
manipulator, and this model can be easily implemented with active controlled joints (i.e.
motorised joints). Thus, the number of error parameters determined by equation (3.20)
gives an indication of number of independent parameters required to define an error

model with MCPC characteristics.

The example above actually explains why developing an error model based on
MCPC characteristics for the serial mechanism is relatively easy. Vast majority of the
serial mechanisms uses mainly two types of joints- prismatic and revolute joints, and the
error sources of these joints are well-known (for example, ten independent parameters
required for a revolute joint as mentioned above). When the D-H method is used for the
model development (d;, a;, a; and 6;) and joint type and numbers are known, equation
(3.20) gives an idea of how many error parameters should be included in the error model
to completely define the mechanism.

Developing an error model based on MCPC model characteristics for the parallel
mechanism is, however, challenging for various reasons. The main reasons are
following:

A. Besides parallel and revolute joints, it is common to find other types of joints in the
parallel mechanism, such as universal joint, spherical joint, where the use of
spherical joint is quite common (see section 3.1.2). The error sources of these joints
are not well-studied [20]. Like the equation (3.20) for a serial mechanism, there is
no commonly accepted method of determining the minimum number of

independent parameters required to define a mechanism that contains a combination
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of various types of joint, e.g. prismatic, revolute, spherical joints. For this reason,
researchers in the field of calibration have identified the error sources of mechanism
based on individual methods and types of parallel mechanism [22-24,27,28,85-
87,92-94]. For example, Wang and Masory [55] modelled the leg of the Stewart
platform as serial chains, and they considered the errors of platform, actuators and
errors in the link-joint connections, Wang and Fan [31] introduced 18 error sources
in the error model of 3-RPS mechanism, but the posture errors of the prismatic and
revolute joints are ignored. As reported by Huang et al. [23], the total error sources
of 3-RPS should be 33, including all possible errors caused by manufacturing and
assembling. It has also been found in the literature that up to 138 error parameters
for a 6-DOF Stewart-Gough platform and a minimum of 38 parameters for a 5-DOF
parallel mechanism are required to describe the error model for the stated parallel
mechanisms [20,24].

. The non-standard joints and the large number of different types of errors that may
come from different sources, e.g. joints, platform, legs, indicate that commonly used
D-H method cannot be used directly to develop an error model, and further
parameters other than usual (i.e. d;, a;, a; and 6;) are needed to describe the errors
[20]. Such modification of D-H method for a complex kinematic structure with
multiple loops is very complicated [72]. For this reason, for parallel mechanism’s
kinematic model, geometric method is preferred, in which a vector loop equation is
written for each limb or leg. In such cases, full-pose measurements need to be
adopted for measuring the pose of the end-effector. This is because, for multi-loop
mechanism, some parameters become dependent. Unless the end-effector’s poses
are not measured for all possible degree of freedom (six for a spatial mechanism)

and for sufficiently high number of mechanism’s configuration, it is not possible to
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determine all possible error parameters of the mechanism [23,24]. As mentioned
before, full-pose measurements for kinematic calibration can be expensive, time-
consuming and laborious for a complex kinematic structure.

C. Asdiscussed before, position analysis for parallel mechanism using direct kinematic
model is generally not preferred due to the presence of dependent parameters for
multiple closed loops in the mechanism. This indicates that the objective function
method for error model development is difficult to adopt for the calibration of the
parallel mechanisms. Objective function method actually offers some benefits in the
calibration [22,87] process, such as:

a) Objective model is built on the direct kinematic model, the use of which can
facilitate the use of partial pose measurements. In many applications, partial
pose measurements, instead of full-pose measurements, are more desirable.

b) When D-H method is used for the objective function model, the offset errors
in the joint coordinates are explicitly present, which can be advantageous
during the implementation of calibration as the offset errors can be
compensated in the controller.

D. For the parallel mechanism’s calibration, the popular use of differential method,
which uses inverse kinematic model and the full-pose measurements, means that
linear least squared method is easier to apply for the error parameter identification.
However, for multi-loop mechanisms with many error parameters, a large number
of measurement data and an identification Jacobian (equation 3.14) with large

dimensions are required for the parameter identification.

343 Issues related to measurements
The issues related to different types of measurement — full pose or partial pose or

self-calibration - used for the kinematic calibration are already discussed in section 3.3.2.
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The most important point to remember when selecting a measurement scheme is that the
accuracy of the error parameter determination depends on the quality of the
measurement data. A number of factors may affect the measurement data quality, for
example, the measurement accuracy, encoder resolution and accuracy, the number of
poses measured, the selection of the measurement configurations and the range of
motions of the mechanism’s joints during the observation [90]. A particular issue during
the calibration of a parallel mechanism arises because of the ill-conditioning problem
when solving the identification equations at the third phase or identification phase
[23,24,72,90]. llI-conditioning problem indicates that errors in each leg of the parallel
mechanism cannot be decoupled due to dependent parameters mentioned before [23]. In
such condition, some of the linear algebraic equations in the set of measurement
equations (the relation between the end-effector’s pose and the corresponding joints) are
linearly dependent on other equations, and these redundant equations need to be

removed for the parameter identification [90].

3.4.4 Issues related to parameter identification

Although fundamentally two types of approach — linear and non-linear least square
algorithm- are most commonly used for the parameter identification, various approaches
have been used by the researchers based on inverse kinematic model to avoid the ill-
conditioning problem induced by the dependent parameters of the parallel mechanism.
For example, Levenburg-Marquardt algorithm for a 2-DOF parallel mechanism, genetic
algorithm for 3-RPS mechanism, Kalman filtering approach and Regularisation method
for a 3-P(4R)S-XY hybrid machine and a 5-DOF parallel machine [20,24]. However, all
these methods are sophisticated and time-consuming. These methods may be suitable
for high-accuracy calibration provided by the mechanism’s supplier, but generally not

suitable for high-efficient, economical calibration solution to be carried out by the users
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of the parallel mechanism to evaluate the mechanism’s performance and apply software-
based position compensation [24,90].

Furthermore, some researchers have focused on developing algorithms to optimise
the measurement pose to solve ill-conditioning problems [25,26]. However, pose
optimisation method is not suitable for all types of parallel mechanism, for example a
3-P(4R)S mechanism that has chains with shape approximately same in the whole
workspace, meaning that the identification vectors are nearly similar and approximately
linearly dependent. For this, it will be difficult to reduce the coupled parameters of the
chains, and, therefore, the ill-condition problem using measurement pose optimisation

[23].

345 Issues related to implementation of the calibration: compensation

As mentioned before, implementation of the kinematic results in the real parallel
mechanism can be a major obstacle for the users if they do not have access to the
information required to make changes to the parameters used in the kinematic models
of the control software. Calibration implementation issues are real-world problems, and
greatly vary with many factors such as the types of mechanism, user’s level of
knowledge and expertise in the mechanism and its control software, level of accuracy
required for the mechanism for a particular application and so on. Unfortunately, very
little information can be found in the literature about the details of calibration

implementation [22-26,30,31,84-87,92-94].

3.5 Real-time position control of target
As indicated in section 2.7, in manufacturing and precision applications, real-
time compensation to eliminate the errors of the mechanism or the motion stages is

desirable for many reasons, for example, low cost and high production rate. A high
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repetition-rate laser operation requires such type of real-time compensation so that the
positioning and orientating of the fresh targets to the laser beam focus are possible with
an accuracy of few micrometres at a rate of at least a few Hertz, as indicated in section
2.4.1. For example, clinically relevant experiments require several thousands of laser
shots, which demands an automated target positioning system [7].

An extensive literature survey suggests that no research work on real-time target
position control for high-repetition rate operation has been suggested so far. Only one
method of automated positioning of nano-targets was reported by Gao et al [7]. For
developing an automated positioning of the 1683 targets held in a target wheel, which
functions as a high-repetition rate system, Gao et al followed the pre-alignment
procedure, involving the steps such as pre-characterisation of the wheel by assigning the
coordinate to each target, performing real time measurement for each target with a
microscope and a distance sensor, and recording the data in the controller. A hexapod is
then used to correct for the measured deviations during the alignment process [32]. In
this automated positioning system, the positioning error of the target is reduced by a pre-
calibration error compensation. However, as indicated in section 2.7, error compensation
by pre-calibration can be very time-consuming for a wheel with many targets, and
random errors from dynamic disturbances may still be there to affect the positional
accuracy of targets.

In fact, most real-time position control based on in-process measurement solutions
are application-specific, and research covering different aspects of in-process metrology,
such as instrumentation, acquisition, calibration, is just increasing [95]. In the following
sections, the relevant characteristics of the real-time compensation are studied - at first
from general perspective and then more specifically from the requirements for a high-

repetition rate laser operation.
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3.5.1 Requirements for real-time position control

The position accuracy of a target (tool or end-effector, but hereafter just called target)
is one of the most important requirements for many precision systems, such as ultra-
precision machine tools, coordinate-measuring machines and surgical robots. Positional
accuracy is generally achieved by carrying out one or more of these processes: design
following precision engineering principles (e.g. the avoidance of Abbe errors, the
separation of the metrology loop from the force loop); calibration requiring steps, such
as kinematic modelling, error identification and error compensation; and compensation
for the target’s path (or trajectory) requiring in-process measurement of the position of
the target while the operation is taking place (i.e. real-time compensation) [8-13].

The role of metrology in design and calibration, in terms of position measurement
of the target is discussed in sections 2.3 and 3.3.1 to 3.3.3, and also discussed elsewhere
[14,56,57]. Real-time compensation is a vital task for in-process metrology which has
been playing an increasingly important role in recent years in the process chain of
manufacturing to fabricate precision workpieces with complex shapes and/or tight
tolerances [12,13]. For the manufacturing of workpieces with such characteristics, the
role of in-process metrology goes beyond the post-manufacturing inspection of a
manufactured workpieces for quality control purpose to make sure the measured
parameters of the workpiece, such as dimension, surface topography, meet the design
requirements [95]. As stated by McKeown, the maximum efficiency of the quality
control is possible when the measurement takes places at the closest possible point to
the manufacturing process, which can be availed by employing some kind of in-process
metrology [96]. Beyond the task of quality control for workpieces, in-process metrology
has been proven effective for manufacturing process control by allowing optimisation

the process and the machine tool settings [95,97]. This is because, the measured
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parameters of the workpieces are actually representative of the process characteristics
and errors incorporated in the workpiece are the footprints of the machine tool
imperfections.

In-process metrology is defined as the measurement of the parameter, e.g. length,
surface topography, position, of the workpiece on a manufacturing machine (on-
machine), where the workpiece is manufactured while the manufacturing is taking place
[95]. Depending upon the parameters to be measured, various types of in-process
measurement systems are available [95]. However, since this research is about position
and orientation control of target, the position and angular measurement will be focused
in the discussion. Fundamentally, as discussed in section 2.5, the position errors and
angular errors, arising from the geometric and non-geometric sources, affect the
positional accuracy of target.

As shown in Figure 2.12, there are three fundamental components for a real-time

position:

1. A control loop for the positioning system,

2. A sensor for the feedback, and

3. Positioning mechanism’s actuator.
Among these three, the positioning mechanism uses its actuators to produce position
compensation/s for the target. Different types of mechanism are already discussed in
section 3.1, noting that the mechanism associated with this research is a hybrid

mechanism.

3.5.1.1 Control loop
As shown in the Figure 2.12, the control loop of a positioning system consists of a

feedforward and feedback path. Although control system can, in principle, consist of
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either feedforward or feedback path, applying combination is advantageous since both

have their own advantages and disadvantages [98].

Input disturbance

i Position system

r Feedback 0 . G(s) |

Cer(s)

Figure 3.9 Block diagram of a feedforward-controlled position system.

Figure 3.9 shows a basic configuration of a feedforward control, which is also
known as open-loop control. In this configuration, when the reference or guidance signal
ris applied to the controller, which has a frequency dependent transfer function Csf(s),
the output o becomes input i to the position system (mechanism), which has a frequency
dependent transfer function G(s), to become output x, which is target position.
Therefore, theoretically, if a perfect control (no difference between the reference
position and the actual position) to be achieved, the combined transfer G, function

of the overall system has to be one, which means [63,98]:
Gcombff = g = Cff(S)G(S) =1 (3.21)

In this situation, the feedforward controller becomes exact inverse of the mechanism,

1

Crr(s) = o (3.22)

If no dynamics are involved, the feedforward controller represents a gain, which
scales the reference signal. For systems that are open-loop stable (no or negligible
dynamics), the feedforward controller can improve the system’s performance when
following a predefined trajectory like a reference signal or a repeating scanning motion
[99]. In the presence of dynamics associated with the mechanism, such as amplifiers and
actuators, the feedforward can function as a filter, which is placed in series with the

mechanism to compensate its dynamics. In such cases, the system’s dynamic behaviour
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may not need to be modelled [98]. The external dynamics, such as vibrations from the

operating environment, can partly be solved by adding a feedback system to the

feedforward controller. Such control system is called the adaptive feedforward control

[99].

Overall feedforward controller has the following advantages [99-100]:

A. Sensor is not required, which can reduce the cost of the control system. Also,
measurement noise from the sensor is not introduced to the controller. This
advantage may be important for the precision positioning system to avoid
positioning noise.

B. Feedforward is particularly suited for the applications with predictable motions.

C. Unlike feedback system, feedforward control is stable in behaviour since the poles
of the controlled system are not changed.

The feedforward system has the following disadvantages [98-100]:

A. It is not suitable for applications that requires a controller with a very high gain at
very high frequencies.

B. Unstable system cannot be controlled using pure feedforward control.

C. This control can only compensate for known disturbances. Even with the additional
measurements, these disturbances can be compensated partially since for perfection,
the controller has to react infinitely fast (i.e. immediately when the disturbances

occur), which is practically not possible.

Output
Input disturbance  process disturbance disturbance

+

S 0 .
’ " ¢ Feedback —.Or—A Position system
Cfb(s) G(s)

Position
Qﬁ Sensor measurement

M(s)

Sensor disturbance

Figure 3.10 Block diagram of a feedback-controlled position system.
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In feedback control system, the actual status of the position system is monitored
by a sensor and the controller generates the control action to compensate the position
based on the difference between the desired position (reference signal) and the actual
position of the system (sensor signal) [63]. In this way, the feedback controller makes a
closed loop control for the position system. Figure 3.10 shows a configuration of a closed
loop control system where position output y is measured and compared with 7, which
is the reference r after filtering [98]. The transfer function of the feedback loop is derived

from the following equation:

e =1 —M(s)y (3.23)

y = G(s)Crp(s)e (3.24)
_ Y GG)Crp(s)

Geomby,, = Tr 1+M(S)G(S)Crp(s) (3.25)

where e is the position error, Cy,, (s) is the frequency dependent transfer function of the
feedback controller, M(s) is the frequency dependent transfer function of the sensor,
G (s) is the frequency dependent transfer function of the position system, and G_.ymp b

is the combined transfer function of the overall control system.

When input filter is added, equation (3.25) becomes,

y_ GE)Crp(s)
Geompy, =5 = 1+M(5)G(5)Crp(s) (s) (3.26)

where F(s) is the frequency dependent transfer function of the input filter. In a control

system design, F(s) and Cr,(s) are selected such that the Gy » Meets the position

specification of the positioning system.
Closed loop control can offer the following benefits [101,102]:
A. While some motion systems can be inherently stable, some motions systems can be
marginally stable, and some can be even unstable like an inverted pendulum system.

With feedback control system, such unstable system can be stabilised.

70



B. Disturbances of the motion systems are observed in the sensor signal and appropriate
compensations can be made.

C. PID (proportional-integral-derivative) feedback control is the most versatile control
system used in motion control systems. PID an offer a robust control system since
the stability and performance requirements for the motion control system can
ensured even for the parameter variations of the controlled position systems.

Feedback control suffer from some limitations, such as [98,101,102]:

A. Sensors are required for the feedback loop. For precision positioning systems,
sensors with high accuracy with high resolution and bandwidth are required, which
can be very expensive.

B. Obviously, feedback control cannot function unless the error is occurred in the
system to correct it.

C. Inthe closed loop system, the positioning noise of the position system and the sensor
noise are also part of the feedback. This need to be taken into consideration while
designing the feedback system.

It is worth noting that for a precision positioning of a target/tool/end-effector, one
may suggest the use of a feed-forward control system as an alternative to a closed loop
control system. In fact, feed-forward control systems are effectively used in some
applications, for example, in the track following control of the hard disk drive (HDD),
in which the read/write (R/W) head follows the track centre precisely in the presence of
several disturbances [103]. The repeatable runout (RRO) error (the difference between
the servo-written track centre and the ideal circular track centre), which is periodic and
synchronised with the disc rotation, can be compensated by the controller by making the
R/W head to follow the servo-written track centre. This feed-forward system might not

be very effective when the RRO disturbance is not coherent at different tracks. This
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problem can be solved by another type of control scheme, called adaptive feed-forward,
in which an appropriate compensation signal is subtracted from the raw measurement
signal to make the R/W head to follow the ideal circular track centre more closely. For
this, an accurate estimation of the compensation signal for all the tracks is required,
which can be stored in the controller as a runout table. However, the estimation of
compensation signals for all the tracks could be time consuming and may even require
modelling of the disturbances affecting the positions of target/tool/end-effector,
especially for those applications where the high accuracy of the positions of the

target/tool/end-effector with respect to rotating disk or wheels are required [98,103].

3.5.1.2 Sensor
According to Soloman [104], some key characteristics of a sensor, as shown in the
Table 3.1, should be taken into consideration while selecting a position and motion

sensor for an industrial application.

Table 3.1 Key characteristics of a sensor for an application.

Key point Consideration
Range How far is the object to be detected by the sensor?
Performance What level of accuracy, resolution and bandwidth (frequency

response) is required?

Environment What is the operating condition, such as dirt, debris, darkness?

Accessibility What accessibility is there to both sides of the object to be
detected?

Wiring Is wiring possible to one or both sides of the object?

Size What size is the object?

Consistency
Requirements
Output signal
Logic functions

Integration

Cost

Is object consistent in size, shape and reflectivity?
What are the mechanical and electrical requirements?
What kind of output is needed?

Avre logic functions needed at the sensing point?

Is the sensor required to be integrated to other system, e.g. a
positioning system?

What will be the capital investment cost and life-cycle cost for the
sensor?
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The characteristics of the sensor, as shown in Table 3.1, indicate that many factors,
such as range, performance, environment, integration, need to take into considerations
during the design and implementation of an in-process position measurement system for
the real-time position control system. In a manufacturing environment, in-process
measurement activities in a production machine introduce additional issues compared to
off-line measurements or ex-situ measurements carried out in a controlled laboratory.
For example, Figure 3.11 shows a list of factors that influence the performance of in-
process optical measuring instruments in a production line [105]. Some key design
considerations, identified from the literature, for in-process position measurement

instruments are discussed below.

Operator Measuring device

Design

Processing

Components
Measurement activities
Filtering

Experience
Motivation
Positioning skill
Qualification
Carefulness

Resolution

Wavelength
Angle

Distance

Measurement
uncertainty of
in-process
measurements

Electrical field
Air temperature
Magnetic field
Humidity
Dust
Vibration

Stiffness
Thermal expansion
Friction coefficient
Deformation
Dirt
Geometry

Principle

Strategy
Analysis method
Data fusion
Calibration

Environment Material Method

Figure 3.11 An Ishikawa diagram showing the factors that affect the performance of an

in-process measurement instrument [105].

3.5.1.2.1 Tactile vs non-tactile instrument

Although both tactile (contact) and non-tactile (non-contact) instruments can be used
for all in-line and off-line measurements of the workpiece’s position in manufacturing,
non-tactile instruments are best suited for the in-process position measurement because

1. the instrument can be flexibly positioned in the machine, 2. the measurement speed
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can be faster than the cycle of the operation of a process, 3. the instrument offers
damage-free measurement [95]. The discussion in the next sections will be limited to

optical instruments.

3.5.1.2.2 Sensor position

Many in-process position measurement equipment uses motion control systems
which are used, for example, to move the optical system to scan a surface or to measure
a part from different angles or positions. The motion system used for a measurement
equipment can span from a small-range linear axis motion system to five axes (or more)
rotational robotic arm. The overall dimension of an in-process measurement equipment
depends on employed measuring techniques and the production machine in which the
instrument is integrated [95]. For example, in a milling machine, a measurement
equipment can be attached to a production machine without much difficulty, say, by
mounting the instrument onto a tool holder. However, in forming machines usually used
for mass product manufacturing, measurements can usually be performed once a formed
workpiece is detached from the mould and die, since the production cycle time is very
fast [106].

However, a small and compact measurement instrument is preferable, making it
possible for the equipment to be easily and flexibly integrated to various production
machines. Also, another important factor is that the housing of an in-line optical sensor
should be designed to protect the optics and electronics from the harsh environments,

such as moisture, oil and dirt [106].

3.5.1.2.3 Environment
Disturbances, such as vibrations, temperature variations, dirt/dust/oil and humidity
variations negatively affect instruments’ performance and, thereby, the accuracy of the

measurement results. For example, the variation of pressure, humidity and temperature
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of an environment can change the wavelength of the laser of an interferometer system,
and dirt, dust, oil and moisture can adhere onto the surfaces of the lens of an optical
system and a part [106,107].

Heat generating from the surrounding equipment and production machines can
increase the temperature of a measured part and may cause the expansions of various
components or mechanical structures inside the measurement instrument, affecting the
performance of an in-process measurement instrument [108]. For example, a
measurement instrument featuring with a linear axis to perform measurement is
susceptible to the thermal effects on the drivetrain system and the axis scale, resulting
in positioning errors [108]. These positioning errors, in certain conditions, can be
compensated by the machine controllers, say by incorporating an error model of the
system and a close-loop feedback [48].

Vibration during the measurement process degrades the measurement results, for
instance, vibration can increase the measurement noise of an in-process measuring
instrument [109]. Vibration can arise from a number of sources, such as machine
vibration, vibration induced by the motion system of the instrument and vibration from
the operating environment. Generally, vibration effects are reduced by minimising the
vibration sources, isolating the vibration sources and/or isolating the instrument

[137,138].

3.5.1.2.4 Design of instrument

Besides vibration and thermal effects, some other important issues, as reported in
various literature, need to be considered while selecting an in-process measurement
instrument for a position control system. The concept of force and metrological loops is
important in instrument design in many ways, for example to find the optimum structural

design and optimum locations for the sensors and actuators [84]. The force loop is a
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closed path of the force that flows and propagates around the structure of the machine,
and the metrology loop is a closed path containing all the elements between the sensor
and the workpiece that affect the measurement [110,111]. Figure 3.12 shows an example
of a precision machine, demonstrating how the measuring scale attached to a metrology

frame and the tool can be separated.

Metrology frame

Tool

Functional point
Workpiece
Plane mirror

Reading head —

Base

Sensor

Effective point

Guides Linear scale

Figure 3.12 A design of a machine tool with the linear encoders configured to achieve

an in-line path of the functional point and the effective point of the scale [11].

3.5.1.2.5 Integration

Several important sources of measurement error should be taken into consideration
when integrating a sensor into a machine, e.g. a positioning system, for in-process
position measurement. Measurement errors such as Abbe errors, sine and cosine errors
are discussed in section 2.6. It is important to understand how these errors affect the
measurement results and what compensation methods can be applied to eliminate the
effects of the error [95]. Compensation method applied should also cater for the
measurements influenced by the machine errors caused by externa disturbances, such as

thermal error and vibration [56,57].
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3.5.1.2.6 Software and interface system

To combine and control all the functional elements of optical in-process measuring
instruments, namely motion systems, acquisition systems, machine interfaces and data
processing, appropriate software and interface systems are essential [95]. One important
aspect is the establishment of communications among the production machine’s
controller, the controller of the in-line instrument and the user interface software for the
measurement instrument. As such, acquiring feedback data for the position
compensation of target/tool/end-effector is not always straightforward, since most of the
production machines come with their own commercial controllers and not open for the

users to access [112,113].

3.5.1.2.7 Traceability

Traceability is very important in measurement to ensure measurement results are
consistent, comparable, accurate and can be traced to the fundamental unit of
measurements through a documented unbroken chain of calibrations [114,115]. For
many high-accuracy applications, length and surface measurement by the sensors need
to be traceable to metre, which is defined “by taking the fixed numerical value of the
speed of light in vacuum, ¢, to be 299 792 458 when expressed in the unit m s, where
the second is defined in terms of the caesium frequency Av” (the wording of the
definition of metre was updated in 2019) [116,117]. For this reason, interferometer is
widely used as a sensor for high-accuracy applications for its natural superiority of
traceability and for long measuring range, high sensitivity, high speed measurement and
high-resolution [17].

Based on the above discussion, the in-process measurement system for a laser

operation should fulfil the following requirements:

1. Measurement speed,
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2. Compact size sensor,

3. Location of the sensor in the machine/mechanism,
4. Environmental condition,

5. Precision alignment,

6. Output signal,

7. Software,

8. Integration with the controller, and

©

Traceability.

3.5.2 In-process position sensor for high-repetition rate laser operations

A few optical instruments can potentially be the candidates to fulfil the requirements
for the in-process position measurement sensor for the high-repetition rate laser
operations. For example, laser triangulation sensor, confocal sensor, laser

interferometry.

3.5.2.1  Triangulation sensor

Triangulation sensors have become frequently used in-process metrology, especially
for the measurement of car bodies in the automotive industry. The main components of
the triangulation sensor are a collimated light source (usually laser diode) and a detector
unit, which consists of an imaging lens and a position-sensitive detector (CCD or
position-sensitive diode PSD) [118]. In this arrangement, when the laser points at the
workpiece, the reflected beam spreads through the imaging lens and focuses on the
detector. The optical axes of the light source and the imaging lens form a fixed angle,
and the position of the image on the detector is a function of the distance between the
sensor and the workpiece. The triangulation sensor can be used for the measurement
range between 2 mm to 200 mm [98,118]. The main errors can come from 1. the slope

of the workpiece (may cause direct reflection to the detector), 2. optical character of the
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workpiece surface, for example very smooth surface, 3. inhomogeneous surface texture
[118]. Triangulation sensor is considered not a good choice as an in-process sensor for
the real-time target position control for the laser applications for two reasons: 1. the
measurement range is small (will not exceed £ 20 um), 2. the slope of the target is
expected to change during the high-repetition operation, 3. the position of the sensor
system in the vicinity of high-power laser is not suitable since the debris and electro-

magnetic pulse (EMP) will affect the sensor performance.

3.5.2.2  Confocal sensor

In confocal sensor, the collimated light from laser diode is focused on the target and
the reflected light is directed to a focus detector. Depending upon the position of the
surface of the target relative to the focal plane, when the light intensity becomes
maximum, the position of the sensor relative to the target is determined [119]. Confocal
sensor can offer a range of advantages in displacement measurement, such as compact
design, high accuracy, measurement in tilt surface, small focal spot and flexible
integration into the machine [119,120]. However, confocal sensor needs to be placed
within a short distance (maximum 30 mm) of the target to take the measurements. As
mentioned before, the sensor cannot be placed in the vicinity of the target during high-

repetition laser operation.

3.5.2.3  Displacement interferometer
To measure displacement with high accuracy, optical interferometer is often used.
Typical applications of the optical interferometer are the calibration of the precision axes
of the machine tools and CMMs and position measurement of high-precision motion
control stages [17,118].
The principle of length interferometry is based on Michelson type interferometer

invented in 1881. Since then, various types of interferometry methods have been
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developed for displacement, distance, profile and surface measurements. Optical
interferometry can be categorised based on types of interference used by the instrument,
e.g. Michelson, Fizeau, Mirau, Twyman-Green, Mach-Zehnder and Faby-Perot
[121,122]. Optical interferometry can also be classified based on light source or the
number of wavelengths used in the instruments depending on the measuring range, for
example, single wavelength interferometer, multi-wavelength interferometer and white
light interferometer [118]. For displacement measurements, a homodyne interferometer
is considered as the simplest interferometer in which monochromatic coherent light of a
laser is used. However, most of the commercial interferometers use heterodyne or dual
frequency interferometry, for example a He-Ne laser (A=632.8 nm). Heterodyne
interferometers are free from the DC drift of the single-frequency laser interferometer
and has the advantages of low noise measurement [17].
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Figure 3.13 Main components of a laser interferometer for the position measurement of

a moving stage.

Figure 3.13 shows a schematic arrangement of a laser interferometer system to

measure the displacement of a moving object. As can be seen from the figure, the laser
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from the source enters the beam splitter and split in two beams with a known phase and
frequency relationship. While one beam travels to a reference reflector (or
retroreflector), the other to a reflector (or a retroreflector) placed on the moving object
whose displacement must be measured. After returning to the interferometer, both beams
are mixed and interfere. The resultant interference pattern is an irradiance-modulated
light signal as the function of the phase difference between two beams due to change of

displacement [98].

Retroreflector
Beam splitter ]
_______ > \ Measurement beam
—————
Reference beam
Laser head Quarter wave plate
(laser source) .
Plane mirror
Retroreflector

Figure 3.14 Plane mirror interferometer [123].

For dual-axis motion measurement, e.g. in a xz linear stage, a plane mirror
interferometer is preferred than a usual interferometer using retroreflector (Figure 3.14).
In plane-mirror interferometer, a plane mirror, instead of a retro reflector, is placed on
the moving object whose displacement has to be measured. A plane mirror has the
advantage of having a lower mass than the standard retro reflector. Plane mirror
interferometer, as opposed to usual interferometer with a retroreflector, uses an

additional component, called a quarter wave plate (QWP) as shown in Figure 3.14. QWP
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converts linear polarization to circular and then back to an orthogonal linear polarization
after reflection from the plane mirror (that is, object mirror), which is now free to move
orthogonal to the line of sight without disturbing the beam paths. The double pass to the
object mirror with a retro-reflection compensates for a tilt of the mirror [122]. An

additional benefit of the double pass is a finer measurement resolution.

3.6  Conclusion

Kinematically, HAMS has a hybrid mechanism — a combination of serial and
parallel kinematic structures. As compared to serial structures, parallel structures can
offer certain distinct kinematic advantages, for example, structural rigidity and high-
reconfiguration, but many areas of parallel structure are still under active research, for
example accuracy improvement due to the presence of a large number of sources of error
in the kinematic structure. Furthermore, although hybrid structures have recently
received much attention, and research is underway on how to use them in industrial
applications, comprehensive studies of their design, kinematic design and analysis,

dynamics and error sources are lacking.

Although it has been shown that kinematic calibration can be a practical and
economical way for enhancing the accuracy of parallel or hybrid mechanism, the
calibration process is more complex than for a serial mechanism. This complexity is due
to the significant difficulty in identifying the kinematic parameters using a minimum set
of error data, which can be easily determined in a time- and cost-effective manner,
without compromising the accuracy of the calibration results. Although some general
strategies for calibration based on minimum set of error data exist for serial mechanisms,
for parallel mechanisms only calibration methods for individual mechanisms have been
reported. Finding general strategies for the cost-effective calibration is an important

area of the research in parallel mechanisms.
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Another effective approach for error compensation, i.e. real-time compensation,
is a closed loop technique with the need for an in-process metrology, which means the
errors are monitored during a process, for example machining, and the compensation is
carried out continuously as and when the machine/mechanism is in operation to
constantly correct the inaccuracies. Real-time compensation is a vital task for in-process
metrology and has been playing an increasingly important role in recent years in the
process chain for manufacturing of precision workpieces with complex shapes and/or
tight tolerances. This compensation technique is desirable in industry since it involves a
combination of high accuracy, low cost and high production rate. However, developing
an instrument for in-process measurements for a real-time compensation techniques
comes with many challenges, e.g. appropriate selection of a sensor, mounting of the
sensor in the manufacturing machine to avoid measurement errors, high measurement
speeds to follow the manufacturing operation, avoidance of environmental disturbances
and traceability issues. For these challenges, most in-process measurement solutions are
application-specific, and research covering different aspects of in-process metrology,
such as instrumentation, acquisition and calibration, is increasing. Although real-time
error compensation can be an attractive solution for the high-power laser operation that
requires high-accuracy target positioning and alignment in high speed, no technique has
been reported so far as to how real-time compensation can be implemented in practice

for high-repetition rate laser operations.
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Chapter 4 - Research methodologies

4.1 Introduction

In this PhD research, a combination of approaches - analytical modelling,
experimental methods and empirical approaches [124,125] - are used to answer the
research questions outlined in Chapter 1. While the details of the analytical modelling
and experimental methods are given in the relevant chapters (i.e. 5, 6 and 7), this chapter
gives an overview of how three different approaches were used in the research and the

working principles associated with the three approaches.

4.2  Selection of research methods
It has been indicated in the literature review (section 2.3.1 to 2.3.3) that HAMS
plays two role in the target alignment (position and orientation) process:
1. To provide translational and rotational motions for the targets to locate them in
space (with respect to a global reference coordinate system) within specifications
(e.g. £ 4 um in the z direction), and
2. To provide compensatory motions for the positional and orientation errors of the
target in the alignment process.
It has also been indicated (section 3.5) that fundamentally, three elements are required
for an effective, real-time position control for target during the high-repetition rate laser
operations:
1. Anin-process sensor,
2. A control system, and
3. A mechanism with its actuators.
It should be noted that, irrespective of the type of sensor or control system used,

the target cannot be positioned and orientated within specifications if the mechanism
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(i.e. HAMS) does not have the abilities to generate the required motions to locate the
target in space with sufficient accuracies to meet the specifications. Therefore, in this
research, the issues of the performance improvement of the mechanism (HAMS) were

dealt at first.

4.2.1 Research methods for the performance improvement of HAMS
The performance improvement of HAMS (as indicated in two sub-questions of the
first research question in Chapter 1) is related to:
1. Error mapping of the mechanism, and
2. Performance improvement procedure of the mechanism.
The error mapping for the mechanism was carried out following the procedure below:
A. A complete understanding of the kinematic structure of the hybrid mechanism of
HAMS based on literature review and the documents, e.g. user’s manual,
whitepapers published by the suppliers, e.g. ALIO industries, PI, Aerotech, of
HAMS and the mechanisms of similar kind (parallel and hybrid mechanisms),
B. Identification of a suitable method for kinematic analysis of the mechanism by
carrying our extensive literature review,
C. ldentification of the key kinematic error sources of the mechanism based on the
above information,
D. Developing an error model with analytical equations to find the relation between the
error parameters identified and the target’s positional deviations.
After mapping the error of the mechanism, a four-step kinematic calibration and
compensation (“calibration” in short) procedure, as discussed in section 3.3, was applied
for the performance improvement of the mechanism. The research methods used in the

calibration procedure are following:
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. To develop a cost-effective and practical calibration procedure, the capabilities of
the mechanism’s control software were investigated at first. For this, a detailed
understanding of the software-specific parameters, e.g. kinematic and motor
parameters, motion programme and compensation techniques were required to
decide the most effective way of implementing the calibration results into the control
software and to determine what parameters must be known from the rest of the three
steps of the calibration process.

. The error model from the error mapping process was developed to begin with the
calibration process.

. To measure the positional deviation of the target, displacement measurement
experiments were performed using interferometer with the retroreflectors.

. The errors of the mechanism were identified by carrying out displacement and
angular displacement measurement experiments using interferometer with the
retroreflectors.

. To implement the calibration results, error compensation was carried out with the
modifications of the kinematic models of the control software and the development
of a motion programme to generate compensatory motions.

. After mapping the error of the mechanism, a four-step kinematic calibration and
compensation (‘“calibration” in short) procedure, as discussed in section 3.3, was
applied for the performance improvement of the mechanism. The research methods
used in the calibration procedure are following:

. To develop a cost-effective and practical calibration procedure, the capabilities of
the mechanism’s control software were investigated at first. For this, a detailed
understanding of the software-specific parameters, e.g. kinematic and motor

parameters, motion programme and compensation techniques were required to
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decide the most effective way of implementing the calibration results into the control
software and to determine what parameters must be known from the rest of the three
steps of the calibration process.

. The error model from the error mapping process was developed to begin with the
calibration process.

To measure the positional deviation of the target, displacement measurement
experiments were performed using interferometer with the retroreflectors.

The errors of the mechanism were identified by carrying out displacement and
angular displacement measurement experiments using interferometer with the
retroreflectors.

. To implement the calibration results, error compensation was carried out with the
modifications of the kinematic models of the control software and the development
of a motion programme to generate compensatory motions.

It should be noted that only the geometric and kinematic error sources of the

mechanism were considered in this research for the performance improvement of HAMS

due to the fact that geometric and kinematic errors form the major part of the total errors

of a mechanism (see section 2.4.2). As such, the effects of various individual sources of

mechanical error, for example errors due to joints’ friction and backlash behaviours,

were not considered in the error analysis of HAMS presented in Chapters 5 and 7.

4.2.2 Research methods used for error estimation and real-time position
compensation for target

Research methods in this section are used to answer the second and third research

questions as indicated in Chapter 1. To estimate the positional deviation of the target

that may arise during the high-repetition rate process, an analytical model was

developed, followed by the characterisation of the high-repetition rate by displacement
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measurements using plane mirror interferometer. Then, a closed loop control system

using a sensor for in-process measurement of the target position was designed, tested

and implemented. The overall development of a real-time position and orientation
control of target was carried out following the procedure below:

A. The design of the in-process measurement for the target position is a crucial part of
the development of a real-time position control for target. During the design phase
of the in-process position measurement system for target, the following key points
were considered:

a) Range — The wheel characterisation study of the high-repetition rate process
showed that the displacement range to be measured would not exceed 100 um.

b) Performance — The position sensor should have nanometre level position
accuracy and resolution and should operate at least at kHz level for faster data
reading during 1 Hz repetition-ration operations.

c) Position — The positioning of the sensor was, perhaps, the most challenging
design consideration due to the following difficulties:

e The real target is very small (300pum) and 2D solid with a film-like character,
e.g. transparent. The sector in which targets are patterned are narrow, semi-
hemispherical shape silicon wafer with non-reflective surface (see Figure 2.5
and 2.6).

e The electro-magnetic pulse (EMP) from the high-power laser is a big issue
for placing an electronic and/or precision equipment near the laser-target
interaction. Also, very high-speed debris is produced during the laser-target

interaction, which can easily damage any sensitive measurement equipment.
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e The space inside the compact-sized laser chamber is very limited
(Figure 4.1). Any sensor equipment should ideally be placed outside the
chamber to perform the measurements through the chamber window.

e Besides the EMP and debris, the sensor may be subject to high-frequency
vibration from the operating environment, although the vibration effect was
not studied in this research.

d) Integration - To integrate with the robot’s controller, the sensor is required to

produce quadrature output signal.

Laser interaction
chamber

Chamber window

Figure 4.1 Laser interaction chamber.

B. To design a high-accuracy measurement system, it is important to understand the
effects of the measurement error. For this, precision engineering principles for
designing a high-accuracy position measurement system were reviewed from the
literature and from the whitepapers published by various leading manufacturers, e.g.
Renishaw, Zygo and Aerotech, of precision machines and measurement systems.

C. After selecting the measurement system (i.e. plane mirror interferometer — discussed
in section 4.3), a series of experiments were carried out (1) to find a suitable position

for the sensor (reflector of the interferometer in this case) and (2) to find a suitable
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technique to align all the plane mirrors attached to the wheel with respect to the
measurement laser beam of the interferometer (see Figure 3.14).

. The next step was integrating the sensor system with the robot’s controller, requiring
set-ups for both hardware and control software. Some typical activities in this step
were: 1. establishing encoder connections between the sensor and the robot’s
controller, 2. setting up quadrature signal from the interferometer for the controller,
3. setting up encoder conversion table of the control software (digital quadrature
signal from interferometer is converted to position data with a format usable by the
servo motors) and so on.

Once the sensor was functioning properly in open-loop condition, the next step was
to carry out experiments in closed loop conditions where control software receives
target position feedback and uses motion programme to actuate the motor to generate
compensations for the target’s positional deviation. A series of closed loop control
experiments were carried out to find different techniques of compensating the
position deviation of target. The aim was to find the best technique/s of the position
compensation that will maintain the reference position and orientation of the target
within specifications throughout the high-repetition rate operation. The details are
discussed in Chapter 7.

It is, however, to note that the real-time position control system for targets based

on a closed loop control represents a quasi-static system in this research (see section

2.4.2). This is because the closed loop control system was used to address the positional

deviations of the target arising from the kinematic errors associated with the motions of

the HAMS during the high-repetition operation. The dynamics of the system in the

presence of external disturbances (e.g. vibration) were not considered in the research

assuming their negligible effects in laboratory condition (also see section 8.3.1), and, as

91



such, the tuning of the control system’s P, [ and D parameters was not the main focus of

the research.

4.2.3 Key parameters to determine in the research
Considering the above discussion, Table 4.1 shows the key parameters associated
with the different phases of the development of a real-time position and orientation

control system for target — the aim of the research.
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Table 4.1 Key parameters for the development of real-time position and orientation

control for target.

Research area

Key parameters

Nature of the

Method of

parameters determination
Kinematic analysis -x,yand z -Displacement Analytical technique
and error modelling linear motions -Rotational and experimental
(Sub-question 1 of the - u (tip) and v angle
first research question)  (tilt) angular -Displacement
motions -Rotational
of tripod angle
- Linear error
Motions
-Angular error
motions

Target position
measurements for
calibration
(Sub-question 2 of the
first research question)

Positional deviation
of target

Displacement

Experimental (using
interferometer)

Error parameters
identification
(Sub-question 2 of the
first research question)

-Angular error
motions of the
tripod

-Linear error
motions of tripod

-Rotational angle
-Displacement

Experimental (using
interferometer)

Error compensation
for calibration
(Sub-question 2 of the
first research question)

Positional deviation
of target

Displacement

Experimental (with
robot’s motion
controller, robot’s
encoders and

interferometer)
High-repetition rate Positional deviation Displacement Experimental (using
process of target plane mirror
characterisation interferometer)

(Second research
question)

Development of in-
process sensor
(Third research
question)

Positional deviation
of target

Displacement

Experimental (using
plane mirror
interferometer and
the motion controller
in open-loop control)

Real-time position
control of target using
in-process sensor in
closed-loop control
(Third research
question)

Positional deviation
of target

Displacement

Experimental (using
plane mirror
interferometer and
the motion controller
in closed-loop
control)
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4.3 Research methods used

4.3.1 Analytical approach

Error models were used in this research for the error analysis of HAMS, for carrying
out kinematic calibration and for characterising the high-repetition rate process to
develop real-time position control for targets. While the details of the development of
the relevant error models are described in Chapter 5 and 7, the principles of the analytical
techniques used are briefly outlined below.

The type of a mechanism’s kinematic structure and the number and type of axes
(linear or rotary) determine the errors presented in a kinematic model of a mechanism
[14,47]. In a machine tool, for example, if the position of tool point and the
corresponding position on the workpiece can be determined in space with respect to a
reference coordinate system, then the difference between the two positions will represent
the positional error as a result of the effects of all errors of the system [52]. For this,
understanding of homogeneous transformation matrix (HTM) is required [48,52]. The
coordinate transformation between two neighbouring rigid body frames can be described
by an HTM. HTM is used in the following ways for the coordinate transformation [52]:

1. A4x4 matrix is needed to represent the relative position and orientation of a rigid
body in three-dimensional space with respect to a given coordinate system
(reference), for example

[Oix Oiy Oiz Px]
. . 0;, P
=% Oy Yz Iy (4.1)
ka Oky Okz PZ
0 o 0 K
TR is a HTM that represents the coordinate transformation to the reference

coordinate system (xg yg zgr) from that of the rigid body frame (x,, y,, z,). The

first three columns are direction cosines (unit vectors i, j, k) representing the
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orientation of the rigid body’s x,, ¥, and z, axes with respect to the reference
coordinate frame and there scale factors are zero. The last column represents the
position of the rigid body’s coordinate system’s origin with respect to the
reference coordinate frame.

Based on the definition of equation (4.1), if, for example, the x; y; z; coordinate
system is translated by an amount x along the x axis, the HTM that transforms

the coordinate of a point in the x; y;z, coordinate frame into the xyz frame will

be
1 0 0 «x
xyz 01 0 O
Tx1y1Z1 1o 01 o0 (4.2)
0 0 0 1

If the x; y; z; coordinate system is rotated by an amount 6, about the x axis, the
HTM that transforms the coordinate of a point in the x; y; z; coordinate frame

into the xyz frame will be

1 0 0 0
0 cosf, -—sinf, O
T , = x * 4.
17110 sinf, cosB, O (43)
0 0 0 1

Similar HTMs can be constructed considering translations along and rotations
about y and z axes.
For axes with simultaneous combinations of these motions, these HTMs can be
multiplied in series to obtain a single HTM for the axis, as given below

TR =TN_,Tm ' =19T1iT1%.......... (4.4)
It is important to note that during kinematic analysis using HTM, a rigid body
assumption is required, which says that a body or link is completely rigid

neglecting any deviations in its shape caused under stress.
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4.3.2 Empirical approach

Some empirical approaches were used in this research where data and information
were embedded into various sources, such as, process, machine, procedure, documents
and people (e.g. technical experts, scientists), target alignment method of CLF,
knowledge and experience of laser experiment scientists/engineers, technical documents
of HAMS. In such cases, carrying out direct experiments was not a viable option to
collect relevant data and information effectively. Some examples of empirical approach
used are: (1) observation of the laser operation at the central laser facility and discussion
with the scientists of the central laser facility (2) experience gathered from solving
problems related to HAMS, mechanism’s controller and in-process sensor; (3) collection
of information from the technical experts on HAMS, mechanism’s controller and in-
process sensors and (4) analyses of documents, e.g. technical manuals and design
specifications, of HAMS, mechanism’s controller and in-process sensor.

In association with the literature survey, empirical approaches, such as first-hand
observations, provided very useful insight into the laser operation of the CLF and the
procedure to follow to position and orientate the target at the focus of the laser beam.
Two important outcomes of this empirical research were: (1) development of a
conceptual method to use HAMS for the real-time position and orientation control of
targets during the high-repetition rate process and (2) an understanding of the tasks and
requirements for the metrology for the high-repetition rate laser operations. The stated

outcomes are described briefly in the following subsections.
4.3.2.1 Conceptual target alignment method for high-repetition rate

operation
The target interface wheel, mounted on the rotating platform of the tripod can

accommodate at least 464 targets (8 target sectors, each contains at least 58 targets with
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an angular separation of 1.5° between each target, are placed around the circumference
of the wheel’s edge) as shown in Figure 2.6. The laser needs to hit the target at target
point T (Figure 2.5) within x, y and z specifications, ensuring that front plane of the target
sector is perpendicular to the axis of the laser. This is achieved by the x and z motions
of the linear stages of the hybrid system, and the tip (u) and tilt (v) rotational motions of
the tripod. For example, a typical target positioning and alignment set-up can take the
following 1 to 4 steps (Figure 4.2):

1. position target in the X, y and z with respect to HAMS coordinate system and

align the target wheel to laser - Tip(u), Tilt(v), X, y, z;
2. turn target wheel to offset angle - v;
3. reposition target to focal spot - X, z;

4. turn target wheel in 1° steps - w.

Figure 4.2 Steps of the microtarget alignment method during the laser operation of CLF.

The procedure described is the initial alignment of target, which is essentially
considered as the set-up phase for a laser operation, and is usually carried out by the
laser operator, requiring the manipulations of the motion stages and other supporting
equipment, for example, diagnostic and alignment equipment (e.g. Mitutoyo microscope
and camera imaging system). This set-up is called static alignment and is based on the
understanding of the alignment method observed at CLF and [4,6,32,42].

Once the target is positioned at the optimum laser focus and laser plane, this
location (position and orientation) of the target can be used as the reference or set point
for any further alignments required later when targets need to be positioned
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automatically at the laser focus during the high-speed wheel rotation. Any positional
deviation of the target from the reference point can be compensated by the motion stages
of the hybrid system provided that a position measurement system with sufficient
accuracy sends the target position feedback to the controller of the system. The
procedure described is the dynamic alignment of target for achieving target positional
accuracy within specifications in high repetition-rate laser operations. Dynamic
alignment requires a real-time position control system for the target. Currently there is
no provision for the dynamic alignment during the laser operation.

While the relevant literature of the real-time position control is covered in section
3.5, the development of a real-time position control of target for the high-repetition

operation is described in Chapter 7.
4.3.2.2 Tasks and requirements for metrology for high-repetition rate laser

operations
The target alignment procedure described clearly indicates two tasks for

metrology for high-repetition rate laser operations:

1. initial positioning and alignment of target, and

2. compensation for target position during high-repetition rate operation.
To fulfil the stated tasks, the metrology system requires that the positioning stages of
HAMS will have sufficient positioning accuracy (e.g. less than £ 4 um in the z direction).
If the motions of HAMS do not have sufficient accuracy, the high-repetition operation
will be affected in the following ways:
A. significant time and effort by the operator, with the help of alignment equipment,

will be required to find the reference target position at the initial set-up stage, causing

downtime to the laser operation;
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B. HAMS motions will not be able to generate required compensations to the position
deviations that may arise from various sources described below. As such, reposition
of the target within the z specification of the reference position, and, therefore,
automated target position control (i.e. dynamic alignment) will not be possible
during high-repetition rate operation.

The successful target alignment during high-repetition rate operation depends on
the performance improvement of the mechanism of HAMS in terms of improving its
ability to deliver accurate target position and orientation. As will be seen in Chapter 5
and 6, performance improvement of a mechanism is only possible when the errors can
be identified and quantified. By doing so, a relationship between the errors and the
positional deviation of the target (or tool or end-effector) can be established by taking
into account other relevant factors, for example the structural parameters of the

mechanism, leading to finding an appropriate methods for performance improvement.

4.3.3 Experimental method
As can be seen from the Table 4.1, the key parameters that need to be measured are
of two types: displacement measurement and rotational angle measurement. To measure
the displacements and rotation angles experimentally, two types of interferometer were
used in this research:
1. Interferometer with retroreflector (called only interferometer from this point),
and

2. Plane mirror interferometer.

43.3.1 Measurement with the interferometer
Interferometer (Renishaw model XL-80) was used for the following displacement

and rotational angle measurement during the development of error model and the
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calibration process, which are related to the first research question as mentioned in
Chapter 1:

1. the x and z motions of the linear stages of the mechanism,

no

the tip (u) and tilt (v) motions of the tripod of the mechanism,

3. the positional error of the tripod,

4. the rotational error of the tripod.
The detail experimental set-ups for displacement and rotational angle measurements
using interferometer are given in the respective chapters (i.e. Chapter 6 and 7).

The principle of displacement measurement of a homodyne interferometer using

standard retro-reflector and the advantages-disadvantages of using an interferometer
have already been explained in section 3.5.2. Here, the principle of angular motion

measurement is briefly discussed below.

Angular )
; gt Axis of movement
interferometer —

Beam 1

>
> Pitch movement

Laser source >
Beam 2

:

Angular reflector

Beam splitter

Figure 4.3 Angular motion measurement using interferometer with retro-reflector.

The rotation of angular reflector attached to the moving object whose rotation has
to measure with respect to the angular reflector (stationary) causes a change in path-
difference between the two measurement beams (Figure 4.3). The change in path
difference is determined by the fringe-counting circuitry in the laser head and is
converted to an angular measurement by the software. In angular measurements, the path

difference between the beams (1 and 2 in Figure 4.3) are compared. This means, the
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measurement is independent of the distance between the laser head and the angular
interferometer and also the distance between the angular interferometer and the angular

reflector [122].

The plane mirror interferometer works differently, as discussed in section 3.5.2,
from an interferometer with a retroreflector, and offers some unique benefits. The plane
mirror was selected as a sensor for the in-process measurement system to measure the
positional deviation of the target during the high-repetition rate operations. Plane mirror
interferometer was considered as the most suitable sensor choice for this application for
the following reasons:

A. The laser head (laser source and electronics) of the interferometer can be positioned
outside the chamber and beam-benders can be used to direct the laser beam through
the laser chamber to the plane mirror attached to the target wheel of HAMS.
Therefore, the EMP and the debris do not affect the sensitive electronics during the
high-repetition rate laser operation.

B. Plane mirror, which is much lighter than a retro-reflector, can be positioned suitably
very close to the actual target position by attaching the mirrors to the target wheel.
Thus, the sensor is not in the risk of damage from EMP and high-velocity debris.

C. Interferometer is a high-accuracy and high-speed sensor option and the
measurements are traceable.

D. A unique benefit of using a plane mirror interferometer is that in this type of
interferometer, the double pass of the laser beam to the plane mirror with retro
reflection actually compensates a tilt of the mirror [117]. This benefit indicates that
some misalignment of the plane mirror with respect to the measurement laser beam

will actually not affect the position measurement of the target.
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4.3.3.2  Displacement measurement uncertainty

Accuracies of the linear displacement measurements using interferometer are
affected by the experimental errors that arise from the variations in air temperature, air
pressure and relative humidity, since these environmental factors affect the reflective
index of the ambient air [126]. As an example, while measuring a length Ly.qs USiNng
interferometer, the sensitivity of the measured length with respect to environment
(atmospheric) condition is shown in Table 4.2.
Table 4.2 Sensitivity of the measured length L., With respect to environment

(atmospheric) condition [126,127].

Environmental condition Change or uncertainty Change or uncertainty in
the measured length

Lpteas PEX Meter

Air temperature, T, 1°C 0.93 um
Air pressure, p, 1 hPa -0.27 pm
Relative humidity Rh 1% Rh 0.009 pm

Based on the sensitivity data and a measurement model that is required to
measure a distance using interferometer, the uncertainty of the linear displacement
measurement can be estimated. In this research, for all types of linear displacement
measurements using interferometer, an environmental compensator unit (Renishaw
model XC-80) was used to keep track of the environmental change (temperature and
humidity) to estimate the uncertainty for the measured displacements — an example is
given in Appendix A. Though, the angular measurement using angular interferometer
IS not sensitive to environmental change, since both beams (beam 1 and 2 in Figure 4.3)

used to calculate the angle are subject to same environmental change [122].
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Besides using the interferometer to measure the linear displacement, the HAMS’
(hybrid mechanism) internal encoders were also used to measure the linear
displacements of the motors in some cases while carrying out kinematic calibration for
HAMS. To get the same level of accuracy that an interferometric linear displacement
measurement provides, a relation between the HAMS’ internal encoder unit (called
“counts”) and “nanometre” was found by measuring the motions of the stages (x, y and
z stages) using the interferometer. This value (1 count=159.74 nm) was used to represent
all the displacement measurements related to HAMS’ internal encoder.

While the above two sources of measurement uncertainty are generally
considered for all the displacement measurements of this research, other sources of
uncertainty have also been considered and are discussed in the relevant sections of

Chapter 6 and 7.
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Chapter 5- Error modelling of the hybrid mechanism

5.1 Introduction

One of the fundamental requirements for a high-repetition rate laser system, as
discussed in the literature review, is that fresh targets have to be positioned and
orientated (i.e. target alignment) at the focus of the laser beam(s) with an accuracy of
+ 4 um at a rate of at least 0.1 Hz (with plans for 10 Hz or higher in future). To meet the
accuracy and speed specifications for target positioning, HAMS has been designed and
developed for mounting and motion control of targets for the Astra-Gemini high-power

laser during the high-repetition rate operation.

- % / = : ~#&—— Spherical joint

|

<«—— Prismatic joint

Revolute joint

L

Serial mechanism Paralle]l mechanism
1

Figure 5.1 Hybrid mechanism of HAMS.

HAMS is a hybrid kinematic mechanism, which has the characteristics of both
serial and parallel kinematic mechanisms (Figure 5.1). A hybrid structure is usually
designed to overcome the inherent limitations of serial and parallel mechanisms: the xz
stages of HAMS provide a relatively large workspace, and the tripod is designed to
provide a translational motion and two rotational motions with high accuracy and
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precision. The ability of HAMS to provide positioning and orientation accuracy of the

target within the defined specification is dependent upon a number of factors, such as

the target geometry, accumulation of errors on the motion stages and the tripod

(rotational and translational motion errors, orthogonality errors, wobble/eccentricity

errors, etc.), and the flatness tolerances on the wafer and interface wheel. Many of these

factors are geometric errors, which can arise from the physical errors, e.g. manufacturing
and assembling errors of the components and joint errors of the mechanism. The
geometric errors can affect the performance of a hybrid mechanism, just like any other
precision machine and, therefore, error compensation is required to minimise the
positional deviations at the target during the target alignment process. Effective error
compensation strategies for high-precision applications depend on identifying the
sources of geometric error and, as such, developing an error model based on kinematic
analysis of the mechanism is essential for this purpose.

As discussed in the literature, the development of an error model for the parallel
mechanism of HAMS can be challenging for a number of reasons:

A. Parallel mechanisms with spatial kinematic structures have complex structural
architectures with many joints, links and offsets, representing many error sources.
The number of error parameters for an error model is generally very high.

B. Some error sources of parallel mechanism, for example spherical joints which are
usually not used in serial mechanisms, are not well understood.

C. The kinematic representation of the parallel mechanisms with the popular D-H
method is difficult (see section 3.3.1.1).

D. Any standard method to develop an efficient and effective model, like a MCPC
model in which each error source is represented with an error parameter, is

unavailable (see section 3.3.1.2).
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In this chapter, error mapping of the hybrid mechanism of HAMS is performed by
analyzing the key error sources of the mechanism. The identified error parameters are
used to develop an error model for the hybrid mechanism. The error model not only is
used to predict the positional deviations of the target because of the kinematic errors of
HAMS, it is also used for carrying out kinematic calibration for the performance

improvement of the hybrid mechanism as described in Chapter 6.

5.2  Motions of HAMS

In the hybrid mechanism of HAMS, two translation motions (along x and z axes,
see Figure 5.1) are generated from a linear xz system, which is a two degree of freedom
(DOF) serial mechanism. The tripod, the parallel part of the hybrid mechanism, provides
a rotational motion about the x axis (tip u) and a translational motion along the y axis,
while the rotary motor, which actuates the rotating platform mounted on the moving
platform of the tripod, produces a further rotational motion about the y axis (tilt v)
(Figure 5.1). The moving platform of the tripod and the rotating platform can be
considered as serially connected, jointly having three degrees of freedom. Note that an
additional rotary motion (about the z axis) is required to rotate the target wheel, but this
motion is not related to the tripod, rotating platform or linear xz system. The description
of the types of actuators used in HAMS is given in Appendix B.

Regarding the 3 DOF platforms (Figure 5.1), only the tip and tilt motions are
considered for the kinematic analysis presented in this chapter, as tip and tilt motions
control the orientation of the target T on the target interface wheel. The optimal location
of a target is determined by the position and orientation of the coordinate system x;y;z;
at point T (Figure 5.1) with respect to the focal spot and focal plane of the laser beam
(see section 2.3.1). As such, z; axis of x;y,z, should be along the laser axis and indicates

the direction of the focal plane of the laser beam. Therefore, the position of coordinate
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x:y:Z; along the z axis and the direction z;, of the coordinate x;y;z; are considered as
the most important position and direction to control during the target alignment.

Typically, the target alignment method of the CLF suggests that the target needs
to be orientated to the laser beam by controlling the tip and tilt motions of HAMS,
followed by the position adjustments of the target in the x, z and/or y directions by
controlling the linear motions of the xz system and/or the vertical motion of the tripod,
respectively (see section 4.3.2.1). However, a point to note is that the order of the angular
motions (tip and tilt or tilt and tip) has effect on the final position of the target. The
choice of the order to follow depends on the requirements of the application to which

the mechanism is being used and the structure of the mechanism.

5.3  Error mapping of the parallel mechanism of HAMS

Since the linear xz system is widely used in industry and the technology is well
developed [67,68], this research has focused on the error analysis of the parallel part
(tripod) and the rotating platform. It is worth noting that the three modular structures of
the HAMS — the xz stage, the tripod (moving platform) and the rotating platform — are
serially connected, and therefore the error analysis of the three modules can be treated

independently - similar to the case of a serial mechanism.

53.1 Analysing the error sources of tripod

Figure 5.2a shows one vector loop of the three closed loops of the tripod, where the
three loops affect the position and orientation of the moving platform (E indicates the
centroid of the platform). From a mechanism viewpoint, the tripod can be described as
an RPS system, where R, P and S denote revolute joint, prismatic joint (linear slider) and
spherical joint respectively (also see Figure 3.5). Three prismatic joints are used as the

inputs to the RPS mechanism.
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For convenience of analysis, the vector loop of Figure 5.2a is shown in Figure
5.2b, where two Cartesian coordinate system (x,y,z) and (x’,y’z’) are attached to the
fixed base A;A,A; and moving platform B, B,B;, respectively. In each loop, a leg,
which has a variable length (say, t;) and is actuated by a prismatic joint, is connected to
the fixed tripod platform A; A, A5 by non-actuated revolute joints (44, 4, or A3), and to
the moving platform B,B,B; by non-actuated spherical joints (B;, B, or Bs). Three
prismatic joints are used as the inputs to the RPS mechanism. Both platforms A;A,A;
and B,B,B; form equilateral triangle and their centroids are at D and E, respectively.
The fixed coordinate reference frame xyz for triangle A; A, A5, is placed at D (where
DA, = DA, = DA; = g), while the reference frame x’y’z’ for triangle B;B,B; is

placed at E (where EB; = EB, = EB; = h).

Yt
Laser beam ‘/TI\& Rotating
2t / \ platform

Mg
Spherical «— platform

joint

Prismatic

o Tripod
joint
Revolute —g (
i —Fr =D =
joint o Tl
(@)
. b2
Moving platform YN T2
\ c A
¥a,\ e |1t
A N 3
B; & Bj_ s :ivl.B3
ZE’l &« A2
Ay, Ay, Az revolute joints ﬁ T,

B,. B,. By spherical joints 1
AB,. A;B,. A3 B, prismatic joints

AD=A,D=A3D=g .
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19:\ leed platform s
(b)
Figure 5.2 Spatial 3-DOF RPS mechanism: (a) one of the three closed loops; (b) RPS

mechanism showing relevant structural parameters and a closed loop.
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The position and orientation of the moving platform B, B, B; with respect to the

fixed platform A; A, A5 can be described by a position vector DE (say, ﬁ) and by a 3X3

rotation matrix

Ny DPx lx
T? = |n, py by, (5.1)
nZ pZ lz

where 71, p and T are the unit vectors along n, p and | axes of the moving platform,

and

(5.2)

ol
I
o0 O SO

As shown in Figure 5.2b, A{A,A3; and B{B,B; are equilateral triangles. Therefore, the

following equations can be written:

0
DA.= (0], (5.3)
g
1
—_— 2g
DA,=| 0 |, (5.4)
_\V3
2g-
1.7
DAs=| 0 |, (5.5)
_¥3
zg-
_ -O
EB.= 0|, (5.6)
Lh
Zh
. 2
EB,=| 0 |, (5.7)
_Vz_ih
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EB;=| 0 | (5.8)

The position vectors for B;, B, and B; with respect to fixed coordinate reference frame

Xyz, as shown in Figure 5.2b, can be written as

—_—

DB, = P+ TPEB, wherei=123. (5.9)
Substituting equations (5.1), (5.2) and (5.6) to (5.8) into equation (5.9) provides
[P, + hl,
DB,=| P, + hly |, (5.10)

P, + hl,

I V3
Px +?hnx _Ehlx

P+ 2 hn, L,

]|
DB;{P, + 2 hn, — 2hl, | (5.11)

[P~ Lhn, —2hi,]
g i

DB3=|P, ——hny, —~hl, | (5.12)
lPZ ~Lhm, ~1n,

Equations (5.9) to (5.12) show that the position vectors of B;, B, and B, as shown in
Figure 5.2b, determine the position and orientation of the moving platform B, B, B; with

respect to the fixed platform 4,4, A;.

By considering the inclination angle of the leg €; measured from line A;D to A;B;
as shown in Figure 5.2b, the position vector of B; with respect to fixed coordinate system

Xyz can be written as follows with the help of equations (5.3) to (5.5):

—_—

0
DB,=| Tt,sine¢; ] (5.13)

g — T, COS€;
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%(9 — T, COS €3)
71 Sine, : (5.14)
- gh(g — T, COS€3) |

DB,

i(g-rrcoser)

DB,— T3 sin €3 . (5.15)
V3

|— 5 h(g — T2 c08€)]

Equations (5.13) to (5.15) show how the length of leg t;, inclination angle of the leg ¢;
and the distance g from the centroid of base triangle A;A,A5 to the tip of base triangle
affect position vectors of B;, B, and B5. The stated parameters of equations (5.13) to
(5.15) can be used to identify the error sources of the tripod (RPS mechanism) that affect
the position and orientation of the moving platform as shown in equations (5.9) to (5.12).

Now, as shown in Figure 5.2b, consider only equation (5.13) for one closed loop
of the RPS mechanism for error analysis. Three primary sources of error are as follows:

1. g, which is the distance from the centroid of base triangle A; A, A5 to the tip of
the base triangle,

2. ¢€;, which is inclination angle of the leg and

3. 1;, which is the length of leg or prismatic joint.

The value of parameter g, used in the kinematics of the mechanism’s control
software, can deviate from the geometrically accurate value in several ways, but
important ones being:

A. D is geometrically not at the centroid of the equilateral triangle A;A4,A5,
B. A;, located inside the revolute joints (ideally should be on the axis of the revolute

joint), are not positioned at the tips of the triangle A;4,A4s;,

C. The rotational axis 9; of revolute joint at A, is not perpendicular to the vector DA;.

The above three factors affecting g are directly related to the design of the RPS

mechanism. For practical reason, g is assumed to have constant effect on DB; of
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equation (5.13), and considered as constant in the error analysis for the following

reasons.

A. It was not possible to receive details design information from the HAMS’ supplier,

B. The design change of HAMS has not been the focus of this research. The main focus,
as will be seen in Chapter 6, is to establish the effect of the errors at the point of
interest, e.g. at target T in Figure 5.2a and 5.2b, in terms of positional deviations,
and to improve the performance of HAMS.

The value of ¢; or inclination angle of the leg represents the angular motion of the
revolute joint. The concept of constraint equations, as explained in section 3.4.2, is
required to completely specify the rotational motion of the revolute joint with respect to
the xyz coordinate system. Constraint equations determine how many kinematic
parameters are required to describe the behaviour of revolute joint when it deviates from
the ideal €; motion. As shown in section 3.4.2, four error parameters are involved with
€1
A. Ideally, the orientation of the rotational axis 1, of revolute joint at A; should have a

constant relationship with respect to xyz coordinate system. This means 9; should
lie on the xz plane of fixed xyz coordinate system (i.e. 9; and xz plane parallel). In
the case of non-parallelism, two rotational error parameters, say €, and €, , are
required to describe the orientation of 9; with respect to xyz coordinate system.

B. When revolute joint frame’s origin, which is at A; of Figure 5.2b, does not lie on the
rotational axis 9; of the revolute joint, two position parameters, say py_ and py,_,
are required to express the positional deviation of 4,.

The effect of €, and €,, will be such that they represent a shift of the centre of
the spherical joint B, which is attached at the end of the leg A, B,, from the ideal location

of By. This positional deviation of B, is due to the interaction of €, and €, with the
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length of leg 7, (Abbe offset) during the motion of the revolute joint. As for the effect
of two position parameters py_and p,, , A; Will not be positioned at the tip of the triangle
A;A, A5, affecting the ideal location of B;and value of g as discussed earlier.

The value of z; represents the translational motion of the prismatic joint to give
input to the RPS mechanism. As explained in section 3.4.2, two constraint equations are
required to completely specify the translation motion of the prismatic joint with respect
to the xyz coordinate system; in another words, two error parameters are involved with
;. This is because, the axis of the prismatic joint or leg A;B; should have a constant
relation with respect to the xyz coordinate system. If it is not constant, two rotational

error parameters, say e, and €, » Ar€ required to describe the orientation of ; with

respect to xyz coordinate system.

The effect of €, x and €y, will be a shift of the centre of the spherical joint By,

which is attached at the end of the leg A, B;, from the ideal location of B;. The effect of

€y, and €r,,ON B, is similar to the effect of €, and €, . Although in both cases, the

positional deviations of the centre of the spherical joint B, are taking place, the effect of

ETx

. and erzlis expected to be much larger than that of €, and ¢, for the following

reasons:

A. Revolute joint has non-actuated motion. For small tip angle u of the moving platform
of the tripod, revolute joint’s motion is very limited.

B. Prismatic joint is the actuated joint for the RPS mechanism. The tip angle u of the
moving platform of the tripod is the direct output of the change of the length t; of

the legs driven by the prismatic joint.

From equation (5.10) and (5.13), it follows that
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P, + hl, T, Sin €,
P, + hl, g —T1C0S€;

Equation (5.16) shows that any change of the centre of the spherical joint B; changes
the position and orientation of the centroid E of the moving platform B;B,B; with
respect to coordinate xyz at D (Figure 5.2b). Furthermore, the discussion above suggests
that the effects of the errors associated with the parameters of equation (5.13) or (5.16)
(i.e. 74, €1,9) are reflected in the location (position and orientation) change of the
coordinate system xp yg zp at B; from the ideal location of xp yp, zg With respect to
coordinate xyz at D. Therefore, it can be said that the kinematic errors of each leg of the
RPS mechanism (i.e. tripod) are represented by the change of the coordinate system at

the centre of the respective spherical joint.

Figure 5.3 Spherical contact in the spherical joints [67].

To examine the kinematic characteristics of a spherical joint and how the change
of the coordinate system at the centre of a spherical joint may take place, consider the
features of a spherical joint as shown in Figure 5.3 [44]. Spherical joint has three
rotational degree of freedom and does not have any specific axes of rotation as shown
in Figure 5.3. Furthermore, spherical joint is based on three-point contacts, i.e. P;, P,

and P;. The surface normal of all points in the contact area intersect at the centre of
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curvature B; of the sphere. All points of the contact area have the same distance to B;.
Therefore, three constraint equations are required to specify the position of coordinate
Xp,YB,Zp, at the centre B; of the spherical joint with respect to fixed coordinate system
xyz of Figure 5.2b. It is important to note that the position of coordinate xg, ¥, Zp, at the
centre B, with respect to xyz will change if the ideal kinematic relationship of z;, €; and
g Wwith xp yp zp changes due to the errors associated with 71, €; and g. The error
parameters associated with 71, €; and g can affect the position of coordinate xg, ¥p, Zg,
at B; in two ways:
1. By the translational errors py_ and py,_related to inclination angle €; and the
inaccurate values of D and A, related to g,
2. By therotational error motions €, , €, €1y, and €y, generated from the revolute
and prismatic joints (i.e. T, and €;).

Error motions €, €,,, €y, and €r,, Can change both the orientation and position
of coordinate xp, v, zp, at the centre B; of the spherical joint. Since a spherical joint
does not have any specific direction of rotation, the orientation change of coordinate
Xp, ¥, Zg,at By with respect to fixed coordinate system xyz does not represent any error.

However, the interactions of €, , €, €, and e,zlwith the structural parameters, e.g.

leg lengths 7,, represent a change in the position of coordinate xp, yg, z, at the centre
B, of the spherical joint with respect to fixed coordinate system xyz (Figure 5.25).
Therefore, the kinematic errors of each closed loop of the RPS mechanism (i.e. tripod)
can be represented by the positional change of the centre of the respective spherical joint

of that closed loop.
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5.3.2 Strategy to develop error model for the parallel mechanism

In section 5.3.1, various error sources of a single closed loop have been considered
to see their effects on the position and orientation of the centroid E of the moving
platform B;B,Bs. It is clear from the Figure 5.2b that all three closed loops will have
effect in determining the position and orientation of the centroid E of the moving
platform B, B, B;. This combined effect on E can be found by considering the constraint
equations for the complete RPS mechanism, instead of the constraint equations for
individual legs. The details are given below.

In the RPS mechanism, each leg is connected to the fixed base by a revolute joint

(44, A, or A3) and to the moving platform by a spherical joint (B, B, or B3). Therefore,
each leg’s motion is constrained in one of the following three planes [44,86], as can be
written by observing equation (5.10) to (5.12)

(DB1),=0, (5.17)
where (DB;), and (DB,), are the x and z components of TBl;
(DBy),=—V3(DB,),, (5.18)
where (DB;), and (DB,), are the x and z components of D_B2>;
(DB3)=V3(DBy),. (5.19)

where (DBj3), and (DBj3), are the x and z components of D B;.

Substituting the x and z components of equation (5.10) to (5.12) into equations (5.17) to

(5.19) provides

P, + hl, =0, (5.20)
Pe+ S hn, —2hiy = —V3 (B +Zhn, - 2hi,), (5.21)
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P~ 2 hn, —2hi, = V3 (B, — 2 hn, - 2hL,). (5.22)

The following equation can be obtained from equations (5.20) to (5.22):

L =n,. (5.23)
From (5.22) and (5.23), the following equation is obtained:

P, = Zh(l;ny). (5.24)

Equations (5.20), (5.23) and (5.24) are the constraint equations of the RPS
mechanism. Equation (5.23) is related to the orientation of the moving platform B, B, B
of the RPS mechanism, and equations (5.22) and (5.24) are related to the position of the
centroid E of the moving platform B, B, B5. The equations specify the conditions under
which the centroid E of the moving platform can be determined with respect to the fixed
coordinate system xyz of Figure 5.2b. However, the following kinematic factors must be

taken into consideration for an RPS mechanism:

A. RPS mechanism has only three DOF. It means, among twelve parameters of equation
(5.9), which determine the position and orientational of the moving platform, only
three can be chosen arbitrarily. In fact, in any case, the y motion of the moving
platform must be specified (i.e. P, of equation (5.9)) since it is not found in three
constrain equations (5.20), (5.23) and (5.24). The rest two motions of the RPS
mechanism will have to be chosen from the rest 11 parameters of equation (5.9).

B. Asshown in [49,124], if all positional parameters are selected for the three DOF of
the RPS mechanism (i.e. B,, P, and P, are the independent parameters, and the
position of the centroid E of the moving platform B, B, B can be determined with
respect to xyz coordinate system), then eight platform orientations are possible. If,

however, the tip (u) and tilt (v) motions and the P, motion are used for the desired
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DOF of the RPS mechanism, two locations of the platform are possible, as can be

determined by the constraint equations (5.20), (5.23) and (5.24).

Since it has already been shown how the positional errors related to the spherical
joint affect the position and orientation of the centroid E of the moving platform B, B, B3,
it is clear that for a certain orientation (i.e. tip u) of the platform, the motions P, and P,

associated with E will contain the effects of the errors e, , €, , €, and e, .

For the error analysis of the RPS mechanism of HAMS, P, and P, of equations
(5.20) and (5.24) can be replaced with the translational error motions of the centroid of
the moving platform of the tripod, where the n,, L, n, and [, values can be determined
from the moving platform’s orientation. Equation (5.23) represents a rotational error
motion about the direction of the moving platform (i.e. about y” axis of coordinate X'y z’
as shown in Figure 5.2b). The translational and rotational error motions associated with

the moving platform of HAMS are defined in section 5.6.1.

The above discussion suggests that for the development of a kinematic error model
for HAMS, a strategy can be applied where the kinematic relation between the centroids
of the base platform A, A,A5 and the moving platform B, B, B5 are considered, since the
centroid of B, B, B4 contains the effect of the errors arising from the various sources of
the mechanism. This strategy for the error model is similar to the one for a serial
mechanism in which joints and their associated errors are assumed to have a serial

relationship (see sections 5.4 to 5.6).
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54  Kinematic analysis of HAMS

54.1 Kinematic representation of HAMS for model development

Figure 5.4 schematically represents the kinematic structure of HAMS, describing the
geometrical relationships among the coordinate systems placed at the points of interest
for the analysis, e.g. at point T, where T indicates the target position. The machine
reference frame with coordinate x,y,z, is placed at the centroid O of the top surface of
machine base. It is assumed that the x and z stages are at A and B positions with respect
to reference frame x,y,z,, Where A and B positions are at (0, h,, d,) and (d,, h,, 0),
respectively. Here hy, d4, h,, d, are the offset values of the origins of the coordinate
systems for the x and z stages. The reference frame x,y,z; is placed at point T, where
the direction of axis z, indicates the orientation of the target, and (t,, t,, t,) represents
the coordinate position of the target T with respect to the reference coordinate x,,y,,z,,,
placed at the centre of the target interface wheel H.

The kinematic structure of RPS mechanism, as described in section 5.4.1 for
Figure 5.2b, is still valid for the RPS mechanism shown in Figure 5.4. Furthermore,
point F is considered as the centroid of the rotating platform and as the centre of tilt
rotation when HAMS is error-free. For simplicity, in this paper, the platforms that
provide the tip and tilt motions are referred as the moving platform and the rotating
platform (Figure 5.4).

For the convenience of analysis, it is assumed that the z axis of the xyz coordinate

system is aligned with vector DA,, with the x axis in the same plane of the fixed

triangular platform A, A, A5, while the y axis is normal to the plane of the platform and

is pointing upward. It should be noted that, for the alignment of target T, EF should be
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parallel to GH’', which means that the orientation of the target wheel is only controlled

by the moving platform and by the rotating platform mounted on the moving platform.

T
e

A’ Rotating platform
Qo
L ."‘"EI | T~ --

Moving platform

'_"II' / h 4(CD)

Tripod fixed
platform

Figure 5.4 Kinematic representation of HAMS for model development.

54.2 Method of kinematic model

The kinematic analysis of HAMS employs the concept of the homogeneous
transformation matrix (HTM), which is discussed in section 4.3.1. Based on the
definition of a HTM, if the position and orientation of the end-effector frame x;y,z, at
T, with respect to the inertial reference frame x,y,z, at O, is represented by the
HTM Ay, then the elements of Ar will depend on the three position and nine orientation
parameters of frame x;y,z; with respect to the reference frame x,y,z,. The matrix Ay

is formed by multiplying the A; matrices,
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Ar=AAA5.. Ay, (5.25)
where A; represent the interconnected coordinates (say, N in total) between the points O
and T. Equation (5.25), known as the “loop closure equation”, provides six scalar
equations which give the end effector coordinates xi4¢%'(no error) when the
mechanism’s structural parameter s (for example, offsets between the two links), and
configuration parameter ¢ (for example, joint angle) are known, as shown in the
following equation [91]

xideal — fpideal(s o) (5.26)
However, when the errors are considered, the loop closure equation becomes

Ar,. = A1E1A2E,AzEs. . AyEy, (5.27)
where E; represents the HTMs defining the errors related to the relevant coordinates
between the points O and T [139].

The end-effector’s coordinates can be calculated from equation (5.28) below
xjeal = freal(s ¢ ) (5.28)
where e denotes the vector of the errors, connecting the ideal position of T to its real
position. Thus, the end effector’s position and orientation error Ax can be defined as the
6 x 1 matrix which represents the difference between the real position and orientation
of the end-effector and the ideal one, as shown below
Ax=xheal_ yideal (5.29)
Then, for a given set of errors, Ax can be calculated.

Considering that the modelling technique using loop closure equations outlines a
general framework for the error analysis of a kinematic mechanism, it is worth paying
attention to the following points for the case of an error analysis for a hybrid mechanism:
A. E;, as represented in equation (5.27), defines the errors for a particular frame A;.

This definition is based on the fact that physical errors change the geometric
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properties of a mechanism, which may cause a particular frame A; to be displaced
(translationally and/or rotationally) from its ideal location to its real location. The

position and orientation of the real frame 4; ... with respect to the ideal frame A; can

be represented by a 4 x 4 matrix E;. The rotation part of E; (the first three columns
of the matrix as per the definition of HTM) shows the orientation change of frame
A; due to rotational errors of the frame itself, while the translational part of E; (the
last column of the matrix as per the definition of HTM) shows the positional
deviations of the frame A; due to translational errors of the frame. In this way, the
error components of E; can be used to define the errors of a particular frame A4;.

. In many cases, the arrangements of the constraints, such as joints and bearings, in a
kinematic mechanism can be conveniently replaced with an equivalent kinematic
system. Consider a simple example of the arrangement of the constraints applied to
a cube, as given by Hale (1999) [129]. Five constraints, as shown in Figure 5.5, are
applied to the cube in such an arrangement that all the constraint lines intersect at
the axis located at the centre of the cube. Since there exists no constraint that can
affect the moment about this axis because the lever arm length is zero, the cube is
free to rotate about this axis. Thus, the arrangement of these five constraints can be
uniquely defined by the body’s single degree of freedom. As such, if a reference
frame is placed at the centre of the cube, any physical changes in the arrangement of
the five constraints will affect the position and orientation of the reference frame at
the centre of the cube. Thus, for the purpose of the kinematic analysis of the cube, it
is logical to consider that the study of the geometric properties of the centre of the
cube will be equivalent to the study of the overall geometric properties of the cube.
Therefore, an error definition matrix can be constructed for the frame of the centre

of the cube, and the elements of the matrix will represent the rotational and/or
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translational errors of the overall kinematic arrangement of the cube. These errors
will be known as the “generalised errors”, while the equivalent points of the
kinematic system (the centre of the cube of the above example) are defined as a

“reaction points” in the error analysis.

Constraint lines

Constraints

Axis of rotation

Figure 5.5 Five constraints applied to a cube result in a rotational degree of freedom at

its centre [129].

C. As discussed in section 5.3.1 and 5.3.2, with careful study of the joints and their
constraints in a parallel mechanism, it is possible to establish reaction point/s (e.g.
E, the centroid of the moving platform B, B, B5 as shown in Figure 5.2b and 5.4) and,

hence, the use of generalised errors, e.g. 8y, ., &

Zerr

and u,,,, for the moving
platform, instead of the use of the geometric errors of the individual joints associated
with the moving platform. This can simplify the kinematic analysis of a complex
mechanism, such as a parallel or a hybrid mechanism, and can be effective in

considering the error averaging effects of a parallel mechanism.

5.5 Modelling the parallel mechanism with no error
As outlined in section 5.4.2, the first step to develop an error model to find the

positional deviations at the target T, arising from the errors of the tip and tilt motions of
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HAMS, is to derive the expressions (see equation (5.26)) that describe the position of
the target with respect to the reference coordinate when HAMS has error-free tip and tilt
motions. Assuming the axes of the coordinate frames between O and T are initially
parallel to the axes of the reference coordinate frame x,y,z,, the desired orientation of
T, as determined by the direction of the axis z;, is achieved by Roll-Pitch-Yaw angles
[72,130]. Using this representation, and following CLF’s standard method of laser
alignment, the desired orientation of the target T is achieved by three successive rotations
of the frame x,y;z, about its coordinate axes: rotation a about the x; axis or pitch,
followed by rotation ¢ about the z; axis or roll (¢ = 0 as per CLF’s method), followed
by a rotation S about y; or yaw. This orientation can be achieved by the following
transformation process of the frames as per equation (5.25)
T?(ide aD)=T positionT1T 2, (5.30)
where T2 (ideal) represents the ideal location (position and orientation) of the target
with respect to the reference coordinate by using,

100 x +di+ t,

1010 B, + hy+hy + hs + hy + hg + he+ t,,

Tyosition=|00 1 z+d, +d; + t,
000 1

(5.31)

where x, P, and z are the translational motions along the x, y and z axes of the reference
frame x,,z,; ty, t, and t, represent the values of the position vector of T with respect
to coordinate x,,v,,z,, at H; and hy, h,, h3, hy, hs, hg,d;,d, and d5 represent the offsets
of the structure as shown in Figure 5.4. Also, by using

1 0 0 0

|0 cosa sina 0
T1=(0 —sina cos @ ¢ (5.32a)

0 0 0 1

and
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cosf3 0 —sinf0

-l 0 1 0 O
Ty= sinff 0 cosB 0| (5.32b)
0 0 o0 1

T (ideal) of equation (5.30) will have the following form

T (ideal)=
cosf 0 —sinf x +d,+ t,
sinasinf cosa cosfsina B, + hy+h, + hs + hy + hs + hg+ ¢,
cosasinf —sina cosacosf z+d, +d; + t|
0 0 0 1

(5.33)
Equation (5.30) (also equation (5.33)) represents the coordinate relationship between the

frames x,y,z, and x;y,z;. This is shown in Figure 5.4 by drawing a thick black line
from reference point O to T (that is, vector OT). The same position and orientation of T

can also be achieved with a vector ODEFGHT that connects O and T when going through
the structure of HAMS; this vector is shown as a thick red dotted line in Figure 5.4. This
latter vector can be determined by structural and configuration parameters, as given in
equation (5.26).

Now consider the case when the target T needs to be placed at a desired location
with the position (x, Py, z) and with the orientation defined by the rotational angles «
and . This position of target T can be achieved by two translational motions of x and z
along the x, and z, directions, given by the linear xz system, and one translational
motion of P, along the vertical y axis of the xyz frame, given by the parallel RPS
mechanism (Figure 5.4). The desired orientation of the a and $ angles can be achieved
by the tip u and tilt v motions. Tip is the rotational motion of the RPS mechanism about
the x axis of the xyz frame to orientate the moving platform with respect to xyz, while
tilt is the rotational motion by the motor about the y” axis of the xX'y"z" frame to orientate

the rotating platform with respect to the x'y"z" frame. The transformation matrix which
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describes the orientation of the target through the use of tip u and tilt v angles is given

by

T? (u - v)no error:TngT(u) TET(V)TZTH!

100 dy

where T9= 8%)(1) hithy + hs + hy)

dz,

000 1
100 O
73:010 P
001 o
000 1

the HTM to represent tip motion is given by

1 0 0 O
0 cosu sinuQ|.
O—sinucosug |’
0 O 0 1

T(u) =

the HTM to represent tilt motion is given by

cosv0 —sinv 0
01 0 o0lf.
sinv(Q cosv (f

00 0 1

T(v) =

1000
£_|010 hsg|.
F7lo01 ¢ |

000 1

T

100 0
rF=|010 hq |.
H=[001 ¢, |

000 1

and

10 0 tx
a_lo10t,
T71001¢, |

000 1

T

(5.34)

(5.353a)

(5.35b)

(5.36)

(5.37)

(5.384)

(5.38D)

(5.38¢)

Substituting the values from the equations (5.35) to (5.38) into equation (5.34) yields
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cos v 0 —sinv 41

0(yy _ _|sinusinv cosu cosvsinu A,
Tr (U = Vo error= cosusinv —sinu COSUCOSV 4, (5.39)
0 0 0 1
and
A, =x+d,— dssinv + t,cosv —t,sinv, (5.40a)

Ay =P, +hy+hy+hs + hy + (hs + he + t,,) cosu + (ds + t,) cosvsinu +
t, sinusinv, (5.40b)
and
Az =z+d, — (hs + hg + ty) sinu + (d; + t,) cosucosv + t, cosusinv.
(5.40¢)
Comparison of the equation (5.33) with equation (5.39) shows that, for the target

position of (x, P, z) and the orientation angles of a« and § (pitch and yaw angles), both

the vectors OT and ODEFGHT, as shown in Figure 5.4 can give the same orientation of
the target; however, positional deviations take place at the target for the
vector ODEFGHT. These deviations are due to the architectural structure of HAMS and
are discussed in detail in Chapter 6.

Subtracting equation (5.39) from equation (5.33) will give the positional

deviations at the target T when HAMS has tip and tilt motions without any error:

Dty orror= tx(cOSV — 1) — d3sinv —t, sinv, (5.41)
Dyt, o orrer = Ps(cosu — 1) + hg(cosu — 1) + ¢, (cosv — 1) + (d; +
t,)cosvsinu + t, sinusinv, (5.42)

= dz(cosucosv — 1) +t,(cosucosv — 1) — (t, + hs + h¢)sinu +

Ztno error

t, cosusinv. (5.43)

128



5.6  Modelling for the mechanism with error

It is clear that when geometric errors are present in the mechanism, the
transformation matrix T2 (U — v) 0 error (€quation (5.39)) will not be the same, since
the spatial relationships among the frames between the points O and T will change
(Figure 5.4). These geometric errors generally arise from the manufacturing and
assembly errors of the components of the RPS mechanism and of the rotating platform

actuated by the motor.

56.1 Error definitions

Assuming that parallelism and vertical errors of the HAMS are generally negligible,
errors associated with the tip and tilt motions are considered in this kinematic model
since they affect both the position and orientation of the target during its alignment. Tip
and tilt errors are modelled as the “generalised errors” for this hybrid mechanism.

The tip error is related to the RPS mechanism. The RPS mechanism is a spatial
mechanism which can provide three DOFs, that is rotational motions about the x and z
axes (HAMS does not utilise rotation about the z axis and, hence, this rotation is ignored
in this model) and translational motion along the y axis (all motions are with respect to
the xyz frame of the RPS mechanism, as shown in Figure 5.4 and Figure 5.6a). However,
the tip motion u of this mechanism induces small amount of translation motions &,
and &, at point E along the x and z directions (note that E is the centroid of the moving
platform, and is the origin of the coordinate frame x'y"z" of the moving platform), and a
rotation u,,- about the vertical direction y (Figure 5.6a). Since these small motions take
place in the constrained directions of the motion for the RPS mechanism, they may have

an unwanted “decentering” effect on the moving platform, resulting in the positional
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deviations at the target T.

Moving platform
centroid (E)

(a)

3% yT
/Misaligned axis of
rotation

Tilt (v)

Rotating platform
centroid (F)
Target

s o

Yaxial

"o

Moving platform

Moving platform y
centroid (E)

(b)

Figure 5.6 Error motions associated with: (a) tip (u) and (b) tilt (v).

A typical HTM to represent these error motions of HAMS can be written as:
T(u) error: (T(u) err)pos.dev. T(u) T(uerr) (5 44)

where T (u) is the HTM for tip motion, given in equation (5.35),
the HTM to represent the positional deviations at E is given by
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é

10 0 Oxepr
010
(T(u)err)pos.dev. = 001 5 0 and (545)
Zerr
000 1

the HTM to represent the rotational error u,,.,- about y” is given by

COS Upyr 0 —SiN Uppyr 0

- 0 1 0 0
T(uerr)_ sinUgyr 0 COSUerr  Of (5.46)

0 0 0 1

Substituting the values from the equations (5.45) and (5.46) and the value of T (u)
into equation (5.44) provides:

COS Uppy 0 —sin Ugpy  Ox,,,

Sin U SiNUgyr COSU  COSUgp-SiNU
COS U SIN Uy — SiNU COSUCOS Ugpyr 6

Zerr

0 0 0 1

T(u) ETTOT: (5'47)

T (u) .rror 1S USed to describe the errors associated with the tip motion while developing
the positional deviation equations for the target in section 5.5.2.

It is important to note that the HTM for (u) ror iN €quation (5.44) is written for
the point E, the centroid of the moving platform as shown in Figure 5.4 and Figure 5.6a.
As has been seen in section 5.4, centroid E plays an important role in writing the
constraint equations of the moving platform of the RPS mechanism. Geometric errors
associated with B, B, and B will affect the position and orientation of a reference frame
X'y'Z" at point E. Therefore, E can be considered as the reaction point of the moving
platform of the RPS mechanism, and the errors related to the point E, as shown in
T (u).,ror, are called the generalised error parameters in this analysis.

The tilt errors are generated from the tilt motion of HAMS, which is the rotation
of the rotating platform about the axis EF, as shown in Figure 5.4 to orientate the
platform with respect to the moving platform’s reference frame X"y"z". Ideally, a rotating
body should rotate about its axis of rotation without any error (EF should be aligned);

however, in reality the axis of rotation of the rotating stage y, revolves around y~ with
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two radial errors 8, and 6, along the x” and z* axes, one axial error §,, _ along
rad rad Yaxial

the y"axis and two tilt errors €, and ¢, about the x” and z" axes (Figure 5.6b) [52]. Note
that these six error parameters are enough to describe the positional and orientation
changes of the centre of rotation F. Therefore, F can be considered as the reaction point
for the rotating platform, while the six error parameters as the generalised error
parameters for the tilt motion. These error motions can be described by the following
HTM

TW) error=(T(V) err)pos.dev.T(V) T(£:)T(€2) (5.48)
where T(v) is the HTM for tilt motion as given in equation (5.37),

the HTM to represent the positional deviations at F is given by

[10
| 01 Yaxlal

(T(v)err)pos.dev 00 (5-49)
lo 0 rad J

the HTM to represent the rotational error ¢, about X is given by

1 0 0 0
0 Ccosé&, sineg,
T(e)= —sing, COse, 0

0 0 0 1

and (5.50)

the HTM to represent rotational error €, about z” is given by

cose, - sing, 0 0

T(e,)= | 1% 58 3 01 (551)
0 0 01

After substituting the values from the equations (5.49) to (5.51) and the value of
T (v) into equation (5.48) yields (a first order approximation is applied for the expression
T(v) T(&,)T(g,), since the error terms are considered small compared to the tip and tilt

motions):
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cosv A—sinv 9

Xrad
= €z 1 Ex 63’axia
T(V)error_ Lin v B COSV 5, ) ll, (5.52)
| o 0 0 ]
where A = (sinve, — cosv ¢,) and (5.53a)
and B = (—sinve, —cosv g,). (5.53hb)

T (V) .rror IS Used to describe the errors associated with the tilt motion while developing

the positional deviation equations for the target in section 5.5.3.

5.6.2 Model analysis: tip error only

The transformation matrix, which describes the position and orientation of target T
when tip errors are considered (no error from the tilt), can be described as follows:
T? (U = Veip error=TDTET Werror TETWTHTY, (5.54)
where T9, T2, TE, T(v), T%,, T¥ are as before (section 5.5 and 5.6.1) and T(1) ¢yror IS
shown in equation (5.47).

Substituting above values into equation (5.54) yields:

]1 0 ]4- gl
cosu

T?(u - v)tip error— 52 —sin u;z B; ) (555)

0 0 01
where
J1= COS VU COS Uyt SIN U SIN Upyy, (5.56a)
J,=—cos v sin u sin u,,+sin u sin v cos U, (5.56b)
J3= —cos u cos v sin Uy, + cOS U Sin v coS Ugyy, (5.56¢)
J4=C0S v Sin Uyp— SiN U COS Uy, (5.57a)
J5= COS U Sin U COS Uyt SiN U SiN vV SiN Uy, (5.57b)
J6= COS U COS V COS Upypr + €COS U SIN U SIN Uppepr, (5.57¢)
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31:6

Xerr

+ x+ d; + ds(cosvsinug, — Sin v cosuyy,)

+t,,(COS V COS Upyy + SIN VU SIN Uy ) + t,(COSV SIN U,y — SINV COS Upyrr),
(5.58a)

By= B +h +hy+hs+h,+ (hs+he+t,)cosu
+d; sinu (oS V COS Uppyr + SINVSIN UL, ) — ty SiNU (COS U SIN Uy — SIN UV COS Upyyr)

+ t, sinu (COS V COS Upyy + SINV SN Uppyr),
(5.58b)

By=§

Zerr

+d, + z— (hs + he + t,) sinu
+ d3 cos u (COS v COS Ugyyr + SIN U SIN Uy ) — t, COS U (COS V SIN Upyy — SIN UV COS Upyyr)
+ t, cosu (COSV COS Upppr + SINVSIN ULy ).
(5.58¢)
The positional deviations at the target T as a result of the combined effects of tip
motion errors and the architecture of HAMS can be found by subtracting equation (5.55)

from equation (5.33):

Dxtn.p orroriarch. = Oxerr — (d3 + ;) (SINV COS Ugry — COS V SIN Ugyr) (5:59)
+ £, (COS V COS Upyy + SIN U SIN Uppy — 1), '
= (h5 + hg + ty) (cosu—1)

Yttip error+arch
+(d3 + t,) sinu (oS v coS Upyy + SiN v sin Uy, (5.60)
— t, sinu (cos v sin U,y — SIN UV COS Upyy),

=6, — (hs +hs +t,)sinu

Zttip error+arch
+(d3 + t,)(cosu cos v oS Uy + COSUSIN U SIN Uppr — 1) (5.61)
— t, cosu (cos v sin U,y — SiN U COS Upyyr).

If the generalised error parameters for the tip motion &, ., 6., and u,,., of the

Zerr
RPS mechanism and the offset values of the hybrid mechanism, such as hs, d5 and t,,
are known, the positional deviations of the target in the x,, y, and z, directions can be

calculated from the equations (5.59) to (5.61) for particular u and v angles.
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5.6.3 Model analysis: tilt error only

The transformation matrix that describes the position and orientation of the target T
when tilt (v) errors are considered (no error from the tip motion) can be described as
follows:
T? (W = Vsitt error=THTET (W) TET (W) error THTT (5.62)
where T9, T2, TE, T(u), T, TH are the same as before (section 5.5 and 5.6.1) and
T (V) error 1S Shown in equation (5.52).

Substituting above values into equation (61) provides:

cosv K; —sinv

T2 (U — V) pite error= ,2 2 gj gz , (5.63)
0 0 0 1

where

K;=cosueg, +sinusinv, (5.64a)
K,=cosusinv —sinueg,, (5.64b)
K;=sinve, —cosv g, (5.65a)
K,=cosu—sinu (cosve, + sinve,), (5.65b)
Ks= —sinu — cosu (cosv g, + sinve,), (5.65¢)
Kg=sinucosv + cosu &,, (5.66a)
K;=cosucosv —sinu &,, (5.66b)
Ci =08yt x+ dy — d3ysinv+tycosv—t,sinv — hg (cosve, —sinvey)

-ty (cosve, —sinvey),

(5.67a)
C; =P +h +hy+hs+hy+(hs+6,, . )cosu
+8;,,,SiInu + cosu + (hg +ty)(cosu — sinu (cosve, + sinve,))
+(d3 +t,)(cosvsinu + cosue,) +t(cosue, + sinusinv),

(5.67b)
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63=5

Zrad

— (he + ty)(sinu + cosu(cosvey +sinve,)) (5.67¢)

cosu—26, . sinu+d,+z—hgsinu
axial

+(d; + t;)(cosucosv — sinueg,) + t,(cosusinv — sinu &,).
The positional deviations at the target T as a result of the combined effects of tilt
motion errors and the architecture of HAMS can be found by subtracting equation (5.63)
from equation (5.33):

= erad —(d;+t,) sinv+ty,(cosv—1) —hg(cosve, —
. . (5.68)
sinvey) — ty, (cosve, —sinvey),

Xttilt error+arch.

=4

Yaxial

Yttilt error+arch cosu + hS (COS u-— 1)

+8, . sinu+ (hg + t,)(cosu - sinu(cosv e, +sinve,) — 1) (5.69)

Zrad

+(dz+ t,)(cosvsinu + cosue,) + ty(cosue, + sinusinv),

Zttil error+arch 6Zrad cosu — 63/axial Sinu — h5 Sinu
—(he + ty)(sinu + cosu(cosve, +sinve,)) (5.70)

+(d; + t,) (cosucosv — sinue, —1) + ty(cosusinv — sinue,).
For the known generalised error parameters of the tilt motion, 6, ., &, . .6, .6, .,
&, and g, of the rotating stage, and for the known offset values of the hybrid mechanism,

such as hg, d5 and t,,, the positional deviations at the target in the x,, y, and z, directions

can be calculated from the equations (5.68) to (5.70) for particular u and v angles.

5.7  Analytical equations to describe the error parameters
Equations (5.59) to (5.61) and (5.68) to (5.70) show that for a set of tip, tilt and
structural parameters, positional deviations at the target T due to tip and tilt errors can

be determined, given that generalised error parameters, such asd

Xerr'!

824771 Uerrs Ox, oy 02,40 €x AN &,, Of the mechanism are known. In the following

section, the relationships between the error parameters are examined analytically.
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5.7.1 Tip error parameters

In the RPS mechanism, the presence of error motions &, , &

Zerr

and u,,,- causes
positional deviations at point E and a rotation around the vertical direction at point E
(Figure 5.6, left). These positional deviations at E due to the translational error motions
of the RPS mechanism of HAMS can be determined by writing the constraint equations
(5.20), (5.23) and (5.24) for the HAMS’ RPS mechanism for a certain tip motion. The
constraint equations that represent the positional deviations at E of the HAMS’ RPS

mechanism take the following form with the help of equation (5.47), which shows the

orientation of the moving platform in the presence of &,,_, 8, and ue,,:
Oxppr = R sinUg,. and (5.71)
(Szerr — hcos uerrz( cos u—1). (5.72)

The error parameters &, , &

Zerr

and u,,,- can be measured experimentally and
will be used in Chapter 6 for the calibration of the tripod of HAMS. However, an
alternative strategy to determine the rotational error motion of the RPS mechanism can
be outlined as follows: the positional deviations of the centroid of the moving platform
E in the x and z directions, when measured, represent &, and &, of the equations
(5.71) and (5.72). Then, for the particular values of u and v angles, and for the known
radius of the moving platform h (see Figure 5.2b), the rotational error motion u,,.,- can
be determined from the stated equations. However, the accuracy of determining u,,,
will depend on the ability of measuring the positional deviations at or very close to the
centroid E. This may be difficult to achieve in some cases, for example, due to not being
able to place the reflector of an interferometer at point E. In such cases, offsets in the x
and z directions, arising from the placement of the measurement equipment, may need

to be taken into considerations, and u,,,- should be determined using equations (5.59)
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and (5.61), along with the equations (5.71) and (5.72) (offset d5 of equations (5.59) and
(5.61) will be replaced with the offset that arise from the placement of the measurement

equipment).

5.7.2 Tilt error parameters

Ideally, in the absence of the errors that may arise from the tilt motion, the centroids
of the moving stage and the rotating stage, that is E and F respectively, should be
collinear (Figure 5.4 and Figure 5.6b). However, when the rotating stage has a
misaligned axis of rotation, then the centroid F will be positionally deviated from E in
) and &

the X, y" and z” directions by &, Considering the new location of

rad’ “Yaxial Zrad®
FisF,
. 0
EF = |hsg], (5.73)
0

where hs is the distance between E and F along the y~ direction as shown in Figure 5.4.
The orientation of F with respect to E will take the form of a 3x3 rotation matrix TZ as

shown below,

ny o, Us
TE=|n"y p', Uy (5.74)

n,z pl l,Z

Then, EF' can be written as

8xrad + hsp,x
ﬁ = 6Yaxial + hSp,y . (575)
8Zrad + h5p,z

Since EF and EF’ should be collinear, the following constraint equations can be

written for the rotating platform, noting that matrix T# actually represents the orientation
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components of the matrix T (v) .o Of €quation (5.52):

Ox,qq T hsp',,= 0, which gives:

O, qq = —hs (sinv e, —cosve,) and (5.76)

Ox,qq + hsp', = 0, Which gives:

07,00 = hs (sinve, + cosvey). (5.77)
Similar to the case of tip error parameter, &, ., &, ., & and &, can be determined

experimentally. An alternative strategy to find the tilt error parameters ¢, and &, can be
described as follows: the displacements at or near the centre of rotation of the rotating
platform F (that is, the reaction point of the rotating platform) in the x” and z" directions
are measured to use in the equations (5.76) and (5.77), giving the tilt error parameters
& and ¢, for particular values of u, v and hg. However, offsets arising from the
placement of the measurement equipment may need to be dealt with the similar way as
described in section 5.6.1 using equations (5.68) and (5.70) along with the above two

equations.

5.8  Conclusion

Developing an error model for a kinematic mechanism is an important step for
the performance improvement of the mechanism. Error model helps mapping the error
of the mechanism by identifying error sources. Furthermore, the model and the error
parameters are required for the calibration and compensation of the mechanism (covered
in Chapter 6). An error model for a complex spatial kinematic structure with closed
loops, such as RPS mechanism of HAMS, can become complicated to develop, mainly
due to the presence of many error sources, and, hence, the requirement for many error
parameters to define the mechanism kinematically. From the error analysis of the RPS

(tripod) mechanism of HAMS, it is found that at least 36 (12 x 3) individual error
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parameters may be required to completely define the moving platform of the tripod with
respect to the fixed platform of the tripod. This is because, each leg can be associated
with 12 error sources (three related to the geometric position of the reference coordinate
system, four related to revolute joint, two related to prismatic joint and three related to
spherical joint). However, it has been shown that with careful analysis of the constraint
equations associated with the legs and the complete RPS mechanism, the error
parameters can be reduced to only three parameters, which can kinematically represent
the effects of the errors stemmed from the various sources of the mechanism.

In this chapter, an error model is developed to find the equations that estimate the
positional deviations of the target by considering the mechanism’s two rotational
motions (tip and tilt) and their associated error motions. An alternative method of
developing an effective, but simple error model is applied based on the minimum
number of error parameters that can be found in the error analysis of the RPS
mechanism. In this method, key points of the mechanism, named as the reaction points,
are established and the error motions, associated with the rotational motions (tip or tilt)
of HAMS, are considered with reference to the reaction points. The error motions are
called “generalised error parameters” in this research, since these errors are enough to
describe the deviations of the geometric properties of the kinematic system of HAMS.

It is shown that the use of reaction points and generalised error parameters simplify
the development of the error model for the complex hybrid mechanism of HAMS, since
each mechanism can be considered as serially connected modules. Similar to the case of
a serial mechanism, the positional and rotational errors of each mechanism are
successively added up through the use of HTM to find the positional deviations at the

target. The generalised error parameters can be determined analytically or
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experimentally. The experimentally measured generalised error parameters are used for

the calibration of the HAMS, as described in Chapter 6.
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Chapter 6 - Calibration and compensation

6.1 Introduction

As discussed in the literature review, the accuracy of the final position of the
target of a mechanism is influenced by the kinematic errors of the mechanism (usually
the main sources) arising from the geometric sources, such as manufacturing and
assembly errors of the joints. These errors should be addressed with an appropriate error
compensation method rather than changing the structure or the design of the mechanism,
which is often expensive. It has also been discussed that kinematic calibration and
compensation (hereafter, just called calibration) can be an effective method for the
compensation for these kinematic errors.

Kinematic calibration of a mechanism (serial, parallel or hybrid) can be defined
as a procedure to estimate the numerical values of the errors, which represent the
differences between the actual and nominal values of the kinematic parameters to better
describe the kinematics of the mechanism, and these values can be used to improve the
mechanism’s accuracy by acting on the mechanism’s controller [21]. Generally, the
calibration process has four steps: development of a model to relate the 3D Cartesian
position of the end-effector (or target) to the kinematic parameters of the mechanism;
acquisition of the actual end-effector positions and orientations using a measuring
instrument; identification of the kinematic error parameters based on the model and
measurement; and error compensation by adjusting the parameters of the controller [86].

Although it has been shown that kinematic calibration can be a practical and
economical way for enhancing the accuracy of parallel mechanisms, the calibration
process is more complex than for a serial mechanism. This complexity, as discussed in
literature in section 3.4, is due to the significant difficulty in describing the kinematic
mechanism using a minimum set of error parameters, which can be easily determined in
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a time- and cost-effective manner without compromising the accuracy of the calibration
results. Although some general strategies for calibration based on minimum set of error
data exist for serial mechanisms, for parallel mechanisms only calibration methods for
individual mechanisms have been reported. Finding general strategies for the cost-
effective calibration is an important area of the current research in parallel mechanisms
[20-24,27-31,86-87].

In this chapter, a practical and cost-effective solution to the kinematic calibration
of a hybrid mechanism is outlined to demonstrate the improvement of the accuracy of
HAMS based on minimum set of error data, simplifying the steps of the calibration

process.

6.2  Strategy for the calibration
The four-step calibration process for the performance improvement of HAMS
was developed to meet the following objectives:
1. the calibration procedure to follow should be time and cost-effective,
2. the procedure should be simple for the user of mechanism to carry out,
3. the procedure is focused on application, e.g. target alignment of the laser
operation.

When the above objectives are translated into the practical considerations for the
development of a calibration process for HAMS, the following observations can be
made:

A. The tools/techniques for the calibration should be accurate and reliable, but they
should be simple for the HAMS users to perform calibration on a regular interval to
ensure the accuracy of HAMS’ motions for the laser operations. Calibrations by the
vendors are usually expensive and time-consuming due to the requirement of: 1.

details error model with many error parameters, 3. lengthy experimental procedure,
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3. complex error parameter identification method and 4. details compensation
procedure involving changes to structural parameter and/or kinematics in control
software. It is impractical for the general users of a mechanism with a complex
kinematic structure to carry out such complicated calibration procedure. An easy-
apply, software-based calibration and compensation process is required for the
performance improvement of HAMS.

. Some positioning and orientation specifications are important for the standard target
alignment process of the laser operation (see section 2.3 and 4.3.2.1). HAMS
motions, e.g. tip (u) and tilt (v), are required to meet the stated specifications during
the alignment process. Knowing the pose requirements for a standard target
alignment process can reduce the amount of measurements required in the
calibration process.

. The control software of HAMS, like many other mechanisms supplied by the
commercial suppliers, has its own specific parameters to write the inverse and
forward kinematics for the mechanism. In many cases, the descriptions of the
kinematic parameters are not given with enough details to let the users make changes
to the kinematics in the control software. In fact, this information is restricted and
not shared by the suppliers with the customers for commercial confidentiality. Also,
there is a risk of making errors in the kinematics if the users do not have sufficient
knowledge and expertise in the mechanism and its control software. This is one of
the main issues (see section 3.4.5) that make the implementation of the calibration
(i.e. compensation) difficult. However, some features of the control software, e.g.
actuator and encoder parameters, user-defined motion programme, are customisable.
These available features should be carefully investigated before developing a

calibration process to facilitate the implementation of the results of the calibration.
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Based on the above considerations, the following strategies were followed while
developing the kinematic calibration procedure for HAMS:

A. The capabilities of HAMS and the software of the HAMS’ control system, called
Turbo PMAC, were evaluated at first. HAMS is a hybrid mechanism where x and z
linear stages can be controlled independently by Turbo PMAC. This unique feature
of HAMS can be used to generate compensations for the positional deviations of the
target arising from the kinematic errors of the mechanism. A motion programme,
using the controller-specific parameters for the motion control of xz stages, can be
written so that a compensation in the x or z direction is automatically generated for
a particular input, say tip (u) of tilt (v). This is possible if the relation between the
input (u or v) and the positional deviations is known from the error model of the
mechanism.

The ability of the positional compensations for target using linear stages can be
a major advantage of using hybrid mechanisms in some applications. Considering
that many of the issues of the development of a kinematic calibration for a parallel
or hybrid mechanism are related to the error identification and implementation steps,
the independently-controlled xz stages of the hybrid mechanism can make the
implementation of the calibration easier.

B. The error model plays the key role to take the advantage of the hybrid mechanism’s
unique feature mentioned above. Not only does the error model help to identify the
error sources and evaluate the performance of the mechanism, the error model also
serves the following purposes for the calibration process:

a) As described in section 3.3.1.2, the model used for the calibration should have
the characteristics of a MCPC model. Using such model, the mechanism is

described with minimum number of error parameters. The use of “reactions
p
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points” and the “generalised error parameters”, as described in Chapter 5, can
help finding a MCPC model for the calibration of HAMS.

b) If these generalised error parameters can be related to the motions of HAMS, e.g.
tip and tilt, and the errors’ effects on the target’s position (i.e. positional
deviation) are known, then a relationship between the HAMS’ motions and the
positional deviation can be found. In such case, the “error identification” step of
the calibration actually becomes an integral part of the model development
process.

C. The relationship of the generalised errors and the positional deviations with the tip
and tilt motions of HAMS should be easily verifiable using simple measurements,
for example, measuring linear and angular displacements using laser interferometer.

D. Partial pose measurements (see section 3.3.2), representing the tip (u) and tilt (v)
motions of a standard target alignment process of the CLF’s laser operation, are used
for the calibration.

E. A modular approach is adopted for the kinematic calibration of HAMS. This means,
for calibration purpose, serially connected modules of HAMS - moving platform of
tripod, the rotating platform and the xz linear stages - are considered as individual
mechanisms. For small angles, the tripod’s tip motion and the rotating platform’s tilt
motion can be considered independently to determine the effects of the individual
mechanism’s errors on the positional accuracy of the target. However, since the
focus of this research is on the parallel mechanism, the calibration process in this
chapter is described for the tripod of HAMS with some reference to the positional
accuracy improvement of xz linear stages and the rotating platform.

F. A flow-diagram of the calibration process for HAMS is shown in Figure 6.1.
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Figure 6.1 The calibration process flow-diagram for HAMS.

6.3

3.3.1.2, differential error model approach is used, so that the errors of the HAMS can be
described by a separate set of parameters, which are not attributed to any specific

structural parameters of the HAMS mechanism. The details of the development of an

Kinematic modelling for calibration
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Of the two approached used to build a MCPC model, as explained in section




error model, using generalised error parameters, have been discussed in chapter 5. The
analytical equations of the model used in the calibration are given in this section.

Considering no tilt (v) motion from the rotating platform, equations (5.59) to
(5.61) become the following equations that show the positional deviations of target for
the tip (u) motion of the tripod and the errors associated with u:

=4

Xerr

+ (d3 + tz) SN Ugpr + tx(COS Uerr — 1) (61)

Xttip error+arch.

= (hs + he + ty) (cosu—1) + (d3 + t;) sinu cos Uy

Yitip error+arch

(6.2)
— t, sSinu sin Uy,

=4

Zerr

— (h5 + hg + ty) sinu + (d; + t,)(cosucosu,y, — 1)

Zttip error+arch

(6.3)

— t,, COS U SIN Uppp-

Also, considering no tip (u) motion from the tripod, equations (5.68) to (5.70) become
the followings that show the positional deviations of target for the tilt (v) motion of the

rotating platform and the errors associated with v:

Xtrite errortiarch, = 6xrad —(d3+t,;) sinv+t,(cosv—1) —hg(cosve, —
sinv &,)— t, (cosve, —sinv gy), (6.4)
Dyt,ieerrorsarcn = Oyanigy T Rs(COsu — 1) + (he + t,) — 1+ (ds+ t)e, + tyeey,
(6.5)
2teite errortarch = 0zraa — (e T ty) (COSV &4 +sinVE,) + (d3 + t,)(cosv — 1)

+t, sinv.
(6.6)
Equations (6.1) to (6.3) and (6.4) to (6.6) show that, theoretically, four sources are
responsible for the positional deviations of the target:

1. Tip (u) and tilt (v) motions,
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2. Structural parameters between the centroid of the moving and rotating platforms
and the target,
3. Positional deviations at the centroid of the platforms that include the error

motions &, and &

Xerr

for tip (u) and 8, and &

rad Zraq TOT tHE(V),
4. The rotational error motion u,,.. related to tip (u) and the rotational error motions
&, and &, related to tilt (v).
Furthermore, from model’s equations, once the theoretical relation of the target’s

position with the HAMS’ motion (tip or tilt), error parameters and structural parameters

is known, the measurements are required for the following purposes:

A. To determine the positional deviations of the target during tip or tilt rotation of
HAMS,

B. To determine the error parameters of HAMS,

C. To verify the error model of HAMS so that the model can be used to predict the real
position of the target (as opposed to the nominal position of HAMS’ controller) and

use for the compensations for the target’s position deviations.

6.4 Measurements

6.4.1 Types of measurements

Three types of measurements were carried out for the tip (u) motion of the tripod:

1. Linear displacements of the target in the x and z directions while the tip motions
were given to the HAMS controller (x, y and z positions were unchanged with
respect to the x,y,z, reference coordinate of HAMS; also tilt (v) remained
unchanged (see Figure 5.4)),

2. Linear and rotational displacements at the centroid of the moving platform of the

tripod (point E of Figure 5.4 and 5.6a) for the change of tip motions,
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3. With the change of tip motions, the change of the length of the tripod’s legs that
were read from the encoder readings of the motors actuating the legs. The
recorded leg-lengths were used as the inputs to the controller to generate the tip
(u) motions for HAMS. With the tip motions, the resulting linear displacements
of the target in the x and z directions were measured.

The first type of measurement was carried out to find the positional deviations of
the target due to the tip motions. HAMS’ controller uses its software’s inverse
kinematics solution to calculate the leg-lengths for the tip motions required. The second

type of measurement was carried out to measure the error motions &, _, 8y, and ugy,

Xerr

of the tripod. The third type of measurement was carried out to use the forward kinematic
solution of the control software to generate the tip motions for HAMS and record the
resulting positional deviations of the target.

With regard to the tilt motions (v) of HAMS, two types of measurements were
carried out:

1. Linear displacements of the target in the x and z directions while the tilt motions
were given to the HAMS controller (x, y and z positions were unchanged with
respect to the x,y,z, reference coordinate of HAMS; also tip (u) remained
unchanged (see Figure 5.4)),

2. Linear and rotational displacements at the centroid of the rotating platform of
HAMS (point F of Figure 5.4 and 5.6b) for the change of tilt motions.

The first type of measurement was carried out to find the positional deviations of the
target for the tilt motions. The second type measurements were carried out to measure

the 6§

Xrad’

6

Zrad’

&, and &, error motions of the rotating platform.
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6.4.2 Methods of the measurements

The positional deviations in the z and x directions as a result of the error motions of
tip and tilt were measured using an interferometer (Renishaw model XL-80) with
retroreflector. The working principles of linear and angular displacements using
interferometer are already given in sections 3.5.2 and 4.3.2. The measurements of the
positional deviations were achieved by determining the linear displacements of the
moving part (moving stage, rotating stage and target wheel) during the rotational
motions of HAMS (u and v). In the interferometer set up (Figure 6.2), the retroreflector
was mounted on the moving part using appropriate fixtures while using the beam-splitter
as the fixed optic.

The rotational motions considered in this study to measure the linear displacement
were in the range of + 1.4°, which represents a typical tip and tilt motion range for the
target alignment of the CLF. All the measurements were repeated at least five times for
each tip or tilt rotation of an experiment.

The error measurements were carried out following two steps:

1. Rotations and linear displacements were measured for the moving stage and the
rotating stage by placing the reflectors as close to the centroid of the moving

stage or the rotating stage as practicable (Figure 6.2a-b).

2. Linear displacements were measured at the target point of the target interface

wheel by placing the reflector as close to the target as feasible (Figure 6.2c).

152



Angular reflector

Target

Target interface
wheel
4 Beam splitter
Centroid of the ot Be v asersHeam

moving platform po] ' aser head

Material temperature sensor
Air sensor

Target
Target interface

wheel
Beam splitter
Centroid of the -~ == w77 Laser beam
moving platform { Ll - v~ Laser head

Material temperature sensor
Air sensor

Target interface
wheel

Centroid of the - — It
moving platform Z kel N Laser head

Material temperature sensor
Alr sensor

(©

Figure 6.2 Schematic representation of the interferometer setup. The setup shown in the

figure is to measure (a) the tip angular error u,,,. close to the centroid of the moving

platform E (b) tip displacement error &, in the x direction close to E, and (c) positional

deviation D

close to the target in the x direction due to tip motion.

Xttip error+arch.

153



6.5  Error parameter identification

As described in section 6.3 and shown in Figure 6.3, the positional deviation of
the target T due to the tip motion of the tripod will be the sum of: (1) the errors arise
from the tripod and (2) the displacements that arise as the effects of the interactions of
the angular motions associated with u and the structural offsets (EH and ET as shown in

Figure 6.3) between E and T (E is the centroid of the moving platform of the tripod).

> Structural parameter ET
| ) Abbe

offsets

— 1 Structural parameter ET

Target wheel

assembly

Moving platform
(moving
Tripod _J platform
centroid

(B))

Generalised error
Parameters for
tripod

Figure 6.3 HAMS showing Abbe offsets and generalised error parameters for tip

motion.

6.5.1 Identifying the error parameters of the tripod (RPS mechanism)

The translational errors, 6, and &, in the z and x directions, and the rotational

error, u,,, about the y axis of the xyz coordinate system, measured at the centroid E of
the moving platform are shown in Figure 6.4 and 6.5, respectively. With respect to the

é

Zerr

and 6, motions measured, a compensatory motion by the HAMS controller was
observed while the tip motions were being executed (profile K of Figure 6.6.). This
compensatory motion was performed by the z stage in the z direction, and, as such, could

be read from the encoder of the z stage’s motor. However, comparison of this
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compensatory motion with the measured error motions &, (profile L of Figure 6.6)
and 6, (profile M of Figure 6.6) shows that:
A. As compared to &, _ motion, the controller’s automatic compensation is much

higher in value,

B. Controller does not compensate for &, in the x direction.

=+ 0§, (measured positional deviation of the centroid

of the moving stage in the z direction)

g 104 A &y, (measured positional deviation of the centroid
K of the moving stage in the x direction)

g ¢

=

T o

= 14
g .

=] -3

£ 10

Tip angular motion /°

Figure 6.4 Translational error motions &, _ and &, of the tripod in the z and x

directions.
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Figure 6.5 Rotational error motion u,,.- of the tripod (RPS mechanism) of HAMS.
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HAMS controller’s such response to the error motions 6, and &, has the
following effects on the performance of HAMS:

A. As can be seen from equation (6.3), 6, forms part of the positional deviation at

the target T. Overcompensation for &, _ means that any positional deviation

measurement at target T will actually give wrong information about the target’s

actual position. This will be made clearer in the section 6.5.2.
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Figure 6.6 Error parameters of the RPS mechanism (tripod) and the controller’s

compensation in the z direction.

B. It is possible that the controller’s automatic compensation is designed to eliminate
the error motion of the RPS mechanism (tripod) in the z direction (i.e. 6, ). Itis
also possible that the generated overcompensation is actually designed to minimize
the effect/s of the errors of the structural parameter/s used in the inverse kinematics
of the control software. However, it is impossible for the user of an RPS mechanism
or a hybrid mechanism to know this overcompensation information unless a

calibration process is carried out.
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C. While the controller is overcompensating for the positional deviation in the z
direction, there is no compensation in the x direction. Although the positional
accuracy in the z direction is the most sensitive to the target alignment process, the
x and y direction accuracies are also important; otherwise, the laser will miss the
targets.

Furthermore, of the three error parameters 6, __, 8, and u,,., the rotational error
err err
parameter u,,,- has relatively smaller effects on 6, _and 4§, _, as can be seen from
err err

equations (5.71) and (5.72). However, u,,.- has much larger effect for creating positional

deviation at the target T in the x direction, as will be discussed in the next section.

6.5.2 Identifying the error parameters affecting the target position T
As mentioned in section (6.3), four sources of error are responsible for the positional
deviations of target T. The identification of the errors based on their effects on the ideal

or desired positions of target is outlined below.
6.5.2.1  Positional deviations of the target T in the z direction

6.5.2.1.1 Effectof 8, _parameter

To understand the effect of the controller’s overcompensation for &, _on the
positional deviation of target, forward and inverse kinematic experiments (see section
6.4.1) were carried out, so that the positional deviations of the target can be compared
for both experiments. For inverse kinematics experiment, the positional deviations of
the target T were measured after giving a range of tip (u) motions to HAMS’ controller
as input (i.e. controller uses its inverse kinematics to calculate the lengths of the legs for
the desired tip motions), and the lengths of the three legs of the tripod were recorded

from the encoders of the motors actuating the legs (see profile A of Figure 6.7). Note

157



that the results of the inverse kinematics experiments will include the controller
generated compensations.

For forward kinematics experiments, the recorded lengths of the legs from the
inverse kinematics experiments were used as input to the HAMS’ controller, and the
positional deviations of the target were measured (see profile B of Figure 6.7). Forward
kinematics experiments will not include any controller generated compensations.
Comparison of profile B with A shows that the differences of the values are almost

identical with the values of profile K of Figure 6.6.
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Figure 6.7 Comparison of the target’s positional deviations in the z direction determined

by the forward and inverse kinematics experiments and predicted by the error model.

Furthermore, using the experimentally determined &, and u,,, values (Figure
6.4 and 6.5), the theoretically calculated positional deviation of the target T, as
determined by the model’s equation (6.3), can be found (see profile C of Figure 6.7).
Comparison of profiles A, B and C of Figure 6.7 shows that the model’s predicted values
are almost identical with the positional deviation values (profile B of Figure 6.7) of the

forward kinematics experiments.
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Observation of the results of both experiments suggests that:
A. The controller’s compensation for 6, associated with the tip motion of the tripod
is incorrect,
B. The use of a simplified kinematic model with generalised error parameters, described
in Chapter 5, is valid for the calibration of the parallel mechanism of HAMS - a

hybrid mechanism.

6.5.2.1.2 Effect of tip motion (u)

Profiles A, B and C of Figure 6.7, irrespective of the differences in &, values,
all show significant positional deviations at T with the tip (u) motions of HAMS. In fact,
tip motion itself plays a major role in contributing to the positional deviations. This can
be understood: 1. by checking the [(hs + hg + t,,) sinu] term of equation (6.3), where
the structural offsets can be found in Figures 5.4 and 6.3, and 2. from Figure 6.8, which
shows the theoretical values of the positional deviations of target in the x, y and z
directions as calculated from equation (6.1) to (6.3) without considering any other

motions (tilt v or error motions, e.g. 6,

err)'

6
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Figure 6.8 Theoretically calculated (equations (6.1) to (6.3)) positional deviations at
varying tip angular motions (no tilt motion v or errors considered).
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6.5.2.1.3 Effect of rotational error motion u,,.,

The rest of the positional deviation values of profiles A, B and C of Figure 6.7
are attributed to the effects of the interaction between the rotational error motion u,,,- of
the tripod and the structural offsets between the centroid E of the moving platform and
the target T. These effects, small in values, can be found in the equation (6.3) as

[(ds + t,;)(cosucosu, — 1)] and [t, cos u sin ug,].

6.5.2.2  Positional deviations of the target T in the x direction

As compared to the z direction, the positional deviation of the target T in the x
direction is relatively smaller. However, the positional accuracy in the x direction is also
important to ensure that the laser beam is hitting the target within specifications.
Equation (6.1) in section 6.3 shows different sources of error that affect the positional

deviation of target T in the x direction.
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Figure 6.9 Comparison of the target’s positional deviations in the x direction determined
by the forward kinematics experiments (the inverse kinematics experiment results show

the same values) and predicted by the error model.

Figure 6.9 shows the positional deviations measured in the x direction from the

forward kinematics experiments. Unlike Figure 6.7 which shows different values in the
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z direction for the forward and inverse kinematics experiments, the target’s positional
deviations in the x direction are same for both experiments. This is because, for the tip
rotation of HAMS, there is no controller generated automatic compensation for the
translational error motion &, associated with the centroid of the tripod. Therefore,
8x.,, forms part of the the positional deviation of the target in the x direction (Figure
6.6). However, rotational error motion u,,.,- plays a major role in contributing to the
positional deviation of the target T in the x direction due to the interaction of the u,,.,-with
the structural offsets (check the term [(d; + t,) sinu,,,.] of equation (6.1) and Figure

6.9).

6.6 Implementation of the calibration results: compensation

The xz stages of the hybrid mechanism of HAMS, as mentioned in section 6.2,
can be used to compensate for the positional deviations of the target in the x and z
directions. This is possible for the known relationship between the tip (u) motions of
HAMS and the resulting positional deviations at the target T. Based on the outcomes of
the error identification step (Figure 6.4 to 6.9), linear relationships can be observed
between the following error motions and the tip (u) motion of HAMS (for small tip
angles):

1. error motions 6y, , 6

Zerr

and u,,- (Figure 6.4 to 6.6) associated with the centroid

E of the moving platform of the tripod (see Figure 6.3),

2. error motions D and D, (Figure 6.7 to 6.9) at the target

xttip error+arch. ttip error+arch.

T of HAMS (see Figure 6.3).
Of the two relationships, the first one, in fact, is valid for the tripod (RPS
mechanism) of HAMS. This means, any RPS mechanism with xz stages can take

advantage of this linear relationship for calibration and compensation purposes. The
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second relationship, however, is valid for the specific kinematic structure of HAMS.

This is because, although HAMS’ base kinematic structure is built on the xz stages and

RPS mechanism, additional structures, e.g. rotating platform and the target wheel

accessories, are added to the base structure for the purpose of the laser operation of CLF,

resulting in offsets in the x and z directions between the centroid E of the moving
platform and the target T (Figure 6.3). Therefore, the second relationship can be used

for the position compensation of target T.

Most of the research activities related to implementing calibration results (i.e.
compensation) are, in fact, empirical in nature, where data and information from various
sources, e.g. technical documents, investigation of the hardware and software elements
of HAMS, were collected to find an appropriate technique for compensation. The
principle of the chosen compensation technique for the positional deviation of target is
discussed below. The outcomes of the compensation, in terms of HAMS’ positional
accuracy improvement, have been discussed in section 6.7.

A. Calibration results should be implemented by making changes to the kinematic
parameters of the inverse kinematics of the control software. However, to do this,
the person, responsible for the implementation of the calibration, should have a good
understanding of the various features, e.g. parameters, motion programmes,
kinematics algorithm, of the control software. For example, Appendix C shows the
inverse kinematics used in the HAMS’ controller (i.e. Delta-Tau’s Turbo PMAC
control system). The parameters used in the algorithm are Delta-Tau’s control
software-specific and many of the parameter’s definition cannot be found in the
technical manuals.

B. To overcome the implementation problem, an alternative technique for applying the

compensation is to use a user-defined motion programme that can be written
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following the prescribed manner of the control software. An example is shown in
Appendix D. In this technique, when a command input is given to HAMS for a tip
(u) motion, a simultaneous and linear compensatory motion, e.g. z=2000*u for line
A of Figure 6.7 where z is the linear motion in z direction, is executed (i.e.
P1009=2000*P1002 in Appendix C). It is also possible to use a GUI-based software
to interface with Delta-Tau’s Turbo PMAC control software, where the software will
execute the tip and compensatory motions simultaneously without the requirement
of a motion programme. However, this GUI-based software development was not
the focus of the research, but the focus was to demonstrate the effectiveness of a

simple, economical method of calibration and compensation for HAMS.

6.7  Results and discussions

After carrying out calibration and compensation, the laser interferometer was
used to measure the positional deviations of the target for various tip rotations. The
results were compared with the positional deviations of the target before calibration (see
Figure 6.7 and 6.9) to verify the improvement achieved through this calibration process.

The key points of the calibration and compensation experiments are discussed below.

6.7.1 Performance improvement of HAMS

Figure 6.10 and 6.11 show that the positional accuracies of the target T in the z and
x directions improved significantly after the calibration and compensation process.
Calibration and compensation had the most improvement effect (approximately 97%) in
the z direction — the sensitive direction for the target positioning and orientation at the
laser focus. As for the target positional accuracy improvement in the x direction, 85%

improvement was achieved.
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Figure 6.10 Target position accuracy improvement in the z direction through the

calibration and compensation process.
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Figure 6.11 Target position accuracy improvement in the x direction through the

calibration and compensation process.

The degree of improvement achieved through the calibration and compensation
process highlights the importance of carrying out the calibration process in a regular

interval during the service period of a complex mechanism like HAMS, which is
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employed as a high-accuracy target positioning and alignment system for laser
operations. It is important to understand the effects of the errors of HAMS on the ideal
positions (error free condition) of the target — not only to improve the performance of
HAMS, but also to carry out all the alignment activities efficiently and effectively for
the laser operations. In actual applications of HAMS during the laser operations, the
calibration data, in terms of accuracy, repeatability and resolution of the motion stages
of HAMS, provided by the supplier of HAMS may offer little benefit to the users. This
is because, in most cases, these data represent the performance of the individual
mechanism of HAMS, i.e. xz stages, the tripod and the rotational motor of the rotating
platform. However, the purpose-built structure, e.g. the wheel accessories as shown in
Figure 6.3, added to the base structure of HAMS (i.e. tripod and xz stages) is not taken
into consideration in the calibration data of the HAMS supplier. It has been discussed in
section 6.5.1.2.1 (also shown in Figure 6.8) that the structural offsets between the
centroid of rotating platform of tripod and the target T represent the Abbe offsets and
have significant contribution to the positional deviation of the target. Furthermore, these
structural offsets may change over time for various reasons, for example 1. change in
the load condition in some part of wheel accessories 2. structural deformation due to the
factors, e.g. temperature variation and fatigue of structural material 3. change in
perpendicularity between the structures in the wheel assembly. It is important to keep
track of the effects of the changes to these parameters on the target’s position through
the calibration process, so that necessary compensations can be applied with the control

software.

6.7.2 Evaluation of the compensation technique applied
The significant performance improvement through the calibration process suggests

that:
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1. The use of reactions points and generalised error parameters in the error model
can effectively represent the high number of error parameters associated with
the various error sources of the parallel mechanism of HAMS, as described in
Chapter 5.

2. The simplified error model is a valid error mapping tool for the hybrid
mechanism and can be used in the calibration process.

3. The measurement scheme described in this calibration process is time and cost-
effective.

4. The number of error parameters to identify are only a few (i.e. three parameters
for the RPS mechanism of HAMS) and can be determined experimentally with
simple procedure.

5. The error compensation can be carried out with some understanding of the key
parameters of the control software and the motion programme.

Despite the improvement achieved, Figure 6.10 shows that target’s positional
accuracy in the z direction is not within the position specifications (i.e. £ 4 um in the z
direction) unless the tip (u) motions are very small (e.g. 150 mdeg). The target’s
positional accuracy in the x direction, on the other hand, can be considered satisfactory
(position specification for target in the x direction is £ 10 um).

To improve the target’s positional accuracy in the z direction further, several
compensation techniques were trialled based on the information collected from various
sources, e.g. Turbo PMAC software manual, web portal and the understanding gained
from researching with the HAMS controller. An interesting solution to solve the
positional deviation problem of target was found, the principle of which is outlined in

the following section.
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6.7.3 Improvement of the compensation technique

The coordinate system x"y"z" at the centroid E of the moving platform is used for the
tip rotation not only for the tripod, but also for the complete hybrid mechanism of HAMS
(Figure 6.3). However, as discussed before, the offsets between E and the target T, i.e.
Abbe offsets, are the cause of the positional deviations at T during the tip (u) motion of
HAMS. If, target point T, instead of the centroid E of the moving platform, can be made
the centre of tip rotation, then theoretically there will not be any positional deviation at
T, and all the rotations can be referred with respect to the coordinate system x,y,z; at T.
This can be achieved if the coordinate system xy’z" at the centre of tip rotation E is
translated to T point in the y and z directions as shown in Figure 6.3.

Translation of the coordinate system x"y"z" from E to the target point T for the tip
rotations can be carried out in the following way: modify some Turbo PMAC-specific
parameters (called p variables) that represent the translations in the x, y and z directions,
followed by running a command in the terminal window of the control software (the
main channel of communication between the user and Turbo PMAC control system).
The stated technique was used to test the improvement of the target’s positional
accuracy, although translation of the coordinate system can also be carried out by writing
a user-defined motion programme or by a GUI-based software.

Translating the coordinate system means that any subsequent translational motions
in the x, y and z directions remain unaffected and can be considered in the same way as
before the change of the coordinate system. However, any subsequent rotational motions
(tip or tilt) required must be carried out with respect to the new coordinate system at the

target point T.

It can be seen from Figure 6.12 that, of the two compensation techniques used for

the performance improvement of HAMS, translation of the coordinate system to the
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target point was more effective than using a motion programme to generate the
compensatory z motion. However, this was not the case for the target positional accuracy
in the x direction - translation of the coordinate system to the target point effectively did
not change the performance of HAMS (Figure 6.13). This has been discussed in section
6.5.1.2.2 that the HAMS’ controller does not generate any compensatory motions to
minimise the effects of the error motion wu,,., or &, sttmmed from the RPS
mechanism of the tripod. Therefore, positional deviation at the target T due to [(d5 +
t,)sinu,,] (see equation (6.1)) remains uncompensated, and the compensation
technique using the motion programme of control software (section 6.6.) is required to

improve the target positional accuracy in the x direction.
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Figure 6.12 Comparison of the two compensation techniques to improve the target

positional accuracy in the z direction.
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Figure 6.13 Comparison of the two compensation techniques to improve the target

positional accuracy in the x direction.

Although the compensation technique by translating the coordinate system from
the centroid of the tripod to the target point is an improved compensation technique than
the one that uses motion programme, the coordinate translation technique has some
limitations — one of which has already been discussed that target’s positional deviation
in the x direction is not compensated (Figure 6.13). The main limitation of the coordinate
translation technique is that the offsets between the centroid of the moving platform and
the target in the y and z directions are assumed to be constants in this technique. If the
incorrect values of the offsets are entered as the Turbo PMAC parameters (p variables)
or even the actual offset values change over time, target positional deviations will take
place at T during the tip (u) rotation of the HAMS. This explains why the coordinate
translation technique still shows some positional inaccuracies in the z direction (Figure
6.12) even though the tip rotations of HAMS were referenced to the coordinate system

XeYeZe at T.
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6.7.4 Calibration uncertainty
The target positional accuracy in the x and z directions achieved through the
calibration and compensation (Figure 6.10 to 6.13) can be affected by a number of

measurement uncertainties arising from different sources, as discussed below.

6.7.4.1  Experimental errors

Accuracy of the linear displacement measurements using interferometer is affected
by the experimental errors that arise from the environmental factors affecting the
reflective index of the ambient air — this uncertainty has already been discussed in the
research method (section 4.3.3.2). The overall measurement uncertainty arising from the
repeatability of the measured distances and from the atmospheric effects on the
interferometric measurements was estimated to not to exceed 180 nm (at a coverage
factor k=2, giving a confidence level of approximately 95%). The values of
measurement uncertainty, compared to the positional deviations measured on the
micrometre scale, are not shown in the calibration results (Figure 6.4, 6.6, 6.7, 6.9, 6.10-
6.13) as they are of the order of nanometre.

However, there will be other error sources related to experimental set-up (section
6.4.2) that will contribute towards the measurement uncertainties. For example,
determination of the error parameters of the tripod requires the measurements of
rotational error motions .- and linear displacements 6, _and §,__ to be measured at
the centroid of the moving platform of the tripod (section 6.4.2). For this measurement,
the retro-reflector of the interferometer should be ideally placed at the centroid of the
moving stage. In reality, the reflector was placed slightly above the centroid due to
inaccessibility to the centroid area. However, with careful design of the setup of the
experiment, it was possible to avoid some sources of experimental uncertainties and

improve the measurement accuracy. For example, considering small tip motions,
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rotational error u,,,» measurement (also displacement error &, _) should be carried out
in the x direction (Figure 6.2a-b), instead of the measurement in the z direction. This is
because the reflector’s displacement (angular or linear) in the x direction is negligibly
affected by the tip rotation about x axis and by the reflector’s placement slightly above
the centroid area.

Another source of calibration uncertainty can be tip motion (u) itself. In all
calibration results (Figure 6.4 to 6.13), linear or angular displacements were determined
as a function of tip motions, which were read from the HAMS’ position encoders. The
accuracy of the encoder reading for the tip motion can affect the calibration results.
When measured with the angular interferometer, the error of the encoder reading for the
tip motion was found to be negligible (approximately £ 0.0002° per degree measured or
+0.02% error). Furthermore, the error for the displacement encoder of HAMS was also

negligible (approximately + 0.006um per micrometre measured or £0.6% error).

6.7.4.2  Errors in compensation

Some sources of uncertainty related to the generation of the compensations for the
positional deviations of target have already been discussed in sections 6.7.2 and 6.7.3.
It has been described how the use of incorrect values of the structural parameters of
HAMS - especially the offsets between the centroid of the moving platform and the
target - in the control software can affect the results of the compensation for both
techniques (i.e. compensations using motion programme and translating the coordinate

system) as shown in Figure 6.12 and 6.13.
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Figure 6.14 Comparison of the accuracy of the motions of z stage when measured at the

stage and at the tool point (z stage travel range is + 40 mm).

Another source of uncertainty during the compensation process can be related to
the accuracy of the motions generated by the xz stages for the compensation. Figure 6.14
shows the accuracy of the motion of the z stage for its travel distance of £ 40 mm. It is
important to note the difference between the accuracies of the motions when measured
at two different places — at the motion stage and at the target point. Considering the
maximum displacement required for the compensation is + 3 mm, the accuracy of the
motion of the z stage (£ 340 nm) when measured at the stage appears to be acceptable
for the target positioning and alignment operation. This accuracy data, in fact, matches
with the calibration data provided by the supplier of HAMS. However, in practice, the
accuracy of the motion of the z stage when measured at the target point is more important
for the high-accuracy target positioning. As can be seen from Figure 6.14, the positional
error for £ 3 mm displacement is now quite large (+ 2.2 um), which can directly affect
the accuracy of the compensation for the positional deviation of the target. This partly

explains why positional error remains after the calibration and compensation for the
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target positional deviation in the z direction (Figure 6.12).

The difference between the accuracy measured at the stage and the target point is
due to the amplification of the rotational error motion of the xz stage by the structural
offsets between the xz stage and the target point. It is possible to compensate for the
positional error of the xz stages in addition to any compensations required for the
positional deviations associated with the tip or tilt motion of HAMS. However, this is

an area of future research.

6.7.5 Positional deviations of the target T for tilt (v) motion

The effect of the errors, associated with the tilt (v) motion of the rotating platform of
HAMS, on the positional deviation of the target T can be treated as the case of finding
the effects of the errors associated with the motion of the rotatory motor that actuates
the platform, where the functional point (target T) is at some z and y offsets from the
effective point (i.e. centroid of the rotating platform F as shown in Figure 5.4 and 5.6,

right). The translational error parameters 4§, . and & and the rotational error

ad Zrad

parameters &, and &, have been used to describe the errors associated with the tilt (v)
motion of the rotating platform (see section 5.6.1 and 5.7.2) to find the positional
deviations equations for the target (equations (5.58) to (5.70) and equations (6.4) to
(6.6)).

For the tilt motion, the experimental results and the model predictions (equations
(6.4) to (6.6)) for the positional deviations of the target T agree well with each other, as
shown in Figure 6.15. It can be seen from the model equations and Figure 6.15 that tilt

motion and its associated error motions &, &;, 8., and & which originate at the

Zrad’
centroid of the rotating platform due to the misaligned axis of rotation of motor, cause
considerable positional deviations at the target T in the x and z directions. The deviation

in the x direction is much higher compared to the deviation in the z direction. This
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deviation in the x direction is mainly due to the magnification of: 1. the tilt motion by
the 96 mm Abbe offset (see Figure 6.3) - note the [(d; + t,) sinv] term in equation
(6.4)) and 2. the error motion &, by the 118 mm Abbe offset - note the term
[he (cosv e, —sinv g,)] in equation (6.4). On the other hand, the positional deviation
in the z direction is mainly contributed by the magnification of the error motion &, by
the 118 mm Abbe offset (see Figure 6.3) - note the [(he +t,) (cosve, +

sinv g,)] term in equation (6.6).
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Figure 6.15 Comparison of the calculated and measured positional deviations of target

(tool point) due to tilt rotational errors (in z and x directions).

The positional deviation of the target T due to error motions associated with the
tilt (v) motion can be compensated by the two techniques (i.e. compensations using
motion programme of control software and translation of the coordinate system)
described for the tip (u) motion of the moving platform (section 6.6). However, this

compensation process is an area of future research.
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6.8  Conclusion

Calibration of a parallel or hybrid mechanism is a difficult problem in terms of
developing a suitable kinematic model, identifying error parameters, adopting cost-
effective measurement plans and implementing compensations into the mechanism’s
controller. This problem is approached in this study in a practical way with the help of
a simplified model with minimum error parameters, by carrying out simple
measurements and by compensating the errors using effective software-based
compensation technique, resulting in a significant improvement in the target positioning
accuracy. With 1. known sources of error of HAMS’s stages, 2. HAMS’ improved
capability for high-accuracy target positioning and 3. practical position compensation
techniques, the requirements for the development of a real-time position control system

for the targets of the high-repetition operation are fulfilled.
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Chapter 7 - Development of a real-time target alignment system

7.1 Introduction
The target alignment at high-repetition rate depends on the ability of the motion
stages of HAMS to generate the translational and rotational motions to locate the target
with the required accuracy and repeatability. The performance of HAMS, in terms of its
ability to achieve high-accuracy target positioning, has been described in Chapter 5 and
6. However, high-accuracy target alignment in high-repetition rate operation means that
a real-time position compensation method is required to maintain the target’s reference
position and plane throughout the operation. This can be achieved by the HAMS
controller with the use of a closed loop control when the target positions (and ideally
orientations) are known throughout the operation. This measurement requirement can
be fulfilled by using in-process metrology (see section 3.5.1 and 3.5.2) but comes with
a number of challenges. For laser operation, the major challenges are: 1. adverse
operating conditions (EMP of the laser) for the sensor, 2. space constraints inside the
laser chamber and 3. the measurement speed required to follow the high-repetition rate.
Furthermore, the necessity for the targets to be placed at the laser focus and
perpendicular to the laser beam (see Figure 2.4 and 2.5) means that information about
both the target’s position and orientation are needed by the controller to make the
necessary compensations for the target alignment. Irrespective of the applications (laser
or non-laser), in-process measurement of the target’s orientation can be difficult, as
comprehensive information about the target’s location is required throughout the
operation.
This chapter details the development of a closed loop control system using an
Abbe-complaint, in-process position measurement system for real-time alignment of the
targets for high-repetition rate laser operations. The design principles of the in-process
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target position measurements are discussed, followed by the derivation of a model
showing the relationship between the positional deviations of the target, which form the
feedback information to the sensor, and the error sources related to the high-repetition
rate system. The hardware set-up, control scheme of the closed loop system and the
experimental procedure are described. Implementation issues with the closed loop
control are discussed in light of the experimental results and the model, which led to
strategies for improving the performance of the closed loop control for the real-time

target alignment.

7.2 The need for closed loop control for precision target alignment

In high-repetition rate laser operation, as outlined in section 4.3.2.1, target
alignment (positioning and orientation) follows a two-step process: initial alignment and
dynamic alignment. Once the target’s reference position is set in the initial alignment
step, any further alignment of the target can be carried out during the high-speed wheel
rotation when targets need to be repositioned automatically at the laser focus. The
positional deviations of the target can be compensated in real-time when a position
measurement system with sufficient accuracy sends the target position feedback
information to the controller of the HAMS motion stages, thus completing a closed loop
control system.

Improvement of the target positioning accuracy achieved by kinematic
calibration of HAMS (Chapter 6) does not guarantee that the target’s reference position
will be maintained throughout the high-repetition rate operation, especially when some
repeatability errors are either not compensated or difficult to compensate using a
kinematic calibration. Furthermore, there may exist random errors due to the

disturbances from the environmental sources (vibration, temperature variations etc). In
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these circumstances, a closed loop control system, as opposed to an open-loop control

(no feedback system), can offer a robust and high-accuracy target positioning system.

7.3 Design of the control system for high-repetition rate laser operations
Considering the performance of a positioning system in terms of the positional
accuracy of the target, the following three locations of the system’s elements with
respect to the system’s coordinate system are critical for closed loop control [131]:
1. The actuator’s location;
2. The sensor’s location; and
3. The target’s location.
For closed loop control of a precision positioning system, the location of the sensor in
the system is an important consideration, because the locations of the actuators and
sensors influence the “observability” and “controllability” of an active control
positioning system [98,132]. In the case that the positioning system’s sensor and actuator
are non-collocated, which is often the case, the functionality of the positioning system
can be impaired. In such cases, the controller is unable to improve the system’s dynamic
behaviour due to closed loop instability or a time-delay in the feedback loop [131,132].
Furthermore, non-collocation of the sensor and the target may result in Abbe errors in
the position measurement of the target, which in turn mean that the controller’s
compensation for the target position, based on the sensor’s measurement, can be
ineffective, leading to inaccuracy in target re-positioning during high-repetition rate
operation.
The design of the position measurement system for the target is examined in the
following sections in light of the Abbe principle. The development of an analytical

model is then outlined to show the relationship between the target position feedback (i.e.
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the z positional deviations of the target with respect to its reference position) and the

factors affecting the feedback.

7.3.1 Target position measurement for the high-repetition rate operation:
applying the Abbe principle

The generalised Abbe principle, reformulated by Bryan [133], states that “the

path of the effective point (EP) of a displacement measuring system should be collinear
with the path of the functional point (FP) whose displacement is to be measured. If
collinearity is not possible, either the slideways that transfer the displacement must be
free of angular motion or angular motion data must be used to calculate the consequences
of the offset” [11]. In this respect, one technique for achieving an Abbe complaint
measurement system for a two or three degree of freedom (DOF) system is to keep the
FP stationary with respect to the reading head of the sensor (EP), when the FP is always
coincident with the path of the EPs of the sensor during the measurement. This
configuration is attainable only if the sensor measures the movement of the target surface
surrounding the workpiece or the motion stages, at the same time allowing the target
surface to move in a direction perpendicular to the sensor’s measurement direction
[10,11]. A measurement configuration based on the above principle was proposed by
Bosmans et al. to develop an ultra-precision, Abbe-complaint position measurement

system with linear encoders [11].
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WwT 1s the set point or reference with
respect to Xy, Y2y,

T'T 1s the desired trajectory of the

target currently at T

TTorr is the positional deviation of the
target

Figure 7.1 Concept of the closed loop control for z position compensation.

The measurement configuration stated above can be applied to develop an Abbe
compliant measurement system to measure the positional deviation of a target T (FP in

this case) located at the target wheel rotating at a certain speed. For example, in

Figure 7.1 consider WT as a vector representing the reference position and orientation
of the target T with the coordinate position (x;, y;, z;). When the target at position 7’
moves to T, the coordinate position of 7" has to be within x, y and z specifications of

(x¢, ye, z:). However, if error motions arise due to some disturbances (e.g. the kinematic

errors of the wheel), 7" will reach T,,,., generating a positional error ﬁerr at point T.
Provided this error motion along the z axis can be detected by the interferometer and
then fed back to the controller for compensation, the target will be repositioned at T
before the laser hits the target. In this way, all the targets around the target wheel will be
within the z specification of the laser focus (only the z positional deviation is considered
in this paper, since z is considered as the sensitive direction for the target alignment). If
plane mirrors can be placed around the circumferential edge of the wheel (this mirror

setting will be referred as “target position setting” henceforth) and an interferometer is

181



used to measure the relative movement between the sensor and target point T, then the
FP and EP become coincident. However, it is very difficult to place the plane mirrors
around the circumferential edge of the wheel along with the target sectors. Therefore,
plane mirrors are placed at the front face of the wheel around the circumference,
functioning as a target surface (this mirror setting will be referred as “mirror position
setting” henceforth) as described before. In this arrangement, although the EP of the
mirror position setting (M on the plane mirror as shown in Figure 7.2) is at some offsets
to the FP of the target position setting (T as shown in Figure 7.2), the interferometer
measures the movement of the target surface while allowing the target surface to move
in a direction perpendicular to the interferometer’s measurement direction (along X
direction as shown in Figure 7.2) during the wheel rotation.

Target sector

(target position
setting)

Front face of
the target
wheel

8 x Plane mirrors
(plane mirror
setting)

8 x Plane
mirrors

Front face of

the target wheel

Back face of the
target wheel

Encoder’s measurement —
direction
\ .

z* 0 (wheel rotation angle )

Figure 7.2 Plane mirror position (a) ideal mirror setting (b) actual mirror setting.

7.3.2 In-process measurement system for real-time target alignment
A plane mirror interferometer (Renishaw model XL-80) was used as the
feedback system for the closed loop control system to generate the compensations

(Figure 7.2). In a plane-mirror interferometer, the mirror is placed on the moving object
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whose displacement has to be measured. In this measurement system, as shown in Figure
7.2, suitably sized plane mirrors are attached to the front face of the target wheel around

the circumference.

7.4 Positional deviation of target during wheel rotation: model

An equation needs to be found that describes the positional deviation of the target
in the z direction when the target moves from point 7” to point 7 during wheel rotation,
as shown in Figure 7.3. T is represented by a coordinate system x;yrzy Whose position
is (x¢, ¥, z;) with respect to the machine’s reference coordinate x,,y,,2,,. In the error-
free condition, (x;, y:, z;) will be the reference position of the target, while T is
represented by a coordinate system x;/yrzy whose position is (x,/, y,s, z,/) with
respect to the machine’s reference coordinate x,,y,,2,,. T is positioned at an angular
distance 6 from T, and the equation to be derived will provide the positional deviation

of the target for a complete wheel rotation.

The positional deviation of the target is generated from the interferometer’s
measurement of the change of z; of the reference point (x;, y;, z;), when all the 7" points
around the circumference of the wheel pass through the point 7 in a complete rotation
of the wheel. The positional deviation response shows the effect of the error motions
related to the wheel rotation, arising from different error sources, such as geometric and
dynamic disturbances. Assuming that the displacement measurement by the
interferometer takes place in a controlled environment and, therefore, has negligible
random errors from environmental disturbances, the positional deviation of the target in
the z direction can be described in terms of the “face runout” of the wheel as a result of
the geometric disturbances. Face runout can be defined as the total displacement

measured parallel to the z reference axis at a specified radial location of the wheel by an
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instrument sensing against a moving surface or moved with respect to a fixed surface
[52]. Assuming that a reference coordinate xy,z, (Figure 7.3a) is placed at point O’
of the interferometer’s quarter-wave plate, from which the measurement beam emerges
from the interferometer, the relative motion between the reference coordinates of the
interferometer (i.e. Xx,y,z,) and the wheel (i.e.xryrzy) measured by the

interferometer will determine the face motion of the wheel.

Details shown in (b) and (c) Quarter wave plate

Laser beam from
the laser head

G

Figure 7.3 Coordinate systems for the error model (a) with the effective and functional

points shown in (b) and (c).
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The coordinate systems are placed at points of interest within the system (the
motion stages of HAMS and the interferometer) as shown in Figure 7.3, namely x.y.z.
at the centre of the wheel C and x,y,z, at point O (O is perpendicularly below O” on
the same plane). Note that in Figure 7.3 point M of the mirror, which has the coordinate
XyYmZy Placed at (x,,,, Vi, Zm), COrresponds to target point T. This means that offsets
exist between the FP (i.e. T) and EP (i.e. M) in the y and z directions, called | and h
respectively. Ideally, T and M should be aligned (i.e. no offset in the x direction) to
minimise Abbe error. However, an offset s in the x direction is also considered in the
model for the sake of generality.

Consider that T is directly above the centre of the wheel C. If a plane mirror can
be placed at T so that the interferometer can measure the z displacement of T (ideally,
the interferometer plane should be parallel to the wheel’s plane), the interferometer will
read the value O’T, which is equal to (z + ), where z is the perpendicular distance
between O of the interferometer plane and the centre of the wheel C (see Figure 7.3a),
and | is the perpendicular distance in the z direction between point M and target T (see
Figure 7.3c).

The positional deviation of the target in terms of the wheel’s face runout can be
derived using a homogeneous transformation matrix (HTM) [see section 4.3.1]. In the
current analysis, it is possible to define an HTM for each successive position and
orientation change of the mirror, with respect to the fixed x,y,-z,- coordinate of the
interferometer, to determine the final position of the target. This is because the reflected
beam from the plane mirror (at the target position or mirror position setting) entering the
interferometer is directly affected by the position and orientation change of the plane

mirror with respect to x, v, z,- .
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In the case that the wheel does not have any face motion (i.e. error-free condition)
and T~ corresponds to T as shown in Figure 7.3a and 7.3b, the position and orientation
of T" with respect to the coordinate x, v, z, (x,¥,2, and x,y,z, have the same
orientation) can be represented by the following HTM (z distance measured by the
interferometer should remain unchanged, since T and T are the same point of the
mirror):

T2, o orror=T PargecT(0), (7.1)
where T7,,.4er is the HTM to describe the position of the target with respect to

Xo Yo Z, When there is no wheel rotation, and is given by

100 Z
_[010 ¥+
T?arget_ 001 z+ 1| (7-2)
000 1

where y is the radius of the wheel or the distance between C and M, as shown in Figure

7.3.T(0) is the HTM to describe the rotation of wheel about z. of x;y.z., and is given

by
co_sG sing 00
T(0) = —s(1)n9co(s)9 g 8 _ (7.3)

0 0 01
By combining equations (7.2) and (7.3), TTOno error 1N €quation (7.1) will have the
following form

cosf sing 0 (h+y)sinf + scosf

0 _|—sinfcos80 (h+y)cosf —ssinf (7.4)
Tno error™ 0 0 1 ) '
z + 1
0 0 0 1

The face motion of the wheel, expressed in terms of the positional deviation of the
target 7, results in two rotational error motions that are generated due to imperfect wheel
rotation about the z axis of x;y.z.. One error motion (8,) is the tip error that represents
arotation about x¢ of x¢y¢z¢, and the other is the tilt error (6,,) that represents a rotation
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about y. of x.y.zc. Since the face motion distorts the ideal wheel rotation path, when
the wheel rotates, a point T~ on the wheel reaches to point T,,, instead of point 7 (see
Figure 7.3b), resulting in the change in the z distance measured by the interferometer.
The position and orientation of T, with respect to the coordinate x, v, z, (X0 Vo Zo,
XoYoZor XcVcZc, XrYrZr @Nd x7 vz have the same orientation at the outset of the wheel
rotation) can be represented by the following HTM

T9 =T2T(0,)T(6,,) T(8,)T(8,)T(O)TE, (7.5)

where T2 is the distance between C and O with respect to x,Y,Zz,, and is given by

1000
lo10g
“loo1z|

0001
T(6,,) is the misalignment of the mirror described by the rotation 8,, about the x. axis

T? (7.6)

of coordinate x.y.zc, and is given by

1 0 0 0
0 cos6,,—sin 6, 0

Osin@, cos@, 0|
0 o 0 1

T(6,)= (7.7)

T(0,,) is the misalignment of the mirror described by the rotation 8,,, about the y. axis
of coordinate x.y-z, and is given by

cos B, 0sinf,, 0

_ 0O 1 0 0
T(6m)= —sin6,,0 cos 6, 0| (7.8)
O 0 o0 1

T(By) is the tilt error motion of the wheel with respect to x,y,z, OF XcYcZc, and is

given by
cos8, 0sinb,
- 0 1 0 O
1(6,)= —sinf, 0 cos 6,0 (7.9)
o 0 o 1
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T(0,) is the tip error motion of the wheel with respect to x,y,Z, OF XcYcZc, and is

1 0 0 o0
Ocos 6,—sin 6,

given by T(0,)= 0sin 8, cosf, 0| (7.10)
0 0 0 1
T% is the offset between C and T with respect to X Vczc, and is given by
100 Z
c 010 y+
000 1

Note that the sequence of HTMs in equation (7.5) is selected based on the following
considerations:

1. The z distance OC is assumed to be not affected by the error motions related to
0.

2. Misalignment of mirror affects all the subsequent changes to the position and
orientation of the target, therefore, T(8,,) and T(0,,) are placed before T(By),
T(0,),T(0) and T&.

3. Wheel rotational motion 6 is affected by the error motions 6, and 6,,; hence

T(0,) and T(Hy) are placed before T(0). The target is affected by all the

changes, so T is placed as the right-most term in equation (7.5).

Substituting the values from equation (7.3) and equations (7.6) to (7.11) into
equation (7.5) yields

Kl Ll Ml Nl
o _|K2L;M; N,
Terr [ Ky Lo My Ny
000 1

(7.12)

where K;, K,, K3, L4, L,, L3, M1, M,, M3, N;, N, and N3 (i.e. equations (7.13) to (7.24))

are shown in Appendix E.
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Subtracting equation (7.1) from equation (7.12) provides the HTM T 210, Which
represents the position and orientation deviation of the target when it moves from 77 to
T. Therefore,

Ay By C; Dy
_|4z2 B2C; D,

error A3 B3 C3 D3
0 00 1

T (7.25)

where A4, A,, A3, B4, B,, B3, C4, C,, C3, D;and D, (i.e. equations (7.26) to (7.36)) are

shown in Appendix F,

and

D3;=(h + y)(sin 8 cos 8, sin (6,, + 6,,) + cos 6 (cos 6, sin 6,, +

sin 6, cos 6, cos(8, — 6,,)) —s(cos b cos b, sin (6, + 6,,) — sin O ( cos O, sin G, +

sin 6, cos 8, cos(8,, — 6,,)) — I( sin 6, sin 6, — cos O, cos 6, cos(6,, —6,)) — L.
(7.37)

Equation (7.37) represents the positional deviation of the target TT,,.. in the z direction

as measured by the interferometer. To derive a simpler form of equation (7.37), assume

that the misalignments of the mirror are negligible, which means 6,,, and 8,, are zero (the

effects of misalignment and their avoidance are discussed in section 7.6.2). Also, assume

that s in equation (7.37) is zero, which means M and target point T are aligned, as shown

in Figure 7.3. Therefore, equation (7.37) becomes

Zerror= 1Terr= (h +y) (sin @ sin 6,, + cos 6 sin 6, cos 6,,) + [ cos B, cos 6, — L.
(7.38)

Taking (h + y)sin6, = E, cosa and (h + y) sin 6, cos 8, = E,sin a, equation (7.38)

can be re-written as the periodic function equation

Zerror= Ey sin(@ + a) + L cos 6, cos 6, — | (7.39)

where
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E.=(h + y),/((sin Hy)2+(sin 0 cos 6, )2), (7.40)

and

—1 Sin By

a = tan (7.41)

tan 6,
The sine function in equation (7.39) relates the rotational distance travelled by the wheel
(i.e. 8) to the corresponding positional deviation of the target in terms of wheel’s error

motions 6, and 6,,. Note that (h + y) in equation (7.40) becomes (B+9) ot angle 6 and is

cos @

subject to change by 6, and 6,,. So, equation (7.40) becomes

(h+y) }((sin 65)%+ (sin O cos 6y, )2)
E.= . (7.42)

r cosf@

From the model described, the following observations are important for the
analysis of the experimental data in section 7.7.

1. As mentioned before, since it is practically very difficult to place the mirror
exactly at the target position T (i.e. target position setting) to read the
displacement and, therefore, the mirrors are placed at the front face of the wheel
around the circumference (i.e. mirror position setting), the resultant position

deviation at point M as read by the interferometer will be determined by

Zerror at M:Er Sin(g + CZ) (7-43)
where

y /((sine )2+ (sin 6, cos 8, )%)
E,.= > — — (7.44)

2. The difference between equations (7.39) and (7.43), as shown in equation
(7.45), represents the error in the target position feedback because of the use of

the mirror position setting (EP) in the control system, i.e.
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h_|((sin 6y)2+ (sin O cos 6y, )2)
sin(@ + a) |+

cos 6

Zfeedback error—
(1 cos 6, cos 6, —1). (7.45)

7.5  Design of the closed loop control system

The hardware set-up for the closed loop system is shown in Figure 7.4, and the
control scheme is presented in Figure 7.5. The HAMS motion stages use Delta Tau’s
multi-axis motion control system (Turbo PMAC) to control the seven servo motors
(three for the tripod, two for the two linear stages, one for the rotating platform and one
for the wheel rotation) of the motion stages with the use of the quadrature signals
generated from the seven encoders of the respective motors. The eighth encoder channel
of the controller accepts the quadrature signal from the interferometer to provide the
real-time position information about the target. Although the position encoders of the
motion stages and the interferometer are both incremental encoders, the resolution of the
encoders of the motion stages is not as high as the resolution of the interferometer.
Therefore, the quadrature signal generated by the interferometer is converted to the
equivalent encoder counts through the use of an encoder conversion table (a
characteristic feature of the Turbo PMAC controller); the counts can then be used by the

controller’s servo motors for the position compensations.
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Figure 7.4 Hardware set-up for the closed loop control of the target.
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Figure 7.5 Control diagram of the closed loop control for HAMS motion stages.
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Figure 7.6 Simplified flow-diagram of the motion program for the high-repetition rate

operations.

HAMS turbo PMAC controller provides a position loop servo filter based on PID,
feedforward and a notch filter (servo filter not shown in the Figure 7.4) [134,135].
Usually, this servo filter is enough to control the motion system, where the filter can be
tuned by setting the appropriate variables for each motor [134]. For example, some
variables, called /-variables, provide the adjustment of the proportional, differential and
integral gain of the motors, while other /-variables provide the settings for the velocity
and acceleration feedforward gain of the motor. The configuration, control and
troubleshooting of the HAMS motion stages are carried out using a Delta-Tau’s control
software (PeWin32pro2), which can also be used to write and execute user-defined

motion programs for the motors. As such, a motion program was written in the
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controller’s language, using the controller’s various functional parameters, to run the
target wheel at a specified speed, read the position information from the interferometer
and then compensate the position deviations by actuating the motion stage/s. The

simplified flowchart of the motion program is shown in Figure 7.6.

7.6 Experimental validation of the closed loop design for the high-repetition rate

laser operation

7.6.1 Experimental procedure

Experiments were carried out to verify the design of the closed loop control, as
described in section 7.5, for real-time target alignment for high-repetition rate laser
operations. The experiments can be divided into two groups: open-loop and closed loop,
while the main objectives are as follows.

1. For the open-loop experiments: evaluate, with respect to the required positional
accuracy of target (= 4 um in the z direction), the high-repetition rate system’s
behaviour in open-loop control by measuring the z positional deviations
(magnitudes and directions) for a complete wheel rotation.

2. For closed loop experiments:

a) find a functional closed loop design capable of generating the position
compensations with the target position feedback; and

b) find an optimised closed loop design capable of producing the necessary
compensations to position the targets within the z position specification of

the reference position.

7.6.1.1  Open-loop experiments
The set-up of the experiment is shown in Figure 7.3a, and the procedure of the target

position measurement using the plane mirror interferometer is described in sections 7.3.1
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and 7.3.2. For the mirror position setting, eight square plane mirrors (Thor Lab’s 1"x1"
broadband dielectric mirror, 400 nm to 750 nm) were attached to the wheel at the angular
positions 0°, 45°, 90°, 135°, 180°, 225°, 270° and 315°, covering a total angular distance
of 189° of 360° of the wheel’s circumference (see Figure 7.2 and 7.3). For the target
position setting, eight mirrors were placed around the circumferential edge of the wheel,
maintaining the alignment with the corresponding eight mirror positions of the mirror
position setting.

Position measurements were taken with the interferometer at the target position
and mirror position settings for a complete wheel rotation to measure the z positional
deviation at FP and EP, respectively, (T and M as shown in Figure 7.2 and 7.3) without
any influence of closed loop control (no position compensations). Note that the position
measurements were taken at 0.5 Hz, representing 0.5 Hz repetition rate laser operation,
which means there was a 2 s time-gap for each repetition, during which period a target

moves from a position to the next position of the wheel (i.e. 1.5°).

7.6.1.2  Closed loop experiments

The same interferometer set-up as described in section 7.6.1.1 was used to find a
functional closed loop design. The tasks of the closed loop set-up, such as the connection
between the interferometer and the HAMS controller, the controller’s software settings,
etc. were carried out as described in section 7.5 and Figure 7.4, 7.5 and 7.6. With a
functional closed loop control system, a series of experiments were carried out to find
the optimal condition/s at which + 4 pm position accuracy could be achieved. A critical
task of the optimisation process was to improve the motion program (see Figure 7.6), so
that the controller-generated position compensations were correct - both in magnitude
and direction - based on the z positional deviations at the EP (mirror position setting).

As will be shown in section 7.7, the investigation of the issues of the closed loop control
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system led to suitable compensation techniques (angular compensation) for the target’s
alignment for the high-repetition rate operations. All closed loop experiments were

carried out at 0.5 Hz repetition rate.

7.6.2 Measurement uncertainties
Since the closed loop control uses the interferometer to measure the z positional
deviation of the target (feedback), and then uses the motion of the z position stage for
the compensation, the experimental results related to z position measurements are
subject to some sources of measurement uncertainties, for example:
A. Errors from the conversion of the interferometer’s quadrature signal to equivalent
counts of the controller;
B. Accuracy of the motion of the z position stage; and
C. Misalignment of the plane mirrors that may cause parallel and/or orthogonality
errors.

The interferometer’s quadrature signal for position is converted to equivalent
counts for the position measurement of the servo loop of the controller. Comparison of
a number of z displacements measured by the interferometer and the controller’s encoder
(in terms of counts) shows that 1 um for the interferometer is equivalent to 991 nm for
the controller’s encoder. Considering that the HAMS with closed loop control will not
show a positional deviation of more than + 5 um during the wheel rotation, the maximum
error related to the equivalent counts of the controller’s encoder will be 45 nm.

The uncertainty from the positional accuracy of the z stage has already been
discussed in section 6.7.4.2. Considering that the controller’s compensation will not
exceed + 5 um in a closed loop control, the uncertainty related to the accuracy of the

travelled distance in the z direction is negligible (approximately 4 nm).
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In the proposed control system design with a plane mirror interferometer, the
alignment of the mirror with respect to the coordinate system of the wheel (xyz in
Figure 7.2) is important, since the position of the target is determined by direct reference
to the mirror [136]. Parallel error arises when the mirror is not aligned parallel to the x
axis of the wheel’s coordinate xyz as shown in Figure 7.2. Orthogonality error is
produced when a mirror is not aligned perpendicular with the y axis of the wheel’s
coordinate xyz as shown in Figure 7.2. In the experiments, while aligning the mirror, the
parallel and orthogonality misalignments were minimised by carrying out the procedure
described in Appendix G. However, although the parallel and orthogonality errors
should be avoided as much as possible, it is worth mentioning the unique benefit of using
a plane mirror interferometer for position measurements. In the plane mirror
interferometer, the double pass of the laser beam to the plane mirror with retro reflection

actually compensates a tilt of the mirror [121].

7.7 Results and discussion

7.7.1 Characterisation of the high-repetition rate process in the open-loop
control system

For the high-repetition rate operation in open-loop control, the study of the z

positional deviations at EP and FP essentially indicates a “wheel characterisation”
process, since the errors of the wheel are mapped through this process.

Figure 7.7 shows the profiles of the position feedback (z positional deviations) for

eight locations of the wheel, as discussed in section 7.6.1. The feedback, as shown in

Figure 7.7, has two components: the magnitude and the direction of the z positional

deviation. Based on the position feedback from EP and FP (i.e. mirror and target position
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settings), two types of behaviour of the system can be observed during a complete wheel

rotation.
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Figure 7.7 Profiles of the position feedback (z positional deviations) for eight locations
of the target wheel.

A. At some locations of the wheel (0°, 45°, 90°, 180° and 225° as shown in Figure 7.7),
the position feedback from EP does not comply with the feedback from FP (the term
“non-compliance” is used henceforth to indicate this). In all such cases, the
directions and magnitudes of the z position deviations are non-compliant to each
other.

B. At some locations of the wheel (135°, 270° and 325°) as shown in Figure 7.7, the
position feedback from both EP and FP comply with each other (the term

“compliance” is used henceforth). At location 325°, both the magnitude and

direction of the z positional deviation are almost the same for EP and FP. However,

at locations 135° and 270°, the positional deviations at EP and FP initially appear to

comply with each other but deviate (in magnitude and/or direction) at the later stage

with further rotation of the wheel.
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7.7.2 Performance evaluation of the closed loop design

Following the examination of the system’s open-loop characteristics, the closed loop
behaviour was studied by evaluating the control system’s performances in terms of its
ability to re-position the target within £ 4 um of the reference position. Analysis of the
experimental results showed that the controller’s position compensations were able to
reposition the target within £ 1 um of the reference position by using the position
feedback (z positional deviation) from EP or FP (indicated by the compensation values
of the O and P profiles in Figures 7.8 and 7.9). However, although the accuracy level
(= 1 um) indicates that the closed loop system is functioning well, the results of the
closed loop experiments highlight the problems related to the position feedback from EP
and FP (see section 7.7.1). The key observations, as shown in Figure 7.8 and 7.9, are

the following.

T Ep ¥ Position feedback (z positional deviation) from EP (M)

\ M / 4 Position feedback (- positional deviation) from FP (N)
4 ‘ l/ }/ ® Position compensation based on feedback from EP (O)
{

® ® Position compensation based on feedback from FP (P)
e ¥ (]

5 ‘ ® Error in target position after compensation (Q)
- Q\ o
E \. ° » "
2 0o s 8 e ¢ o . . $
2 0 125 ! 4.5 6 7‘5 9 185 2 13.5 15 \16.5 1%
&
= ®
[
12 P
A 2 [ A

- N

= o - /
A & & A
A u A ]

Rotation of target wheel/®
Figure 7.8 Closed loop control system in which mirror position setting represents the
target position (i.e. complaint case where position feedback from EP and FP are same-

also see Figure 7.3).
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A. Figure 7.8 and 7.9 show typical behaviours of the closed loop system for the
complaint and non-complaint cases, respectively. These two characteristic
behaviours indicate that, while at some locations the position feedback from EP (the
mirror position setting) can be representative (check M and N profiles of Figure 7.8)
of the actual positional deviation of the target or FP (with £ 1 um error as indicated
by profile Q in Figure 7.8), the position feedback from EP cannot represent (see M
and N profiles of Figure 7.9) the target position or FP at other locations (i.e. non-
complaint cases).

8 ,.P

. . ¥ Pposition feedback (z positional deviation) from EP (M)
u / - 4 Position feedback (- positional deviation) from FP (N)
6 l/\/ ® Position compensation based on feedback from EP (O)
. | J @ Position compensation based on feedback from FP(P)
4 L e v@ ./ Error in target position after compensation (Q)
I~ ]
m m u " '\ -
|
g’ . . . M
=l = .
200 : : . ° ° H . . * O H :
§ 0 1,5 3 4.5 ® '\ 7.5 9 10.5 12 135 16.5 18
a P
A N ,

Rotation of target wheel/®
Figure 7.9 Closed loop control system in which mirror position setting does not
represent the target position (non-complaint case where position feedback from EP and

FP are not same — also see Figure 7.3).

B. For the non-complaint cases, the compensation by the controller based on the
feedback from EP does not produce any benefit, and the positional deviation of the
target (FP) remains uncompensated, as indicated by profile Q of Figure 7.9. Note
that profile P of Figure 7.9 represents the controller’s compensation based on the

position feedback from EP.
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C. The zigzag upward or downward trend (Figure 7.8 and 7.9) of the positional
deviation curves indicates that the plane of the wheel with respect to the
interferometer’s measurement beam is changing with each wheel rotation angle
(1.5°), representing the change of reference plane of the target (i.e. reference
orientation of the target). The change of the plane of the target wheel results in the
accumulation of the z positional deviations of the target at each wheel rotation angle,
even though the controller’s compensations can reposition the target to the reference
position after every 1.5° rotation. Since the target plane needs to be perpendicular to
the laser beam in high-power laser operation, the change of the reference orientation
of the target during the wheel rotation indicates a serious problem for real-time target

alignment for high-repetition rate operation.

From the above discussion, it is clear that the uncertainty in determining the
position and orientation of the targets based on the position feedback from EP makes the
closed loop control ineffective in achieving required accuracy (+ 4 um) for the real-time

target alignment for the high-repetition rate laser operations.

7.7.3 Investigating the closed loop design issues using the model

The relation between the positional deviations of the target during the wheel rotation
and the sources of the contributing errors can be analysed using the model derived in
section 7.4. The model equations (7.39) to (7.42) predict the positional deviations of the
target for a complete wheel rotation by taking account of the interactions of the following
contributing elements: the wheel rotation angle (8), rotational error motions of the wheel
(tip 6, and tilt 6,) and the structural parameters of the wheel system (wheel diameter y

and the offsets, | and h, between the target and the mirror).
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The experimental data for the z positional deviations (in open-loop) at EP and FP,
as shown in Figure 7.7, was fitted with the periodic function of the model as shown in
equations (7.39) and (7.43) by letting the 6, and 6, angles vary between 0° to 90°
(Figure 7.10). The 6, and 6, angles, resulting from the model fitting, are shown in
Figures 7.11 and 7.12 for EP and FP. The resultant angular error of the wheel « related

to 6, and 6, as can be calculated from the equation (7.41), is shown in Figure 7.15 and

7.16. The key observations are the following.
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Figure 7.10 Experimental data (in open-loop) and model fitting for both mirror (EP) and
target position (FP) settings.
A. Comparative study of Figures 7.10, 7.11 and 7.12 shows the role of 8, and 6,, on the

magnitude and phase differences of the position feedbacks from EP and FP at
different locations of the wheel. Noting that the experimental z positional deviation

data are used to calculate 6, and 6, of Figure 7.11 and 7.12, the differences in the
magnitudes of 6, and 6, are due to the vertical offset (h) and the horizontal offset

() between the EP and FP — see equation (7.45).

202



B. Comparison of Figures 7.10, 7.11 and 7.12 also suggests that the 6, values

accumulated with the wheel rotation have greater values than the 6, values, and the

magnitudes of the z position deviation are mainly contributed by 6,..
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Figure 7.11 Tip motion error (6,) of the wheel calculated from the model fitting.
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Figure 7.12 Tilt motion error (6,) of the wheel calculated from the model fitting.
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C. Based on the magnitude and phase difference of the position feedbacks from EP and
FP, the behaviour of the open-loop high-repetition rate system (i.e. wheel rotation)
can be fundamentally divided in five categories as shown in Table 7.1 (identified by
A, B, C, D and E profiles in Figure 7.10,7.11 and 7.12). As will be seen later that
understanding the behaviours of profile A and D as ideal non-complaint and
complaint cases, respectively, is necessary to explain the behaviours of profile B, C
and E.

Table 7.1 Different categories of behaviour of the open-loop high-repetition rate system

(i.e. wheel rotation).

Profile Magnitudes of the Phases of the Note
feedback from EP feedback from EP
and FP and FP
A Non-complaint Non-complaint 180° phase difference
between EP and FP
B Non-complaint Non-complaint 180° phase difference
between EP and FP.
Note the random and
opposite behaviour of 6,
and 6, for both EP and
FP
C Approximately Approximately Approximately no phase
complaint complaint difference between EP
and FP. Some random
behaviour of 6, and 0,
for both EP and FP
D Complaint Complaint No phase difference
between EP and FP
E Combination of Combination of Compliance  of the

complaint and

non-complaint

complaint and

non-complaint

profiles becomes non-
compliance with further

wheel rotation
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D. To understand the nature of the magnitudes and phases of profile A and D for EP
(mirror setting), let’s consider the following two cases of equation (7.43), which is
written for EP:

l.  Zerror at sp=Er sin(@ + @)=0 when no or minimum positional deviations
read at EP
orf = —a (7.46)

Il.  sin(@ + a)=1 when maximum position deviation read at EP

(7.47)
LK represents / LKL p_lane qf the
wheel rotation path wheel is subject
for 6 as read by EP to 6“". and 6,, . B
(no 8y or 0y) rotations before it
becomes I'TK'L’ 1+-2+3
L’K’ represents Eff;act ofo
¥
actual wheel on T K L

rotation path for 8
as read by EP

(with 0, and 6,) ',r 6 (=1.5% °

¥
Position deviation T - ] X
observed along = C (= centre of wheel rotation) L
direction x

Figure 7.13 Examination of the wheel rotation path for 1.5° when no or minimum

positional deviation read by EP.

Now, consider the wheel rotation for only 1.5°, the 3D shape of the wheel for
1.5°, the path of 1.5° as read by the EP and the associated error motions 6, and 6,
for 1.5° —as shown in Figure 7.13 and 7.14. As can be seen in Figure 7.13 for case
I, the wheel rotation path LK read by EP becomes L"'K"" due to 8, and finally L'K”

due to 6,. Therefore, L'K" represents the effect of resultant angular error a
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(a = tan™?! % as shown in equation (7.41)). L'"K” approaches to LK (i.e. equation
y

(7.46)) when 6, and 6, are approximately equal in magnitudes, but opposite in
directions to cause least positional deviations as read by EP. This behaviour can be
observed for small error motions of 6, and 6,. Note that the profile D for EP of

Figure 7.11 and 7.12 exhibits the characteristics of case 1.

] 3D shape of wheel for 1.5°

L/ rotation path 9

Wheel -

LK represents KL plane of the

wheel rotation path \‘ : .
wheel is subject to L
for 6 as read by EP 6, and 8., rotations ¢
(no 6, or 8,,) x Yy A
* 4 before it becomes L I 1
ITKL - A 23

L'K’ represents actual
wheel rotation path for
6 as read by EP
(with 8, and 6,,)

i "K' “Effect 0f6
Effectof 6, on IJKL onI"J'K’ L

O (=1.5°)
v
Position deviati T = .
OSTon devia 1?11 C (= centre of wheel rotation)
observed along =
direction <

Figure 7.14 Examination of the wheel rotation path for 1.5° when maximum positional
deviation read by EP (note LK and L"K" are not shown in perpendicular to each other

for the clarity of the figure).

On the other hand, as shown in Figure 7.14 for case II, L'K" will be at
maximum angular distance from LK (i.e. equation (7.47)) when the effect of 6, is
minimum (i.e. 8, is comparatively much larger than 6,)). The characteristics of case
IT can be found in the profile A for EP in Figure 7.11 and 7.12. Also, note the
significant shape difference of the IJKL plane of Figure 7.14 as compared with the
plane of Figure 7.13.

E. After examining the behaviour of EP for minimum and maximum positional

deviations scenarios, let’s examine the condition at which the positional deviation

206



information from EP and FP should be same (i.e. complaint case). In such case,
Zorror OF €quation (7.39) is equal t0 z.,or ot » OF €quation (7.43). Therefore, from

equation (7.39) and (7.43), the following can be written:

L (cos Oy cos By,—-1)

sin(@ + a) = (7.48)
h /((sin 6y)2+ (sin 6 cos 6y, )2)
or 6 +a= sin”?! { (o5 B cos by—1) (7.49)

h /((sin 6y)%+ (sin O cos 6y, )2)

When, cos 6, =CO;, equation (7.49) becomes equation (7.46) for EP.

s0y

1 . - f .
However, cos 6, =——s possible if 6, and 6, are small in values and

y

approximately equal. In such case, the position deviation information from EP and
FP should be complaint (check the profiles D for EP and FP in Figure 7.10,7.11 and

7.12).

h /((sin 6y)2+ (sin 6 cos 6y, )2)

l

Now, when, | cos6,cosf, —1= equation

(7.49) becomes equation (7.47) for EP. However, (cos 6, cos 8, — 1) is negative,
and equation (7.49) represents 180° phase change with respect to the condition
shown in equation (7.47) for EP. In such case, the positional deviation information
from EP and FP will show non-compliance in phase due to the term
l(cos B, cos 6, — 1) of equation (7.45) or (7.49), and the magnitude of the
positional deviation information from FP will be determined by the equation (7.45).
The profiles of A for EP and FP in Figure 7.10, 7.11 and 7.12 show the characteristics
of such non-compliance behaviour, indicating comparatively much larger 6, with

respect to 6,,.
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Table 7.2 Slopes of the 6,, 8, and a profiles as shown in Figure 7.11, 7.12 and 7.15.

Profile type EP (mirror setting) FP (target setting) Note
0.() 6,(C) a() 6,() 6,() a()
A 1.14 -002 008 -0.89 0.02 0.09 lagp| > |agp|
B -221 -0.18 -0.02 872 0.72  -0.08 lagp| > |agpl
E 5.26 0.16 0.13 3.72 0.60 -0.01 lapp| < |agp|
C -080 -0.15 023 -165 0.32 0.46 lagp| > |agp]
D -1.81 -032 006 -124 -0.09 -0.04 lagp| < |agp|

()

* A(0to18°) * B(811099°) C(126 to 140.5°)
1.5 D(310t0 328.5°) e E(261 t0 277.5°)
s, iy
5
=05 -
g O.. ® ® . N o @
% 0o ® . # ’ s ) b4
= 0 15 345 6 75 8. ies 12 435 5 185 18 195
£-05 o .
< -1 g
L
-1.5
-2
Wheel rotation/°
(@)
2 e A(0t018°) * B(811t099°) C(126 to 140.5°)
15 +D(31010328.5°)  -e- E(261 t0277.5°) ,

—

placement/°
=)
N

o & <)

L J e
.lI) 0 e ¢ e [y © 8 - ®
C 015 3 45 \g \75 9195 12 135\B5f165 18 195
.§.-05 8 ® @
5
a '1 » @
-15 o o

'
139

Wheel rotation/®

(b)
Figure 7.15 Resultant angular error a for some selective locations of the wheel as

calculated from the 6, and 6, associated with EP (a) and FP (b).

F. Based on the observations of the above points (A to E), the behaviours of all the five

categories of complaint and non-complaint feedback information from EP and FP
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(Table 7.1) can be explained. For this purpose, the slopes of the 6, and 6,, profiles
for the five categories (Figure 7.11 and 7.12) are taken to calculate the profiles of
the resultant angular error a for both EP and FP. The results are shown in Table 7.2
and Figure 7.15. Note the changes in the magnitude and the directions of the slopes
for the FP profiles with respect to the EP profiles in Table 7.2, and also the shape
difference between any two a profiles for EP and FP in Figure 7.15. In the absence
of a horizontal offset | between EP and FP, the shapes of the a profiles are not
expected to change; only the o magnitudes will increase or decrease.

. The examination of the slopes of the 6., 8, and a profiles of five different categories
(A to E) presented in Table 7.2 suggests that the compliance between the position

feedback from EP and FP depends on two conditions:

1. The ratio between two error motions 8, and 8, (i.e. Z—x); and
y

2. The change of the resultant angular error a associated with FP with
respect to « of EP.
Considering these two conditions, profile A and profile D show ideal non-complaint

and ideal complaint cases, respectively (see Figure 7.7 and 7.10). This is based on

the observation that if Z—" has a large value, and the resultant angular error a for FP
y

has a higher value than that for EP, the non-compliant behaviour is expected. As

such, for profile A in Table 7.2, 6, related to EP (i.e.1.14°) is comparatively much

larger than 6, of the same EP (i.e. -0.02°), which makes Z—" equal to 57. The
y

interaction of 6, and 6,, with the offset | generates a resultant angular error « (i.e.
0.09°) for the FP, which is higher than that for the EP (i.e. 0.08°). On the other hand,

for profile D, 6, and 6, have relatively comparable values (-1.81° and -0.32°
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respectively) for EP, which makes Z—" equal to 6. In this case, the resultant angular
y

error a (i.e. 0.04°) for the FP is lower than that for the EP (i.e. 0.06°). The behaviours
of B, C and E are the combinations of the behaviours of profile A and D. For example,

although it is seen that |azp| > |agp| for profile C, the result is a complaint case with

some anomaly, since Z—x has lower value (i.e. 5). In contrast, for profile E, although
y

it can be seen that |agp| < |agp|, Z—" is higher (i.e. 33). Therefore, in this case, the z
y

positional deviation at EP shows some compliance with the z positional deviation at
FP, but eventually the two behaviours become non-complaint (Figure 7.7 and 7.10).

For profile B, with |agp| > |agp|, the result is a non-complaint case with significant

anomaly, since Z—x is higher (i.e. 12), but not as high as in the case for A. A closer
y

look at the slopes of the a profiles of Figure 7.15 also supports the above

observations.

. In the design of the in-process position measurement system (section 7.3.1), the EP

and FP were positioned aligned to avoid the Abbe errors. However, the reference

plane of the wheel changes throughout its rotation due to resultant angular error a
sin

(a = tan‘lﬁ )- The interaction of the error motions (6, and 6,) with the
y

structural offsets between EP and FP (horizontal offset [ and vertical offset h) gives

rise to a (1) cosine error in the form of (l cos 6, cos 8, — 1) and (2) a sine error in

h /((sin 6,)2+ (sin Oy cos 8, )°)
sin(0 + a)

cos 6@

the form of as shown in equation

(7.45). Depending upon the relative values of 6, and 6, these sine and cosine errors
cause the target position information from EP either comply or non-comply with the

actual target position. In other words, measuring the target position with respect to
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placement/®

Angular dis

EP may provide incorrect and non-representative feedback information about the
actual target position, representing uncertainty in determining target position for
generating compensations by the closed loop control.

Equations (7.39) and (7.43) suggest that if the resultant angular error a value can be
measured directly at both EP and FP, a will be same for both EP and FP. As can be
seen in Figure 7.15 and 7.16, the profiles of the resultant angular error « for both EP
and FP show similar behaviour. However, as indicated before, the differences in the
a values for EP and FP are due to the fact that the experimental z positional
deviations were used to calculate 8, and 6, values, from which a values were
determined. Since the z positional deviation at FP contains the sine and cosine errors
(see equation (7.45)), the calculated 6, and 6, (and hence the a) for FP will be

different from those for the EP.

25 *
o . 0
2
&
15 .
& 1 ]
*
1 = : : o on * u * = P -
€2 h o - . ¢ % u l:,
0.5 [amu® D:l . " * - —
R w o " 3 ‘) . u® & (] ¢ L]
Ll * &
0 &% 51 “oo 4 ot =8 +* : ot 'l:‘:“o = ¢ o of'®
(O o +H00 oll 150/ &7 200 250 +% 300 g 350
-0.5 7 Bas ":: ~ 6w e T ¢ —n ae *
“ © . s, o I Y o i om®
*
‘1 ™ ) .u " * 1] "
51 s . | . .
5 * . Resultant angular error for every 1.5° of the wheel
- rotation as calculated from EP
25 . Resultant angular error for every 1.5° of the wheel
¢ rotation as calculated from FP
-3

Rotation of target wheel/°

Figure 7.16 Comparison of the resultant angular errors a of the wheel between two

settings as calculated from the information in Figure 7.11 and 7.12.
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7.8  Improvement of the closed loop control design

The above discussion suggests that, if the angular errors of the wheel (a) with
respect to the reference position and orientation of the target are known for each
repetition (described in section 7.6.1.1), the angular motions (tip u and/or tilt v about x
and y axes, respectively) of the tripod of HAMS can be used to generate the angular
compensations for a. For this, direct measurement of the angles at or near the target is
required, which is possible with a measurement instrument, such as dual displacement
measurement interferometer for both distance and angle [121]. Alternatively, the z
positional deviation at EP measured by the plane mirror interferometer can be used in
the motion program (see Figure 7.6) to determine the new angular positions of the target,

instead of the “calculated z position” of the motion program as shown in Figure 7.6.

3
- e = positional deviation at EP e - positional deviation at FP

» * * Compensation for pos. dev. at EP ® Compensation for pos. dev. at FP

.
1.5 ™ . °
1 . . . o
= ] L ]
= 0.5 * . ¢ ®
= . [ -
2 0 s . * .
'g,. 05 1.5 3 4.5 6 7.5 9 10.5 12 l.?.ﬁ 15 16.5 18 195 21
g . .
[a) -1 . o
-15 2 P . ®
L] L ] L ]
-2 . ® e L]
2.5 . . -
o]
-3 ® ™ : .
35 : L] o .
-4

Rotation of target wheel/®

Figure 7.17 Performance of the improved scheme of the closed loop control using

angular compensation.

Various angular compensation methods were examined by carrying out the

experiments described in section 7.6.1.2 to improve the performance of the closed loop
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control. For angular compensation, a simple way to determine the resultant angular error
of the wheel (a) was to find an equivalent 8, angle with the following: position deviation
information at EP (mirror position setting) and the distance between the EP to the centre
of the wheel (see Figure 7.2 and 7.3a). The principle behind this strategy is due to the
dominant contribution of 6, in a (see Figures 7.11,7.12,7.15 and 7.16). Figure 7.17
shows the outcome of applying one such angular compensation scheme, in which the
tripod’s tip angular motion (u) was used to generate the angular compensation for the
equivalent 6, values. Since the 6,, which accumulates over time with the wheel rotation,
IS now compensated, the positional deviation profile of the new scheme (Figure 7.17)
does not show any upward or downward trend as compared with the positional deviation
profiles related to the position compensation scheme (Figure 7.8 or 7.9). However, the
use of equivalent 8, leaves some errors in the z positional deviation profiles. The zigzag
pattern of the position deviation profile in Figure 7.17 shows the effects of the
uncompensated 6,, values. Also, a point to note is that the accuracy of the target position
after angular compensation has not improved appreciably as compared with the target
positional accuracy achieved by the position compensation scheme (see Figure 7.8 or
7.9). This is because, as is described in Chapter 6 for the calibration of HAMS |, the tip
or tilt motion of the tripod may cause significant positional deviation of the target if the
compensation for these positional deviations are not included in the controller as part of
a kinematic calibration process (section 6.5.1.2.1).

To overcome the limitation of the above angular compensation scheme and
improve the target positional accuracy, another angular compensation scheme is
proposed. This scheme is based on the working principle of the compensation technique
by translating the coordinate system from the centroid of tripod to the target point, as

developed during the compensation process for HAMS (see section 6.7.3). In this
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scheme, instead of using the radius of the wheel y, the distance between the centroid of
the tripod and the EP (mirror position setting) is used to calculate an equivalent 8,., such
that the reference coordinate position of EP always remain the same for all the tip
motions (u) of the tripod required to generate the 6, values for the angular
compensations. This scheme, in fact, improves the positional accuracy of the target

(Figure 7.18), although it needs further development and an area for future research.
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Figure 7.18 Performance of the improved closed loop control using different approach

to angular compensation.

The angular compensation technique for the closed loop control can provide the
following benefits over the positional compensation technique, when considered for
real-time target alignment for the high-repetition rate laser operations.

A. In angular compensation, true target alignment (both position and orientation of the
target), avoiding Abbe errors, is possible since reference position and orientation of

the target are maintained throughout the high-repetition rate operation.
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B. The feedback processing time of the controller for each repetition cycle will be faster
for the angular compensation schemes than for the position compensation scheme.
This is because the accumulation of the positional deviations of the target with the

wheel rotation is small for the angular compensation technique.

7.9  Conclusion

For the target positioning system for high-power high-repetition rate laser
operation, real-time target position control is required for the accurate repositioning of
the target (especially, in the z direction along the laser axis) at the reference target
position. A closed loop control, commonly used for actuator control, can fulfil this
requirement. However, getting accurate and reliable feedback of the target position for
the controller poses a significant challenge. One of the main reasons for this is due to
the inclusion of Abbe errors to the target position measurement, since the functional
point (target) and the effective point (where the target position is actually measured) are
often not same. This chapter presents a closed loop control method for a high-repetition
rate target positioning system (a target interface wheel controlled by the motion stages
of a hybrid mechanism) based on a target position measurement system designed to
avoid Abbe errors. A plane mirror interferometer is used as the sensor, and the target
position feedback is used by the controller of the motions stages to generate the
compensations for the positional deviation of the target in the z direction. The plane
mirror (effective point) is placed at a location on the wheel as close to the target
(functional point) as practical, with the smallest possible offsets between the two points.
The experimental results of the closed loop control method show that, while the control
system is capable of repositioning the targets within + 1 um of the reference target
position during the wheel rotation, this is not the case for all the locations of the targets

whose positions are to be determined by the corresponding effective points of the plane
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mirror. The non-linear position data at different locations of the wheel causes magnitude
and phase differences (direction) between the position feedback (i.e. z positional
deviation) from the target and the effective point at various locations of the target,
resulting in inaccurate position compensations generated by the controller.

To understand the cause of the errors in the position feedback of the control
system, a model was developed to find the relationship between the target position
feedback (i.e. z positional deviation) and the errors affecting the feedback accuracy.
Fitting the experimental data of the z positional deviations (in open-loop control) into
the model’s equations suggests that two conditions are important to determine the
magnitude and phase differences between the feedback from the target and the effective
point: (1) the relative magnitudes of the wheel’s rotational error motions, which
determine the resultant angular error of the wheel, associated with the effective point
and (2) the change of the resultant angular error of the target with respect to that of the
effective point. To overcome the closed loop feedback problem, a solution is proposed
where the controller generates the angular compensations based on the resultant angular
errors calculated from the z positional deviation at the effective point (mirror). With this
approach, a positional accuracy of £ 1 um is achieved, while it is possible to maintain
the target’s reference plane throughout the wheel rotation and, hence, avoid the Abbe

error for the target position measurement.
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Chapter 8 - Conclusions and future work

8.1 Overview

In the research presented in this thesis, the capability development of the target
alignment (position and orientation) process for high-repetition rate laser operations has
been outlined by demonstrating a system of controlling the position and orientation of
targets in real-time. The research objectives, as reflected in the research questions stated
in Chapter 1, were

e To understand the requirements for fulfilling the positional and orientation
accuracies of the targets for the real-time target alignment system.

e To evaluate the capabilities of the motion control system (i.e. HAMS) of the real-
time target alignment system to understand the effects of the errors on the positional
and orientation deviations of the targets.

e To develop a practical method of improving the performance of the hybrid
mechanism of HAMS.

e To identify a method to determine the positional and orientation deviations of the
targets due to the errors arising from high-repetition rate operations.

e To develop a method to effectively compensate for the positional and orientation
deviations of the targets during high-repetition rate operations.

Through an extensive literature survey and a range of empirical research methods,
such as first-hand experience of high-power laser operations at the central laser facility
and analysis of technical documents (e.g. manuals, design data), the requirements for
the positional and orientation accuracies of the targets for high-repetition rate laser
operations were captured. It was identified that fundamentally, three elements — an in-
process sensor, a control system and a mechanism with its actuators — were required for

an effective and real-time position and orientation control system for targets for high-
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repetition rate laser operations. To evaluate the performance of the hybrid mechanism
of HAMS, a kinematic analysis of the mechanism was carried out, followed by the
development of an error model of HAMS. To improve the positional and orientation
accuracies of the hybrid mechanism of HAMS, a practical and cost-effective procedure
of the kinematic calibration was developed by using a minimum set of error data as
determined by the error model and measuring the linear and angular error motions of
HAMS with the help of a retro-reflector interferometer.

To estimate the positional deviations of targets that may arise during a high-
repetition rate process, an analytical model was developed, followed by the
characterisation of the high-repetition rate process through the displacement
measurements using a plane mirror interferometer. Then, real-time target alignment
system was designed, tested and implemented based on a closed loop control system in
which interferometer was used as the in-process measurement system for targets’
positions.

The research presented in this thesis is the only known comprehensive study for
the development of a real-time target alignment system for the applications of high-
power high-repetition rate laser operations. This research demonstrates a model of the
real-time target alignment system by outlining the requirements, tasks, methods and
technologies for the target alignment for high-repetition rate laser operations. As is seen
in the thesis, the development of an effective design strategy for a real-time target
alignment system for an industrial application represents an in-process metrology
system - a highly active research area of today’s manufacturing. In this respect, the
principles, methods and findings concerning the development of the real-time target
alignment described in this thesis have some generic features that can be applicable to

broader precision applications requiring high positional accuracies. For example,

219



e The research presents a closed loop control system based on an in-process target
position measurement system designed to avoid Abbe errors,

e An analytical error model is developed and demonstrated to determine the
uncertainty of the target position measurement due to non-collocation of the
effective and functional points.

Furthermore, the hybrid mechanism used in this research for the real-time target
alignment system for high-repetition rate laser operations represents a new generation
of kinematic mechanisms which have recently received much industrial attention. Still,
comprehensive studies of these new types of mechanisms in terms of their designs,
kinematics, dynamics and performance improvements are lacking. Through the
capability development of HAMS, the knowledge and understanding achieved from the
current research will contribute to the areas of parallel and hybrid mechanisms in the
following ways:

o Ananalytical approach is presented to simplify the error mapping of the complex
kinematic structure of a hybrid mechanism,

e An error model is developed and demonstrated for the hybrid mechanism based
on only few error parameters as opposed to many parameters generally used to
describe a parallel or hybrid mechanism kinematically,

e A cost- and time-effective calibration procedure is proposed and demonstrated
for the positional and orientational accuracy improvement of the hybrid

mechanism.
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8.2 Conclusions

8.2.1 Requirements for the target alignment for high-repetition rate laser
operation

The research described in this thesis shows that although the primary function of
HAMS is to provide the necessary motions (translational and rotational) to the targets
for an alignment process -irrespective of high-repetition rate or current semi-automated
laser operation, HAMS’ motions must compensate for the errors that cause positional
and orientation deviation of the targets with respect to the reference position set for the
high-repetition rate operation. This is because, as shown in Figure 8.1, errors generate
at different processes of the high-repetition rate operation and flow through the
processes to the process of initial target alignment where the target sectors are mounted
on the target interface wheel for the laser operation. Some static errors, e.g.
misalignment of target sectors with the target wheel due to fixturing problem and
misalignment of the target wheel with respect to laser beam axis, can be rectified during
the initial alignment process, which is actually required for both high-repetition or
current semi-automated laser operation. However, during a high-repetition rate
operation (i.e. when target wheel rotates to deliver the fresh targets to the laser focus in
an automated way), many of these static errors become kinematic errors with the motions
of HAMS (e.g. tip, tilt and rotation of target wheel), causing positional and orientation
deviations at the target. The mechanism of the positional and orientation deviations of
target stemmed from the kinematic errors of HAMS and target wheel have been

discussed in the thesis (Chapter 5, 6 and 7).
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Figure 8.1 Conceptual flow-diagram of the target alignment process and other processes

for the high-repetition rate laser operations.

The outcomes of the research, as shown in Figure 8.1, suggest that to qualify for
high-repetition rate operation, a target alignment process must have the characteristics
of a dynamic or real-time target alignment process to reduce the effects of the kinematic
errors, which have not been compensated during calibration or initial alignment process,
and any other non-repeatable errors arising from sources, e.g. vibrations, temperature
change. Thus, in a high-repetition rate operation, while the initial alignment process will
find the reference position and orientation of the target, the real-time alignment,
requiring three components (a closed loop control system, a sensor for the feedback to
the closed loop control and HAMS for the motion control), will maintain the reference

position and alignment throughout the high-repetition rate operation.
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It has been shown in the thesis that HAMS, like any other precision mechanism,
has its own sources of error, predominantly kinematic errors arising from geometric
errors (e.g. joint errors, link errors, assembly errors). Since HAMS is used as a high-
accuracy motion control system for the alignment process (in fact, for both initial and
real-time alignment processes), HAMS performance, in terms of positional accuracy,
needs to be known and improved, if required. For this reason, in this research, the
performance improvement of HAMS was performed at first through the development of
an error model (Chapter 5) and a kinematic calibration and compensation procedure
(Chapter 6). The HAMS with an improved performance and the knowledge and
understanding achieved through the performance improvement process were used for
the development of a real-time target alignment control for the high-repetition rate laser

operation, as outlined in Chapter 7.

8.2.2 Error model for HAMS
Since the performance of HAMS in terms of positional accuracy is affected by
the kinematic errors (errors arising from dynamic influences, e.g. vibration, are not
considered in this study), which are the main sources of error, an error model serves the
following purposes for this research:
1. Identify the error sources of HAMS and show the mechanism of the generation
of the positional error in HAMS,
2. Find the positional deviation equations for target to include the effects of the
kinematic errors of HAM.
Strategies applied to this research for developing an error model for HAMS are such that
the error model plays a key role for the performance improvement of HAMS through

the calibration and compensation procedure (Chapter 6).
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An error model for a complex spatial kinematic structure with closed loops, e.g.
the RPS mechanism of HAMS, can become complicated to develop, mainly due to the
presence of many error sources, and, hence, the requirement for many error parameters
to define the mechanism kinematically. From the error analysis of the RPS (tripod)
mechanism of HAMS, it is found that at least 36 (12 x 3) individual error parameters
may be required to completely define the moving platform of the tripod with respect to
the fixed platform of the tripod. However, it has been shown that with careful analysis
of the constraint equations associated with the legs and the complete RPS mechanism,
the error parameters can be reduced to only three parameters, which can kinematically
represent the effects of the errors stemmed from the various sources of the mechanism
(Chapter 5).

Based on the results of the error analysis of HAMS, an effective, but simple, error
model was developed for HAMS following the two strategies below:

1. Key kinematic points of HAMS, named as the “reaction points”, are established
and the error motions (named as “generalised error parameters™) associated with
the rotational motions (tip or tilt) of HAMS are considered with reference to the
reaction points.

2. With the introduction of generalised error parameters and reaction points,
individual mechanisms of HAMS are considered as serially connected - like the

case of a serial mechanism.

8.2.3 Performance improvement of HAMS
Developing a calibration method for a parallel or hybrid mechanism is a complex
problem mainly due to 1. the number of error parameters required for an error model to
define the mechanism kinematically, 2. requirements of many sets of experiment to

represent the poses of a spatial mechanism with closed loops, 3. requirements of a
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computationally demanding method to identify the large number of error parameters,
and 4. difficulty to find an effective method to implement the calibration results in the
mechanism’s control software.

A simple and time- and cost-effective four-step calibration method was developed
in this research, so that HAMS users can apply the calibration in a regular interval to
evaluate the performance of HAMS and apply software-based compensations for the
positional deviations of target. The strategies applied to the calibration method were
aimed to take the advantages of: 1. the unique feature of a hybrid mechanism (i.e.
positional deviations arising from the tip or tilt motion of HAMS can be compensated
by the independently controlled xz stages), 2. the use of an error model with only three
error parameters, 3. experimental determination of the error parameters, 4. partial-pose
measurements of HAMS to determine the positional deviations of target, and 4. the use
of error model to predict the positional deviations of target and generate software-based
compensations for the positional deviations of target.

Unlike a calibration method used for a serial or a parallel mechanism, both a
forward and an inverse kinematics experiments were used in the calibration process of
HAMS, and the comparison of the two experiments suggest that:

1. The model’s prediction of the positional deviation of the target is valid,
2. Controller’s automatic generation of compensation for position deviations are
incorrect or inadequate,
3. For small angles, tip or tilt rotation of HAMS has a linear relationship with the
associated error motions of the tripod or the rotating platform of HAMS.
Based on the findings, the stated linear relationship was used in the motion control
software to actuate the linear xz stages to generate compensatory motion for the

positional deviations of the target during the tip rotation of HAMS.
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The performance evaluation of HAMS after the calibration and compensation
process shows that the positional accuracies of HAMS have improved significantly for
the tip rotations of the tripod of HAMS — 97% accuracy improvement in the z direction
and 85% improvement in the x direction. Not only that, the calibration process clearly
demonstrates the effect of the following key error sources on the positional deviations
of the target during the tip and tilt rotations of the target:

1. The tip or tilt motion,

2. The structural offsets — the Abbe offsets — between the functional point (i.e. the
centroids of the moving platform of tripod and the rotating platform, where the
centroids act as the centre of rotations of HAMS for the tip and tilt motions) and
the effective point (i.e. target),

3. Translational motions at the centroids of the moving and rotating platforms,

4. The rotational error motions at the centroids of the moving and rotating
platforms.

Of the four types of error source, the interactions between the tip or tilt motion
with the Abbe offsets of HAMS contribute the most to the positional deviations at target.
The second largest contributing source can be the rotational error motion at the centroid,
since they also can interact with the Abbe offsets during the tip or tilt motion and cause
positional deviation at the target.

The results of the calibration process also show the importance of carrying out
kinematic calibration and compensation process for HAMS on a regular basis. One such
important factor is that the structural offsets of HAMS can change due to operating
condition, for example, change of load condition of HAMS, change of temperature, and

a calibration process is required to keep track of the change and take necessary actions.
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8.2.4 Real-time target alignment

A real-time position control solution was developed for the targets to maintain
the reference position and orientation throughout the high-repetition rate laser operations
(Chapter 7). The design of the control system was based on an Abbe-compliant, in-
process position measurement system of targets, employing a plane mirror
interferometer and HAMS as the motion control system. An error model was developed
to characterise the position feedback information of the target in a high-repetition rate
process to determine the effects of the non-collocation of the interferometer’s
measurement point (effective point) and target (functional point) on the control system’s
performance - a challenge for the real-time position control of targets. The behaviour of
the control system was investigated with the error model and experimental data.

The experimental results of the closed loop control method show that, while the
control system is capable of repositioning the targets within £ 1 um of the reference
target position during the wheel rotation, this is not the case for all the locations of the
targets whose positions are to be determined by the corresponding effective points of the
plane mirror. The non-linear position data at different locations of the wheel causes
magnitude and phase differences (direction) between the position feedback (i.e. z
positional deviation) from the target and the effective point at various locations of the
target, resulting in inaccurate position compensations generated by the controller. The
closed loop experiment also shows that target’s reference plane (orientation) will not be
maintained with the position compensations generated by the controller.

Fitting the experimental data of the z positional deviations (in open-loop control)
into the model’s equations suggests that two conditions are important to determine the
magnitude and phase differences between the feedback from the target and the effective

point: (1) the relative magnitudes of the wheel’s rotational error motions, which
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determine the resultant angular error of the wheel, associated with the effective point
and (2) the change of the resultant angular error of the target with respect to that of the
effective point. To overcome the closed loop feedback problem, a solution is proposed
where the controller generates the angular compensations based on the resultant angular
errors calculated from the z positional deviation at the effective point (mirror). With this
approach, a positional accuracy of £ 1 um can be achieved, while it is possible to
maintain the target’s reference plane throughout the wheel rotation and, hence, avoid the

Abbe error for the target position measurement.

8.3  Future work

The scope of the work presented in this thesis identifies a number of areas for
future work, which can be broadly categorised as two types: research areas involving
the high-repetition rate laser operation and research areas involving the enabling
technologies used in the real-time target alignment system. While the first type of
research areas are related to the requirements for the further development of the high-
repetition rate laser operation, the second type of research areas are more specific to the
methods, tools, techniques and technologies related to the development of a real-time

target alignment system.

8.3.1 High-repetition rate laser operation
The research presented in this thesis demonstrates a model of the real-time target
alignment system by outlining the requirements, tasks, methods and technologies for the
target alignment for high-repetition rate laser operations, as shown in Figure 8.1.
Although technologies like HAMS, interferometer (position feedback sensor) and a
closed loop control using HAMS’ controller (Delta-Tau’s Turbo PMAC) have been used

in this research, the infrastructure shown in Figure 8.1 is believed to be generic for
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developing a target alignment solution for the high-repetition rate laser operation of a
high-power laser facility. The research also demonstrates the importance of a real-time
target alignment process by highlighting the fact that the errors generated in the upstream
process of a high-repetition rate process (e.g. target manufacture, target mount, target
delivery) and the non-repeatable errors arising from sources, e.g. vibration, temperature
variation, all affect the final process (i.e. target alignment) of the high-repetition rate
operation.

The experimental works to demonstrate the model of the real-time target
alignment presented in this research were carried out in a controlled metrology
laboratory environment at the University of Nottingham. However, in a real-world high-
repetition rate laser operation, several influencing factors can affect the performance of
the elements of the real-time alignment control system (i.e. the sensor, the HAMS and
the closed loop control), eventually affecting the accuracy of the target. The effect of
such dynamic factors, e.g. vibration from any other motors of the laser chamber, change
in temperature of the laser chamber, shock from EMP during laser-target interaction,
have not been considered for the error model or the experiments carried out in laboratory
condition. Therefore, the model of the real-time target alignment needs to be verified
using high-power laser at the CLF.

The experiments of the real-time target alignment were carried out at low speed
(0.5 Hz). Some promising results were achieved running the system at higher speed
(1 Hz). However, further research is required to confirm if the required + 4 um accuracy
in the z direction can be consistently maintained. Furthermore, the research mostly
focused on the accuracy improvement in the z direction along the laser axis, which is

considered as the most sensitive direction. However, accuracy of the target position in
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the x and y directions are also important to make sure the laser beam does not miss the
target during laser-target interaction (tolerance in the x and z directions is £ 10 um).

As has been shown in Chapter 6 while describing the calibration results that the
built-in structure added to the base RPS mechanism of HAMS is a considerable source
of error. The offsets between the target and the centroids of the moving and rotating
platform generate a significant amount of positional deviations at the target if
compensations are not applied. This design of HAMS with a large Abbe offsets in the y
and z directions is not actually a good design for a precision machine. Design change of
HAMS was not the focus of this research; however, the research clearly shows that a
careful re-design of HAMS will remove a large source of error to reduce the positional

deviation of the target.

8.3.2 Error model and the calibration process for parallel and hybrid
mechanisms

The ideas of “generalised error parameters” and “reaction points” stemmed from

the error analysis have been used in the error model of HAMS to simplify the
development of an error model for a complex spatial kinematic mechanism with closed
loops (i.e. RPS mechanism of HAMS). In the error analysis of the RPS mechanism,
instead of the individual error sources, the followings have been considered to find the
reaction points, which are kinematically equivalent and representative to the error
sources of the mechanism: 1. the constraint equations of the elements (e.g. joint, link)
and the complete mechanism and 2. the possible effects (in terms of translational or
rotational motions) of the interaction of the errors with the elements of the mechanism
(see section 5.3.1). Since the calibration results validate the prediction of the model with
its kinematically simplified form, it is reasonable to believe that this method of

simplifying the error model may work for other mechanisms that have parallel kinematic
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structure, for example 4-DOF four RPUR chains, 5-DOF three PRRRR chains (see
section 3.1.2.1). As such, the applicability of the ideas of generalised error parameters
and the reaction points for the error analysis of other parallel and hybrid mechanisms
can be an interesting area for potential future research.

The kinematic calibration, as described in Chapter 6 as a performance
improvement technique for the parallel mechanism of HAMS, was developed based on
partial-pose measurements, representing limited range of tip motions of the tripod. For
a more robust calibration procedure, measurement scheme covering a wider range of tip
motions is required. Calibration is also required for the tilt motion of the rotating
platform of HAMS. Furthermore, the strategies used in this research to develop a
practical and cost-effective kinematic calibration and compensation method for the
hybrid mechanism of HAMS can be extended to other parallel and hybrid mechanisms

to verify the applicability of the strategies.

8.3.3 Real-time alignment control for target
Although the development of an effective closed loop control solution discussed
in this thesis is for real-time target alignment for high-repetition rate laser operation,
some findings appear to be generally valid for wider precision applications, especially
for design considerations of a high-accuracy positioning or measurement system. For

example,

1. To predict the position measurement uncertainty of the end-effector of a
positioning system, e.g. a motion stage, which may have been designed to avoid
the Abbe errors but is subject to a periodic motion, e.g. sinusoidal straightness
error of guideways, and its associated rotational error motions (6, and 6,). A

high-accuracy positioning system requiring real-time position compensation for
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the end-effector may become ineffective due to the stated uncertainty of the
position measurement of the end-effector.

2. To predict the positional deviation of the end-effector of a high-repetition rate
positioning system if the error motions and the structural parameters (see the
model equations (7.39), (7.43), (7.45) and so on) are known.

3. Based on the positional deviation equations of the model, to construct a position
compensation table which can be included in the controller of the positioning
system to carry out pre-calibrated error compensation for the end-effector.

4. To develop a real-time position control of the end-effector based on angular
compensation technique to avoid Abbe error and maintain the reference position

and orientation of the end-effector of a positioning system.

The future work in the area of developing a closed loop system for real-time target
alignment involves further improvement of the angular compensation techniques to
increase the target position accuracy. The behaviour of the closed loop system can also
be examined at higher repetition rate operations (>0.5 Hz). Case-studies will need to be
carried out to evaluate the applicability of the following research findings for such
precision applications that require high positional accuracy of target or end-effector: 1.
Abbe complaint design principles for the real-time end-effector control system, 2. the
error model to characterise a system that is subject to a periodic motion and its associated
error motions and 3. the proposed two conditions that determine the uncertainty in target
position measurement due to non-collocation of the effective point and the functional

point.
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Appendix A

An example of uncertainty budget for distance measurement by a laser

interferometer
Quantity Estimation (measured) Uncertainty Sensitivity Cont:‘iut:mn t? standard
uncertainty in Py /um
X; x; u; c = 9Fz0 = C;U;
Yoax;
L nominal 40 mm 0 pnm 1 0.000
Lag 40.000287 mm 0.085 pm 1 0.085
T, 20.5 °C 0.2 °C 0.00046 0.092
o 0.0000115 K! 0.0000007 K! 20.0001435 0.014
T, 21 °C 1 °C 0.0000372 0.037
F, 1020 hPa 2 hPa 0.0000216 0.043
H 50 %Rh 10 %Rh 0.0000036 0.036
Foo um #(L )= (w;-¢;)° 0.143
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Appendix B

Properties of the actuators used in the motion stages of HAMS

AXis name

Actuator
type

Make

Travel

Resolution

Repeatability

Accuracy

X
(horizontal)

Linear
Servo
motors

Alio
industries

100
mm

5m$m

+100 nm

+2um/25
mm

y
(vertical)

Linear
Servo
motors in
the
prismatic
joints

Alio
industries

24 mm

5nmm

+100 nm

+21m/25
mm

z
(horizontal)

Linear
servo
motors

Alio
industries

100
mm

5m$m

+100 nm

+2um/25
mm

u

Linear
Servo
motors in
the
prismatic
joints

Alio
industries

+4.4°

0.02 arc-
sec

+0.05 arc-sec

+20 arc-
sec

Mechanical
bearing
rotary
stage with
Servo
motors

Alio
industries

+4.4°

0.02 arc-
sec

+0.05 arc-sec

+20 arc-
sec

Mechanical
bearing
rotary
stage with
Servo
motors

Alio
industries

360°

0.04 arc-
Sec

+0.05 arc-sec

+20 arc-
Sec
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Appendix C

Inverse kinematics of HAMS extracted from the HAMS control software

&1 Open INVERSE Clear

IF(M5182=0)

Q207=(Q201+Q204)

Q208=(Q202+Q205)

Q209=(Q203+Q206)

Q1051=(Q1031+Q1021)

Q1052=(Q1032+Q1022)

Q1053=(Q1031-Q1021)

Q1054=(Q1032-Q1022)

Q1055=(COS(Q2))

Q1056=(COS(Q3))

Q1057=(SIN(Q2))

Q1058=(SIN(Q3))
Q1059=(((-1*Q1057*Q1058*Q1054)+((-1/(SQRT(3)))*Q1056*Q1052)+(-
1*Q1055*Q1053)+((2/(SQRT(3)))*Q1056*Q1012))/(((-
2/(SQRT(3)))*Q1056*Q1011)+((1/(SQRT(3)))*Q1056*Q1051)+(Q1057*Q1058*Q1053)+(-1*Q1055*Q1054)))
Q1091=(ATAN(Q1059))
Q1061=((((COS(Q2))*(COS(Q1091)))+(((SIN(Q2))*(SIN(Q3))*(SIN(Q1091))))))
Q1062=(((-1*(COS(Q2))*(SIN(Q1091)))+(((SIN(Q2))*(SIN(Q3))*(COS(Q1091))))))
Q1063=((SIN(Q2))*(COS(Q3)))

Q1071=((COS(Q3))*(SIN(Q1091)))

Q1072=((COS(Q3))*(COS(Q1091)))

Q1073=(-1*(SIN(Q3)))
Q1081=(((-1*(SIN(Q2))*(COS(Q1091)))+(((COS(Q2))*(SIN(Q3))*(SIN(Q1091))))))
Q1082=((((SIN(Q2))*(SIN(Q1091)))+(((COS(Q2))*(SIN(Q3))*(COS(Q1091))))))
Q1083=((COS(Q2))*(COS(Q3)))
Q1098=((-1*Q1071*Q1011)+(-1*Q1072*Q1012)+(-1*Q1073*Q1013))

Q1097=(((L/(SQRT(3)))*((Q1098)+(Q1071*Q1021)+(Q1072*Q1022)+(Q1073*Q1023)))-
((Q1061*Q1021)+(Q1062*Q1022)+(Q1063*Q1023)))

Q1096=(((-1/(SQRT(3)))*((Q1098)+(Q1071*Q1031)+(Q1072*Q1032)+(Q1073*Q1033)))-
((Q1061*Q1031)+(Q1062*Q1032)+(Q1063*Q1033)))

Q1311=((((COS(Q2))*(COS(QL))+(((SIN(Q2))*(SIN(Q3))*(SIN(QL)))))
Q1312=(((-1*(COS(Q2))*(SIN(QL))+(((SIN(Q2))*(SIN(Q3))*(COS(QL))))
Q1313=((SIN(Q2))*(COS(Q3)))

Q1321=((COS(Q3))*(SIN(QL)))

Q1322=((COS(Q3))*(COS(Q1))

Q1323=(-1*(SIN(Q3)))
Q1331=(((-1*(SIN(Q2))*(COS(QU))+(((COS(Q2))*(SIN(Q3))*(SIN(Q1)))))
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Q1332=((((SIN(Q2))*(SIN(Q1)))+(((COS(Q2))*(SIN(Q3))*(COS(QL)))))
Q1333=((COS(Q2))*(COS(Q3)))
Q1401=((Q207)-((Q207*Q1311)+(Q208*Q1312)+(Q209*Q1313)))
Q1402=((Q208)-((Q207*Q1321)+(Q208*Q1322)+(Q209*Q1323)))
Q1403=((Q209)-((Q207*Q1331)+(Q208*Q1332)+(Q209*Q1333)))
Q1511=((Q1097)+(Q1061*Q1011)+(Q1062*Q1012)+(Q1063*Q1013)-(Q1111))
Q1512=((Q1098)+(Q1071*Q1011)+(Q1072*Q1012)+(Q1073*Q1013)-(Q1112))
Q1513=((Q9)+(Q392)+(Q1081*Q1011)+(Q1082*Q1012)+(Q1083*Q1013)-(Q1113)+(Q1403))
Q1521=((Q1097)+(Q1061*Q1021)+(Q1062*Q1022)+(Q1063*Q1023)-(Q1121))
Q1522=((Q1098)+(Q1071*Q1021)+(Q1072*Q1022)+(Q1073*Q1023)-(Q1122))
Q1523=((Q9)+(Q392)+(Q1081*Q1021)+(Q1082*Q1022)+(Q1083*Q1023)-(Q1123)+(Q1403))
Q1531=((Q1097)+(Q1061*Q1031)+(Q1062*Q1032)+(Q1063*Q1033)-(Q1131))
Q1532=((Q1098)+(Q1071*Q1031)+(Q1072*Q1032)+(Q1073*Q1033)-(Q1132))
Q1533=((Q9)+(Q392)+(Q1081*Q1031)+(Q1082*Q1032)+(Q1083*Q1033)-(Q1133)+(Q1403))
Q1601=(SQRT((Q1511*Q1511)+(Q1512*Q1512)+(Q1513*Q1513)))
Q1602=(SQRT((Q1521*Q1521)+(Q1522*Q1522)+(Q1523*Q1523)))
Q1603=(SQRT((Q1531*Q1531)+(Q1532*Q1532)+(Q1533*Q1533)))
IF(Q6012<0.1ANDQ6022<0.1ANDQ6032<0.1ANDQ6092<0.1)
P1=((Q1601-Q394)*Q211)

P2=((Q1602-Q394)*Q212)

P3=((Q1603-Q394)*Q213)

P4=((Q7+Q1401-Q1097)*Q214)

P5=((Q8+Q1402-Q1098)*Q215)

P6=((Q1-Q1091)*Q216)

P7=(Q4*2912.71111)

ELSE

M5182=1

Q41=Q1

Q42=Q2

Q43=Q3

Q47=Q7

Q48=Q8

Q49=Q9

Q51=Q6011

Q52=Q6021

Q53=Q6031

Q59=Q6091

Q1=0

Q2=0

Q3=0

Q7=0
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Q8=0
Q9=0
ENDI
ELSE
M5182=1
ENDI

CLOSE
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Appendix D

Example of a motion programme for generating compensation for the positional

deviation of target in the z direction for a given tip rotation of HAMS

CLOSE
END GATHER

DELETE GATHER

OPEN PROG 118 CLEAR
P990=0

F(Q222)

TS(Q223)

TA(Q224)

FRAX

INC

LINEAR

B(P1002)Z(P1009) X(P1107); simultaneous motion of tip (u) and compensatory
motion in z and x

Q222=5

Q223=500

Q224=1000;

P1002=0.3; P1002 is for tip (u) input

P1009=2000*P1002; linear relation between tip and the compensatory motion
P1107=30*P1002; linear relation between tip and the compensatory motion

CLOSE;
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Appendix E

Ki, K5, K3, Ly, Ly, Ly, My, My, M3, Ny, N, and N3,as shown below, represent the elements of the matrix in

equation (7.12) of section 7.4:

K;=cos 6 cos(8,, — 0,,) + sin@sin 0, cos (6, + O,,), (7.13)
K,= cos 8 sin0,, sin (0, + 0,,,) + sin@ (cos 8, cosb, — sinf, sinb, cos(8, —0,)), (7.14)
K3=sin 6 (cos 6, sinf, + sin 6, cos b, cos(8, —6,,)) — cosb cos b, sin (6, —6,), (7.15)
Ly=cos 8 sin 8, sin (6, + 6,,,) — sin @ cos(6,, — 6,,), (7.16)
L,=cos 8 ( cos 6,, cos B, — sin b, sin 6, cos(f, — 6,,)) —sin@ sin6, sin (6, +6,,), (7.17)
L3=sin @ cos 0, sin (0, + 6,,)+ cos 8( cos 6, sin 6,+ sin 6, cos b, cos(b,, — 6,,)), (7.18)
M;= cos 0, sin (6, + 0,,), (7.19)
M,= - cos 0, sin0, - cos 0, sin, cos (8, —0,,), (7.20)
Mj3= cos 6, cos 0, cos (0, — O,)- sin O, sin 6, (7.21)

N;=s(cos 8 sin (6, — 0,) + sin B sin 6, sin (0, + 0,,) — s cos & — cos 6 sin b, sin (6, + 0,,)) —
(h+y)sin6 + 1 cos b, sin (6, +0,,), (7.22)
No=—(h + y)(sin@ sin 8, sin (6, + 0,,) — cos 0 ( cos 0, cos B, — sin b, sin b, cos(6,, — 6,)) +

s ( cos 0 sin 0, sin (6, + 0,) + sin 8 ( cos 8, cos B, — sinb, sin b, cos(0, — Oy,)) —

l( cos 6, sin @, + cos 6, sinb, cos(8, — Hm)), (7.23)
N3=(h + y)(sin 0 cos 8,, sin (6,, + 0,,) + cos 8 (cos O, sin B, + sin b, cos b, cos(0, — 6,))

—5s(cos 8 cos 0, sin (0, + 6,,,) — sin B ( cos by sinf, + sinb, cos b, cos(8, —6,,)) —

I( sin@,sin6, — cosB, cosB, cos(6, —0p)) — 1+ z. (7.24)
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Appendix F

Ay, A,, As, By, B, B3, Cy, Cy, C3, Dyand D,, as shown below, represent the elements of the matrix in

equation (7.25) of section 7.4:

Aq=cos 8 cos(0, — 0,,,) + sin 6 sin 0, cos (6, + 0,,) — cos O, (7.26)
Ay=sin 8 + cos 8 sin 0,, sin (6, + 6,,) + sin @ (cos 8, cos O, — sin b, sinb, cos(8, —0,,)), (7.27)
As=sin 6 (cos 6, sin6, + sin6, cos b, cos(b,, —6,,)) — cos 8 cos b, sin (6, — 6,,), (7.28)
By=cos 6 sin 6, sin (6, + 6,,,) — sin 6 cos(6,, — 6,,) —sin @, (7.29)
B,=cos 6 ( cos 0, cos 8, — sin6, sin 6, cos(0, —0,,)) — sinO sin b, sin (6, +6,,) —cosH, (7.30)
B3=sin 6 cos 8, sin (6, + 0,,)+ cos 8( cos 6, sin O,+ sin 6, cos 6, cos(6,, — 6,,)), (7.31)
C;1= cos O, sin (6, + 0y,), (7.32)
C,=-cos 0, sinf, - cos 0, sin b, cos (6, —0,,), (7.33)
C3= cos 8, cos 0,, cos (0, — Op,)- sin O, sin 6,1, (7.34)

D;=s(cos 6 sin (0, — 6p,) + sin@sin b, sin (6, +60,) —scosf — (h+y) (sin6 cos (6, —Op) —
cos 6 sin 0, sin (6, +60,)) — (h+y)sin8 + [ cos b, sin (6, + 6,,), (7.35)
D,=ssin@ — (h+y)cos6 — (h + y)(sin6 sinb, sin (6, +6,,,) — cos @ (cos b, cosb, —

sin 8, sin 8, cos(8, — 6,,,)) + s(cos 0 sinb, sin (6, +0,,) +sin6 ( cos G, cosb, —

sin 8, sin @, cos(8, — 6,,)) — l( cos B, sin B, + cos O, sin b, cos(8, —0,,)). (7.36)
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Appendix G

Procedure to avoid the plane mirror’s misalignment during the experimental

set-up

The following steps were followed during the experimental set-up to avoid plane mirror

misalignment.

Lock any z or y motions of the stages, and then move the x stage along the x-
axis of the wheel for the full-length of the mirror in its parallel direction (see
Figure 7.2). Carry out these for all eight mirrors to ensure they are parallel with
the x-axis of the wheel when it rotates.

Lock any z or x motions of the stages, and then move tripod along the y-axis for
the full-length of the mirror in its vertical direction (see Figure 7.2). Carry out
these for all eight mirrors to ensure they are parallel with y-axis of the wheel

when it rotates.
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