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ABSTRACT 

Rotary planing and moulding machining operations have been widely used within the 

woodworking industry for many years. As a result of these machining processes, the 

surface proftle of machined timber consists of cuttermarks which determine the 

product quality. However, the presence of machine system variations does not 

guarantee the quality requirements. Most of the rotary machining improvement 

techniques applied to obtain an improved product quality focus on conventional 

methods such as tooling and spindle system design. Tbe current state of the industry 

indicates that the design of rotary planing machines has probably reached its 

mechanical development limit, hence for an advanced machining process, 

mechatronics based improvement techniques are necessary. Therefore, the focus of 

this research work is directed towards the improvements on a mechatronics based 

small scale wood planer. Firstly, the effects of machining variations on the resultant 

surface form have been investigated. Especially, the effects of spindle vibrations and 

tooling inaccuracies on the surface ftnish have been analysed through simulation and 

further demonstrated through experimental work. With the introduced defect 

generation tool (DGT), the effect of a speciftc disturbance could be made to order, 

hence allowing generation of defects for quality investigations. This is not possible 

on existing machinery. Secondly, for an enhanced machining environment, surface 

proftle information is desirable. Various surface proftle measurement systems have 

been evaluated in terms of in-process deployment. Most of the evaluated 

measurement systems lack the measurement speed or exhibit other disadvantages 

which limit their implementation for real-time measurement purposes. Therefore, a 

novel in-process surface prof:tle monitoring system (ISMS) has been introduced that 

is capable of extracting surface proftle features in real-time. Thirdly, active vibration 

control has been implemented on the small scale planer. Unlike conventional design 

improvement methods, with the active vibration control approach the dynamic 

characteristics of the small scale planer were substantially improved, hence enabling a 

higher degree of freedom in terms of machining operation. This improvement allows 

machining operations beyond the limitations set by the mechanical properties of the 

planing system, thus enabling higher product quality where additional machining 

processes such as sanding could be obsolete. 



e 

ACKNOWLEDGEMENTS 

This research work was carried out at the Mechatronics Research Centre, 

Department of Mechanical and Manufacturing Engineering, at Loughborough 

University during the period 2005-2008. This work was supported by the EPSRC 

Innovative Manufacturing and Construction Centre (IMCRC). 

This research work has been completed under the supervision of Professor Mike 

Jackson to whom I wish to express my deep gratitude for his excellent guidance 

throughout the duration of this work. During our several meetings, his feedbacks and 

support have been invaluable. 

I also wish to express my sincere thanks to my second supervisor Professor Rob 

Parkin for his support during the research period. 

I also would like to thank Paolo Albertelli for our valuable collaboration. 

Furthermore, I would like to thank Jo Mason for her kindness and help with the 

administration work. 

I would like to thank all my colleagues at the Mechatronics Research Centre who 

made the research process enjoyable. 

ii 



ill 

I 

I 

I 

I 

I 

I 

I 

-~ 



CONTENTS 

NOMENCLATURE ........................................................................................................................ 1 

LIST OF FIGURES ...........................................................................................................•............ 3 

LIST OF TABLES ••...................................................................................•.................................... 8 

CHAPTER I INTRODUCTION .............................................................................................. 9 

1.1 BASIC PRINCIPLE OF WOODWORKING PROCESS .............................................................. 9 

1.2 PROJECT MOTIVATION .................................................................................................. 10 

1.3 PREVIOUS WORK .......................................................................................................... II 

1.4 PROJECT OBJECTIVES .................................................................................................... 13 

1.5 PROJECT METHODOLOGY .............................................................................................. 14 

CHAPTER 2 LITERATURE SURVEY ................................................................................. 17 

2.1 INTRODUCTION TO WOODWORKING MACHINING .......................................................... 17 

2.2 OVERVIEW ON THE WOOD SURFACE FORM IMPROVEMENT METHODS ......................... 20 

2.3 VIBRA nON CONTROL - BACKGROUND ......................................................................... 22 

2.3.1 Passive Vibration Control ....................................................................................... 23 

2.3.1.1 Undamped Vibration Absorber ................................................................................... 23 

2.3.1.2 Damped Vibration Absorber ....................................................................................... 25 

2.3.2 Basic Principle of Active Vibration Control.. .......................................................... 28 

2.4 ApPLICATION FIELDS OF ACTIVE VIBRATION CONTROL TECHNIQUES .......................... 30 

2.4.1 

2.4.1.1 

2.4.1.2 

2.4.1.3 

2.4.2 

CHAPTER 3 

Vibration reduction methods for metalworking machinery ... .................................. 35 

Active Vibration Control within the Milling and Grinding ......................................... 38 

Active Vibration Control within the Turning Process ................................................. 42 

Active Vibration Control within the Boring Process .................................................. 44 

Vibration reduction methods for woodworking machinery .... ................................. 46 

PREVIOUS WORK - SMALL SCALE PLANER ........................................ 50 

3.1 DESlGN OF THE SMALL SCALE PLANER ......................................................................... 50 

3.2 INSTRUMENTATION OF THE SMALL SCALE PLANER ...................................................... 52 

3.3 OPERA nON PRINCIPLE OF THE PIEZOELECTRIC ACTUATORS ........................................ 54 

3.4 SURFACE FORM IMPROVEMENT BY VERTICAL CUTTERHEAD MOVEMENT .................... 55 

3.5 LIMITA nONS OF THE VERTICAL CUTTERHEAD MOVEMENT METHOD .......................... 57 

3.6 IMPROVEMENTS COMPARED TO PREVIOUS WORK ......................................................... 60 

CHAPTER 4 SURFACE WAVINESS ON MACHINED TIMBER. ................................... 62 

IV 

-_._------------



4.1 WOOD MACHINING PRINCIPLE ...................................................................................... 62 

4.2 SURFACE PROFILE MODELLING .................................................................................... 64 

4.3 SURFACE PROFILE CHARACTERISATION ........................................................................ 66 

4.4 SURFACE DEFECTS AND THEIR ApPEARANCE FORMS ON MACHINED TIMBER .............. 67 

4.4.1 Single - Knife Finish ................................................................................................ 68 

4.4.1.1 Experiment and Simulation to Produce Single - Knife Finish .............. : ..................... 71 

4.4.1.2 Experiment to produce Two - Knife Finish ........................................................... ... ,,73 

4.4.2 The Effects ofa Proud Knife on the Surface Form .................................................. 74 

4.4.3 The Effect of Cutter head Vibrations on the Surface Form ...................................... 76 

CHAPTER 5 SURFACE PROFILE MEASUREMENT SYSTEMS .................................. 82 

5.1 INTRODUCTION TO SURFACE PROFILE MEASUREMENT METHODS ................................ 82 

5.2 CONTACT-BASED MEASUREMENT TECHNIQUES ............................................................ 83 

5.3 NON-CONTACT MEASUREMENT SySTEMS ..................................................................... 84 

5.3.1 Optical Profilometer- TalysutfCLI ...................................................................... 85 

5.3.2 Light Sectioning Method .... .................................................................................... 86 

5.3.3 Two-image Photometric Stereo Method - WSMS ................................................... 88 

5.3.4 Evaluation of Light Sectioning Method and WSMS ................................................. 89 

5.3.4.1 Wood Sample with 2 mm Pitch .................................................................................. 90 

5.3.4.2 l/rev Defect Surface Measurement .................................................. ........................... 93 

5.4 NOVEL IN-PROCESS SURFACE MONITORING SYSTEM (ISMS) ...................................... 96 

5.4.1 Surface Profile Assessment by using Spindle Speed ........ ........................................ 98 

5.4.2 Surface Profile Assessment by using Spindle Vibrations ....................................... 101 

CHAPTER 6 SYSTEM IDENTIFICATION OF THE TEST RIG ................................... 105 

6.1 INTRODUCTION TO PIEZOELECTRIC ACTUATOR .......................................................... 1 05 

6.2 PIEZOELECTRIC ACTUATOR TYPES ............................................................................. J06 

6.3 MODELLING STACK TYPE PIEZOELECTRIC ACTUATORS ............................................. J 08 

6.3.1 Mathematical Model of the Piezoelectric Actuators .. .................... ........................ 109 

6.3.2 Mechanical Model of the Piezoelectric Actuators ................................................. 112 

6.3.3 Electrical Model of the Piezoelectric Actuators .................................................... 115 

6.4 PIEZOELECTRIC ACTUATORS' OPERATION .................................................................. J 19 

6.5 STATIC STIFFNESS CHARACTERISnCS OF THE SPINDLE SYSTEM ................................. 122 

6.5.1 Static Stiffness Measurement of the Spindle Unit ................................... : .............. 124 

6.5.2 Static Stiffness Characteristics in Push-Pull Configuralion .................................. 127 

6.5.3 Summary of the Static Stiffness Measuremenls ...................................................... 129 

6.6 DYNAMIC CHARACTERISTICS OF THE SPINDLE SYSTEM .............................................. 131 

v 



6.7 LIMITATIONS OF THE PIEZOELECTRIC ACTUATORS ..................................................... 136 

CHAPTER 7 CONTROLLER DESIGN .............................................................................. 138 

7.1 SPINDLE SYSTEM NUMERICAL MODELLING AND SIMULATION ................................... 139 

7.2 NUMERICAL MODEL TUNING ...................................................................................... 145 

7.2.1 Numerical Model Tuning through the Impact Hammer ........................................ 146 

7.2.2 Numerical Model Tuning with Piezoelectric Actuators ......................................... 149 

7.3 OPTIMAL CONTROL TECHNIQUE ................................................................................. 156 

7.3.1 Optimal Control Formulation ............................................................................... 157 

7.3.2 Estimator Design - Kalman Filter ........................................................................ 159 

7.4 CONTROLLER TUNING ................................................................................................. 164 

7.5 SIMULATION AND EXPERIMENT RESULTS ................................................................... 170 

7.5.1 Simulation Results .......................................................................................... ....... 170 

7.5.2 Experiment Results ................................................................................................ 172 

CHAPTER 8 DISCUSSION .................................................................................................. 178 

8.1 PREVIOUS WORK ........................................................................................................ 178 

8.2 WAVINESS ON MACHINED SURFACE ........................................................................... 179 

8.3 SURFACE PROFILE MEASUREMENT SYSTEMS .............................................................. 181 

8.4 IN-PROCESS SURFACE MONITORING SYSTEM (ISMS) ................................................. 182 

8.5 SYSTEM IDENTIFICATION AND TEST RIG MODELLING ................................................ 185 

8.6 IMPROVING DYNAMICS OF THE SPINDLE SYSTEM ....................................................... 187 

CHAPTER 9 CONCLUSION AND FURTHER WORK ................................................... 190 

9.1 CONCLUSION ............................................................................................................... 190 

9.2 RECOMMENDATION FOR FURTHER WORK ................................................................... 191 

REFERENCES ............................................................................................................................ 193 

APPENDIXES ............................................................................................................................. 209 

APPENDIX A 

APPENDIXB 

APPENDIXC 

APPENDIXD 

INSTRUMENTATION ............................................................................. 209 

SURFACE FORM MODELLING ........................................................... 213 

PLANING TIMBER WITH AN ACTIVE MACHINING SYSTEM .... 218 

DEVELOPMENT OF A MONITORING SYSTEM FOR A SMART 

PLANING MACHINE FOR REAL-TIME OPERATION ..................................................... 230 

APPENDIX E ANALYSIS OF PROFILE MEASUREMENT TECHNIQUES 

EMPLOYED TO SURFACES PLANED BY AN ACTIVE MACHINING SYSTEM ......... 239 

VI 



NOMENCLATURE 

A piezoelectric actuator cross-sectional area m' 

ap piezoelectric actuator prescribed displacement m 

Cp piezoelectric actuator capacitance F 

D cutterhead diameter m 

d piezoelectric actuator layer thickness m 

DJ electrical displacement Cm-' 

d
33

_ piezoelectric charge constant m/V 

d, cutterhead travel per cuttermark m 

E Young's modulus Pa 

e, mechanical strain 

E, electric field V/m 

E, relative error of surface waviness height 

f frequency Hz 

Fm,p,; peak acceleration force N 

Fp piezoelectric actuator load N 

FpG piezoelectric actuator blocked force N 

}<~" force generated by actuator N 

F, force from spindle support N 

h waviness height m 

H, triangulation height m 

I, i electrical current A 

kp piezoelectric actuator stiffness N/m 

k, spindle support stiffness N/m 

]('3 relative dielectric constant at constant mechanical stress 

L length / actuator length m 

L, triangulation length m 
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L. Kalman fllter gain 

m, cutterhead mass kg 

N number of cutterhead knives 

n number of actuator layers 

p cuttermark length (pitch) m 

q charge stored in piezoelectric actuator C 

R cutterhead radius m 

R, driving amplifier impedance Q 

5"33 mechanical compliance at constant electric field Pa'! 

t time sec 

V voltage V 

v, cutting speed m/sec 

v/ feed speed m/sec 

V; amplifter input voltage V 

V, amplifter output voltage V 

y spindle displacement m 

Yo piezoelectric actuator zero load displacement m 

y, vertical cutterhead pulse magnitude m 

r spindle support stiffness to actuator stiffness ratio 

LIt time to machine one cuttermark / vertical pulse width sec 

So vacuum permittivity F/m 

17 relative damping of vibration mode 

J1 cutting speed to feed speed ratio 

p material density kg'm,2 

0', mechanical stress Pa 

tp; incident angle rad 

OJ cutterhead speed rpm 
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Chapter 1 INTRODUCTION 

1.1 Basic Principle of Woodworking Process 

Rotary machining has been an essential part of the woodworking industry for many 

years. Especially, planing and moulding are considered to be the most effective 

machining processes within this domain. These processes are widely used for 

machining of wooden products such as window frames, door frames and many 

others with an acceptable surface quality. Many authors like Sirns et a!. (1985), 

Jackson (1986) and Brown et al. (2002), outlined the development of the 

woodworking machinery process. The basic principle of the rotary machining 

process is such that, a timber is being fed against a rotating cutterhead comprising of 

several cutting knives with the airn to remove material from the workpiece. This 

process is illustrated in Figure 1.1. 

Cutterhead Cutting knife 

V/ feed speed 

CI): spindle speed 

-Timber 

Figure 1.1 Wood machining process 
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1.2 Project Motivation 

As a result of the rotary machining process, the machined timber surface has a series 

of waves, also called cuttermarks, which are generally accepted as unavoidable. 

According to the particular application, the surface prome of machined timber is 

subject to a given surface quality level, e.g. wood surface quality level for furniture 

applications are higher than the surfaces where they are coated or hidden by other 

materials. Although modem planing machines provide a good surface quality, the 

undesired variations within the machining process can reduce the 'surface quality 

remarkably. Moreover, for some applications where high surface quality is a 

requirement, additional machining processes such as sanding are required. Sanding is 

a costly operation and can reduce the geometric quality of promed sections of 

timber. Furthermore, additional machining operations are not desirable from the 

economic point of view. Thus, it is desirable to improve the machining environment 

in order to avoid additional processes and ensure the surface ftnish that satisftes the 

quality requirements of a given application. 

The current state of the industry indicates that the design of rotary planing machines 

has probably reached their mechanical development limit, hence for an enhanced 

machining environment, mechatronics based improvement approaches gain more 

importance. Therefore, a novel mechatronics based small scale planer designed 

within the Mechatronics Research Group, Department of Mechanical and 

Manufacturing Engineering, Loughborough University, will be improved by 

employing active vibration control. Unlike conventional design improvement 

methods, with the active vibration control approach, the dynamic characteristics of 

the small scale planer could be adapted for various machining environments, hence 

enabling a higher degree of freedom in terms of product quality. 

10 



1.3 Previous Work 

A mechatronics based small scale planer was designed and built by Hynek (2004) as a 

part of his PhD project (Figure ·1.2). The test rig and the previous work are described 

in more detail s in chapter 3. 

Spindle system .......... 

Cuttcrhcad 

Driving motor 

Figure 1.2 Previous work - test rig (Hynek 2004) 

The objective of the previous work was focused on the surface profile improvement 

through modification of the machining process by vertical movement of the 

cutterhead. This machining method uses a real-time tool tip trajectory adjustment to 

improve the surface form. A whole cycle of the cutterhead movement and the effects 

of this process on the surface form are depicted in Figure 1.3. During the cutting 

process, the cutterhead starts moving upwards when the knife tip first touches the 

workpiece and then it starts moving downwards after its centre passes the 

cuttermark's midpoint. 

11 



T he vertica l cutterhead movemen t changes the knife tip path, th us the sutface form. 

This method o f machinillg improves the surface guality and provides shaUow 

cu ttermarks when compared to the conventionalmachililllg method (Figure 1.3). 

Vertical cutterhead I 
motion 

Reference surface 
\- -

Knife 

Cutterhead 

IJ 

III 

~ ~otary cutterhead 

\ \motion 

Improved surface 

+-- Feed 
Fig ure 1.3 One cycle of the vertical cutlcrhcad movement (Hynek 2004) 

This approach can be perceived as wood shaping process which can be classified 

under the categol), of rotal)' machililllg process modification as described in the next 

chapter and depicted in Figure 2.4. However, this method reg uires high forces for 

the execution which arc outside the performance range of the piezoelectric actuators. 

The l.im.itations of tlu s metllOd are further described in more details in chapter 3. 

T herefore, the focus of tlus research work for the improvement of ti,e rotary 

machilling process is directed towards a diffetent roure, namely towards the 

implementation of active \,;bration control. 
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1.4 Project Objectives 

One of the main objectives of thjs research work js to jmprove the dynamjc 

characteristics of the sma ll scale planer for an enhanced ,nachining environment. In 

order to achjeve this goal, the characteristics o f the test rig will be investigated and 

active vibration control is proposed to be implemented. 

System va riations present within the wood machining process can reduce th e surface 

quality, thus the consistency of the product quality is no t guaranteed. These 

variations and their effects on the resultant surface flnjsh will be investigated. 

Espec ially the effects of spindle vibrations and tooling inaccuracies on the resultant 

surface fo rm will be ana lysed through simulation and further demonstrated through 

cx:pcrul1cn ta I work. 

Anoth er contribution to an improved machining process is a surface profile 

t11oniroring SystCITI. Various surface profile measurement sys tclns which could 

potentially be emp loyed for in-process monjtoring will be eva luated. Furthermore, 

development o f a novel surface profile monitoring system is proposed whjch is 

capable o f ex tracting surface profue information in real-time. FigllIe 1.4 shows an 

overview of the proposed ad vanced machinjng process. 

Active Vibration 
Contro l 

Surface Pro file 
Monitoring 

System 
t- Cuttcrhcad 

-feed 

T imbe r 

Feed table 

Figure 1.4 Overview of the proposed machining process 
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The th ree main project objectives can be summari zed as follows: 

• Analysis on surface waviness 

• 

• 

Surface profile inspection in real-time 

Implementation of active vibration control 

1.5 Project Methodology 

An overview of the research work is shown in rigure 1.5. 

Clmpccr 5 

Su rface 
profile 

measuremen t 
svs tcms 

r----------
ISMS 

Chapter 6 

System 
idenrificarion 

Chapter 7 

Controller 
design 

Acthe 
Vibration 

control 

I 

Figure 1.5 Overview of the research work 

Chapler 3 

Small scale 
pbner 

The three novelties achieved are presented in Chapter 4, Chapter 5 and Chapter 7. 

These are indicated in orange colour in Figure 1.5. 
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The research project is divided into five phases, namely: 

• 

• 
• 

• 
• 

Literature review 

Previous work and test rig design 

Analysis on surface waviness and defects 

Surface proftle measurement systems 

Active vibration control 

The dissertation consists of nine chapters and organized as follows: 

The literature review presented Chapter 2 provides improvement methods on 

woodworking machining as well as on active vibration control in rotary machining 

processes within both metalworking and woodworking domains. The amount of 

research in the woodworking domain for an enhanced machining environment is 

llinited, therefore the improvement techniques used within the metalworking 

machining are investigated and their application for planing and moulding machining 

processes are outlined. 

The preVIOUS work and the design of the test rig are described in Chapter 3. 

Furthermore, improvements and llinitations of the previous work are outlined. 

Moreover, proposed improvement methods in contrast to the previous approach are 

highlighted . 

. Surface profIle appearance forms are discussed in Chapter 4. Furthermore, the 

effects of machine system variations on the surface form are analysed. A novel defect 

generation tool (DGT) is introduced which is capable of analysing these effects 

through simulation as well as through experimental work. The DGT enables a 

broader understanding of the interaction between tool and workpiece and the 

resulting surface profIle. 
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In order to analyse the quality of the machined surfaces, varIOUS surface proftle 

measurement systems are described in Chapter 5. The advantages and disadvantages 

of the measurement techniques are discussed. Furthermore, a novel surface proftle 

monitoring system for real-time application is introduced. 

For the implementation of active vibration control, the system identification of the 

spindle unit is necessary. Therefore, actuator modelling and analysis on the dynamic 

characteristics of the spindle system are presented in Chapter 6. 

Chapter 7 discusses the implementation of active vibration control. The focus is on 

the design of optimal control technique comprising of a Kalman ftlter. Results from 

the simulation and experimental work are presented and discussed. 

The general discussion of the research work is presented in Chapter 8. The benefits 

of the improved machining process are outlined. 

Chapter 9 provides the conclusions of the research work. Further improvement areas 

for future work are identified. 
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Chapter 2 LITERATURE SURVEY 

The objective of this chapter is to discuss various aspects of wood machining 

process. Traditional methods as well as modern improvement strategies for an 

enhanced machining process are outlined. Furthermore, active and passive vibration 

control methods are briefly described and their practical application within the metal 

working as well as wood working machinery is investigated. The influence of 

vibrations has negative effects on the resultant surface quality of both metal and 

woodworking industry, thus vibration reductions methods implemented in both 

sectors are outlined. A technology roadmap which describes rotary machining 

process improvement techniques for an enhanced machining environment is 

presented. 

2.1 Introduction to Woodworking Machining 

Many applications within the woodworking industry make an extensive use of rotary 

machining process, especially moulding and planing machines are to be mentioned. 

The rotary machining of wood appears at fIrst to be straight forward, however it is a 

very complex operation which has much in common with the milling of metals. The 

fundamental principle of the rotary machining lies in the material removal by cutting 

knives mounted on a rotating cutterhead. Woodworking machine tools have been 

used from the 14'" century starting from water wheels for saw mills (Sims, 1985). 

Nowadays, modern high speed moulders are constructed as modular flexible units 

which can be easily adopted for a particular machining operation. A modern high 

speed moulder is shown in Figure 2.1. 

Rough sawn rectangular pieces of timber are used as raw material for the planing and 

moulding machines. The dimension of the raw material varies from 10 up to 100 mm 

thickness with widths from 20 up to 300 mm. The length of the workpiece is typically 

in the range of 250 mm to 6 m. Timber pieces are usually fed to the powered rollers 
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by hand and the feed system sends the material to the cutter blocks with feed speeds 

ranging from 5 to 120 m/ min 0ackson et al. 2002). 

Figure 2.1 Modem six head moulder 

A modern high speed moulder has usually more than one cutterhead in order to 

machine several faces of the workpiece. A typical moulder configuration consists of 

six spindles with the aim to machine all four sides of a workpiece in one operation 

(Figure 2.2) 

Second top cutterhead 

C " • ../ ( First top cutterhead 

. . .... ""~ .~ ~ 

Second bottom cutterhead 

Near cutterhead /' 

First bottom cutterhead / ~ 

Figure 2.2 A typical modern moulder with six spindles (Hynek 2004) 
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However, this process is not entirely straight forward. It is being complicated by 

spindle run out, spindle vibrations, out of balance, shaft whirl, bearing play and other 

problems. These undesired variations are reflected to the surface fInish which is 

perceived as poor quality product, thus needs further processing to meet the quality 

requirements. 

Due to the kinematics of the rotary machining process, machined surface consists of 

wave forms. The wave forms, also called cuttermarks, can clearly be seen in Figure 

2.3 (Hynek 2004). 

Figure 2.3 Surface waviness (Hynek 2004) 

These cuttermarks may be acceptable for some application where the surface quality 

is not an issue. Cuttermarks shown in Figure 2.3 are, for example, not acceptable for 

some applications such as furniture or window frames. Therefore, to meet the 

surface quality requirements, further processing techniques such as sanding is 

performed to obtain a wave free surface (Taylor et al. 1999). 
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2.2 Overview on the Wood Surface Form Improvement Methods 

Wood surface quality depends on many factors such as tool geometry and condition, 

vibrations as wells as on the rotary machining process (described in chapter 4 in 

more details). The surface quality of machined timber can be improved by 

suppressing the influence of these factors. Figure 2.4 shows an overview for 

improving the rotary machining process. Generally, the improvement techniques can 

be divided under three categories such as vibration suppression, tooling 

improvement and rotary machining modification. 

Rotary machining 
process i~prove~ent 

.~ ~ 
Tooling and tooling Rotary machining process 

Vibration suppression accuracy modification 
improvement 

Suitable machine tool U se of appropriate Introduction of 

- design and high tooling technology (e.g. horizontal cutterhead 
engineering quality of Hydrogrip tooling movement 

the machine tool cutterheads ) 

Passive vibration Accurate tooling Introduction of vertical 

- control (e.g. tuned preparation (e.g. grinding cutterhead movement 
dampers and vibration the cutters in the cutterhead) 

absorbers) 

Adtive vibration· Use of 'jointing' (i.e. 
control (i.e. active - dressing the cutters while 
magnetic bearings, fitted in machine tool) 

piezoelectric actuators) 

Figure 2.4 Rotary machining process improvement 
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The effects of vibration and tooling inaccuracies on the machined surface are shown 

through simulation as well as through experimental work which are discussed in 

chapter 4. Surface profile improvement through controlled modification of the 

vertical cutterhead movement is outlined in chapter 3. Figure 2.4 shows that the 

surface wave form can be improved by one of these approaches or by combination 

of them. The chosen method will depend on the particular application and the 

surface profile quality requirements, because each of these methods is capable of 

improving the surface quality from a different perspective. 

To ensure a consistent product quality, undesired disturbances such as vibrations, 

tooling inaccuracies and machine tolerances need to be minimised. To achieve this 

goal, a considerable amount of research regarding tooling, design and process 

optirnisation methods, has been carried out. These optirnisation methods span over a 

wide range of application fields such as metal and woodworking industry where 

rotaty machining methods are predominantly in use. 

The advantages and disadvantages of these methods are described for' vibration 

suppression techniques in section 2.3, for tooling accuracy improvement techniques 

in section 4.4 and for the vertical cutterhead movement in section 3.4. In order to 

achieve an advanced rotary machining process, active vibration control approach 

(indicated in Figure 2.4 in grey colour) has been proposed for the small scale planer, 

which is described in chapter 7 in more details. 
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2.3 Vibration Control - Background 

Vibration is the repetitive, periodic response of a mechanical system. Any repetitive 

motion, even at higher frequencies with low amplitudes and irregular random 

behaviour is generally termed as vibration. Whereas repetitive regular motion at 

lower frequencies is called oscillation (De Silva 2007). 

Vibrations are present in almost every dynamic system to a certain extent. Vibrations 

usually occur because of the dynamic effects of manufacturing tolerances, clearances, 

rolling and rubbing contact between machine components and unbalanced forces in 

rotating parts. The undesired vibration can coincide with the natural frequency of the 

system and cause excessive vibrations. Vibration analysis, observation and control are 

widely present within engineering systems which span from aeronautics, civil, 

manufacturing and mechatronic systems. Appropriate design and control are 

essential in maintaining high performance level and production efficiency as well as 

to avoid machine damage and structural fatigue. Therefore, it is essential from 

vibration control point of view, to understand the dynamic behaviour of the system 

in order to minimize the undesired vibrations, thus disturbances and its effects on 

the overall performance. This may be achieved by purely analytical means or with the 

help of simulation models through computer. 

The system model and its vibration characteristics can be analysed either in the time 

domain or in the frequency domain. In the time domain, the independent variable of 

the vibration signal is time where the system itself is modelled as a set of differential 

equations. In the frequency domain, the independent variable of the vibrating system 

is the frequency where the system characteristics are modelled by input - output 

transfer functions. Transfer functions are often used to define the mechanical 

impedance, mobility, receptance and transmissibility of a system. 
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The relationship between the time and the frequency domain can then be analysed 

with the help of Fourier transformation. Frequency analysis enables to track the 

natural frequency and the mode shapes which are directly related to the fundamental 

movements of various parts of the dynamic system. Once the undesired mode 

shapes are determined they can be suppressed or minimized by appropriate means 

such as dampers or actuators to counteract the effects of vibration. This technique is 

the basis of vibration analysis and control which is used to either accomplish a 

passive or an active vibration control approach. 

2.3.1 Passive Vibration Control 

Passive vibration control method is based on the use of passive devices which do not 

require external power for their operation. Passive devices generally comprises of 

tuned dampers and dynamic absorbers. The sensing is implicit and the control is 

carried out through a force that is generated by the device as a result of its response 

to the vibration source. 

2.3.1.1 Undamped Vibration Absorber 

A dynamic absorber is a mass-spring-type mechanism with a very low damping, 

which can absorb the excitation force from the primary system and dis~ipa te the 

energy slowly. Hence, it is also termed as an undamped vibration absorber. In Figure 

2.5 the objective of the absorber is to reduce the vibratory response Yp, of the primary 

system caused by the vibration excitation F,;b' This goal is achieved, if the absorbers 

natural frequency is tuned so that it is equal to the excitation frequency, hence the 

primary system response yp, will be zero and the primary system will not undergo any 

vibratory motion. This means that a tuned absorber applies a spring force to the 

primary system that is equal but opposite to the excitation force and thereby cancel 

each other. 
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Figure 2.5 Undamped vibration absorber (De Silva 2007) 

m, absorber mass 

k, absorber stiffness 

y, absorber response 

mf>' system mass 

kp, system stiffness 

Yp, system response 

Fu'h vibration excitation 

FlI'onf transmitted force 

Further analysis need to be carried out in order to understand the overall 

characteristics of the whole system (primary system with the absorber). The transfer 

function (TF) of the system can be defmed as G= F"mjF,i/,' Figure 2.6 shows that the 

TF of the primary system with the undamped absorber becomes zero at the natural 

frequency (cu,_,,) of the primary system. However, the TF of the primary system with 

the undamped absorber introduces two more vibration modes in the system. The 

magnitude of the transfer function becomes infinite at either of these two vibration 

modes. These new vibration modes which are on either side of the suppressed 

natural frequency (cu,_,,) reduce the effective bandwidth of the overall system. In 

order to suppress the introduced resonances, usually a damped vibration observer is 

used. 
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Figure 2.6 Transfer function of the primary system with and without an undamped absorber 

(De Silva 2007) 

2.3.1.2 Damped Vibration Absorber 

It should be noted that damping is not tbe primary mean by which the vibration 

control is achieved in a vibration absorber. Figure 2.7 demonstrates the primary 

system with a damped vibration absorber. Damping b. mainly dissipates the energy 

which is being transferred to tbe absorber gradually. Furthermore, it reduces the 

excessive vibration magnitudes at the resonant frequencies which are created by 

adding the absorber to the primary system (Figure 2.8). 
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Figure 2.7 Damped vibration absorber (De Silva 2007) 

r--~r. -- ---

" , , 
,~ I 

, ' , ' , ' , ' , , , , , , , , , , , , , , , , , , 

Frequency 

, , , 
" 

" --

TF of 
system+absorber 

__ . TF of primary 
ilystem 

--- --- --. 

Figure 2.8 Overall system response with a damped vibration absorber (De Silva 2007) 
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The resonant frequencies of the overall system with the damped absorber are almost 

identical to the resonant frequencies with undamped system. However, the 

magnitudes at the resonant frequencies differ from the undamped system which is a 

desired characteristic. Figure 2.8 also reveals that for low damping ratios, the system 

response is very similar to the system response with an undamped absorber. When 

the damping ratio is large, the two masses (mp, and mJ seem to become a single mass 

and the primary system is only modified in its mass. The consequence of a large 

damping ratio is that it creates only one natural frequency which is in fact smaller 

than the natural frequency of the primary system without the damped absorber. 

Hence, the overall system bandwidth is further reduced and the effect of a vibration 

reduction is not fulfilled. A detailed analytical description of both damped and 

undamped absorbers is reported by De Silva, (2007). 

These both common methods show the basic principal of vibration suppression with 

the help of passive devices such as vibration absorbers. However, passive control 

approach has some advantages and disadvantages. 

Advantages of the passive vibration control method can be identified as follows 

• 

• 
• 
• 

Simple to design and implement 

They do not require any external power for their operation 

Cost effective method 

Robust and reliable 

Disadvantages of the passive control method can be summarized as follows 

• 

• 

• 

• 

Effective only for a single excitation frequency 

In case of a different frequency (i.e. caused by an external disturbance), the 

absorber may create even more vibrations 

Creates more natural frequencies (depends on damping ratio value) 

Limits the system bandwidth 
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Both common passive vibration reduction methods revealed that the vibration 

reduction is mainly being achieved at the cost of system bandwidth. Therefore, active 

vibration control methods are desirable, because they can cope with different kinds 

of vibration frequencies without limiting the bandwidth of the system. 

2.3.2 Basic Principle of Active Vibration Control 

In the competitive global market sector, where high productivity and manufacturing 

flexibility become a requirement, more sophisticated and flexible control strategies 

are needed to suppress disturbances (i.e. undesired vibrations and machining 

variations). The limitations of the passive vibration control have been described in 

section 2.3.1 and it is noted that the control force which is generated in the passive 

device depends solely on the natural dynamics. In other words, once the passive 

vibration control system is designed (i.e. setting values for mass, damping constant, 

stiffness, location), it is not possible to adjust the control forces during the machine 

operation. 

Since the passive device is designed for a particular excitation frequency, it is not 

always possible to direcdy target the control action at specific responses (i.e. 

undesired response of a system may contain various vibration frequencies). The 

passive control can be insufficient for complex and higher order systems. Therefore, 

it cannot always satisfy the vibration control performance needed for modular and 

complex machining systems (i.e. highly complex modern moulders and planers might 

show various excitation frequencies due to their dynamic behaviour). These 

drawbacks can be overcome by using an active vibration control method. 

Figure 2.9 shows a general diagram of an active vibration control method. The 

vibrations of the mechanical plant are monitored with the appropriate sensors (i.e. 

accelerometer, eddy current probes) and the system response is used as feedback for 

the control system. 
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The controller compares the system response with the desired response and uses the 

error to generate appropriate control signals. This technique is termed as feedback 

control system, which is well-known and widely used for different kinds of 

applicarions. 

Reference 
command 

Power 
I 

Control 

Controller 
(digital or 
analog) 

Feedback 
signal 

Power 
I 

Signal 
conditioning 

Power Disturbance 
I excitation 
I 

Drive Response 
excitation 

Vibrating system 
(planl, process) 

Signal 
conditioning 

I Power 
I 

Power 
(for active sensors) 

I 

Figure 2.9 Active vibration control with feedback control method (De Silva 2007) 

The actuators (i.e. piezoelectric or electromagnetic devices) convert the commands 

from the controller into mechanical excitation. The controller is generally a 

programming code based on mathematical operations (i.e. comparison between input 

and output) which make the use of existing simulation programs (i.e. 

Matlab/Simulink, LabView). Control signals generated by the controller are usually 

digital signals which need to be converted into analogue signals and they may be 

ftltered and amplified with a signal conditioning unit into a form and forwarded to 

the actuator. Sensor signals are usually ftltered and amplified with in the signal 

conditioning unit before they can be fed to the controller. Filtering the sensor signals 

with the appropriate ftlter methods is useful for removing the measurement noise. 
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There are different control strategies to implement the control law of an active 

vibration control system. Various control laws, both linear and nonlinear approaches 

have been developed for this purpose (i.e. linear quadratic regulator). 

2.4 Application Fields of Active Vibration Control Techniques 

Since the application of the rotary machinery has increased within the metal and 

woodworking industry, the problems with the undesired vibrations engaged 

researchers. The presence of vibrations in macbining process reduces the machined 

surface quality immensely. These vibrations are considered as sources of structural 

fatigue and can cause tool and machine damage. They are also responsible for high 

noise levels (Hynek 2004). 

The sources of vibrations within the macbining process are machine tool, such as 

frame, slides, guide ways, bearings and, last but not least, the engineering quality of 

the spindle system. The spindle system generally comprises of the spindle itself 

including the discs mounted on it and the supporting parts such as bearings, squeeze 

film dampers, seals etc. Spindle systems are rotor systems, thus the analysis on rotor 

systems is applicable to spindle systems (Kramer et al. 1993). 

The most common actuator type for active vibration control of rotor systems is 

active magnetic bearing (AMB) (Wang et al. 2001). Magnetic bearings are actively 

controlled to hold the rotor in a floating position. AMB apply magnetic force to the 

rotor to eliminate its undesirable motion without any contact. Figure 2.1 0 shows the 

principle of the AMB controlling a rotor (Schweitzer et al. 1994). 
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Power Amplifier Electromagnet 

Controller 

Rotor 

Sensor 

Figure 2.1Q Basic principle of active magnetic beatings (Schweitzer et a1. 1994) 

A sensor measrues the displacement of the rotor from its reference position and 

provides the controller with the information. The controller then produces a control 

signal and sends it to the power amplifier, which sends then appropriate control 

current to the electromagnet. A more detailed overview of the control scheme is 

presented in Figure 2.11. 
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Current 
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Figure 2.11 Basic control method of AMB (Steinschaden and Springer 1999) 
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The magnetic bearing consists of two pairs of actuators (electromagnets). Each pair 

is controlled independently, based on sensors measuring the rotor position and 

velocity in the x and y direction, respectively. These signals are the input signals for 

the main controller. An integral feedback gain eliminates steady state deviations from 

the centre position of the rotor. According to the output of the controller the 

amplifier supplies the voltage to produce the appropriate magnetic force within the 

actuator. 

The main advantage of the AMBs is the contactless control of the rotor vibrations, 

thus it is lubrication free and exhibits no bearing wear, which is common to the 

contact type bearings. Furthermore, relatively high forces up to 40 N / cm2 per bearing 

area can be produced to effectively deal with heavy rotor masses (Bleuler 1992). The 

gap in the bearing varies from nUcrometer range up to 20 mm. Larger gaps decrease 

the bearing forces immensely (Schweitzer et al. 1994). 

Advantages of the AMB can be summarized as follows 

• Contactless operation, thus no lubrication required 

• The bearings are capable of providing high speeds 

• At high speed operation, bearing losses are 5 to 20 times lower than the 

conventional bearings. 

• 

• 

• 

Lower maintenance costs and higher lifetime expectations are one of the 

main reasons for their deployment 

High control forces can be achieved depending on the bearing size 

Depending on the control law, stiffness and damping of a rotor system can 

be modified. This characteristic allows passing critical rotor speeds with less 

vibration magnitudes. 

• High precision in the control of the spindle displacement, control range 

reaches up to 1 pm. 
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Disadvantages of the AMBs can be deftned as follows 

• 
• 

Relatively expensive due to complexity 

Bulky where high beating forces are required 

• . Sophisticated high power amplifters are needed for high control precision 

• 

• 

A high precision of the position of the rotor axis (in the range of pm) requires 

high resolution sensors and adequate signal processing to separate 

disturbance signals from the desired ones 

Eddy current losses will limit the rotation frequency of massive rotors (i.e. 

heating up, driving power) 

The AMBs are generally used for high speed machining and turbo machinery 

(Nonami et al. 1996). The speed can reach up to 180 000 rpm (Nordman 2006). 

Skricka et al. (2002) suggests that AMB systems can be improved with mechatronics 

approach by system integration. Beside the use of AMBs for different kinds of 

applications, they can also be used as an exciter and measurement instrument in 

order to identify the dynamic characteristics of a system. For example, system 

identiftcation techniques have already been used in many applications for the 

identiftcation of rotor dynamic coefftcients such as stiffness, damping and inertia. 

One of the main problems to obtain the interested parameters is the excitation of the 

rotating structure during the operation. Especially, in the rotating machinery with 

built in mechatronic components, it is convenient to use the actuators as an exciter 

for system identiftcation (Aenis et al. 2002). The knowledge about the system 

dynamics could be further used to increase the performance as well as to design new 

machines with the desired characteristics for particular applications (Nordmann 

2006). 
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Vibration reduction methods within the rotary machining process mostly target to 

optimize the characteristics of the rotating components. Therefore, spindle system 

plays a more important role among vibration contributors. It is the essential part of a 

rotary machine and its dynamic properties directly affect the surface quality (Chen et 

al. 1994). Spindle vibrations caused by disturbances such as cutting forces, limit the 

machine tool performance significantly. Spindle dynamic properties are mainly 

determined by its design; therefore many researchers developed design strategies for 

optimal spindle design in order to avoid the structural vibrations. Lee et al. (2000) 

developed a diagram of modular optimisation procedure where machine design 

requirements and machine parameters such as critical speed, fatigue life, spindle 

deflections and rotor weight can be optimised (Figure 2.12). 
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Figure 2.12 Modular optimisation procedure (Lee et al. 2000) 

, , 

The reduction of the spindle nose deflection is an essential factor for chatter. 

Brandon et al. (1992) demonstrated a simple method for the reduction of the spindle 

nose deflection by optimal spacing of the bearings. The authors also report that the 

appropriate choice of bearings directly affect the chatter sensitivity. 
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The spindle system is critical for the woodworking as well as for the metalworking 

machine tools. The undesired spindle vibrations cause surface defects within the 

wood machining. Within the metalworking, the spindle stiffness is one of the key 

factors for chatter control and suppression. The onset of chatter directly affects the 

performance of the machine tool (Dohner et al. 1997). Chatter can generally be 

reduced by an active or passive approach or a combination of these two methods. 

Firstly, passive vibration reduction is achieved by the use of passive devices, which 

change the frequenc), response of the system in such a way, so that the. vibration 

level of chatter is reduced. As aforementioned, typical passive devices are tuned 

dampers, shock absorbers and squeeze film dampers. Secondly, active vibration 

control approach with the appropriate actuators (i.e. AMB, piezoelectric, 

e1ectrostrictive actuators) can be used to control undesired excitation frequencies of a 

rotating system more efficiently (Abduljabbar et aL 1996). The following sections 

present vibration reduction methods applied to the metal and woodworking 

machinery. 

2.4.1 Vibration reduction methods for metalworking machinery 

The relative vibration between the workpiece and the cutting tool, also called chatter, 

occurs under some operating conditions. In the metal machining, chatter is a 

problem of instability that is characterized by violent vibrations, loud noise and poor 

quality of surface finish. This problem has affected the metalworking industry for a 

considerable time, therefore a lot of research has been carried out to minimize the 

chatter problem. Generally two factors are responsible for chatter: Firstly, the mode 

coupling, which means that the forces generated by the cutting process are coupled 

to the dynamic behaviour (i.e. stiffness, damping and inertia) of the machine 

structure. Secondly, the regeneration of surface waviness caused by interaction 

between tool and workpiece is regarded as a major chatter contributor. The latter is 

35 



by far the most common cause for chatter occurrence, thus this phenomenon has 

been studied by many researchers for decades (Ganguli et a\. 2004), 

Tobias et a1. (1958) and some other researchers (i,e, Tlusty et al. 1963) were among 

the fIrst to propose the phenomenon of regeneration to explain chatter instability 

within the turning process, During the machining process, the machine tool faces 

unbalanced cutting forces (depth of cut is varying after each knife rotation), thus 

vibrations are triggered, This tool vibration causes a wavy surface, After one full 

rotation, the tool faces the waves left during the previous pass, This causes 

fluctuation of the cutting forces and leaves more vibration marks on the workpiece 

surface, This process is called regeneration or regenerative chatter (Figure 2,13), 

New surface 

Wotkpiece 

" ' I \ , 
; , ; ...... 

Figure 2.13 Regenerative chatter 

The major step towards understanding the regenerative machine tool chatter was 

presented by Merritt (1965), This study, which focused on a stability theory for 

regenerative chatter in an orthogonal turning process with a feedback loop, was 

based on the theory of steady orthogonal cutting process, It has been found that the 

onset of machine chatter is a function of the spindle speed, Clearly, chatter can 

generally be described as a form of self-excited vibration which can be stabilized by 

increasing the damping of the vibration structure (Zhang et a\. 2005), Chatter is not 

desirable, because it has an adverse effect on the machining accuracy, the surface 

fInish and the tool life, 
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It also 'reduces the output performance by requiring a lower maximum metal removal 

rate (MMRR). MMRR is the quantitative measure of productive performance of a 

machine tool. From the cost aspect of view and because of the simplicity, a 

remarkable amount of research has been carried out to reduce the machine chatter 

and to increase the borderline of stability of the machine tool by using passive 

devices. Another method of chatter suppression is varying the spindle speed 

(jemielniak et a1. 1984, AI-Regib et a1. 2003). This approach varies the spindle speed 

to avoid instabilities and seeks for regions Oobes) where a higher MMRR could be 

achieved (Takemura et a1. 1974, Inamura and Sata 1974, Inamura et a1. 1975, Sexton 

et al. 1977). However, many metalworking machines are not designed for a spindle 

speed variation during the cutting process. Figure 2.14 illustrates the relationship 

between the spindle speed, the depth of cut and the stability. 

tool wear • 7--- lobing effect 

r-----
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Figure 2.14 Stability limits of a typical machine tool (Dohner et al. 2004) 

Metalworking machines are designed for a defmed operation range between nmj" and 

nm,x (Figure 2.14), thus speed variation and its deployment could be very costly. 

Moreover, as shown in Figure 2.14, increasing the spindle speed to a stable operation 

region (for a better MMRR) would result in excessive tool wear (Dohner et a1. 2004). 

It is impossible to completely eliminate vibrations exhibited by machine tools. A 

more efficient method of vibration suppression is the active vibration control 

technique (Benning et a1. 1997). Herein the damper or the spindle is controlled 
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through sensors and actuators which produce controlled forces upon the structure to 

suppress measured machine vibrations. 

2.4.1.1 Active Vibration Control within the Milling and Grinding 

Liu et aL (1991) developed a dynamic absorber for chatter suppression in the milling 

process. A dynamic absorber mass is connected to the main system through passive 

elements (spring and damper). The autbors determined then the optimum values of 

the spring and damping coefficients and could improve the stable operation range 

remarkably. Spindle vibration suppression via piezoelectric actuators has been 

investigated by Nagaya et aL (1997). Authors reported remarkable vibration 

suppression by using four piezoelectric actuators for X-Y positions of the spindle. 

Zhang et aL (2005) developed a piezoelectric active control system to attenuate the 

workpiece vibrations during the milling of a flexible workpiece. The piezoelectric 

transducers were mounted on the surface of a flexible workpiece in order to actively 

damp the workpiece vibrations. Authors reported tbat for some applications 

involving a flexible workpiece, chatter can be avoided by choosing stable regions of 

the workpiece stability lobes rather than choosing the stability lobes of tbe machine 

tooL Authors implemented a positive feedback control method by using Matlab xPC 

target real-time software. Their experimental results with controller on and off 

showed that the chatter was reduced remarkably as it can be Seen in Figure 2.15. 
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However, this method is not suitable for practical applications, because the actuators 

were mounted on the workpiece" which means that for each milling operation they 

have to be mounted and calibrated. 

In the recent publication of the authors Sims et al. (2005) a very detailed 

mathematical approach for machine stability prediction has been investigated, where 

piezoelectric transducers were used to actively damp the chatter. 

A similar design approach to the small scale planer (described in chapter 3) was 

introduced by Dohner et al. (2004) for vibration suppression of a milling machine 

(Figure 2.16). 
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Figure 2.16 Spindle unit with four collocated electrostrictive actuators for a milling machine 

(Dohner et al. 2004) 

Authors have implemented active vibration control using electrostrictive actuators 

surrounding the spindle unit (Figure 2.16). Strain gauges mounted on tool were used 

to sense vibration. This information was then sent to the control system where 

appropriate voltage signals for the electrostrictive actuators were defIned. As a result 

of this process, actuators apply a force against the spindle unit. Optimal control 

technique, namely, linear quadratic gaussian regulator (LQG) was used to perform 
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the control action. Authors reported that LQG regulator produced high levels of 

robustness and performance. With the controlled forces produced by the 

electrostrictive actuators and exerted against the spindle, the authors reported a 

remarkable chatter reduction as shown in Figure 2.17. 

Figure 2.17 Surface finish improvement with LQG (Dohner et aI. 2004) 

Authors also reported that the maximum stable depth of cut could be increased by a 

factor of 4. The main advantage of this approach is that the spindle speed is within 

the confmed operation section of nm;, and nm~' thus excessive tool wear would be 

avoided. However, the authors also outlined the complex set up of the experimental 

part. For example a telemetry system was built to transmit strain data from the 

rotating spindle to stationary receivers where further specific co-ordinate translation 

algorithm was necessary. Moreover, electrosttictive actuators are solid-state actuators 

similar to piezoelectric actuators. Electrostrictive material strains proportionally to 

the square of the applied voltage in contrast to piezoelectric element which expands 

proportionally to the applied voltage. Moreover, the capacitance of the 

electrostrictive actuator is four to five times higher than the capacitance of 

piezoelectric actuators, thus they require higher dynamic current for dynamic 

applications. Furthermore, as a result of high capacitance, the dynamic range of the 

electrostrictive actuators is limited. 
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Rashid et a1. (2005) developed an active controlled workholding system for milling 

operation (Figure 2.18). Unlike the conventional control of the machine spindle, 

authors proposed to reduce machine chatter by controlling the workholding ftxtures 

with piezoelectric acmators. Authors reported that the reduction of chatter is also 

possible by controlling the workholding ftxture. 
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Figure 2.18 Active control system for the pallet system (Rashid et al. 2005) 

Lauffer et al. (1998), Shankar et al. (1998) and Regelbrugge et al. (2002) developed a 

smart spindle unit for the chatter suppression of a milling machine. The goal of the 

research was to develop a chatter suppression system for horizontal octahedral 

hexapod milling machine in order to increase MMRR, which is generally limited by 

the onset of chatter. The spindle movement was controlled by four electrostrictive 

ceramic acmators. Their acmators consisted of ftve segments with 20 mm of diameter 

which was glued together to form a 50 mm long ceramic acmator with a stiffness of 

300 NI J1m. The acmators were able to deliver 15 J1m stroke under a load of 6 kN at 

maximum voltage of 150 V. Their spindle unit was designed to operate at 6000 rpm 

with a 30 HP motor. Their experimental results showed that the stable depth of a 

full-immersion cut was increased by factor in the range of 2-20 and the depth of a 

partial-immersion cut was increased by 85-220 %. The authors stated that the smart 

spindle unit could improve the productivity by factors ranging from 2 -20. 
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2.4.1.2 Active Vibration Control within the Turning Process 

A considerable amount of research on tool positioning within the turning process 

with piezoelectric actuators has been carried out by many researchers. Woronko et al. 

(2003) developed a single axis tool servo system for precision turning of local areas 

of the workpiece on a CNC machine. Force fluctuations during the turning process 

limit the precision of the machine. Capacitive displacement sensors were used as 

feedback for the control system which minimizes the tracking errors introduced by 

the non-linear behaviour of the piezoelectric actuators. In order to minimize the 

force variations, authors designed a solid flexure to transmit forces generated by the 

stack type piezoelectric actuator to the turning tool assembly. Authors reported that 

the piezoelectric actuators are capable of delivering the counter forces required for 

an accurate positioning of tool system within 20 nm range. 

For high precision diamond turning applications Paterson and Magreb (1985), Hara 

et al. (1990), Fawcett (1990), Okazaki (1990) and Shamoto et al. (1997) have also 

used piezoelectric actuators to improve tool positioning accuracy. 

Andren et al. (2003) developed an active tool holder for a lathe. The holder was 

equipped with a piezoelectric stack type actuator and an integrated accelerometer. 

The actuator and the sensor were integrated into the tool holder simply by milling a 

space into the bottom part of the tool holder (Figure 2.19). 

Tool holder 

Piezoelectric actuator " 

Figure 2.19 Active tool holder (Andren et at. 2003) 
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The authors reported a cutting tool vibration reduction level of 40 dB at 3.3 kHZ for 

typical machining parameter settings (i.e. cutting speed'" 80 m/ min, depth of cut '" 

0.9 mm and feed rate'" 0.25 mm/ rev). However, Hakansson et al. (1999) reported that 

the major drawback of this embedded actuator arrangement is the stiffness reduction 

of the tool holder by up to 20%. This in tum set limitations on the actuator geometry 

in order to keep the tool holder stiffness at an acceptable leveL 

Ganguli et al. (2005) developed an active mass damper to suppress chatter present 

within the metal turning machine tool. Authors used a laser source to detect the 

vibrations and fed it in a closed loop opearion to the active mass damper, which set 

the damping coefficient so that a stable operation lobe was achieved. 

An extensive numerical analysis on the chatter characteristics within the turning 

process was studied by Baker et al. (2002). In their studies, the authors used finite 

element method to model the structural machine parameters (machine design 

parameters) in order to identify the cross-coupling effects between tool and 

workpiece. However, the authors reported about the difficulty of predicting the 

cutting forces, which has lirnited their numerical method for chatter modelling. 

Kiln et al. (1997) developed an active control system for an ultra precision lathe. 

They used piezoelectric actuators to control the cutting tool. Authors reported a 

waviness reduction over 40%. 
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2.4.1.3 Active Vibration Control within the Boring Process 

Another typical example of a cutting tool used in the metal machining, which is 

susceptible to chatter, is the boring process. Wong et al. (1995) used active magnetic 

actuators to develop an active dynamic absorber for an overhung boring bar with 8:1 

ratio. In this work, the electromagnetic force acting on the absorber were controlled 

to adapt the absorber frequency to the vibration frequency of the boring bar. The 

control method was based on the combination of the modal control and direct 

output feedback method. The modal control approach was basically used to 

determine the full state feedback of the system with the objective to defIne and 

control the critical modes of the system. 

Tewani et al. (1991) simulated an active dynamic absorber with piezoelectric actuator 

to suppress chatter in a boring bar (Figure 2.20). Tewani et al. (1992) reported that 

piezoelectric actuators are capable of delivering the force and the bandwidth required 

to efficiently suppress the chatter by 30%. The authors also used optimal control 

method for this application. 
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Figure 2.20 Active dynamic absorber with piezoelectric actuators (fewani et al. 1991) 

44 



Min et al. (2002) developed a smart boring tool for line boring in the automotive 

industry. The boring bar is fIxed to the rotating spindle at one end with a roughing 

cutter and a finishing cutter attached to the free end. A piezoelectric actuator 

controlled the finishing cutter. The position of the finishing cutter and the deflection 

of the boring bar relative to the spindle were measured by laser detectors. The 

design allowed the smart tool to be used with an automated tool changer. Thus, all 

the instrumentation including controller was built into the tool body, which rotated 

with the spindle. A non-contact power transformer provided power for the 

controller and the piezoelectric actuator. The non-contact power transformer was 

also used to transfer data between the smart tool and the machine tool itself. Their 

experiments showed thatthe tool tip position error could be reduced signifIcantly. 

Another application of the piezoelectric actuators for the boring operation 1S 

reported by Chiu et al. (2002). They developed an overhung boring bar servo system 

for on-line correction of roundness errors. The control of the cutting tip is realized 

via a lever structure with a piezoelectric actuator on one end and the cutting tip on 

the opposite end. Strain gauges are used to measure the position of the cutting tip. 

The boring bar was able to correct roundness errors as high as 20 JUn. The authors 

reported roundness error reduction as high as 40%. 

Tanaka et al. (1994) used piezoelectric actuators to develop an active damper to 

attenuate chatter of a slender boring bar. Authors detected the chatter frequency and 

produced a counter force with the help of piezoelectric actuators to suppress the 

targeted frequencies by increasing the damping. A similar approach has been 

reported by Matsabura et al. (1989), Pratt and Nayfeh (1998, 1999) who modelled t~e 

dynalnic characteristics of a boring bar by using impulse forces· generated by the 

piezoelectric actuator and measured the system response with an accelerometer in 

order to defIne the frequency response function (FRF). The relevant modes of the 

system were then defIned with the aim to increase damping and reduce chatter at the 

desired frequencies. 
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2.4.2 Vibration reduction methods for woodworking machinery 

It should be noted that in the metalworking machinery, chatter is one of the main 

factors which results in poor surface quality, whereas within the woodworking, the 

main factors responsible for surface quality are tool settings, tool inaccuracies and 

spindle vibrations. 

To date, productivity improvement techniques within the furniture industry 'have 

paid little attention for further research and development of woodworking machines 

(Ratnasingam et al. 1996). The competitive market of the woodworking products is 

mainly driven by low raw material and labour costs. Although wood machining 

process is an essential part of the furniture manufacturing, it has not been considered 

as the main objective to enhance the productivity. Wood is a precious natural 

resource and the growing demand for woodworking products will further increase 

the raw material costs. In order to compensate for the increased raw material prices 

and further increase the throughput, manufacturing machines within the 

woodworking domain are required to finish the end products more efficiently 

(Ratnasingam et al. 1999). The manufacturing costs however reveal that ca. 23% of 

the total production costs are related to the machining process. Thus, improvements 

within the woodworking machinery will inevitably lead to higher production 

throughput and reduce manufacturing costs (Hoff et al. 1997). 

Research on wood machining process world wide is mainly focused on tool 

improvement, reduction of cutting edge wear and component design optimisation 

(Ratnasingam et al. 2005). Therefore, there is a very little amount of research 

reported on the woodworking machinery in terms of vibration control. The presence 

of the vibrations during the machining process results in surface waviness. Vibrations 

mainly occur between the relative movements of the cutterhead and the workpiece. 

These vibrations can be suppressed by a passive or active approach as 

aforementioned in the metalworking domain. 
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Active vibration control techniques implemented within the metalworking machinery 

are mainly focused on controlling the spindle vibrations. There is no significant 

record of research in the vibration control of woodworking machinery. Therefore, 

the technologies developed to actively control spindle vibrations for the metal 

working machinery are widely applicable to the woodworking machinery, because the 

needs of woodworking machinery are assumed to be similar to those of the 

metalworking sector which gaffied more attention in terms of research and funding. 

Brown et a1. (2002) developed a method to improve the surface waviness by reducing 

the cuttermarks height. This was achieved by additional cutterhead movement in 

horizontal direction. With this approach, the cutterhead moves horizontally when 

each knife contacts the timber surface. Before the subsequent knife touches the 

workpiece, the cutterhead retract to the standard position. This method changes the 

shape of the cuttermarks and they become shallower than the scallop-like 

cuttermarks produced by the conventional machining process, thus a smoother 

surface was achieved. 

Circular saws are widely used in woodworking for many applications such as lumber 

manufacturing, furniture industry and home workshops. Wood is a precious natural 

resource and its availability has become more limited, hence its price is increasing. 

Active vibration suppression of sawmills has become an economic necessity in terms 

of material recovery, because 12 % of the machined wood in sawmills is sawdust and 

further 7 % is lost in planer shaving of uneven surfaces resulting from saw blade 

vibrations. It has been reported that dust is hazardous to human health and in 

particular cases it can lead to nasal cancer (palmqvist et a1. 1999). Therefore, the 

vibration suppression, hence dust reduction is not only an economic issue but also 

important in terms of healthy working environment. Most studies on circular saws 

have been focused on improving saw design with the aim to increase the stiffness 

which in turn would minimize the resonant vibrations. 
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Schajer et al. (2001) studied the effect of vibration in circular saws and outlined the 

interaction between workpiece and the saw blades. Ellis and Mote (1979) were 

among the pioneers to use active AMBs for circular saw blades to minimise the 

vibration. Authors reported an increase and damping values at about 400%, hence 

saw blade vibrations were suppressed remarkably. Wang et al. (2001) investigated on 

the implementation of modal control method for a circular saw equipped with 

magnetic actuators. Chen et al. (2003) implemented optimal control technique for the 

same circular saw machine reported by Wand et al. (2001). Authors used two pairs of 

electromagnetic actuators mounted along the horizontal diameter of the saw blade in 

proximity of the blade surface to perform active control. The vibration of the saw 

blade is measured with the non-contact proximity sensors. This information is fed to 

the control system to determine the driving current for the magnetic actuators 

(Figure 2.21). 
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Figure 2.21 Schematic diagram for active vibration control of a saw blade (Chen et a1. 2003) 
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The active vibration control law was realised with the LQG regulator (Figure 2.22). 
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Figure 2.22 Active vibration control with LQG regulator 
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LQG regulator is an optimal control method which is a time integral of a quadratic 

function of the system states and inputs (Lewis 1992). The main objective of this 

approach is to minimize the state response with minimal control effort. LQG 

method is also known as cost minimisation method. In case of vibration control, the 

cost function contains vibration response (i.e. signal and disturbance) as the state 

variables and minimizes the control effort which is needed to suppress the 

disturbances. Disturbances were determined and the Kalrnan filter (optimal 

estimator) was used to estimate the feedback signal. Authors reported remarkable 

vibration reduction as high as 66%. The beneflts of reduced vibrations are improved 

machine tool life, high product quality, noise reduction and significant econotnlc 

wood recovery. 

The LQG control approach is also proposed for the small scale planer (optimal 

control and Kalman filter are described in more details in chapter 7). 
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Chapter 3 PREVIOUS WORK - SMALL SCALE PLANER 

The aim of this chapter is to introduce the previous work and to outline the 

improvements that are proposed as a part of this research work. Furthermore, the 

capabilities of the small scale planer as well as its limitations are discussed. A small 

scale planer was built by Hynek (2004) as part of his PhD project. It is capable of 

improving the surface form by vertical cutterhead movement. The small scale planer 

comprises of mechanical design, instrumentation and control which are introduced in 

the next sections. 

3.1 Design of the Small Scale Planer 

The small scale planer consists of a base frame on which the feed table and spindle 

system are mounted (Figure 3.1). The spindle system can be displaced vertically for 

controlled cutting conditions. The feed table consists of a ball screw, high precision 

linear guides and feed bed on which the workpiece can be mounted. 
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Figure 3.1 Small scale planer (Hynek 2004) 
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The cutterhead is located on the overhung end of the spindle. The spindle is 

supported by two precision angular contact ball bearings. The vertical cutterhead 

movement is accomplished by the displacement of the front bearing. It can also be 

described as a cantilever system. This arrangement introduces cutterhead and knife 

tilt. The maximum amount of the knife tilt is less than 8 % so that its effect on the 

resultant surface can be neglected. 

The front bearing is fitted in the front ring which is supported by four spacers 

(Figure 3.2). Four piezoelectric actuators are mounted on the front bearing. Applying 

appropriate voltage levels to the piezoelectric actuators controls the movement of the 

spindle in the plane perpendicular to the spindle's rotational axis. 
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Figure 3.2 Spindle system with piezoelectric actuators and eddy current sensors (Hynek 2004) 

The spindle displacement in the plane perpendicular to the spindle's rotational axes 

needs to be measured in order to control its movement. The movement of the 

spindle is measured via two eddy current sensors by measuring the movement of the 

front bearing. 
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3.2 Instrumentation of the Small Scale Planer 

The small scale planer has been instrumented with an incremental encoder, two eddy 

current sensors, signal conditioning circuits, four driving amplifiers (one amplifier for 

each piezoelectric actuator) and a control computer in order to implement the 

controlled cutterhead displacement. Figure 3.3 shows the instrumentation with all 

key components along with the signal flow between the small scale planer and 

control computer presented by the multifunction If 0 card. 
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Figure 3.3 Instrumentation of small scale planer (Hynek 2004) 

The spindle unit is equipped with two non-contact eddy current sensors to measure 

the XY displacement of the spindle. The eddy current signals are then amplified with 

the eddy current driver in order to increase the resolution and minimize the influence 

of the noise. These signals are then converted into digital signals with the 

multifunction I/O card. Instrumentation specifications can be found in the appendix 

A. 
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It is also equipped with an incremental encoder in order to measure the angular 

position of the spindle. These two measures (XY displacement and the angular 

position of the spindle) are then used to send appropriate signals to the high voltage 

driving amplifier. The amplifier send then a corresponding voltage level to the 

piezoelecttic actuator, which apply a force against the spindle and cause a controlled 

displacement. 

The small scale planer's instrumentation includes control computers, which are used. 

to acquire the sensor readings (incremental encoder and eddy current sensor 

readings) in order to adjust the input voltage for the piezoelecttic actuators in real 

time. Matlab xPC Target prototyping environment is used to carry out the real-time 

control applications. Matlab xPC-Target prototyping environment consists of a host 

computer and a target computer, which are connected via Ethernet link with capacity 

10 Mb/ sec as depicted in Figure 3.4. 
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Figure 3.4 Madab xPC-Target prototyping environment (Hynek 2004) 

The xPC target computer is running under xPC-Target real-time kernel, and the host 

computer is running under Windows 2000 with Matlab/Simulink program. The xPC 

target computer is equipped with a multifunction I/O card which provides sensor 

readings. The real-time application is designed within Simulink on the host pc. 
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After compiling the Simulink diagram, the executable code is uploaded via Ethernet 

link to the xPC target PC which is capable of executing applications in real-time. The 

reason for using two control computers is that, the applications cannot be executed 

in real-time with a PC running under Windows. 

3.3 Operation Principle of the Piezoelectric Actuators 

The piezoelectric actuators are capable of controlling the vertical spindle movement 

by ca. ±18 pm. Actuator specifications are stated in the Table 3.1. All four 

piezoelectric actuators are identical. 

Table 3.1 Piezoelectric actuator specification 

Max input voltage, V 150 V 

Actuator stiffness, kp 14 N/~m 

Zero load displacement@ 150V,yo 40 f'm 

Blocked force, Fp? 0.56 kN 

Actuator capacitance, Cp 2.3 f'F 

Cross-sectional area, A 25 mm2 

Length, L 19.5 mm 

The piezoelectric actuator expands when a voltage is applied to its electrodes. Their 

displacement is proportional to the applied voltage. Driving voltage is in the range 

from 0 to 150 V for low voltage piezoelectric actuators. Maximum displacement 

under no load condition varies from 8 to 100 pm. The maximum exerted pushing 

force is in the range from 0.2 to 4 kN for piezoelectric stack-type actuators. This 

type of actuator is able to act only in one direction, since they are susceptible to 

tensile stress. They are not able to pull the force. Therefore, two opposing actuators 

for each axis acting in "push-pull" operation shown in Figure 3.5. The actuator 

characteristics and operation are described in more details in Chapter 6. 
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Figure 3.5 Actuator and spindle model 
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3.4 Surface Form Improvemeut by Vertical Cutterhead Movement 

The principle behind the vertical cutterhead movement is that when a knife is at the 

start of the cutting path, the cutterhead moves upwards and reaches its point of 

maximum displacement when the line connecting the knife tip and cutterhead centte 

is perpendicular to the machined surface. After reaching its maximum point, the 

cutterhead moves downwards (Figure 3.6). 
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Figure 3.6 Principle of vertical cutterhead movement (Hynek 2004) 
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The cutterhead movement takes place in a very narrow time window LIt. It is defined 

by the machining parameters such as cutting speed v" feed speed Vj and length of 

cuttermark p. The time window can be expressed as follows: 

t1/=-p-. 
v, +Vj 

(3.1) 

The time, LIt, can also be perceived as the time that the cutterhead needs to travel for 

one cuttermark length p (Figure 3.7). 

Figure 3'.7 Cuttermark length, p 

The resultant surface can only be influenced during this time window LIt. The 

vertical cutterhead movement influences the knife tip path and the resultant surface 

form. The shape of the cuttermarks becomes shallow in comparison to the surface 

produced by the conventional machining method. The waviness height is reduced 

approximately by the amount of the vertical movement y, that takes place within the 

time window LIt (Figure 3.6). The vertical pulses are implemented in an open loop 

control. The position of the vertical pulse is synchronized with the cutterhead 

rotation so that, at the peak of the pulse, the knife tip is in the cuttermark's centre. 

The cutterhead angular position, measured by the encoder attached to the spindle, is 

used to trigger the pulses. 

The small scale planer is capable of reducing waviness heights up to 65% compared 

to waviness heights machined by the conventional machining operation. Figure 3.8 

shows the difference between the cuttermarks' heights of a conventional machined 

surface and the one machined with vertical cutterhead movement method. 
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Figure 3.8 Surface form improvement by vertical cutterhead displacement (Hynek 2004) 

3.5 Limitations of the Vertical Cutterhead Movement Method 

The vertical cutterhead movement was implemented as a pulse train with the pulse 

width equal to the time window Lit and the pulse magnitude equal to the desired 

waviness reduction (i.e. 2-20 p.m considering typical waviness height). The 

conventional rotary machining of timber is characterized by a high cutting speed, 

typically within the range 20-100 m / s. This machining speed would result in a very 

narrow time window. For example, a surface with cuttermark length of 1 mm, 

machined with the cutting speed of 40 m/ s, according to equation (3.1) would require 

the pulse width 25 fU to reduce the surface waviness (i.e. given the fact that the feed 

speed is negligibly small and typically in the range of Ij' "" 1 m/ s). Equation (3.2) 

further describes the dependency of tbe pulse width on the machining parameters as 

reported by H ynek (2004). 

f>t 
211: 

(3.2) 
Nro(,u + 1) 
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Where cv is the rotational cutterhead speed, N number of cutting knives and 1-'= v/ "; 
is the cutting speed to feed speed ratio. The parameter I-' is a suitable measure for 

describing the rotary machining process with typical values ranging from 40 up to 

300. Generally lower values of I-' indicate machining operations with lower cutting 

speed and lower feed rates (i.e. v,= 30 m/ s, ,,;=0.1 m/ s), whereas higher values of I-' 

refer to higher cutting speed and higher feed rates (i.e. v,=80 m/ s, ,,;= 1.6 m/ s). Figure 

3.9 shows the values of 1/ LIt for typical range of cutterhead speed and the ratio I-' 

for a single knife cutterhead (i.e. N= 1). The pulse width is in the range from 25 ps up 

to 1 ms and it is even N times smaller for multi-knife cutterhead. 
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Figure 3.9 Pulse width dependencies on machining parameters (Hynek 2004) 

Genereally, high values of f1. results in very narrow pulse widths and low values of f1. 

in wider pulse widths. However, the pulse width depends also on the rotational 

spindle speed. For example, for a single knife cutterhead with radius 50 mm running 

at 10000 rpm with 13 m/min feed speed, results in 241 for the I-' ratio and the pulse 

width is 25 ps. If the cutterhead speed is reduced to 4000 rpm, the f1. ratio 

corresponds to 97 and the pulse width is reduced to 155 f1.s. 
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This duration of the time window available for controlling the vertical cutterhead 

movement is still very narrow and set some limitations on this approach. The narrow 

pulse suggests that the force due to acceleration is very high. An estimation of the 

acceleration force can be obtained by assuming that the cutterhead follows a sine 

wave as defmed by equation (3.3). 

y = Y'Sin(27r-
1 t) 

2 f,t 
(3.3) 

Where y, is the pulse magnitude and Llt is the pulse width. The peak acceleration 

force is then defmed as follows 

(3.4) 

where m, is the cutterhead mass. The dependence of the peak acceleration force on 

the cuttethead mass and the pulse width for a pulse magnitude of 10 flm is shown in 

Figure 3.10. 

9 

6 

7 

3 --~-------+-------r-------t-------i-------

. . . -----'--------:---------:--------;-2 

1 -·----+-------t--------,f--------i----·---~--------j--------!----

o 0.5 1.5 2 2.5 3 3.5 4 4.5 5 
Cutemead mass [kg1 

Figure 3.10 Peak acceleration force vs cutterhead mass (Hynek 2004) 
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For narrow time windows, the piezoelectric actuators are not capable of providing 

high forces within the available short time period to perform the vertical cutterhead 

movement. For example, the peak acceleration force for a 5 kg cutterhead osciallting 

with peak to peak amplitude of 10 Ilm at 8 kHZ is 63 kN. These operating ranges are 

outside the performance envelope of the available piezoelectric actuator (i.e. when 

compared with Table 3.1). Therefore, the vertical cutterhead movement for reducing 

surface waviness is more suitable for lower cutting parameters (i.e. spindle 

speed=600 rpm, feed speed=I.5m/min) where the time window is wider. 

3.6 Improvements Compared to Previous Work 

The small scale planer has, beside cutting speed limitation, another restriction. The 

width and the magnitude of required pulse train (for vertical cutterhead movement) 

has to be set according to the desired waviness reduction leveL Once the pulse 

characteristic has been defIned, the vertical cutterhead movement follows the same 

pattern. Therefore, it is not adaptable to undesired vibrations and disturbances. Its 

application focuses more on wood shaping rather than suppressing vibrations which 

can cause severe surface defects on the machined surface proflle. Although Hynek 

(2004) has shown through simulation as well as through experimental work that the 

controlled vertical cutterhead movement can reduce the surface waviness remarkably, 

this technique is not applicable within the real woodworking planer where higher 

throughputs rates are desired, thus higher control forces from the actuator are 

required. 

Therefore the focus of this thesis is to develop a closed loop control system in order 

to suppress the undesired vibrations, hence achieving an enhanced machining 

environment. Unlike the previous approach which is mainly focused on rotary 

machining improvement through modifIcation of the cutterhead displacement, the 

proposed improvement method targets a different improvement method, namely 

active vibration controL 
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This is achieved by implementing the optimal control method on the small scale 

planer (optimal control strategy is described in more details in chapter 7). 

As a result of this control method, the dynamic characteristics of the spindle system 

will be further improved so that spindle speed can be increased regardless of the 

knife cutting frequency which may be beyond the fIrst natural frequency of the 

spindle system. This capability would allow increasing the spindle speed at its 

maximum range irrespective of the natural frequency of the system, hence a higher 

operating range will be achieved. This in turn would yield higher surface quality and 

higher throughput rates. Furthermore, a surface proftle monitoring system is 

proposed which is capable of providing surface prome information in real-time 

(described in chapter 5 in more details). These improvements are the main objectives 

of this research work. 
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Chapter 4 SURFACE WAVINESS ON MACHINED TIMBER 

The objective of this section is to outline the occurrence of the waveforms on the 

machined timber as well as to point out the machining variations and their effects on 

the resultant surface quality. Machine system variations can often affect the 

consistency of the surface proflle pattern. Especially, spindle vibrations and 

cutterhead inaccuracies have great impact on the resultant surface waviness quality. 

These effects are first described theoretically and further investigated through 

simulation as well as experimental work. 

4.1 Wood Machining Principle 

Rotary machining has been an essential part of the woodworking industry for over 

two centuries and is applied to good effect in planing and mouldillg machinery. The 

principle of the rotary machining process is such that a timber is fed towards a 

rotating cutterhead containing a certain number of cutting knives. This process is 

illustrated in Figure 4.1. 
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R Cutterhcad ~ 
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vr 

Figure 4.1 Principle of rotary machining process 

This machining process is similar to milling metals in up-cutting mode. The main 

differences between these two cutting modes are the cutting speed and the feed 

speed. 
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Cutting speed for wood machlning lies in the range 30 - 80 m/ s compared with 0.5 -

1.5 m/ s for the milling of metals. The feed speed within the woodworking machinery 

is correspondingly high, ranging from 0.08 m/sup to 1.6 m/ s (Hynek 2004). Figure 

4.1 shows the machined timber surface which is not ideally smooth and flat but 

consists of a series of waves due to the kinematics of the rotary machlning process. 

The surface waves, also called cuttermarks, are generally accepted as unavoidable. 

The length of the cuttermark p, also called pitch, is usually taken as a measure of 

surface quality. Table 4.1 shows the different quality levels with the typical 

corresponding heights produced by a cutterhead with diameter D= 120 mm. 

Table 4.1 Surface quality classification 

Surface quality Cuttetmatk length (mm) Cuttermark height (~m) 

Average 2.0 - 2.5 8.3 - 13 

Good 1.5 - 1.8 4.7 -6.8 

High <1.0 <2 

A good surface quality is characterized by a cuttermark length between 1.5 - 1.8 mm 

with 4.7 - 6.8 /lm height and surface waviness should follow a uniform pattern. The 

high quality surface finish should have cuttermarks of 1 mm length in a regular 

manner. This prof:tle is almost undetectable with human eyes and the regularity of the 

waves appears as "wave free" Gackson et al. 2002). 

The length of the cuttermarks p depends on the workpiece feed speed vp, the 

cutterhead rotational speed cv and the number of finishing cutting knives N. This 

relationship can be expressed by equation (4.1). 

VI 
p=--

w·N 
(4.1) 
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It is often assumed, for simplicity, that the shape of the cuttermarks is circular and 

that the surface can be considered as a series of intersecting circular arcs. The 

waviness height h of the simplified surface can then be expressed by the following 

equation 

~ h=R-VR2 -4" (4.2) 

where as R is the cutterhead radius. These equations (4.1) and (4.2) are well 

established and widely used Gackson et al. 2002). 

4.2 Surface Profile Modelling 

In planing and moulding machining processes, the rotating knives at the rotating 

speed w, removes material (i.e. in form of wood chips) from the workpiece. The 

resultant surface wave shapes are cycloid due to kinematics of the rotary machining 

process (Luo et al. 2003, Palmqvist et al. 2003). However, the particular machining 

characteristics of these processes (i.e. cutting knives are straight in contrast to the 

helical cutting edges used within metalworking) allow a simplified 2D model of the 

surface form. 

R: cutterhead radius 

p: waviness length 

h: waviness height 
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Figure 4.2 Circular arc theory to model surface waviness 
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The most simple surface form model is the circular arc theory which is based on the 

intersection of a series of circular arcs (Figure 4.2). It should be pointed out that the 

length of the cuttermark is independent of the cutterhead radius which is described 

by the equation (4.1). The length p is simply the distance that the timber travels 

between two consecutive knives. Due to the kinematics of the rotary machining 

process the cycloidal shape of the cuttermarks is slightly shallower than the 

approximation through the circular arcs theory which is compared in Figure 4.3. 

Circular arts approximation 

Actual sf/10Ct waviness - Cycloid 

Figure 4.3 Shape of cuttetmarks as a series of cycIoidal path 

The cycloid surface height is ca. 5% lower than the simplified circular height 

expressed by equation (4.2) (Hynek 2004) . 
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Figure 4.4 Dependencies among the parameters R, p and h 
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This low error ratio justifies the use of surface wavmess approximation by the 

circular arcs for rotary machining process used within the woodworking domain. An 

exact calculation of the cycloidal path can be found in the appendix B. Figure 4.4 

shows the dependency among the factors (cutterhead radius R, cuttermark length p 

and cuttermark height h) which form the resultant surface proflle. 

4.3 Surface Profile Characterisation 

The surface quality of the machined workpiece 15 characterized by two features 

Oackson et al. 2002): 

• 

• 
surface roughness 

surface waviness 

Surface roughness is defmed as the shorter-wavelength component of the surface 

waviness. Roughness appears together with the surface waviness. It could also be 

interpreted as the surface waviness distortion with higher frequencies. Figure 4.5 

displays the difference between the surface roughness and an ideal surface waviness. 

Waviness and Roughness 

Waviness 

Figure 4.5 Wood surface profile with roughness and waviness 
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Surface roughness is predominantly affected by the following factors (J ackson et al. 

2002): 

• 

• 

• 
• 

Workpiece properties (i.e. wood species, moisture content etc.) 

Cutting knife condition 

Velocity of the cutting knife relative to tbe workpiece 

Average chip thickness 

Clearly, the end surface form of a machined timber consists of waviness plus a 

certain amount of roughness. For some application such as window frames or 

furniture, the surface waviness has a higher importance than the surface roughness. 

Ideal surface waviness is deflned as the longer-wavelength component of the surface 

proftle which is predominately determined by the feed speed, spindle speed and 

cutterhead radius. The real surface form of a machined timber however, is highly 

susceptible to machine system variations, which in turn can lead to inconsistent 

surface quality levels. The variations can be divided into three major groups. Firstly, 

workpiece properties such as wood species and moisture content affect the surface 

quality. Secondly, machining parameters such as cutterhead speed, feed speed and 

number of cutting knives primarily determine the waviness form. Thirdly, undesired 

vibrations and inaccuracies within the machining process can reduce the surface 

quality severely. Some of these variations especially the effects of tooling inaccuracies 

and the spindle vibrations on the surface form are outlined in section 4.4. 

4.4 Surface Defects and their Appearance Forms on Machined Timber 

In the previous sections 4.1 to 4.3, factors that affect the surface quality and surface 

form of machined timber are outlined. In this section, the effect of spindle vibrations 

and machine tools, particularly the effects of cutting tool inaccuracies are analysed 

and demonstrated through simulation as well as experimental work. 
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To date, it has not been possible to control the wood machining process so that the 

effect of specific disturbances such as tooling inaccuracies or cutterhead vibrations 

can be generated to confirm the theoty presented. Although the· systematic 

investigation reported by Jackson et a1. (2007) provides unique insight into 

understanding some of the basic engineering influences on machine performance. 

The mechatronics control approach presented in this section is capable of producing 

surface defects to order. Whilst this may seem at odds with reducing defects, it is part 

of the wider understanding of how tool path inaccuracies cause surface waviness 

defects. The surface profile analysis is carried out as follows 

• 

• 
• 

• 

The effect of single-knife fmish is simulated and experimentally 

demonstrated 

The effect of two-knife fmish is simulated and experimentally shown 

The influence of tooling and relocation inaccuracies on the surface form are 

analysed 

The effect of cutterhead vibrations, especially the effects of vertical spindle 

vibrations on the resultant surface form are studied and experimentally 

demonstrated 

4.4.1 Single - Knife Finish 

The "single knife fmish" exists where the surface wave form is determined by the 

cutter with the largest radius in the cutterhead. This results from the insufficient 

precision of the cutting knives due to the cutter sharpening machine tolerances and 

the relocation inaccuracies between the cutter sharpening machine and planing 

machine spindles. It is not possible to produce cutting tools of exactly the same size. 

However, there are tolerance levels which indicate the quality of cutting edges. The 

difference between the cutting knife with the largest radius and the cutting knife with 

the shortest radius is defined as the "total indicated run-out" (fIR). 
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The difference among the cutting tool radii can reach up to 50 f.1m for knives set in a 

cutterhead using a setting gauge (Jackson et al. 2002). For example, considering a 

cutterhead with two cutting edges and a TIR of 50 f.1m located on a spindle rotating at 

6000 rpm with a timber feed of 12 m/min. The resultant surface would have a pitch of 

2 mm which is in the low quality range, whereas with zero TIR, the ideal surface pitch 

would be 1 mm which is a high quality fmish, because the number of fmishing knives 

is now N=2 (Figure 4.6). According to equation (4.1), the pitch p is also defIned by 

the number of knives N. The higher the number of knives N the shorter the 

waviness length, hence a better surface fmish can be achieved. 

2mm 

Single knife finish 1mm 

Two knife finish 

Figure 4.6 'the effect of single knife finish and two knife finish on the ideal surface form 

As aforementioned, high values of TIR cause that only the knife with the largest 

radius leave cutterniarks on the machined surface. This leads to lower surface quality 

and reduces the performance of the machining operation. A solution to minimize the 

effect of TIR is to grind the cutters in the cutterhead. Cutters ground in the 

cutterhead and then relocated on the planing machine spindle using hydrogrip 

tooling results in typically 5-10 f.1m TIR but the inaccuracies cannot be completely 

removed. Despite the deployment of high precision knives and the grinding of the 

knives in the cutterhead, the uniformity of the surface waviness with an acceptable 

surface quality cannot be assured. Figure 4.7 shows the effect of a cutterhead 

consisting of two knives with different radii. 
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Surface produced 
by knife A 

Height 
Iftm] 

Surface produced 
by knife B 

Timber length [mm] 

<E--- Knife A with larger 
radius than the 
radius of knife B 

Knife B with 
"'-i\~~;-- shorter radius 

TIR = RB - RA 

Figure 4.7 Effect of lower TIR values oa the resultant surface 

The resultant surface is somewhat variable and contains shorter cuttermarks (caused 

by the cutting knife with smaller radius) and longer cuttermarks (caused by the knife 

with the larger radius) with a certain level of surface roughness. The obtained surface 

form with different knife radii (different values of TIR) can lead to so called "surface 

defects". The process of dressing cutting knives in the cutterhead is also defined as 

"jointing" with the aim to true the cutting edges and to achieve a multi-knife finish. 

sharp curter 

~":""' . 
joint land 

Figure 4.8 Jointed cutter with joint land 

The process of jointing produces "joint land" on the cutting edge (Figure 4.8). The 

difference in radius of the individual cutters results in joint land width variation 

which causes significant cutting force variation and correspondingly poor surface 
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roughness and wavmess quality (Jackson et al. 2002). Nevertheless for some 

applications this process can provide an acceptable surface quality. 

4.4.1.1 Experiment and Simulation to Produce Single - Knife Finish 

This section aims to show the differences between the expected and the machined 

surface for a single knife finish. Experimental tests involved simply generating a 

single knife finish to compare the simulation of a perfect surface and that produced 

by the test rig (described in chapter 3) with no radial displacement of the spindle 

centre. 

A cutterhead with two cutting knives is chosen with a TIR value of 70 pm to ensure 

that only one cutter produces a finishing wave. The machined surface proflle was 

measured by a contact based stylus tracer (Figure 4.9). 

Linear probe 
Data acquisition & analysi = Interface card 

Incremel1tal encode Skid 

Timber 

Figure 4.9 Surface measurement via stylus tracer 

With this surface measurement technique, the stylus tip contacts the machined 

surface and it is moved along the timber. The surface height (i.e. y-axis) is measured 

by the vertical movement of the stylus tip whereas the waviness length (i.e. x-axis) is 

measured by the incremental encoder. The resultant surface proflle is a combination 

of both measures. Figure 4.10 presents a reference simulated ideal surface produced 

by the knife with the larger cutting radius. Setting machining spindle speed to 400 

rpm with a feed speed of 30 mm/ s results according to equation (4.1) in wave length p 

of 4.5 mm and equation (4.2) gives a corresponding waviness height of 42 flm. 
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Figure 4.10 Simulation to create single-knife finish 

The same machining parameters used for the simulation are set for the small scale 

planer to produce a single knife finish (Figure 4.11). 
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Figure 4.11 Experiment to produce single-knife finisb 
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Analysis on the surface form with the Fast Fourier Transform (FFT) provides a 

better insight into the dominant wavelengths which form the resultant surface 

profIle. Results from the FFT analysis show that both simulated (Figure 4.10) and 

machined (Figure 4.11) surfaces have the dominant wavelength at 4.5 mm which is 

the pitch of the resultant surface. It should be pointed out that the unit for the 

frequency is determined as 1/ (unit length) i.e. 1/ mm, which can be perceived as the 

number of cuttermarks per unit length. 

The machined surface height is ca. 12 % lower than the simulated ideal surface form. 

The deviation from the simulated surface form is due to the factors such as the 

cutting edge condition and geometry, cutterhead vibrations as well as the material 

properties (e.g. elasticity) which are not considered within the simulation. In the real 

machining process all these factors influence the resultant wave form. 

4.4.1.2 Experiment to produce Two - Knife Finish 

Two - Knife finish is a desired machining operation. According to equation (4.1) the 

higher the number of engaging cutting knives N, the smaller the pitch p. Figure 4.12 

shows the difference between the surface profIle of a single - knife and two - knife 

finish for the same machining parameter settings (&J = 450 rpm, Vj = 30 mm / s). Both 

samples are machined with the small scale planer. 

Single Knife Finish Two-Knife Finish 
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Figure 4.12 Comparison, Single-Knife finish vs. Two-Knife finish 
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Results from the FFT analysis show that single-knife fInish has the double wave 

length when compared with the two - knife ftnish (Figure 4.12). The corresponding 

waviness height of the single - knife fInish is almost four times higher than the two

knife fmish operation. This difference in surface proflle quality points out the 

importance of the run out (fIR) of the cutting knives involved within the real cutting 

process. 

4.4.2 The Effects of a Proud Knife on the Surface Fonn 

The involvement of the cutting knives needs to be assured prior to the machining 

operation in order to achieve a higher surface quality. As mentioned in section 4.4.1, 

it is not always technically possible and economical to achieve a high precision degree 

of circular cutting path through sophisticated relocation methods and cutting edge 

grinding operation. The effect of proud knife on the resultant surface is illustrated in 

Figure 4.13 where the knife 3 is larger than the other cutting knives thus removes 

more material and causes larger cuttermarks on the surface. 

2 + 4 

3 

1 , n:'''.~ 
Proud knife with \,,,,"Y 
larger radius ----~, 

4 

Effect o( proud knife on 
machined surface 

Surface: profile with 
same knife radii 

Figure 4.13 Effect of proud knife on the surface 
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The simulation in Figure 4.14 demonstrates the effect of so called proud knife on a 

cutterhead with four mounted knives where one of the knives radius is IOl1m larger 

than the common radius. 
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Figure 4.14 Simulated surface with proud knife 
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Figure 4.15 Machined surface with proud knife 
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The simulation in Figure 4.14 shows that the proud knife causes larger wave lengths 

on the surface which has negative effects on the surface quality. The simulated effect 

of proud knife (Figure 4.14) as well as the machined specimen with proud knife 

(Figure 4.15) show that the dominant wave length is four times higher than the 

expected wavelength of 2.2 mm. This also indicates that the knife with the largest 

radius leaves more distinct cuttermarks on the surface, hence causes a surface of 

reduced quality. 

4.4.3 The Effect of Cutterhead Vibrations on the Surface Form 

In high speed woodworking a machinery cutterhead can have up to 20 cutting 

knives. As it can be seen from equation (4.1), the greater the number of cutting 

knives the higher the timber feed speed for a given good quality (-1 mm) of wave 

pitch. The requirement for multi-knife fInish is that all the cutting edges have the 

same radius. To realise this goal the jointing process is applied at the rotating 

cutterhead with the aim to true all the cutting edges to the same radius. The 

consequence of this jointing process is a cutter with zero back clearance angle that 

rubs the timber surface. All of the aforementioned precision improvement 

techniques have elevated the jointing process to a high level in order to reduce the 

rubbing effect, but it is still present. In addition the joint land width, determined by 

cutter tracking errors and also machine spindle/ structural vibration, causes variations 

in normal cutting force (radial push off force) which produces cutter spindle 

deflection and hence variation in the cutter path (Jacks on et al. 2002). 

One particular case is where a four-knife cutterhead with cutters ground to the same 

radii is subject to aI/rev displacement at the spindle rotational frequency. The 

cutterhead vibration depicted in Figure 4.16 depends on the type of defect modelling 

case. Five different defect types are specifIed by Jackson et al. (2002) and many 

others are possible depending on the TIR values and machine operation condition. 
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Figure 4.16 shows that the cutting knives Band D are not affected by 1/ rev vibration, 

whereas cutting knife A is pulled out of the workpiece and on the contrary cutting 

knife C is pushed into the workpiece by the vibration magnitude. 

A 
A 

o 

Figure 4.16 Effect ofl/rev spindle vibration on the surface form 

This is shown for the case where the positive maximum of the vibration 

displacement aligns with cutter A. Variations in this particular case occur, depending 

on the phase relationship between the cutting knife rotational angle and the 

maximum or minimum point of the interfering with the 1/ rev vibration cycle. The 

resultant surface model in Figure 4.16 is based on the circular arcs theory and 

represents a surface defect. Each cutting knife removes material from the surface 

with respect to their vibration magnitude. 
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The resultant surface defect is superimposed by the adjacent circles in a plane 

representing the depth and length of the surface form. Figure 4.16 also demonstrates 

the greatest impact on the resultant surface, when the knife passing frequency 

coincides with the 1/ rev vibration crest. It should be pointed out that the angular 

position of the cutterhead is not controlled on planing and moulding machines and 

so the vibration effect is arbitrary each time a cutterhead is placed on the machine 

spindle. When this surface defect is compared with the ideal surface form, the 

difference between the surface qualities is unacceptable (Figure 4.16). Simulation of 

the machined timber surface profiles has been carried out to assist in analysis of 

produced surface defects and to investigate the effects of disturbances independent 

of workpiece properties. 
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Figure 4.17 Simulation of the surface defect caused by 1/ rev vibration 

Figure 4.17 shows the simulation of the surface defect caused by the 1/ rev spindle 

vibration. 
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The 1/ rev spindle vibration frequency is set to the cutterhead speed with an 

amplitude of 6 pm peak to peak. It can be observed that the surface prome does not 

consist of regular waves. For a normal machining operation (without spindle 

vibration) a wavelength of 2 mm with 8.33 pm of waviness height would be expected. 

For the additional spindle vibrations, the FFT analysis shows the dominant 

wavelength at 2 mm and also at 8 mm which is four times larger than the expected 

value of the wavelength under normal operating conditions (Figure 4.17). This is 

because knife C is pushed into the workpiece, hence cutting deeper while knife A is 

pushed upwards from the surface, thus removing less material from the workpiece. 

Experimental work on surface defects caused by the spindle vibration has been 

performed with the small scale planer. These defects are machined by real time 

controlled displacement of the cutterhead during the machining operation. The 1/ rev 

case is reported here for a four knife cutterhead case. In order to generate this defect, 

a series of vertical displacements in a sequence is used (Figure 4.18). 

Pulse required for vertical cutterhead movement in real-time 
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Generated cutterhead displacement during 
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Figure 4.18 Vertical cutterhead displacement to produce surface defects 
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Before the cutting knife first touches the surface of the workpiece, it starts to move 

vertically upwards with a defmed pulse generated by the piezoelecttic actuators 

(Figure 4.18 point A). The height of the pulse correlates with the defmed vibration 

amplitude. Figure 4.18 illustrates the vertical cutterhead movement, where the 

workpiece is stationary and the cutterhead travels along the workpiece. This 

modification is chosen for a better illustration of the cutterhead movement, since in 

the real machining operation, the cutterhead is fixed and the feed table moves 

towards the rotating cutterhead. For the experimental work, only one cutting knife is 

chosen to machine a specif1c surface defect. This allows generation of any type of 

interfering vibration and cutter inaccuracy prome via the software map generated on 

the host Pc. The combination of the surface simulation and the controlled 

cutterhead displacement for surface defect generation is termed as "Defect 

Generation Tool" (DG1). The usefulness of the DGT cannot be overstated. It is 

impossible to generate defect conditions on real machines with this degree of 

control. Thus, separation of various factors that influence the surface waviness is 

problematic. With this introduced controlled cutterhead displacement, different types 

of defect scenarios can be generated and the effect of various factors can be 

separated which will conttibute to broader understanding of machining variations. 

Figure 4.19 shows the surface defect caused by a programmed 1/ rev spindle vibration 

on the test rig. Machining parameters are spindle speed UJ at 600 rpm and feed speed 

at 20 mm / s. The 1/ rev spindle vibration frequency is set to the cutterhead speed with 

amplitude of 6 pm peak to peak. It can be observed that the surface prome of the 

machined timber does not consist of regular waves. As previously mentioned for a 

normal machining operation (without spindle vibration) a wavelength of 2 mm with 

8.33 pm of waviness height would be expected. 
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Figure 4.19 Machined surface defect caused by 1/ rev vibration 

The FFT analysis shows the dominant wavelength at 2 mm and also at 9 mm which is 

four times larger than the expected value of the wavelength under normal operating 

conditions (Figure 4.19), This is in good agreement with the simulation results 

depicted in Figure 4,17, The FFT analysis of the machined sutface also shows that 

the surface waviness consists of more hatmonic components than the simulated one 

this is due to the simulation which does not consider the inhomogeneous workpiece 

properties. Both simulated and machined surfaces show that the effect of the 

undesirable spindle vibration on the resultant sutface is evident (Elmas et al. 2007). 

In the next chapter, various surface prome measurement systems ate discussed and 

their application capabilities as well as their limitations are evaluated, Futthermore a 

novel surface prof!le monitoring system is introduced which can be used for in

process surface quality inspection of machined timber. 
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Chapter 5 SURFACE PROFILE MEASUREMENT SYSTEMS 

The aim of this chapter is to introduce different surface proftle measurement systems 

which can monitor and measure the surface proftle of machined timber. The 

dynamic behaviour of wood machining process can reduce the surface quality of 

machined timber. The machining variations, hence their effects on the resultant 

surface finish have been investigated through simulation as well as experimental 

work in chapter 4. In order to monitor the surface quality, a surface profile 

measurement system is required for an enhanced machining environment. Various 

surface proftle methods are studied and their advantages and disadvantages are 

highlighted. Furthermore, a surface proftle re-recreation technique has been 

developed to assist the existing measurement techniques. Unlike other conventional 

measurement techniques, the developed monitoring strategy is capable of monitoring 

the surface proftle in real-time. 

5.1 Introduction to Surface Profile Measurement Methods 

The effect of tooling inaccuracies and spindle vibrations on the surface quality are 

discussed in chapter 4 which have been shown through simulation as well as through 

experimental tests. These variations are reflected to the machined surface, which can 

lead to unacceptable quality levels. In order to meet the requirements for a consistent 

surface quality and increased production efficiency, surface quality information is 

desirable. Process control and monitoring have significant impact on the efficiency of 

machining operations in terms of productivity and quality (Gallina et a1. 2005). 

Therefore, it is essential to obtain surface profile information during the machining 

process. Especially, the attention is to be given to the in-process monitoring systems. 

There are various surface proftle measurement systems employed in the industry to 

assess the surface quality, however most of these systems are only suitable for off

line measurement purposes (i.e. laboratory work). 
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These measurement systems are briefly introduced and their advantages and 

disadvantages with respect to in-process operation as well as their capabilities for 

wood surface measurement are outlined. 

Various surface prof.tle measurement systems have been developed in the recent 

years for an automated environment. The measurement techniques can be classified 

into two main groups 

• contact based method 

• non-contact method 

5.2 Contact-based Measurement Techniques 

The contact based method generally consists of a stylus tracer in form of a 

mechanical proftlometer (Kiran et al. 1998). In this most common method, the stylus 

tip contacts the machined surface and it is driven along the workpiece (Wong and Li 

1999). The surface proftle is recorded by the vertical movement of the stylus tip. The 

surface waviness measurements are usually within the micrometer range which is 

sufficient for most industrial applications. For special applications this range is 

further refined up to nanometre scale as reported by some researchers (Garrat and 

Nettleton 1992, Groeger et al. 2005, Dietzsch et al. 2007). According to Bennet 

(1992), Talysurf stylus measurement equipment manufactured by Taylor and Hobson 

is one of the most common contact measurement instruments within the industry. 

This contact based method is also used to obtain the surface proftle of machined 

specimens presented in chapter 4. The basic principle of the stylus instrument can 

also be found in section 4.4.1.1 (Figure 4.9). This technique is simple and accurate 

enough to measure the surface proftle of the machined timber. 
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However, this technique has two main disadvantages which are reported by Faust 

(1987), Yoo et a1. (1990), and Jackson et a1. (2002). One of the main problems of this 

method is that it cannot be used for in-process surface quality measurement. It is not 

suitable for surface proflle measurement of timber machined at high throughput 

rates (i.e. 40 m/ min), since the stylus tip tends to jump at high measuring speed. This 

effect called "bouncing" occurs when the stylus tip looses contact with the machined 

surface. 

Another major disadvantage of this technique is the deformation of the measured 

timber surface through the metal stylus tip, due to the force applied on the surface of 

the machined workpiece. Furthermore, due to fInite stylus tip radius, the surface 

texture is integrated to some extent, hence the measured surface proflle is afflicted 

with inaccuracies. Some damages were also observed during the surface prome 

measurement of the specimens machined with the small scale planer. Due to these 

disadvantages, the application of the contact based stylus for on-line surface prome 

inspection is limited. 

5.3 Non-contact Measurement Systems 

In order to monitor the quality of machined surfaces, various non-contact 

measurement techniques have been investigated over the years. Most of the methods 

used for non-contact measurements are optical methods which include optical 

profllometers (mostly laser based), microscopes, image analyzers, imaging 

spectrographs, interferometers, fIbre-optic transducers, white-light speckles, laser 

scattering, optical light sectioning systems (Sandak and Tanaka 2003, Sandak and 

Tanaka 2005, Shinozaki et al. 2004, Yang et a1. 2005). Especially the light sectioning 

method and the two-image photometric stereo method (WSMS) are introduced. 

Both methods have been developed by Yang (2006) at the Mechatronics Research 

Centre at Loughborough University. 
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One of these above mentioned measurement systems could potentially be used to 

obtain surface prof1ie information. The light sectioning method, optical prof1iometer 

(laser based) and the WSMS have been used in this research project in order to 

evaluate their capabilities for different surface prof1ies of machined specimens. 

5.3.1 Optical Profilometer - Talysurf CLI 

The optical prof1iometer is similar to the stylus prof1iometer in many aspects. The 

major difference is that the optical prof1iometer uses a non-contact 'optical stylus', 

while the stylus prof1iometer uses a contact stylus. This method has been used as 

reference because of its high resolution within the micrometer range. The Talysurf 

system shown in Figure 5.1 is calibrated with standardised artefacts and the 

calibrations can be traced back to the NPL (National Physical Laboratory) standards 

(UKAS certificate number 29248). 

Figure 5.1 Talysurf optical profilometer (Taylor Hobson 2007) 
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The system consists of a precIsIOn X-Y translation table to hold the sample 

underneath the probes and provide the scanning motion. The stand-off distance (Z

dilection) of the Talysurf can be adjusted to achieve focusing of the probe. The 

Talymap software from Taylor Hobson is used for data acquisition and processing. A 

typical generated surface from Talymap is shown in Figure 5.2. 

Figure 5.2 3D mapping of a measured surface generated by Talymap software 

5.3.2 Light Sectioning Method 

The principle of the light sectioning method is depicted in Figure 5.3. A laser stripe 

projected onto the machined surface from the side of the workpiece produces a light 

section. Due to the cuttermarks on the machined surface, the light section appears in 

the form of a wavy line on the overhead camera ilnage (Yang et al. 2006). The light 

section is captured by the camera which is located perpendicular to the surface. The 

ilnage is then processed off-line by Matlab ilnage processing toolbox. A light

sectioned ilnage taken by the camera is also shown in Figure 5.3. The principle of the 

ilnage processing is based on the mathematical relationship between the angle of the 

laser stripe and the light section on the machined surface (Figure 5.4). 
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Figure 5.3 Light-sectioning method and the image obtained through the camera 

Equation (5.1) shows the triangular relationship between the triangulation height H" 

the corresponding length L, and the incidence angle 'h 
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5.3.3 Two-image Photometric Stereo Method - WSMS 

This method was first proposed and demonstrated by Yang (2006) as part of the 

Wood Surface Measurement System (WSMS). The experimental setup is illustrated in 

Figure 5.5. 

Figure 5.5 Experimental setup of the photometric stereo tnethod (Yang 2006) 

The light sources consist of a laser, a collimator and a beam expander. A camera 

takes image of the timber surface with light source 1 turned on. Then another image 

is taken by switching off the first light source and turning on light source 2. Surface 

proftle of the machined timber is obtained by comparing and transforming the 

surface shape function to a 2-D proftle. This two-image photometric stereo method 

will be referred to as WSMS. The actual test rig is shown in Figure 5.6. 
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Figure 5.6 Test rig of the WSMS 

5.3.4 Evaluation of Light Sectioning Method and WSMS 

This section reports surface prome measurement results obtained by the three 

different optical measurement methods. Two samples are used to make a 

comparative study of the aforesaid methods. The first sample is a machined timber 

of 2 mm pitch length, while the second one is a black nylon with surface defect 

caused by 1/ rev vibration which is also used in section 4.4.3. The 1/ rev defect is 

machined on the test rig (described in Chapter 3) with 6 I'm peak to peak vibration 

amplitude with the spindle speed of 600 rpm and the feed speed of 20 mm/ s. 
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5.3.4.1 Wood Sample with 2 mm Pitch 

Surface proftle of the machined timber with 2 mm pitch and the corresponding Fast 

F ourier Transform (FFT) results of the surface are shown in this sub-section. As 

discussed by Harris (1978), the FFT analysis is a reliable method to reveal the 

wavelength components that make up a given waveform. This is a very useful 

technique of determining the fundamental pitch present in the measurement data. 
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Figure 5.7 Surface profile and FFT analysis of machined timber obtained with light 

sectioning method 

Figure 5.7 depicts the surface proftle obtained with the use of light-sectioning 

method, From the normalized proftle measurement data it is evident that there are 

periodic cutter-marks on the timber surface. When the FFT analysis of the surface 

proftle is carried out, it can be seen that the main wavelength component is 1.8 mm. 

This value is somewhat close to the fundamental wavelength of 2.0 mm in this 

specunen. 
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Due to the scattering effects of the laser beams on the edges of the specimen, the 

measurement accuracy decreases which can also be observed in Figure 5.7 at the 

beginning of the measurement (i.e. from 0 to 5 mm) where a more noisy behaviour of 

the waviness is apparent. Since the sample surface is not ideally flat, the laser 

scattering would be present to a certain degree depending on the tilting effect of the 

machined surface. This measurement technique also requires a precise setting of the 

laser beam by considering the incident angle for every measurement which also 

affects the overall scatter characteristics of the laser beam. For example if the 

incident angle is too low (i.e. <1 0
) then the scattering of the laser beam increases if it 

is > 50 the measurement precision decreases (Yang 2006). Furthermore the inspection 

area is limited to the laser beam length of up to 50 mm. This measurement technique 

also needs to be performed under exclusion of the ambient light which can affect the 

measurement quality. 
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Figure 5.8 Surface profile and FFT analysis of machined timber obtained using WSMS 
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The surface profUe of the same machined timber as obtained by the use of WSMS is 

shown in Figure 5.S. It can be seen that the system is able to detect the periodic 

nature of machined surface waviness. The FFT analysis reveals that the dominant 

wavelength present in the measured data is approximately 2 mm. Thus, the 

measurement obtained from the WSMS for a machined timber with 2 mm pitch 

agrees very closely to the actual surface fInish. Surface profile measurement data of 

the sample using Talysurf is shown in Figure 5.9. This measurement serves as the 

benchmark for all the other systems as this measurement can be traced back to NPL 

standards. 
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Figure 5.9 Surface profile and FFT analysis of timber measured using Talysurf 

Figure 5.9 shows the measured surface profile of machined timber. In contrast to 

other both systems, the surface appears to have high frequency components added to 

the machined waviness pattern. 
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These high frequency components are more significant than the surface measured 

with other methods as the FFT plot indicates. Because the Talysurf has a very high 

resolution of measurement (1 pm), apart from the waviness pattern on wood, it also 

measures the constituent grains of the timber. Thus, the measurement appears more 

'noisy' due to the additionally measured roughness of the surface. As all three optical 

measurements candidates show the capability of measuring the surface prome of the 

machined timber at 2 mm pitch, the measurement difficulty level has been raised by 

the next specimen. A surface defect with 6 flm peak to peak vibration amplitude is 

machined on a black plastic sample in order to. minimize the effect of workpiece 

properties such as the inhomogeneous nature of timber. For the non contact 

measurement systems is this type of defect indeed difficult to detect, firstly due to 

the very low waviness heights variation and secondly due to the black colour of the 

sample which absorb the light thus adding uncertainty in the accuracy of prome 

detection. In other words this defect is to show the limitations of the surface prome 

measurement candidates. 

5.3.4.2 l/rev Defect Surface Measurement 

The surface prome of a black nylon sample with machined defect was measured with 

all three optical systems. The light sectioning method was unable to detect the 

surface prome of the defect sample. This was due to the fact that, the projected laser 

light was fully absorbed by the black-coloured sample. Thus, no light pattern formed 

on the surface and as a result, the camera wasn't able to capture any meaningful 

image. Therefore, in this sub-section only results obtained from the Talysurf and the 

WSMS have been reported. Figure 5.10 shows the surface defect measured by the 

Talysurf. The FFT analysis shows that the dominant wavelength is at approximately 

8 mm, which is four times the expected wavelength of 2 mm. This is in good 

agreement with the defect analysis caused by 1/ rev vibration described in chapter 4. 
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Figure 5.10 Surface profile and FFT analysis of defect using Talysurf 
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Figure 5.11 Surface profile and FFT analysis of defect using WSMS 
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Surface proflle measurement results obtained from the WSMS system is shown in 

Figure 5.11. It can be noticed that the shape of the plot corresponds closely to the 

one obtained through Talysurf. The FFT analysis however is not conclusive in 

comparison to measurement through Talysurf. Nevertheless the WSMS is still 

capable of measuring the shape of the surface defect and it can distinguish between 

the normal surface proflles (no radial displacement of the spindle) and the surface 

defects. 

The Talysurf has been used as the benchmark for the samples, as its measurements 

are traceable to UKAS (United Kingdom Accreditation Standards) standards. 

Measurements revealed that the Talysurf not only picked up the waviness but also 

the surface roughness. Thus, in order to extract the waviness pattern from the 

measurement data, some flltering is requited. Around 20 minutes time was requited 

to measure a sample of 50 mIll length. Thus, it is a very slow process and not suitable 

for online inspection of wood machining process where high throughput rates up to 

40 m/lllit! are requited. 

The light sectioning method could not be used to measure the black nylon sample 

with defect. However, the 2 mm regular pitch length could be satisfactorily measured 

using this method. The main drawback of this system has been the tedious setup of 

the incident angle and the extensive flltering for surface proflle extraction from the 

images. Nevertheless this technique can potentially be employed for ofiline surface 

analysis. Moreover for higher pitch values (i.e. >2 mm) the precision of the 

measurement increases significantly. However this method is not suitable to measure 

high quality surfaces where the pitch is lower than 1.5 mm (Yang, 2006). Apart from 

that, high signal processing requitements and the lack of measurement speed are the 

major drawbacks of this system, which restricts its implementation for in-process 

inspection. 
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The WSMS system is capable of measuring both the regular machined surface as well 

as the surface defect. Data acquisition with the system took only a few seconds and 

the analysis of the captured image to obtain the 2-D prome only about a minute. 

Thus, it was the fastest among the three methods of surface prome measurement. 

Also with the help of this system, a machined area of the sample was measured 

(10mmx35mm), thus providing an averaged profile of that area with a higher overall 

accuracy. The measured area can be expanded according to the camera lens 

magnification settings. 

It should be pointed out that all the other measurement systems are only capable of 

measuring a line trace on the machined surface at a time. In case of the talysurf a 3 D 

image of the surface can be measured simply by measuring a 'number of line traces 

and extrapolating them (i.e. 3 D image shown in Figure 5.2 is obtained by 

extrapolating 10 line traces). However, with the number of traces the measurement 

time is correspondingly high. Despite higher measurement speed of the WSMS than 

the other measurement systems it's application is also limited for real-time inspection 

due to the data processing time. Therefore an additional surface profile monitoring 

system has been developed which can assist the existing surface profile measurement 

methods for in-process inspection. 

5.4 Novel In-Process Surface Monitoring System (ISMS) 

The optical measurement systems evaluated in section 5.3 showed that they are bulky 

to fit near cutterhead and lack the measurement speed due to the' sophisticated image 

processing algorithms, thus they are not sufficient for applications where real-time 

surface monitoring is required. These drawbacks limit their application range for an 

automated process environment. Therefore, an additional surface profile extraction is 

desirable to assist the optical methods which would enable real-time inspection 

during the machining process. 
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This section introduces a novel surface proflle re-recreation method by considering 

the spindle speed and spindle vibration during the machining operation. For any 

dynamic optimization of the machining process, characteristics of those dynamic 

components can be monitored for an enhanced machining environment. The 

proposed in-process surface proflle monitoring system (ISMS) is mainly focused on 

extracting surface proflle information from the cutterhead vibrations and the 

cutterhead speed. 

Figure 5.12 shows the schematic principle of the ISMS in the machining 

environment. Spindle vibrations are measured with the eddy current probes and the 

spindle speed is monitored via an incremental encoder which are mounted on the 

spindle system (sensor arrangement is described in more details in section 3.2). From 

these sensor outputs, surface prome of the machined timber is re-created in real

time. 
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Figure 5.12 In-process surface profile monitoring system 
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5.4.1 Surface Profile Assessment by using Spindle Speed 

A wood sample with 2 mm pitch was machined and the corresponding spindle speed 

and the spindle vibrations were captured during the machining process. The ideal 

expected surface is simulated which is shown in (Figure 5.13) For example, if the 

spindle speed is set to 600 rpm and the feed speed to 20 mm/ s then according to the 

equation (4.1) and (4.2) the pitch is 2 mm with 8.33 pm of waviness height (Figure 

5.13). These values are taken as ideal expected values which are compared with the 

machined and the re-created surface pitch and height. 
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Figure 5.13 Simulation of 2 mm pitch surface 

It should be noted that the surface proflle is measured with the contact based stylus 

profJIometer for verification and reference purposes only, since during the machining 

process the surface proftle assessment should only be assessed through the spindle 

speed and the spindle vibration. With a programming code, the surface proftle 

information such as pitch and corresponding height are extracted from the measured 
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surface profil e by simply defini ng the maxi ma and minima of the traced surface 

pro fi le (Figure 5.14). 
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Fig ure 5.14 Machined surface profil e wi th extracted waviness heig ht and pitch 

D uring the machining process, the spindle speed is moni tored by an incremental 

encoder. The encoder is coun ting tw O thousand pulses for each revolu tion. The time 

that the cutterhead needs to perform one revolution is extracted from these readings. 

When the spindle speed is monitored over the whole machining cycle, fro m Figure 

5.15 it can be seen that the spindle speed is varyi ng during the machi ning process. 
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Figure 5_15 Spindle speed mcas u.rcment during the machjning process 
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Since the spindle speed is measured, the surface profIle characteristics such as pitch 

and height can be calculated by the equations (4.1) and (4.2) respectively. The 

calculated pitch and corresponding heights are shown in Figure 5.16. 
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Figure 5.16 Rc-created surface profile by Ll sing spindle speed 

Beside the pitch value, surface quali ty can also be assessed by the uniforrni ty of the 

surface waviness. Herein the wave width variation ratio R"" is a useful indication 

which is alread y being used by the timber processing indusu,), Oackson et al. 2002). 

Tlus ratio is defIned as: 

RII' == pV mm 

W ma,. 

(5 2) 

where llY"ml/l and 117"" ,.\" are de fmed as the IlUnin1llln and ma ximum wave wid th 

respectively. The corresponding height variation ratio may be calculated as follows: 

R 
hmin 

11=--
h max 

(5.3) 

where b
mlll 

and bm" .\" indica te the minimum and m aXJlllunl wave height respectively. 

The closer the values of H., and Rh to 1 the lugher the consistency of the surface 

form. T lus is a desired quality characteristic. 
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As it is shown in Table 5.1, the difference between the mean pitch va lues and the 

recreated and measured surface pro fil e is at about 3 % and the difference between 

the width variation ratio o f measured and re-created surface profile is less than 10% 

which is in good agreement. However, the recreated surface p ro f~e through spindle 

speed does not take the work piece properties as weU as the dynamic behaviour of 

the machining process (i.e. cutterhead vibrations) into acco unt. Therefore spuldle 

vibrations are analysed Ul the foUowing section. 

Table 5.1 Comparison amo ng the simulated , measured and recreated surface profile 

s imulated ideal measured sur face 
surface with stylus 

pmcall (lnnl J 2.0 2. 11 2.18 

hmcan [~m ] 8.33 ·11.66 9.89 

Rw 1 0.72 0.79 

Rh 1 0.63 0.70 

5.4.2 Surface Pro file Assessment by using Spindle Vibrations 

At a fust glance surface pro fil e re-creation through spindle speed seems to be in a 

good agreement with the simulated and traced surface pro files (rabic 5.1) however, 

this method does not consider the dynamic behaviour o f the spuldle sys tem. As it is 

described in section 4.4.3 spuldle vibrations can cause surface defects, thus reducing 

the surface quality. If there are any vibrations causing surface defects additional 

information about the spuldle dynamic behaviour is needed. Therefore the spindle 

,.ibrations are measured via eddy current probes during the machining process too. 

Figure 5.17 shows the spindle vibrations during the cutting process where the tUne 

for one vibration event caused by one cuttermark is expanded along the tUne aXIs. 

The vibration magnitudes are extracted via a programming code ,vi thin Madab. 
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Figure 5.17 Spindle vibrations during the machining process 

As it can bee seen from Figure 5.18, eddy current probes do not provide the 

vibrations at the tool tip, as they arc located on the front bearing. T herefore these 

vibration magninldes are es timated fronl th e node o f the measurement to th e tool tip 

by considering th e geometry as well as the dynamic characteristics of the spindle with 

an estima tor, namely with the Kalman filter. I f only the geometry of the spindle is 

considered for extrapolating the vibratio ns from the measurement point to the tool 

tip node, a simple extrapolation factor could be used. However, the FC model of the 

spindle revealed that the displacement of the tool tip and the node o f measurement 

are roughly in the same direction for the first vibration mode (Figure 5.18). However, 

at higher frequencies where higher vibration modes become involved the 

extrapolatio n is more complicated. Especially, at the second ,ribration mode of the 

spindle sys tem, the displacement of the measurement node and the tool tip node arc 

in opposite directions (Figure 5.18). T herefore, a simple extrapolation with a factor is 

only reliable for the frequencies below the first vibration mode of the spindle. 

Considering the fact that vibrations caused during the machining operation can be 

arbitrarily and excite higher vibra tion modes, an estima tor (Kalman filter) is designed 

to carry out the extrapolation during the machining operation, thus the introduced 

method is capable of providing reliable and accurate information about the surface 

pro file over a ,vide range o f frequencies. The es timator is described in more details in 

chapter 7. 
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T he pitches are then calculated by rearranging the equation (4.2) and the obtained 

surface pro fi le features (height and pitch) are shown in Figu re 5.19 . 
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Figure 5.19 Surface profLI c recreation by us ing spindle vibrations 
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Table 5.2 shows that the rc-created surface proftle from spindle "ibrations are in 

good agreement with both prevIOus methods. The deviation from the measured 

mean pitch va lue is less than 3 % with less than 2 )1111 divergence from the mean 

surface heights. T lus relatively lugh accuracy and the straightforward instrumen tation 

make the ISMS suitable for surface profIle monitoring purposes within the plalu ng 

operaoon. 

T able 5.2 Comparison am ong the s imulated , m easured and rc-c reated surface profiles 

rc-created rc-created 
m eas ured surface surface 

Simulated ideal surfac c with fro m spindle from spindle 
surface sty Ius s eed vibration 

pllI,,;m lllllnJ 2.0 2. 11 2.18 2.16 

hmfa n [lAml 8.33 11. 66 9.89 10. 11 

Rw 1 O. 72 0.79 0.75 

Rh 1 O. 63 0.70 0.66 
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Chapter 6 SYSTEM IDENTIFICATION OF THE TEST RIG 

T he aim of tlus chapter is to analyse ti, e characteristics of ti,e spindle system 

including the piezoelectric actuators in order to understand and identify the 

behaviour of the spindle system. Furthermore, the effect of piezoelectric actuators 

on the spindle is ana lysed. Ana lysis on ti, e static and dynamic behaviour of the smart 

spindle system in terms of ove,..U spindle stiffness has been carried out. Different 

methodologies have been applied to analyse the overall spindle sys tem characteristics 

regarding vib ration modes and stiffness characteristics of the system. 

These tests arc essentia l for two reasons. Firstly, the test rig characteristics (described 

in chapter 3) have only been in vestigated to cerrain extend by I-I ynek (2006) . 

'J'hcrcforc, further investigations arc necessary to identify the li.nuta tions and 

ca pabilities of the test rig. Secondly, the system identification of th e test rig is 

essential for the modal control approach . Thus, modelling spuldle and actuator 

characteristics are vital for a reliable closed loop modal control system design 

(described in chapter 7) . T herefore, theoretica l modellUlg as well as expe rinlenral 

work have been carried out on the test rig. 

6. 1 Introduction to Piezoelectric Actuator 

The Piezoelectric actuators arc electro mechanical transducers, whjch convert 

electrical energy into mech .. ucal energy. T hey arc widely used Ul different kinds of 

applications ranging from static and dynamic micro positioning, optics, smart 

structures, precision machining and active vibration control. 

They arc capable of provicli.ng large cli.splacements in micrometer range and 

genera ting large forces witll typical frequency band,vidth up to 30 k H Z. The 

maximum force delivered by ti,e piezoelectric actuaror is usually Ul the range from 

0.2 kN up to 10 kj'.J depending on its stiffness . 
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The maximum displacement of the piezoelectric actuators is in the range fro m 2 I"" 
for single layer actuators and up to 200 Ilm for mu lti layered large stacks (Hynek 

2004). 

6.2 Piezoelec tric Actuator Types 

Piezoelectric actuators arc manufactured fraln piezoelec tric ceramic which becomes 

electrically polarized if it underlay mechanical stress. This characteristic of the 

piezoelec tric ceramic is termed as direcr piezoelecu-ic effect and it is widely used to 

manu facture sensors such as acceleromete rs and load cells. Conversely, if the electric 

field is applied to piezoelecu'ic ceramic, it ex pands in direction o f the polarisation. 

T his is known as inverse piezoelectric effect on which the piezoelectric actuators arc 

based. There arc several different types of piezoelectric actuators. The three main 

types arc: 

• Flexure element 

T he flexure element is produced from thin piezoelectric ceramic strips which arc 

combined into a bimorph. The operation o f tlus element is based on the 

si.multaneous contraction of onc strip with the expansion o f the oth er, which results 

in bending (Figure 6.1). 

+~lJ 
Fig ure 6.1 Flexurc Element (piezo.co m) 

106 



This type of actuator is capable of providing high displacements (i.e. up to few 

rnillimetres) with the drawback cllat cl,e generated force is relatively low (i.e. up to 

1 J\~ (piezo.com). 

• 'Tube actuator 

These types of piezoelectric ceramic tubes arc monolicluc actua tors which cont.ract 

latera lly and longitudinally when a voltage is applied between the inner and outer 

electrodes (Figure 6.2). Tills type of ac tuator is widely used fo r positiolUng of 

scanning nUcroscopes (physikinstrumente.com). 

-:':::::: : 

I 
Fig ure 6.2 T ube piezoelectric aC llI ato rs (phys ikinstrumcntc .com) 

• Stack type actuator 

Stack type acnlator is constructed as a stack of thin piezoelectric ceranllc layers. The 

stack expands if voltage is applied to its electrodes (Figure 6.3) . Tills type of actuator 

is able to delive r relatively large displacements (i.e. <200 1'111) and very high fo rce (i.e. 

< 30 kJ\~ (physikinstrumente.com). 
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Figure 6.3 Stack type piezoelectric actuator (physiki ll s trumcntc.com) 

Due to their des irable cha racteristics (i.e. delivering relatively large displacement and 

high force), the stack type piezoelectric actua tors arc widely used fo r precision 

machining, vibration ca neeUation (i.e. chatter suppress ion) and dynamic pos itioning 

o f structures and parts. 

6.3 Modelling Stack Type Piezoelectric Actuators 

The characteristics of the piezoelectric actuator and its deployment for spindle 

systems can be classified into three sub models. The fir st model describes the 

mathematical properties of the actuators. The second model describes an equivalen t 

mechanical model of the piezoelectric actuators, whereas cl,e third model outlines the 

electrical characteristics. 
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6.3.1 Mathematical Model of the Piezoelectric Actuators 

The piezoelectric stack type actuator, depicted in Figure 6.4, is constructed of n 

layers of piezoelectric elements, which are connected mechanically in series but 

electrically in parallel. 

y 1 
~---------r----~-----r-

-. - -. - - - - - -. - . . - - --. 
• 

F I , (, ) 

1 + d 

1+ 

L 
1+ 

1+ 
v 1 g ~---<J + . ~ 

-0 
c.. 

1 + 
1 + 

Fig ure 6.4 Principal of piezoelectric s tack type actuator 

Each layer has a thickness d and the overall length of the actuator is L = lid. The 

piezoelectric ceramic has anisotropic properties. Three axes are used to detcnninc 

directions in a piezoelectric clement. These axes are termed 1,2, and 3 by convention 

and th ey arc analogous to X, Y, Z of the classical right-hand orthogonal axis set. The 

direction 3 is taken parallel to the direction of polarization. It can be assumed the 

only stress component in the piezoelectric stack type actuator is in the direction of 

polarization. The constitutive equations of the acnlator in direction 3 are expressed 

as follows 

I~' e3 = S,,(J3 + dJ3 E3 

D3 = d3P 3 + K; &oE3 
(6. 1) 
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where eJ is the mechanical strain, 0'3 is the mechanical stress, EJ is the electric field E" 

is the vacuum permi ttivity and DJ is the electrical displacement. T he piezoelectric 

ll1aterial constants are relacive dielec tric constant at constant mechanical stress 1(13, 

mechanica l compliance 5"" at constant electric field and dJJ is the strain constant 

relating the mechan.ical stram to the applied electric field . T he subscript "33" in 

equation (6. 1) indicates tha t the electric field and the mechanical stress are both along 

the directio n 3. 

T he piezoelectric materia l constants depend o n the applied voltage and on th e 

m echanical strain developed in the actuator, which res ults in a non-linear behaviour 

o f the actua tor. The piezoelectric materia l IS manufactured from Lead Z irconate 

Titanate O)Z'Tj , which is the most common tnatcrial used for piezoelectric senso rs. 

Typical va lues o f the piezoelectric material ptoperties are stated in Table 6.1. 

T able 6.1 Typical piezoelectric material properties (PZT) 

Ptoperty Symbol Value range U nits 

Strai.n constant dJJ 230 - 700 10.12 m/ V 

Relative dielectric constant K 1300 - 2400 

Compliance 5JJ 13 - 20 1O-12 1/ Pa 

T he stress III the piezoelectric aClllOtor shown U1 Figure 6.4 can be considered 

uniformly distributed, if the actuator operates below its natural frequency. T he stress 

and strain arc then expressed as follows 

(6.2) 
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y 
e3 =-

L 
(6.3) 

where IC~ is the actuator load and /I is the ac nlator cross -sectional area. The thickness 

o f a single layer is very small (e .g. 0.1 - 0. 3 11111/) in comparison with the cross

sectional dimensions. Thus, the electric field and the electric displacement can be 

expressed as follows 

D =!L 
3 nA 

V 
£ 3 =-

d 

(6 .4) 

(6.5) 

where V is the applied voltage and q is the charge stored in the actuator. Inse rting 

equations (6.2), (6.3), (6.4) and (6.5) into (6. 1) res ults in 

S EL 
Y = _33_ Fp + nd33 V 

A (6.6) 

The capacitance o f the piezoelectric actuator and the actuator sta ck stiffness are 

defined as 

k =~ 
I' SI! L 

33 

(6.7) 

(6.8) 
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Taking the capacitance and the stiffness of the actuator in to consideration, the 

equation (6.6) can be rewritten as follows 

(6.9) 

6.3.2 M echanical Model of the Piezoelectric Actua tors 

The capabilities (i.e. ma ximum force, maximum displacement) of the piezoelectric 

ac('uators are determined by the mate rial properties of the piezoceramic and by the 

aClUator design (i.e. number of layers, layer thickness, layer cross sectional area). T his 

Ll SWIU y consrjturcs a la.rgc set o f paran1cters. Therefore, fo r slmplicity, the actua tor 

capabilities arc usuaUy specified in data sheet by two parameters, namely zero load 

displacemcnty" and blocked force rp" (Figure 6.5). 
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Fig ure 6.5 Forcc~d ;s pJaccmenl characteris tic a l constant voltage (Hynek 2004) 
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For example, piezoelectric actuato r genera tes maXllnUln force when its displacement 

is prevented. Conversely, maximum displacement is achieved only with an un.!oaded 

actuator. This characteristic is depicted in Figure 6.5. 

The maximum displacement of a free actua tor at nomina l vo ltage (i.e. 1501/) is 

achieved when d,e load is equal to zero. The maximum displacement can be derived 

from equation (6.9) by setting Fp to zero which yields equation (6. '10). 

(6.10) 

T he maximum actuator force (blocked force) is achieved when the disp lacement is 

prevented . Again, it can be derived fro m equation (6.9) b), setting d,e displacementy 

to zero. T his is described by the eguation (6.11 ). 

(6.11 ) 

"guation (6.9) re,'eals that the displacement), of a piezoelectric actuator depends on 

the voltage V applied to the actuator as weU as on d, e actuator load l~. 

I\n equivalent mechanical model that describes dus behavioUI is an in filutely stiff 

pusher connected in series with a spring, where the displacement of the infuutely stiff 

pusher is proportional to the applied voltage (i.e. 1ItI,;T/ term in eq uation (6,9» and 

the spring stiffness is equal to the actuator stack stiffness kp (palazzo lo et al. 1993, 

Ba tret and l'al.z2Olo 1995). 
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Figure 6.6 shows th e simplified equi valent mechanical model o f two piezoelectric 

actuators On a cutterhead mass. Tlus model is based on the push-pull configuration . 

F ,. 
Ill , 

J' 

kp pjczoclcctric actuator stiffness 
y cuttcrhead displacement 
JJJ,. cuttcrhcad mass 
ap prescribed displacement 
l~ cxc ncd force 

ln fmitc stiffness pusher 

Fig ure 6.6 Simplified piezoelectric ~\ c tllator model as infinite sfiffn ess pusher 

The mo tion y of the mass Ill, is controlled by the prescribed displacement Gp of the 

piezoelectric actuators which are represented as infuutely stiff pushers . Two 

piezoelectric aCIlIators arc considered fo r th e push-pull operation, because th ey arc 

very susceptible to tensile fo rce. The negative and positive values o f the presc ribed 

displacement l ip arc controlled by the bottom and top aClltators respectively. 

The movement of the infuUtely stiff pusher is pro portiona l to the applied voltage. 

This relati onship is described by the equ ation (6. 10) . Considering equation (6 .9), the 

fo rce exerted by the aClltator o n the mass ",, can be expressed as follows 

F = k (a - )1) 
f}(1 P P 

(6. 12) 
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I t should be noticed Fp. 'I' Z";o, since th e latter o ne represents the blocked force . [n 

fa ct, equatio n (6:12) is derived with th e ass umptio n that th e piezoelectric actuato rs 

behave linearly, which is not the case i.n reali ty. The limitations o f the piezoelectric 

actuators (i.e. hysteresis) arc desc ribed in more details in sec tion 6.7. 

6.3.3 Electrical Model of the Piezoe lectric Actuators 

Models described in sectio n 6.3 .1 and 6.3.2 represent th e mathematical and 

mechanical behaviour of the piezoelectric actuator respectively. The electrical model 

of the piezoelec tric actuator presented in Figure 6.7. It co nsists of a piezoelectric 

actuato r modelled as a capacitor with a drivi.ng amplifier comprising o f an o utput 

impedance R •. 

Ro I -0 • 

I 
Piezoelectric 

actuator 

Vi Vo D Cp 

T I 0 

Figure 6.7 Electrical model ofthe piezoelectric actuator 

The circuit cliagram depicted in Figure 6.9 can be calculated as follows 

(6. 13) 

where 1< is the amplifier input voltage, V. is the o utpu t voltage from the amplifier 

applied to the actua tor and i is the driving current in the circuit. 
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The driving current can be calculated as rate of change of the charge q stored in the 

actuator as 

. dq 
1= -

dl 
(6. 14) 

whereas the current i can also be expressed fro m the governing equation (6.9) by 

taking equation (6. 14) in to consideration as follows 

. _ k d dy k ' d ' dV" C dV" / - n -- n .-- + --
p JJ dl p J, dl P dl 

(6.15) 

whereas the applied voltage V is replaced by the amplifier output voltage V,. 

Equation (6. 15) shows the current flowing through the capacitor C~, hence through 

the piezoelecttic ac tuator. T he product /Id" (i.e. number of actuator layers /I and 

sttain constant djJ), which appears in eq uation (6 .15) describes basicall y the rclation 

between the actua tor displacement y and the applied voltage V, fo r a free actuator 

(i.e. no load case). 

[n the data shee ts of the sta ck type piezoelecttic actuator, the number o f layers and 

strain constants are not always available. There fore, it is convenient to introduce the 

fo llowing constant which can be estimated from the actuator specifications. 

(616) 

Inserting equation (6 .15) in to eq uation (6. 13) results in a first order differential 

equation for cl,e amplifier output vol tage V,. 

dV,,= 1 ( V - V-Rk dY ) 
dl R (C _ k ' ) ; " "pll p dl 

o p p1l p 
(6 .1 7) 
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The force PI" that actuator exerts onto the attached structure is then ex pressed 

according to the governing equation (6 .9) as fo llows 

F =-k (Y- TJ V) po P P (l 
(6.1S) 

It should be mentioned that the force l~ is taken as negative, because the force Pp 

thar appears in equation (6.9) is fo rce acting on the actuator while I '~ is the fo rce 

acting on the attached structure (i.e. cu tterhead). horn th e eq uations (6.13) , (6.17) 

and (6. ·IS) a state space mode l can be expressed as follows 

Y 

[ dl~, ]=[ __ 1 ] [ ~, l +[O _ C, 
RolC, ] 

dy 

cll RoC, C, dl 
V, 

C, - k 0 0 Y 

[ F' l~ 
I' (6. 19a) 

I 0 0 0 cly 
~, 

I 
[V,,] + 

cll 
i -- 0 0 

Ro Ro V , 

C, =Cp - kpTJ ~, 

C, = kl, TJ
" 

Whereas the structure displacement ], the velocity tlyl tit and the driving amplifier 

input voltage ,< can be defmed as input va riables. The outputs of the model are the 

generated fo rce [C.~ from the ac tuator, the driving amplifier output voltage //, and 

cuuent flowing i.n the circuit i. 

Considering equation (6.19a) and the actua tor specifications shown in Table 3.1, a 

state space model of the actuator can be obtained as fo llows 

x = Ax + Bu 

y= Cx+ Du 

(6 .1 9b) 
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tI = [~l; dl 
Vi 

x = [V,, ] ; 

A = [ _ _ I _ J = [- 9.8657}; 8 = [0 
Rn ·0 

Cl 

C= I 
I [ 

3.22 ] 
= - 0.~\54 ;D= 

R,, ·C, 

- kp 

o 
o 

o 
o 
o 

_ I _ J= [O -2.0649. 106 

R,, ·C, 

o 
o 
\ [

- 14. 106 

= 0 

o 

The resul tant state space model has the fo llO\ving inpu ts : 

9.8657] 

y strLlcnrre displacement (i.e. spind le displacement at acrua tor loca tion) 

r/JI/ til velocity o f the stru cture (i.e. spindle velocity at actuato r loca tion) 

J/, driving amplifier input voltage 

The ollq)lIt o f the state space model is as follows: 

F". fo rce generated by the actuator 

V. outpu t voltage of thc driving amplifier 

amplifier output current 

Thc state space actuator model can then be combined with the state space model of 

the structure (i. e. spindle system). This enables to describe the overall sys tem 

characteristics (described in chapter 7 in more details). 

11 8 



6.4 Piezoe lec tric Actuators' Operation 

The push-pull arrangement o f the piezoelectric actuators can be analysed by th e 

model depicted in Figure 6.8 . 

y 

k" Piezoelectric actuator stiffness 
k., 

k, Combined suppo rt sti ffness 

y Spind le displacement 

a,. Prescribed displacement 

Fp Exerted force by the actuator 

Infinite stiffness pusher--
'---1---'--, 

F,. Force from spind le support 

Fig ure 6.8 Piezoelectric actu ator operation 

The model consists of two opposing piezoelectric ac tua tors modell ed as inflnite 

stiffness pusher and a spring in se ries. T he spindle system has a support stiffness 

contributed by the integra l components (i.e. spindle housing) which is connected Ul 

parallel. For the static case, forces acting on the spindle system can be described as 

fo llows 

- F, - Fp, - Fp, = 0 (6.20) 

Spindle d isplacement is then expressed with the following eg uation as 

(6.21 ) 
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[quation (6.21) reveals tha t th e maximum control range o f the spindle displacement 

is primarily determined by the stiffness characteristics of the sys tem (k, and kp) as 

weil as by the prescribed displacement (ap) of the stack type actuator. The 

relationship be tween the applied voltage V and the prescribed displacement op is 

defined in the governing equation (6.9). I-Ience, by introducing a ratio between the 

support sti ffness k, and the piezoelectric actua tor stiffness kp 

equation (6.21) can be fo rmed into a voltage-displacement characteristic as 

I 
y=-- nd33 (-¥; + V, ) 

2 +y 

(6.22) 

(6.23) 

As previously mentioned, piezoelectric actuato rs arc able to perform only in one 

direc tion because they arc vety susceptible to tensile stress, thus th ey canno t pull the 

load. In o rder to avoid acnlator damage through any tensile stress, they need to be 

protected. 1\ common metho d used in cOlTunercialiy available piezoelectric actuators 

is to employ a prcload spring. This prevention method has however a remarkable 

disadvan tage. I t reduces the effective range of the actuator displacement (i.e. if the 

sti ffness of the preload spring is equal to the actuator stiffness, actuato r displacement 

is reduced by factor of two). By arranging the actuato rs in the push-pull 

configuration as depicted in Figure 6.8, the voltage o f the top actuator appears in 

equation (6.23) as negative. In o ther words, by applying voltage to d,e top actua tor, 

the spindle sys tem displacement becomes negative. Two opposing actuators arc 

capable of higher effective displacement range than one preloaded actuator as it can 

be seen from equation (6.23) . 
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rOt example, consider two actuator arranged in push-pull configmation as shown in 

Figure 6.8; if the zero load displacement for each actuator is 40 f W ! at 150 1/, the 

ma ximum displacement is then ± 201"" (for y=O, asswning that the support sti ffness 

k, is much smaller than th e actuator stiffness kp) as depicted in Figure 6.9 and 

indicated in blue colout. Generally, one preloaded actuator with the length eq ual to 

the combined length o f the two actuators would provide the same effective 

displacement ra nge. Il owever, longer actuator has lower stiffness and higher 

capacitance, which would decrease the dynamic performance and require higher 

driving voltages. T he actuator arrangement used for the test rig is based on the push

pull con figuration for both x and y directions. From the control point of view, a large 

spindle displacement range is desirable. 

The spindle housing provides additional support stiffness k, fo r the spindle system. 

Il owever, it reduces the effective displacement o f the actuators. The amount o f 

influence depends on the ratio y as can be seen in Figure 6.9, where the ratio value is 

set to y =0.5 with the corresponding actuator operation range indicated in dashed 

green line. T herefore, it is desirable to keep the suppOrt stiffness low (i.e. Iow y 

values). T he effective displacement of cl,e ac tuator on cl1e tes t rig is at approximately 

:f18.7 pm. The support stiffness k, of the test rig is at approximately 2 1, 1/1'111. This 

value is determined by measuring the maximum spindle displacement and using the 

equation (6.23). 

Fur thermore, Figure 6.9 reveals tha t preloading actuator (i. e. energizing actua tor with 

a certain voltage) does not change the sta tic stiffness value o f the spindle sys tem, 

because the beha\~our o f the preloaded actuator (dashed blue lines in Figm e 6.9 ) is 

parallel to the actuator operation (solid blue line in Figure 6.9) without preload. [n 

o ther words, preloading one actuator does not change the sti ffness value o f the 

spu1dle sys tem. 
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Figure 6.9 Principal of ac tuator operation in push-pull configuration 
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Moreover, it has been assumed that piezoelectric actuators have linear voltage to 

displacement characteristic, whi ch is not the case in reality, because they possess 

non·linear behaviour (i .e. hysteresis). The non-linear behaviour of the ac tuators is not 

considered within the theory presented. Therefore, spindle characteristics in terms of 

force to displacement as well as vo ltage to di splacement characteri stics are 

ex perimentally analysed in the next section. 

6.5 Static Stiffness Characteristics of the Spindle System 

As has been described in section 2.3, cl,e stiffness o f a system plays an important role 

in the vibration analysis. Vibration can simply be defined as a response to omer 

conditions in a dynamic system. 1 t is a ratio of the forces acting on the system which 

has a specific stiffness characteri stic. A change in force and/or in sti ffness behaviour 

can be considered as cl,e root causes of vibration occurring in a dynamic plant. A 

change of unbalance is an example of force alterations. 
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Considering vibration as a ratio of the force to stiffness, any change in vibration level 

(i.e. increasing decreasing vibration level) can generally be referred to either stiffness 

o r force alteration. In order to implement active vibration control, the dynamic 

characteristics of the plant (i.e. test rig) has to be analysed prio r to controller design. 

Therefore, va rious methods have been used to experimentally analyse the behavio ur 

of the test rig. Moreover, if th e stiffness o f a dynamic system can be changed, th e 

natural frequency and even higher vibration modes (i. e. higher resonant frequencies) 

co uld be damped according to the pa rticular application. 

The small sca le planer consists o f 4 piezoelectric actuators and their opera tion in 

push-pull configuration has bee n inves tigated theoretically in section 6.4. I n this 

sectio n, the test rig stiffne ss chara cteristics and the corresponding natural freq uencies 

arc investigated for various actuator operations (i.e. actuator on / off, preloaded 

ac tuator). Hereby, three different experiments have been performed to analyse th e 

spindle sys tem behaviour. In the fust experimental work, a platform with a load cell 

has been used to identify the static spindle stiffness behaviour. With the second 

experiment, piezoelectric actuators wcre energized to apply a force aga ulSt the 

spindle and the corresponding de flec tion is measured. The objective of this 

expcru11cntal work is to reveal the c ffect of piezoelectric actuator under various load 

conditions o n the overall spindle stiffness behavio ur. The third experiment is based 

o n the impact hanlll1cr tTIcthod with the alll1 to analyse the dynami c sys tem response 

with and without energized actuator. T he latter experiment provides the overall 

dynam.ic system behaviour under various load cond.itions. 
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6.5 .1 Static Stiffness Measurement o f the Spindle Dnit 

In this section the static stiffness behaviour of the spindle sys tem is experimentally 

investigated in order to confirm the theory presented in section 6.4. Figure 6. 10 

shows the experimental se t up comprising of a platform and a load cell . 

Front vil:w 

sp imllc~ 

Load cell 

I !cight adju :;tmcot 

1 knob 

Side view 

y 

Figure 6.10 Static s tiffness measure me nt o f the spindle system with a platform 

The load cell is attached to the spindle shaft and placed on a platform. By increasing 

the height of the platform, a force is applied against the spindle which is meaSllred 

with a force indicator. The corresponding deflection is measured with a high 

precision dial indicator with ±O.1 fI'" accuracy. It should be noted that the stiffness 

value is identified at the tool holder (node 4 in Figure 7.1) on the shaft where the 

force F is applied. Furthermore, the stiffness of the platform is considered as infinite 

when compared to the stiffness o f the spindle sys tem. The experimental set up on 

the test rig is depicted in Figure 6.11. 

124 



Figure 6.11 Experimental set up for spincUe s tiffness measurement 

Firstly, the sti ffness measurement was carried out for inactive actuatOrs (i .e. actuator 

driving amplifiers off) and the displacement is measured against the applied force F 

exerted through the platform. In the second instance, the piezoelectric actuators were 

switched on but only the voltage fot the actuator B was gradually increased from 0 to 

120 V in order to apply a counter force 0,H generated by the actuator B against the 

spindle. This measurement set up is illustrated in Figure 6.12. T he ful.l range of the 

actua tor displacement was not demons trated (i .e. Up.= 750V) in order to avoid 

actuator damage due to compression fo rces acting in bidirectional ve rtical way (i.e. 

force F generated by the platform against the force Fp. generated by the piezoelectric 

actuator). The objective of increasing the voltage, thus the force generated by the 

actuator acting on the spindle, was to investigate the effect of active piezoelectric 

actuator on the stiffness characteristics of the spinrli e system. 
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Figure 6.12 Spindle stiffness behaviour with active and inactive piezoelectric actuators 

Figure 6.13 shows the measu rement results. They show that increasing the voltage of 

the actuatOr B shift the curve alongside the x-axis and the preload increases. 
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Figure 6.13 Static stiffness behaviour of the spindle system from experimental work 
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The measurements also revea l that th e active piezoelectric actuator does not 

significan cly change the stiffness characteristics of the spindle sys tem (i.e. for active 

actuators UpJJ=40V and UpJJ = 120 V cl,e difference between stiffness values is less 

than 2%). r o r the case when the actuators are not energized (i.e. inactive ~ctuator Up" 

=0 V) the spindle stiffness is lower than the stiffne ss values of the active acnlators. 

This mainly sugges ts some clearance berween the actuators and the spindle . 

T heoretica lly, the dependency between cl1C applied force and cl, e res ultant deflection 

is expected to ex hibir linear behaviour, because the stiffness of the free actuator 

provided in cl,e data sheet is a constant which is primarily determined by the actuator 

design (i. e. material properties and number o f layers used to form the stacks). 

Therefo re, this linearity should also be refl ec ted in form of parallel lines with respect 

to the preloaded actuato r. ror example, Figure 6.13 shows thar rhe stiffness curve 

obtained with the preloaded acn,ator (Up/J = 80 V) is parallel to the one obtai.ned wirh 

a higher preload (Up/J := 1201/). T hus, rhe slope o f the stiffness curves is the same. In 

other words, the static behaviour of the spindle sys tem described by the theory in 

sec tton 6.4 is supporced by the experimental work. Preloacling actuator does nor 

change the static stiffness characteristics of the spindle sysrem. Furthermore, 

depending on cl,e preload (i. e. Up") the deadband (i.e. force applied by the platform 

but no deflection obse rvable) is present up to ca. I ON as can be seen in Figure 6. 13. 

[n the nex t section a further ex perinlent has been carried ou t to determine the effects 

of the push-pull configllIation of rhe piezoelectric actuators on the spindle stiffness 

characteristics. 

6.5.2 Static Stiffness Characteristics in Push-Pull Configuration 

Thi.s sec tion aims to show cl,e effects o f the push-pull configuration on the overa ll 

static stiffness behaviour of the spindle system. Figure 6.14 shows an overview of cl1C 

experimental ser up. Firscly, the driving voltage for the actuator B is set to zero and at 

the same time cl,e driving voltage of cl,e opposing actuator 0 is gradually increased 

from 0 - 100 V to cteate cl,e spindle deflection. 
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Figure 6.14 Experimental set up ( 0 identify the effects of push~pul1 arrangement 

fn the seco nd instance, the voltage of the actuator B is se t to a constant value (i. e. UpJ1 

= 40 V) and the voltage of the opposing actuator D is again gradually increased in 

same 111allnCr as in the first in stance. The resultant deflection is measured with the 

contac cless eddy current probes. As aforementioned, the aim of these experiments is 

to support the theory of push-pull configura tion and to investigate the effect on the 

static s ti ffness behaviour of the spindle u nit presented in section 6.4. 

Measured spindle defl ection against the vo ltage in Figure 0."15 exhibits a un ea r 

relationship between these parameters. It can also be observed that with increasing 

the preload (i.e. Up" from 0 to 100 I/) cl,e linearity is shifted with respect to 

preloaded actuator voltage, but it does not change its linear characteristics. In Figure 

6.·15 this relationship can also be observed from the parallel distribution of the 

curves. Applying a mathematical linear trend lin e on the curves shows that for 

preloaded acnla tor (i. e. Up/l > 01/), the slope o f the curves remains almost constant 

wi th ca. 2.5 % deviation. The measurement results confirm that the slope of the 

curves does not change cl,us the static stiffness value of the spindle sys tem IS not 

affected by the actuator preloacl. 
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Fig ure 6.15 Static stiffness behaviour in push-pull configu ration 

6.5.3 Summary of the Static Stiffness Measurem ents 

In the fi rst experimental work, an external fo rce is applied to the spindle system in 

order to identi fy its static behaviour (Figure 6.10). The experimental results are in 

good agreement with the theory presented in section 6.4. The experimental res ults 

showed that the static stiffness characteristics do not change with preloaded actuator. 

Preloading actuator causes basically a shi ft in the operation range which can be 

perceived as an initial offset but it does not change the slope of the force to 

displacement curves. Therefo re, it can be concluded that the static stiffness 

behaviou r o f the spindle system is not affected by the actuator preload. In the second 

experimental work, the effect of the push-puJ.l configuration on the spindle system is 

analysed. Herein the voltage of the actuator B is set to zero and the voltage of the 

opposing actuator D is gradually increased. In the second instance, the actua tor B 

was activated to produce a counter fo rce against spindle whereas the voltage of the 

opposing actuator is again grad uall y increased to obtain a spindle defl ection. 

129 



With the push-pull arrangement, the effective displacement of the actuator is reduced 

by half (equation 6.23), because th e opposing actuator has th e same stiffn ess value. 

In other wo rds, if the full displacement range o f the free actuator is at 401'111 at 

nominal voltage (i.e. typically '150 V for stack type piezoelec u'ic actuators), wb en 

arranged in push-pull co n figuration tbe maximum effective displacement for -y =0 

decreases to 20l'm. This value is even further reduced through the support stiffness k , 

(equation 6.23). The disadvantage of using two opposing actuator is that two driving 

ampUfiers are required for each axis. On the o tber hand the advantage of this 

arrangement is that the load is spUt between bo th actua tors. Furthermore, the push

pull configuration provides th e double s tatic stiffness (2*kp + kJ than one ac tuator. 

Il owever, the static stiffn ess va lue o f the spindle system is not affected by energizing 

th e actuator at different voltage levels as has been shown in figure 6. 15. It only 

causes a preload. T he prdoad can be considered as an initial displacement o f the 

infinite stiffness pusher as depicted in figure 6.8. Taking the arrangement o f th e two 

piezoelectric actuators into consideration , the spindle displacement can be described 

as foUows 

(6.24) 

where V , is the driving voltage o f the actuator Band 1/2 is the driving voltage of the 

acnwtor D wid1 preload displacements tip", and tip,,' respectively. As has been 

described by equation (6 .24), the preload causes a spindle o ffset which could also be 

observed ftO m the experimental work d epicted in figmc 6.15. Due to th e parallel 

distributio n of the obtained cmves ftOm the experimental work (figure 6.15), it can 

be conclud ed that the slope of d,e cm vcs remains constant, thus the static stiffness 

behaviour of the spindle sys tem is not affected by actuator preload . In d,e next 

section the dynamic stiffness characteristics o f the spindle system is analysed. 
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6.6 D yn amic Characteristics of the Spindle System 

I n this section, the effect of the piezoelectric actuarors on the dynarnic characteristics 

o f the spindle sys tem is investigated. The impac t excitation method was performed 

to carry out the c xperin1cnrs . The most COlnmon excitation method used for tnodal 

analys is is th e hammer excitatio n techniqu e. Co nsid ering the spindle SystclTI as a 

"black box", input and output characteristics arc used to determine its frequenc y 

response fun ction FRF. T his sys tem identification method is also used in chapter 7 

to compare the behaviour of the spindle sys tem with the numerical model obtained 

through FEM ana lysis. Unlike the system identification described in Chapter 7 which 

is primarily performed to rune the numerical model, the experiments in this 

subsection focus on the dynamic effects of prcloaded actuators on the sys tem 

response. Figure 6.1 6 shows the principal diagram of the experimental set up. The 

impact hanlmer tip consists o f a piezoelectric force transducer for m easuring the 

impact force. It aUows compressive force measurements up to 1000 N . 

Impact hammer 

~--
Eddy current probe 

IN PUT OUfPUT 

K 

Amplifier Oscilloscopt: 

Figure 6.16 Experimenta l set lip to identify the dynamic behaviour of the spindle sys tem 

The sensitivi ty of the impact hammer is at 22.8 11/ VI N . A charge amplifier is used for 

a better signal resolution. 
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The charge am plifier is co nnected to an oscilloscope to measure the impact force. 

The resulta nt vibration of the spindle sys tem is measured via two eddy current 

ptobes. T he duration, thus the shape of the spectrum o f an impact is p rimarily 

determined by the mass and the stiffness o f the " black box" . In the first experiment, 

the driving voltages o f the piezoelectric actua tors are switched o ff and the impact test 

was performed. In the seco nd instance, the ac tuator D was preloaded with di fferent 

voltage levels to analyse the effec ts o f the preload on th e natural frequency o f the 

spindle sys tem. T he in ten tio n behind the preloading actuator D was to create a 

counter force on the spind le whilst the impact through the hamm er takes place. In 

the third instance, aU for actuators were preloaded and their effects o n the dynamic 

characteristjcs o f the spindle system were analysed. Figure 6. 17 shows the in put 

(impact force) and the res uhant output (spindle vibration) in the time domain . In 

order to analyse the spindle system characteristics, these values are first transferred 

into the frequency domain within l\1atlab th rough Fourier transformation. 

20 r-----,------.----~------,_----~----~ 

S 10 
~ 

c 
o 
~ 
Q) 
~ 

o 

~ -10 

Spindle System Response - OUTPUT 

_20 U---~l---~~-----L-----L----~----~ 
o 0.005 0.01 0.015 0.02 0.025 0.03 

300 ,,----~-----,-----.----_,----_,----_. 

- 200 
~ 
Q) 

t' 
.i' 100 - .. . ... . .. _-----,_._--- ._-_ ... _--;---- ....... __ .... , .... _--. . 

O ~====~========±=~~====~==~ 
o 0.005 0 .01 0.015 0.02 0.025 0 .03 

Time [sI 

Figure 6.17 Input and output charac teris tics of the spindle system within the time domain 
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T he frequenc y response fu nction PRP is then obtained as follows 

H(w) = OU lpuf(w) 
/npu/(w) 

(6.25) 

T his relationship is also termed as the compliance of a system when the input and 

output con es ponds to force and displacement respectively. Pigure 6. 18 shows the 

FRF of the spindle sys tem for inactive pic%oclectric actuator (i.e. driving amplifiers 

switc hed off). The spindle response characteristics are ahllost linear up to the natura l 

frequency which is at 596 I-IZ' 
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Fig ure 6.18 Frequency response of the spindle system for inactive actuators 

[n the next experiment it is to find out whether acruator preload changes the 

dynamic characteristics o f the spindle sys tem. Therefore, the actuator D (as indicated 

in Figure 6. 12) is preloaded with different voltage levels (Up/)=80V and Upl)=/20Vj 

and the impact test is catried out. 
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The reason for p rel oading the actuator D is to produce a co unter fo rce against the 

spindle whilst the impact through the excitation hammer occurs. T he results o f the 

anaJysis reveal that the naturaJ frequency o f rhe spindle system increases at about 

4.5% from 596 H Z for inactive acruator to 622 H Z when the actuator is driven at f 20 

V O' igure 6.1 9) . Interestingly, it can al so be seen from Figure 6.19 that once th e 

piezoelectric actuators are activated , the natural frequency increases by less than 0.5% 

fro m 620 H Z to 622 H Z for the actuator voltage increase from 80 V to 120 V 
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Figure 6.19 Frequency response of the spindle system for active actuators 

The natu ral frequency of the spindle system remams almost constant when all fo ur 

actuators are activated . Figure 6.20 shows the spindle system characteristics fo r 

inactive, o ne actuator active (i.e. Up" = 80 V) and for the case when all fo ut actuators 

are drjven at 80 V (i.e. Upr'= Up" = Up<; == Up/) = 80 V). 
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F ig ure 6.20 Spindle response fo r inactive, onc active and all four active actu ato rs 

The natural frequency of the spindle system is negligibly increased from 622 HZ fo r 

one acove actuatot to 627 HZ when all four actuators are driven at 80 V. It can be 

concluded that fo r the inactive actuators the dynamic stiffness characteristics with 

respect to the natural frequency o f th e sys tem appear to be lower than for the case 

when the actuators are active. This suggests some degtee of clearance in the structure 

of the actuator mounting, because the actuators are not physically bonded to the 

front bearing where the actuation takes place. T he actuato rs are mounted on the 

front bearing with a ball tip as it depicted in Figure 3.2 in chapter 3. For active 

actuators, the natural frequency of the spindJe system remains almost constant. 

Therefore, it can be concluded that pre10ad ing actuators do not significantly affect 

the narural frequency of the spindJe system. 

135 



6.7 Limitations of the Piezoelectric Actuators 

It should be pointed out that the theory presented in sections 6.3 and 6.4 are derived 

with the assumption that the piezoelectric actuator behaves linearly, which is not the 

case in reality. E quations presented in sections 6.3 and 6.4 show the relationship 

between the piezoelectric material properties) actuator design and actuator 

capabilities . l lowcver, the actual piezoelectric actuator possesses non-linear 

characte ristics. The non-linear bcha viour o f the piezoelectric actuator is caused by 

the fa ct that the piezoelectric materia l constants listed in Table 6.1 depend on the 

applied vo ltage and the mechanical stress developed in the actuator. As a result, the 

piezoelec tric ac tuator ex hibits hysteresis, which is typically between 10 - 15% for 

"soft" type piezoelectric material and at about 1 % for "hard" type mate rial. 1\ typical 

hyste resis loop for a soft type piezoelectric material is shown in Figure 6.2 1. 
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Figure 6.21 H ysteres is of a free actuato r (Hynck 2004) 
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The hysteresis can be compensated for by introducing a closed loop control fo r 

positio ning applications. T he power requjrements posed on th e driving ampli fi er fo r 

positioning applications, where the aCtuatOr d riving voltage changes slowly, ate not 

usuaU)' critical. T he required dr iving current is usually very low, because the 

piezoelectric actuatOr represents a capacitive load. It should be ouclined that 

piezoelectric actuator does not require an )' power to hold the load in a steady state 

positi on. This is a sigruficant advantage over actuators such as ac tive l11agnetJc 

bearing o r voice co il , which co nsume power even when holding the load. 

The hysteresis of the piezoelectric actuatOrs measured o n cl, e rest rig is depicted in 

Figure 6.22. T he llysteresis o f the actuaror Ij es within ca. 12 % which is typical for 

thi s type of actuatOts. 
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Chapter 7 CONTROLLER DESIGN 

Active con trol is gene rally defmed as applylng a control force (i.e. by means of 

actuators such as active magnetic bearings or piezoelectric actuators) to a plant using 

ex ternal power for obta ining a desired response from a dynamic sys tem. In contrast, 

passive co ntrol does not require ex terna l power and it relies o n the dissipative and 

strucrura l characteristics o f the components integr~ ted within the sys tem (i.e. squeeze 

film dampers as reported by Chu and Ho\Jnes, 2000). The superiority of the active 

control methods over the pass ive control techniques is the degree of freedom to 

comrol a dynamic plant over a wide range o f operating conditions. For example, the 

bandwidth and the damping of a dynamic system could be runed to adapt the 

contro ller for variolls applica tio n environ ments. Furthermore, the active control 

approach is generally faster, more flexib le and more efficient than the passive control 

methods (C hen et al. 2003). The purpose o f the con tro ller design is to achieve a 

closed loop operation so that the undesired vibrations during the cutting process arc 

reduced. This in !:urn will yield an enhanced machining environment. In other words 

it will enable the perfotmance of the machi.ning environment to be improved by 

increasing its operational bandwidth. Considering the fact that on a planer, the 

number of cLltting knives can be as Iligh as 20, the knife passing frequency 

co nsid erably increases, which, on th e other hand, linllts the machining operation 

range (e.g. lower cutting speed). From the machining point of view this means that if 

the knife passing frequenc y reaches the natural frequency of the spindle sys tem it 

would cause excessive vibrations which may resu lt in tool and machine damage. 

Therefore , the aim of the controller is to change the dynamic characteristics of the 

spindle sys tem by increasing the damping in the critical frequencies dose to the 

resonant frequencies of the spi.ndle system. Control of the dynarn.ic behaviour of 

sys tems can be obtained using modal control techniques as reported by Lalanne et al. 

(1983) and Il1man (2001 ) 
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The controller implemented on the test rig is based on the moda l control approach 

and requires a numerical model of the spindle system. T he numerical model is 

obtained through the FEM (Finite E lement Method) assisted by various 

experimental tests (i.e. system identification tes t) for the model tuning procedUl:e. 

The contro Ller auns to reduce \ribratio ns occurring in the vertica l axis as they atc 

considered to be tnorc important than the vibrations occurring in the ho rizontal axis 

in terms of an enhanced machining environment (tv!cKenzie 2001, Paltnqvist 2003, 

Pa lmqvist et al. 2003). Therefore, the controller design described in the subsequent 

sectio ns focuses on the vibration reduc tio n in the vertical axis. 

7. 1 Spindle Sys tem Numerical Modelling and Simula tion 

T he objective of this section is to develop a numerica l model of the spindle sys tem. 

A linea r model o f the spindle sys tem comprising both electrical and mechanical parts 

is introduced. The fmite element method was used by Hynek (2004) to model the 

mecha nica l part of the spindle system. The resultant model of the spindle sys tem was 

a state space model with 38 sta tes (Hynek et al. 2004). T he authors used Matlab to 

develop software to obtain tile FE model o f tile spindle unit. The overall spindle 

model consisted of 36 states and 2 states from the two actuators. However, this 

numerica l model proved to be unstable in the closed loop operation . Further analysis 

of the numerical model obtained through FE M by J-Iynek et al. (2004) showed that it 

is neither observable nor contro llable. T herefore, tile FE model of the mechanical 

part has been tuned to achieve a contro llable and observable numerical state space 

model. Herein, more nodes have been introduced into the FE model by using the 

software program developed within Matlab by I-Iynek et al. (2004). 
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For example, the cutterhead (E 13), cutterh ead nut (E14) and the front disk (1.::12) 

have been added to the FI~ model. The FE model o f the spindle with the actuators is 

shown in Figure 7.1. The FE spindle model consists of 10 nodes. The elements C l 

to E l 0 characterize the spindle itself according to its geomewcal dimensions. The 

front bearing and the front ring shown in chapter 3 (Figure 3.2) are represented by 

D ISK elements (£10 and 1212) and connected to node 8. T he back bearing is 

connected to the spindle unit housing and represented in node 9 (E 11). A more 

deta iled description of the elements that can be modelled within the Ma tlab software 

to obtain an FE model o f a spindle system is reported by 1-1 ynek et al. (2004). 

The res ultant FE model o f ti,e spindle sys tem now has 78 states, o f which 76 are 

related to the mechanical model ; each o f the other two states rep resents an actuator. 

The mechanical model is then combined with the model of ti,e piezoelectric 

aCI1Iators, which is presented in section 6.3 as a state space model. Both these 

methods provide an overall numerical model of the spindle system (Figure 7.2). 

140 



.\ CIlL1Ior model fo r r direction 

Input volla ge .1 V, 

~-----:~ I Y. 

Foo, I------------- --, 

'------1 dV, /dt 

dW, /dt 

W, 

Input voltage 

1 dy,ldt 

V" I---I. 
iy .... 

FI ~ spindle uni t model 
y"" ", .. L.x.. 

Pa ssive acnla[()rs 

,\ cove actu a tor forces 

.\ctu::uor model for x direction 

1---• 

. ~~~--. 

Figure 7.2 Overall spindle model 

10 

F" 1-4---~ 

In the FE model depicted in Figure 7. 1, the inputs o f its state space representation 

are actuato r forces acting i.n node 8. The outputs are displacement and veloci ty in 

node 8 (which are required as inpu ts for the actuator model) and displacement U1 

node 4 where the cutterhead is attached. 
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The inputs and the outputs of thc fmal model arc summarized in Tablc 7.1. 

Table 7 .1 Overa l1 spindle system model inputs / outputs 

IN PUTS 

Variable Unit Description 

V~" V Driving amplifier inpur voltage for x-axis 

V'F V D riving amplifier input vo ltage for y-axis 

OUTPUTS 

.>':" In l-\ ctuators displacement fo r x-axis (node 8) 

)'./ In ,\ctl.lato rs displacement for y-axis (node 8) 

x, m Cutrcrhcad displacement for x-axis (node 4) 

Y. m Cuncrhcad displacement for y-axis (node 4) 

F., N Force generated by actuator in x-axis 

1/"-,, V Driving ampu£icr ourput voltage 

I , ,\ D riving amplifier output current 

F , N Fo rce generated by acruator in y-axis 

1/ ., V Driving arnplifier OUllJU I" voltage 

" 
,\ Driving amplifier output cunent 

Analysis on the overaU numerica l model (s pindle + actuators) showed that the poles 

and zcros of the model arc on the left half plane of the pole-zero-map, which 

indicates that the model is stablc (Figure 7.3). 
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Fig ure 7.3 Pole-zero-map of the overall spind le model 

T he first three vibration modes (natural frequencies) and the corresponding damping 

ratios of the numerical spindle system model arc shown in Tab le 7.2. 

Table 7.2 Vibration modes and damping ratios of the ove rall numerical model 

Modes Frequency rHz] D amping ratios [%1 

Mode#l 617 4.1 

Mode#2 1779 1.8 

Mode#3 21 18 2.3 

Table 7.2 shows that the first natura l frequency of the numerical model of the 

spindle system is at 61 7 JCIZ which varies only by ca. 1% from 622 i-I" the natural 

frequency o f the spindle system determined experimentally with the excitation 
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hammer in section 6.6. The corresponding Bode diagram of the numerical model 

depicted in Figure 7.4 shows the first three vibration modes of the numerical model. 
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7.2 Numerica l Model Tuning 

The overall model comprises of input parameters such as spindle dimensions, 

piezoelectric actuator capacitance, driving amplifier o utput iJ11pcdancc and bearing 

damping. Some of these parameters, such as spindle dimensions and actuator 

capacitance can be 1l1casured. However, it is difficult to experimentally detennine the 

damping in the rolling bea rings which support the spindle (Zcillinger et al. 1994), 

since the interaction and contribution of severa l damping sources (e .g. spindle 

material damping, front and back bea ring) cannot be distinguished. In order to 

obtain a rcl.iable numerical model, the actual plant (spinclle + piezoelectric actuators) 

dynamics need to be ana lysed so that the numerical model can be adjusted 

accordingly. T he tuning parameters arc shown in Table 7.3. 

Table 7.3 N umerical model tuning parame ters 

Valu e 

T uni ng Parame ters Unit V22 V23 

Damping of th e element EI0 Ns/m 10 9 

Angular stiffness of clement EI0 Nm/ rad 0 0 

Ang ular damping of c lement EI0 Nms/rad 0.3 0.2 

Ang ular s ti ffness of clement Ell Nm/ rad 703 703 

Ang ular damping of element Ell N ms/rad 0 0 

The tuning parameters have been adjusted so that the freq uency response functio n 

(FRF) of the numerica l model shows similar behaviour as the actual spindle sys tem. 

T he FRF of the actual plant is analysed by two different approaches. The first 

approach involves the impact hammer tests as performed in chapter 6. The 

difference to the previolls impact hamlner tests is that the vibration is now 111easured 

\vith an accelerometer at the point of interes t where the impact through the hammer 

takes place (Figure 7.5). 
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The second approach consists of FRF identification through piezoelectric actuatots 

by using a sweep and an impulse function. In all experimental approaches the whole 

plant is considered as a "black box" and the input and output characteristics are 

analysed to determine the FRF. 

7.2.1 Numerical Model Tuning through the Impact Hammer 

The plant is excited with an impulse through the im pact hammer and the output is 

measured with an accelerometer. This method is widely used for the FRF 

identi fication of a structure due to its convenience and well-known methodology 

(Roy and Ganesan 1995, McConneU 1995, Ahn et al. 2004). Figure 7.5 shows the 

experimental set up for measuring the dyna mic characteri stic of the spindle system. 

T he impact hammer and the accelerometer ou tputs are measured with a multi 10 

analogue/ digital card connected to the PC via a US B port. 

Figure 7.5 Modal analys is through impa;;c;ttha;;;~;-;t~e"'st;Ss--------' 

The FRF of the spindle system is obtained and analysed within the software program 

CUTPro©. The impact hammer can be used with different tip types (i. e. steel, plastic, 
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rubber) which allow exciration over a wide range of frequencies. The experimental 

tests showed that the hammer tip made from rubber-tefl on is mostly sui table for the 

impacts tests. This impact hammer tip type is capable of exciting frequencies up to 

1000 H Z. Although a steel hammer tip is capable of covering excitation frequenci es 

up to 2000 H i, it was no t suitable for tI,e FRF iden tification on the test rig because it 

caused unavoidable double hits, which on tI,e other hand, lead to incorrect FRF 

characteristics of the spindle system. Therefore, the rubber-teflon hammer tip was 

chosen to perform the impact tests. The drawback with this hammer tip is tI,at it is 

not capable of exciting higher vibration modes of the spindle system beyond 1000 

H Z. Figure 7.6 shows the dynamic behaviou r of the spindle system where th e impacr 

force and the corresponding deflection are used to identify the FRF. The legend "Y, 

on Ur,,=20V" in Figure 7.6 indicates that the excitation through tI,e impact hammer 

is performed on the cutterhead's nut (node 3 in Figure 7.1 ) and measured with the 

accelerometer at the point of impact (the ClItterhead 's nut) whilst the amplifiers are 

switched on and the opposing actuator's voltage is set to 20 V (in order to generate a 

counter force against the spindle). 
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The FRFs o f the spindle system depicted in Figu re 7.6 shows that the natu ral 

frequency o f the spindle system is at 625 H ,: Furthermore, it supports the results 

fro m section 6.6 that the preloaded actuator (i.e. actuator vol tage at 20 o r 80 T/) does 

not significantly change tl,e dynamic behaviour of the spindle system. Based o n the 

obtained FRF of tl,e actual plant, the numeri cal model of the spi ndle system is tuned 

so that it shows similar dynam ic characteri stics. The tuning parameters in Table 7.3 

are used to adjust the numerical model. F igure 7.7 shows the FRFs of the nume rical 

model (indicated in black colo ur and in solid i dashed lines) and the actual p lant 

behaviour (inrl.icated in blue, magenta and green colours). 
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Figure 7.7 Frequency response functions of the numerical and the real plant 

Although tllis experiment witl1 tl,e limited excita tion bandwidtll of the impact 

hammer tip could nOt excite all the vibration modes (i.e. second and tlli rd vi bration 

modes as shown in Table 7.2) o f the spindle system, it was useful when adj usti ng the 

first vibration mode o f the num erical model. 
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7.2.2 Numerical Model Tuning with Piezoelectric Actuators 

T he tuning p roced ure is further re fined by measuring th e spindle response to a linear 

swept-frequency signal. In this approach the piezoelectric actuators are used to excite 

the spindle with a sweep frequency fun ction with the aim o f revealing o ther vibratio n 

modes of the sp indle un it. The magnitude o f the swep t-frequency signal is 15 Vpp to 

avoid excessive vibrations. Fur thermore, the sweep range o f th e signal is 0 - .f kH :;: 

and the frequency change ra te is at 0.8 kJ-Iz/ set" in o rder to limit the tim e spent in 

reso nant peaks. figure 7.8 shows the spindle response thro ugh a swept-frequency 

input measured with the edd y current probes. 
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Figure 7 .8 Frequency sweep on the test rig 

4 4.5 

!\ lower frequency ra te might deliver a mo re accurare resonant peak amplitude 

beca use th e sweep function will spend more tim e in this region and cause hig her 

vibrations. However, in order to avo id acruator damage through excessive vibrations, 
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tlus va lue p roved ro be accurate enough. In fact, Il ynek (2004) demonstrated 

th rough simulatio n that taking hal f of th e frequency rate change (i.e. 0.4 kl -Iz/ sec) will 

only deliver .J % mo re accuracy in the amplitude and less than 1 % in resonant 

frequency. T herefore, the chosen swept-signal parameters arc reasonable for the 

practica l sweep tests performed o n the test rig. T he envelope o f the spindle response 

is de fm ed as output (i.e. system response) and the swept-frequency sig na l as the input 

source. From these two measures, the FRF of the spindle system is determined. 

In o rder to ve ri fy the PRF obtained through the sweep function a further experimenr 

has been ca rried our. An impulse generated by the piezoelectric ac ruators is taken as 

input and the output res ponse is meas ured by th e eddy curren t probes. T he impulse 

consisrs of .J 5 1/ in rnaglu rude with a 0.3 I/Ij" pulse width. The input pulse has been 

analysed with the 10FT in order to identify its freq uency range (Figure 7.9). 
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Figure 7.10 shows both FRFs of the spind le system obtained by the swept-frequency 

signal and the impulse signal. Bo th methods show a very similar FRF fo r the spindle 

system. The first natural frequency of the spindle uni t is at 625 H Z in the FRF 

obtained through the sweep test and 627 rlZ with the impulse test (Figure 7.10). 

However, both metilods could not reveal the second and the tilird modes of rhe 

spindle system which are present in the numerical model and given in Table 7.2. In 

fact, the FRPs from borh experiments exhibit some indications of the second mode 

in the 2000 HZ region shown in Figure 7.10. 

---- Sv.eep - Y a>:i5 

3 -- ___ 1- ___ __ ~ ______ L ______ L __ ---- Pulse test Y axis 
" , 

2.5 - - - 1-" --- -- r------r- r --- - ~ ------ , -- - ---,------, , , , , , 
, , 

2 ------;- T I I I I I --- - (------r------r -----T---- -- ~------l---

----'-
_l ______ ~ ___ _ __ ~ __ _ ___ ~ _____ _ 

, 
----r - -----r------r------ T----- - ,---- - -,------, , 

, , 
0.5 

, 
----- - --

, , 
--- - ,---------

, , , 
- - 7------,------1------, 

o~~~~~--~--~--~~~~~~~ 
500 1000 1500 2000 2500 3000 3500 4000 

Frequency IHzl 

Figmc 7.10 Frequency response function oftbe spindle system obtained through sweep and 

impulse tests 

In o rder to analyse tile behaviour of both FRFs in the higher frequency tange (i.e. 

f> 1000 H <!), the dynamic behaviou r of the driving amplifi er is investigated. For the 

system identification of tile driving amplifier an Input voltage in the form of an 

impuJse with 2.5 V of magnitude and 0.3 1IIS pulse width is generated within 
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Ma tlab/ Sil11ulink and sent to tI,e ampli fier input. Tlu s input signal is amplified by the 

amplifier and sent to tI,e piezoelectric actuator. The input and output of the amplifier 

are then measured with a multi-channel o scilloscope (Figure 7.11 ). 

IN PUT 

1nl 8. 
illd~ 

Oscilloscope 

K 

Amplifier 
Piezoelectric 

ac tua tor 

Fig ure 7.11 Sche matic diagram to ide ntify the dyn amic ch aracteris tics o f the amplifier 

T he input and output characteristics of tI,e driving ampli fier are shown in Figure 

7. 12. 
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The fRF o f the amplifier shown in Figure 7.13 is identified from input and output 

characteristics. Figure 7.13 reveals that the bandwidth of the ampli fi er is at 1424 IIZ 

at 3 db. T his result leads to the conclusion that the second and third vibration modes 

of the spindle system stated in Table 7.2 canno t be effectively excited. Therefore, the 

piezoelectric actuator with the driving amplifier does not necessarily ensure that the 

dynamic properties of the sp indle sys tem at higher frequencies (i.e. J> 1-124 110 arc 

cap tured. 
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Figure 7.13 FRF of the driving amplifier 
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Furthermore, the real amplifier gain determined from Figure 7.13 is at 25.62 db which 

corresponds to 19. 1 amplifi ca tion factor. T his vaJue varies by ca. 4 % from 20, the 

gain factor given in the amplifier data sheet. Taking these results into consideration, 

the numerica l model is further adjusted in order to match the dynamic behaviour of 

the spindle system determ.ined through the experimental work. 
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Figure 7.14 shows the comparison between the dynamic characreristics of the spindle 

system identified through the experimental work and the numerical model. The FRP 

obtained with the swept-frequency signal (indicated in blue colou r) and th e F RF 

obtained with the impulse test (indicated in orange colou r) are taken as reference and 

the FRF o f the numerical model (indicated in black colour and in soJjd / dashed lines) 

is tuned by using the tuning paramete rs stated in T able 7.3. In addi tion ro these 

tuning parameters, the driving amplifier gain, as well as its impedance, are also used 

as "knobs" [0 achieve an accurate numerical model. 
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Figure 7.14 D ynamic charactcristks of the spindle system in comparison with the nume rical 

model 

In a small number of IteratiOns, the numerical model has been tuned so tbat 

important d)'namic p roperties of the spindle system are covered. 
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The freCJ uency response of tbe actual spindJe in the near of tbe fi rst natural freCJuency 

is zoomed fro m Figure 7.14 and shown in Figure 7.15. The FRF of the numerical 

model, indicated in solid black colour, is in good agreement witb th e spindle 

dynamics in the low freCJuency range as well as in the higher freCJuency area. 

However, it has a higber resonant peak th an the actual spind le response. On the 

other band tbe first resonant peak of tbe numerical model, indicated in clashed black 

colour, is in good agreement with the fi rst resonant peak of the actual spindle system. 

Moreove r, it shows some discrepancies in the low freCJuency range. Nevertheless thi s 

numerical model (indicated in dashed black li ne) shown in Figure 7.14 and Figure 

7.15 covers the second and the third vibration modes of the spindle system. As 

afo rementioned, the second and the third vibration modes of the actual spindle 

system could be excited neither with the impact bammer test from section 7.2.1 nor 

with the swept-frecjuency and the impulse tests. This does not necessarily mean that 

the second and tbe third vibration modes do not ex ist. 
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Figure 7.15 Comparison between the numerical model and the actual spindJc dynamics 
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Therefore, th e numerica l model shown in dashed black with 6 states (3 vibration 

modes, namely at 626, 1801 and 2152 }+() has been chosen for tl, e proposed modal 

contro l approach. Tlus has been aclueved by using the Matlab command " balancmr" 

to reduce the 78 states of the numerical model to 6 states. 

7.3 Optimal Control Technique 

The motivation behind the optimal con trol technique used for tl, e spindle sys tem is 

two-fold. Firstly, a PlO co ntroller is not capable o f delivering sufficient performance 

fo r higher-order systems (As trom and I b gglund, 1995). Therefore, tl1is conven tional 

controller type is not suitable fo r implementation on the test rig, which has 6 states 

with three ,ribration modes. Second ly, fo r the PlO controller, the performance of the 

control action cannot be controlled dynamically. This is a further drawback of th e 

PID contro ller as there is a linuted power supp ly with a certain bandwidth available 

for the actuator operation. Moreover, th e modal control approach, especia lly tl, e 

o ptimal con trol tech,uque, has been mainly implemented for metalworking 

machinery as described in chapter 2. Apart from onc application with woodworking 

ll1achincry, namely, for the acrjve vibration suppression of a circular saw by Wang 

and Sun (2001), there arc no optim al-control-based applicatio ns reported for 

woodworking machinery. T herefore, the implementation of the optimal control 

metllOd on the small sca le planer is unique; hence tlus is the world's first actively 

controlled planer. 

T he design of tl,e optimal control consists o f an estimator and th e sta te feedback 

gain . LQR/ LQG (Linea r Quadratic Regulator/Linear Quadratic Ga ussian) is an 

optimal control techluq ue used in modern control applications. T he difference 

between LQR and LQG is that tl,e latter includes the stochastic noise, tl,e so-called 

Gaussian white noise, in tl,e formulation of the optimal control method (Maybeck 

1979, Bryso n 2002). The optimal co ntro l approach requires two design steps. Firs tly, 

the optimal co ntrol formulation is required to obtain tl,e optimal state feedback gain 

156 



and secondly, an es tima tor is needed to predict the states o f the sys tem. Both these 

design steps are described in the subsequent sections. 

7.3 .1 Optimal Control Formulation 

The closed loop controller overview witho ut the estimato r is shown in Figure 7.16 

IN PUT If PL..-\NT 
SSil l 

(State-Space-Modcl) 
'---"-

I K '----------1 
, Srarc feedback gain 

Figure 7.16 Contro ller overview 

)' OUTPUT 

The dl'na m.ic characteristics of the plant (i.e. spindle sys tem) are represented in the 

state space form as follows 

where 

x = A . x + B . u + J-/ . lV, 

Y = C· x+ IV , 

x: state vector [X II X 2" ,XII] 

11: contro l input vector lil t} " 2" ,II,J 

y: output vector [Y"Y1" y ,] 

IV, : stochasoc noise related to the states 

IV2: stochasric noise related to the sensor In eaSUIc nlCtlt 

A: Sys tCITI mau:ix 

B: input gain matrix 

c: meaS llfcmenr maUL" 

r-l: stochascic noise ma trix 

(7.1 ) 
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G iven the sys tem (plant) described in the state space fo rm by equation (7. 1), the 

optimal contro l form ulation is defined as finding the contro l input 11 in equation (7.2) 

which minimizes the performance index given by equation (7.3) . 

Where 

J 00 I 
J = ?' J(x .. Q . x + u' . R . 11 }tt 

- 0 

r ,y: tran sposed state matrix 

r 
If: transposed input matrix 

Q: weighting ma trix related to the system response 

R: weighting matrix related to the control effo rt 

(7.2) 

(7 3) 

T he performance index represented by equation (7.3) describes the integra l 

performance measures which mini.mize the performance index J (also called the cos t 

function). I n other words, the performance index describes the trade off between the 

system response and th e control effort (Dorf and Bishop 2005). The state feedback 

gain matri.." K can then be formulated as fo Uows 

u = K ·x=-R-1· BT·P·x 

K =-R- 1 ·Br .p 

Where matrix P is the solution of the Ricatti equation and obtained as fo Uows 

(7.4) 

(7.5) 

An extensive nu merical deriva tion of the equations (7.3), (7 .4) and (7.5) is reported 

by Bay (1999). The equations are solved using Matlab. 
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'rhe control input variables are determined by assuming that aU the state variables are 

available, which is not the case in reality, therefore tbe feedback loop o f the 

controller from Figure 7.16 bas been supplemented by adding an estimator (i.e . a 

Kalman filter) to predict the state variab les. This will ensure that all the state 

variables arc available for the controUcr input matrL,( defmicion. 

7.3.2 Estimator D esign - Kalman Filter 

Sensors usually do nOt p rovide perfect and complete data abo ut a sys tem. The 

measurement of the sys tem variables is o ften corrupted to some extent by noise, 

biases and de\~ce inaccuracies. Howeve r, for the optimal con tro l method all th e 

states o f the system have to be available (Bay 1999). In order to obtain all the Sta tes 

o f a system , a state estimato r is needed (also ca lled an observer). A J(a ~nan filter is 

an es timator used to predict the states of a linear dynamic sys tem . It is generaUy 

defmed as an optimal recllrsive (e.g. does not require aU previous data to be kept in 

storage for es timation) data process ing algorithm. An estimator that considers aU the 

uncertainties to make the optimal estimation o f th e state is the Ka lman filter. Even if 

the senSO rs were "perfect" (e.g. witho ut no ise and any disto rtion) the State variables 

could not be meas ured diJectly, because the sensors o nly provide the system output 

or input in the form of, fo r example, deflection or voltage respectively. ['rom these 

measures, the state variables need to be derived accordingly. Therefo re, fo r the 

modal contIo l approach an es timator is necessal"Y (S imoes et aL 2007). 

O ne characteristic o f the Kalman filter is that it incorporates all tile informatio n that 

can be provided to it. It processes aU available measurements, regardless o f their 

precision , to estllnate the current value of the variab les of interes t. "All available 

measurements" can be undetstood as plant dynamics (e.g. a state space model of ti,e 

plant), sensor properties (e.g. noise beha\;iour of the measurement device), system 

noise and the initial conditio ns o f the variables o f interest. The termin ology 

"optimal" depends upon the cri teria chosen to evaluate th e performance. T be 
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optimaliry of clle Kahnan filter is described in detail in vatious references (tvlaybeek 

1979, Bay 1999, Grewal and Andrews 2001, Blyson 2002). Since me introduction of 

the Kah,,,n fIlter in the 1960s, it has been used in many fI elds. It was also used by 

/\ SA for the Apollo project, the fIrst manned moon mission, in 1969 (G rewal and 

Andrews 2001). Nowadays, the application of a Kalman fUter encompasses many 

fie lds, such as GPS-assisted navigation systems (Geng and Wa ng 2008, Bian 2006), 

sensor ca libration (Kramer et al. 2007) , radar tracking (Kosuge et al. 1997), 

manufactur ing effIciency improvement (Albrecht et al. 2005) and for active vibration 

contro l purposes (Sim oes et al. 2007, Dohner et al. 2004, Wang et al. 2001) just to 

name a few application domains. As aforementioned, cl,e motiva tion behind the 

estimator is rh e need for an estima ted sta te cl"t can be fed back to the inpu t. 

/\ccording to the separation principle, the estimator and the controller can be 

designed separately and then combined together to control me plant (Bay 1999, Dorf 

and Bishop 2005). Due to me separation princi ple the control input 1/ can be re-

A 

defIned using the estimated state X instead of the state x as follows 

The controller overview with the Kalman filter is shown in Figure 7. 17. 

IN PUT 11 PL,\NT 
SS, , 

(Sra [c-Space-Model) 

)' OU7PUT 

~----- -- ---------- -- ---------- - ----- , 
K 

State feedback gain 
Kalman Filter 

(Estimator) 

t 
I 1/11 

:-

" -- - - --- --------- -- ---~-------- - ---~ 
LQG ./" 

Optimal controller 

Figure 7.17 LQG controller 
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A A 

The goa l o f the Kalman filter is to provide an estimate x so that x ~ x for I ~ OCJ • 

The sta te variables can be es timated using equation (1.7). 

A A ( ' ) x = A . x+ B . 11 + L. Y - Y 

A A 

y= e 'x+ lV, 

(7.7) 

; = (A - L.· e).:+ L. · C.X + L.· lV, + B· u 

, 
Where y is the es timate o f y and L. is the optimal Kalman gain matrix. T he Ka~nan 

filter ga in matrix is identified by nuninuz ing the state estimatio n e rro r covariancc 

A 

matrL'\ Pr =E[e e"7 where the erro r e is de fined as e = x- x. Based on the ass lImptio n 

that: SYS tClll and meas urement no ise arc ullcorrclatcd, zerO-Olean, white noise signals 

(i.e. Ga ussian white noise) with cova rian cc matrices Q=E{1v, IV,T }>O, Re=E{1v;? 

JlI/ j ?:.O and E[JJJ , 1J1z)=O, the m.inimum state eStlll1ation erro r covariance matrix Pr can 

be evaluated by solving the Rica tti equation as follows 

(7 .8) 

The stochas tic nOlse ma trix I-I is generally determined by assunung that the state 

variables arc effected by the sys tem noise IV" hence ir is defined as 1-1= [0 1/ 

(i\lbrccht et.!. 2005) . 

The solution of equation (7 .8) yields the optimal Ka~nan futer gain matrix as 

L = p ·eT
. R - 1 

k e If 
(7.9) 

wh ere, Rr is the measurement noise covariance matri.x. It is de ternuned by taking the 

RMS value of the displacement sensor (i.e. eddy current probes) readings when the 
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machine (i. e. small scale planer) is stationary. The system covariance matrix Q is th en 

tuned to achieve a sufficient estimation of the system respo nse. In other words, 

di fferent values o f R, and Q result in a different Ka~nan filter gain L ,. T he balance 

between Q, and R, can be interpre ted as fo llows 

• If R
t 

is vcry small in compa rison [Q Q . the meas urement noise 11): IS 

• 

A 

necessarily small, so th e Ka lman filter interprets a large deviation of y fro m 

A 

Y as an indication that X is a "bad" mcasurctnen t and wants to correct it fa st. 

Because the measurement noise has been set [0 a very sma ll value, dlC 

Kaln1an filter "understand s" th at there is almost no measurement noise so, if 

th ere is a deviatio n, it reacts vcry fa st to correct it. In prac tice, this leads to 

la rge va lues fo r th e Kalman fliter gain L" with the consequence o f a fa st 

respo nse which ca n even make the sys tem unstable. 

T f R, is vcry large when compared to Q , the measurement noise IV] is vcry 

large, so the l<ahnan filter does no t give too much "attention)) to the 

measurements, hence the Ka Lman filtces response is Inlleh luo re conservative 

in case of a deviation. Thjs in practice leads to low L, values with the 

consequence of a slow response to correct the deviation. There fore, the 

balance between the weighting para meters R, and Q is usually determined by 

trial and error procedure (Bay 1999, D orf and Bishop 2005). 
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T he schematic overview of the overall contro ller is shown in Figure 7. 18. 

PLr\ NT 
IN PUT fI )' OUTPUT 

K 

}-----~--+I x = A . x + B . !I + 1-1 . 11', f---------~---.

Y = C· x +}II, 

----I --- -- ----- - ---------- -- --------- --- -- ~ ----, 

:~ f 
I I 

State feedback 
gain 

x 
l----+I J x 

, 
x Kalman Filter 

(Es cimator) 

l __ ___ ~------ --- -------~--- -- - --- -: 
LQG 

O ptimal con[roller 

Figure 7.18 Schematic overview oflhe optimal control m ethod 

The state space matrix formulatio n o f the control system is determined as fo llows 

• State space form matrix 

B" C" 
T 

A" A" AI6 

All 

A = B = C= 

A61 A66 
B61 C61 

163 



• The optimal control weighting parameters' matrices 

• KaiJnan fIlter weig hting parameters' matrices 

R - R . _[Q'll , - [ d 1], Q, - Q 
112 1 

The numerical calculations arc carried out within the so ftware program Matlab. 

7.4 ControUer Tuning 

The contro ller tuning parameters arc on the onC hand ti, e weighting measures Q and 

R defllling the op timal controller gain K and, on the otl,er hand, the weighting 

measures Q and R, for defining me Kalman filter gain L •. Firstly, the Kalman fil ter 

weighting parameters are adjusted for the open loop operation, where ti, e output 

response o f th e spindle system is matched to the output of ti,e es timated response 

through the Kalman filter. A step input with 50 1/ is sent to the spindle model and 

the outpu t of the spindle model, termed as "Yo\." (spindle deflection in y-axis in open 

loop operation), is measured and compared to ti,e es timated output y, ol. (es timated 

spindle defl ection in y-axis in open loop operation). T he Matlab /Simulink model for 

adjusting the Ka~nan ftlter weighting parameters is shown in Figure 7."19, where the 

spindle system model (spindle + actuators) is now termed as me "plant" . 

Although the measurement covariance matrix R, was determined from ti,e RMS 

value of the Ineasuremen[ no ise as an initia l starting value, it is basica Uy a balance 

between Q and R, and usually determined by a trial and error procedure. 
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Ix ...... 

SSM 

GaUs9an Noise 

~J~'0 

Figu.re 7.19 Matlab/Simulin k m odel 10 adjust the Kalman filter 

Figure 7.20 shows the comparison between the spindle defl ection y and the 

estimation y , to a step input. For tuning the J(alman filter weighting parameters, 

firstly, the parameter Rt is set to a constant va)ue and tll e measurement noi se matrix 

Q, is vari ed . Secondly, the output es timation y, can also be tuned so that it is close to 

the spindle deflection y, by setting Q, to a constant value and varying R,. The 

o utcome of this procedure is also shown in Figure 7.21 . The step function is also 

useful for tuning the estimated spindle response so that it matches the static response 

o f the spindle system (i.e. aftet the dynamic part of the response has setded down) as 

shown in Figure 7.21. 
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Fig ure 7.21 Kalman mter weig hting parameters tuning; Qc=djag[le6j1c10] and Rc va ried 
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Furthermore, the plant model is excited with an impulse function (with pu lse 

magnitude of 20 Vand pulse width of 0.3 1JJ.r). The estimated spindle defl ec tion yeoL 

through the Kaiman filter and the plant response 1'0 1. with the corresponding open 

loop control action are shown in Figu re 7.22. From Figure 7.22 it can be observed 

that there are some discrepancies between the es timated response (indicated tn 

dashed gteen colour) and the plant response (indica ted in magenta colour). 
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Fig ure 7.22 Comparison between the es ti mated response and the plant response with the 

corresponding open loop control action 

The estimated tesponse can be further tuned to achieve a behaviour very close to the 

plant response bl' adjusting the J(alman filter weighting parameters Q, and R, as 

shown in Figure 7.23 (model V48 parameters are Q ,=diag[10;l e9) and R,=O. I; 

R=D.OODl andQ= 1400;) 
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This is achieved by setting one of the parameters to a constant value while increasing 

the o ther one (i.e. R, varied, Q , constant). This means that the estimation is very 

accurate and very fa st (model V47 parameters are Q ,=diag[10;le9] and 11.,=0.001; 

11.=0.0001 and Q= 1400). In fact, the Kalman filter becomes so accurate that it can 

even estimate the noise, as can be seen in Figure 7.23. 
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Figure 7.23 Comparison between est imated response and plant response 

H owever, a very fas t Kalman filter requires a ve ry fast response from the driving 

amplifier whose bandwidth is limi ted. Therefore, high Kalman filter gain introduces 

more vibrations due to the vet,' rapid control effort required. Figure 7.24 shows the 

effect of the fast Kalman filter on the closed loop operation. The upper graph in 

Figure 7.24 compares the open loop spindle response with the closed operation. It 

can be obsen 'ed that in the closed loop operatio n, the spindle response contains 

more vibrations than the response in the open loop operation. The bo ttO m graph in 

Figu re 7.24 shows the noisy and high frequency control signal sent to the amplifier. 
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Figure 7.24 Effects of a fast Kalman fthcr on the spindle response wi th the corresponding 

control effort 

Therefore, a trade off has to be made between the control effort and the spindle 

response. The Kalman filter weighting parameters (R, and Q) and the state feedback 

weighting parameters (R and Q) have to be ser with the focus on obraining a close 

estimation on the one hand and an appropriate control effort on the other. The 

tun.ing parameters Q and R can be adjusted according to the Bryson rule, however, it 

often provides just the starting point for a trial and error procedure (Bryson 2002) . 

After a n.umber of iterations, an appropriate balance between the control effort and 

the system response can be achieved. The simulation and experimental resulrs are 

both presented in the subsequent section. 
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7.5 Simulation and Experiment Results 

T his sectio n prescnts the results obtained through the simulation model as well as 

the results obtained through experiments performed on the tes t rig. T he spindle 

response for open and closed loop operations arc compared and analysed. 

7.5.1 Simula tion Results 

T he plant model is excited wid, an impulse o f 20 V in magni tude with 0.3 IllS of 

pulse width . The resul tant spindle responses o f the closed and open loop operations 

arc compared in f igure 7.25. The simula tion results show d,. t the controller in the 

closed loop operation can signi fica ntly reduce spindle vibrations. 
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Fig ure 7.25 Simulation of closed loop vs . open loop 

170 

1 



r urthermote, th e co ntrol signal of both closed and open loop operations arc 

compared in Figure 7.26 (the legend "contCl. simV48" means; simulatio n of co ntrol 

action in closed loop operation whereas "contol." indicates cl,e open loop operation). 

The simulatio n results show that in th e closed loop operation, th e decay of the 

control sig nal is h.igher than the control signal decay of the open loop operation. T his 

comparison sugges ts that the control is stable in the closed loop operation (the 

control action is further analysed in the next subsection). 
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7.5.2 Exp eriment R es ults 

The controller is converted into a digital form with a 5 k l-1Z sampling frequency 

using Madab. For d,e implementation of the contro ller on the tes t rig, the Marlab 

xpC- Target prototyping environment is used to cnry o ut the real-time control 

application. The [vlatlab xPC-Targe t protoryping elw ironmen t consists of a hos t 

computer and a target computer. The controller is first designed within the 

i\htiab / Simulink environ ment on til e host PC and, after compiling, the executable 

code is uploaded via an Ethernet link to the target PC which runs the executable in 

real-tim e. The controller is furth er tuned on ti, e test rig. Figure 7.27 shows the effect 

of a fa st Ka lman fil ter on the actual plant response (the legend "Yel. exp V32" means; 

spindle deflection is measured experimenta lly in the closed loop opera tion ",i rl' 

controller version 32). In the closed loop operation, the system response contai.ns 

morc vibratio ns than in the o pen loop operation. 
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Figure 7.27 Effec t of fast Kalman fi lter on the system response - open loop vs . closed loop 
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I n some cases where the balance between the system respo nse and th e control effort 

is not appropriately set (i. e. Ka~na n filter gain values very high), the control action 

can become unstable, thus the controller causes excessive vibratio ns. Figure 7.28 

shows the unstable contro l action for the closed loop operation. This behaviour of 

th e contro l actio n can cause excess ive spindle vibratio ns which can lead to (00 ) and 

actua to r damage. 
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Figure 7.28 Unstable control action in the closed loop operat ion 

Therefore, th e Kalman filter is tuned so that it shows behaviour close to the actual 

plant respo nse without ca using instabiuties. This again is achieved by trial and error 

proced ure (Figure 7.29) . 
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A fter the Kalman filter was tuned in the open loop operanon, the controUer was 

performed in the closed loop operation. Figure 7.30 compares the open and the 

closed loop responses of the actual plant to the same impulse input. Ftom Figure 

7.30, it can be observed that in the closed loop operation, vibrations are suppressed 

significantly. The co rresponding conttol actions for the open and closed loop 

operations exhibit stable behaviour (Figure 7.31). 
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f igure 7.30 shows that in the closed loop operation the controlle r is capable of 

reducing vibrations significantly in the time domain. In order to ana lyse the dynamic 

characteristics of the actual plant, th e FRF o f the open loop and the closed loop 

responses arc in ves tigated . The FRFs of the open and closed loop operatio ns arc 

shown in Figure 7.32. 
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From Figure 7.32 it can be observed that in the closed loop operation, the vibration 

peak of the natural frequency o f tl,e spindle system is reduced by ca. 68%. This 

indica tes a significant inlprovement of the plan t dynamics when compared to the 

dynamic characteristics of the plant in the open loop operation. From the machining 

poim of view, this means that the operation bandwidth is no longer limited to the 

natura l frequency of the plant. 
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I co r example, considering a planer with a cutterhead comprising o f 20 cutting knives 

and the natural frequency at 625 I-It th e maximum safe operation bandwidth would 

be around 500 /-IZ. Tlus value sets the maximum knife passing frequenc y o f the 

planer, thus the maximum operation speed (i. e. klufe passing freq uenc), = 500 1-/0 . 

The planer with this configuration can run at a maximum speed of 1500 'Pill (i. e. 500 

11:::.1 20 = 25 11:::. = 1500 ,pili). !\ssunung that the driving moto r of the planer can ru n 

up to 5000 'Pill, the planer would no t be operated at its maximum speed, hence the 

perfo rmance of the planer would be reduced by 70% . Generally, in the woodworking 

domain , lugh speed machuu ng is a desirable operation. As has been discussed Ul 

chapter 4 and described by equa tion (4.1 ), the higher the machining speed the better 

the pitch. ·fh erdore a planer with unplemented optimal control is ca pable of higher 

operation ranges, even beyo nd its nanlrai frequency, hence the desired surface quality 

can be machined uldependent of the operation bandwidth . As aforementioned, 

vibratio ns in the range o f th e natural frequency arc significa ntly reduced, which 

enables the klufe passing frequency to pass beyond th e narural frequency and reach 

higher opera tion ra nges . T his substantial improvement o f the dynamic characteristics 

o f the spindle sys tem enables high performance mach.iJung; hence it is termed as an 

" Advanced Mach.iJllilg Process" (AMP). T he benefits o f th e AMP for the 

woodwo rking ind ustry can be summari zed as foUows 

• Higher degree of freedo m in terms of madun.iJlg operation (madllillilg speed 

can be set independent of operation bandwidth, hence higher throughput 

rates can be adueved) 

• D esired product quali ty can be adueved with one maduning operatio n, this 

again reduces production costs and manufacnrring space 

• Complex and costly design improvement methods for high performance 

machining o peration can, to a certain extent, be lllnited 

• Additional machining operatio ns, such as sanding, can become obsolete; 

hence enabling an effici ent and healthy machilling environment (no dust 

fro m ti,e sanding operation, cos t-effective production) 
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Chapter 8 DISCUSSION 

Figure 8.1 is similar to Figure 1.5 and gives an overview of the research work with 

the corresponding chapters which are the subject of discussion. 
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Fig ure 8.1 General overview of the project 
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Sm:tll scale 
planer 

Firstly, the small scale planer which was built by f-lynek (2004) as a part of hi s PhD 

project was introduced in chapter 3. The objective of his work was to improve the 

surface ptofile by adjusting the verti cal trajectory o f the cutterhead in real-time. As a 

result o f this approach, a smoother su rface with shallower cuttermarks was achieved 

by shaping the cuttermarks on the surface. 
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Referring to th e equation (4.2), the shallower cuttermarks are due to the virtual 

increase of the cutterhead radius R. The principal behind this approach is that when 

a cutting knife is at the start of the cutting path, the cutterhead moves upwards until 

it reaches the maxi.mum predefined displacement. After reaching the maximum 

displacement, the cutterh ctld moves downwards. T he control action takes place in a 

tUlle window LIt) which is basically the unlc required to tnachinc o ne cuttennark as 

described by the equation (3.1). If a surface profIle of h.igh quali ty is tequired (i. e. I 

111111 pitch), as specifIed in th e Table 4."1, th e time window becomes very narrow. The 

consequence o f a narrow time window is that the cutterhead has to tuove upwards 

and downwards \\~th.in th e given short time period. This set some limitations on this 

contro l approach, because the acceleration fo rces (i.e. up to 63 kN as described in 

section 3.5) required to carry ou t the vertica l cutterhead movement are outside of the 

performan ce regime o f the piezoelectric actuators. Therefore, the surface pro fIl e 

i.mprovenlcnt through vertical cuttcrhead movement is morc suitable for lo wer 

cutting parameters (i.e. w=600 'pm, ''I = 201JlJ1l/ s). Tlus approach can be cla ssifIed 

under the category " rotary machining process modifIcation" as shown in the 

overview of the rotary 111achinil1g process imprOVC111cnt in Figure 2.4. 

Unlike the previous approach , the main focus o f this thesis work can be classifIed 

under th e category "active vibration contro l" as shown in Figure 2 .4. 

8.2 Waviness on Machined Surface 

In the rotalY machining process, moulding and planing have played an importan t role 

witlirn ti,e woodworking industry. Due to the kinematics of tI,ese processes, the 

resultant wave shapes arc considered as unavoidable. For a given quality req uirement, 

the machining variations and dis turbances need to be minimized. Especially, spindle 

vibrations and cutting too l inacc ura cy have a great itnpact on the resultant surface 

quality. These effects have been flISt investiga ted theoretically and further ana lysed 

tlltough simulation as well as experimental work. 
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T he motivation behind this in vestigation was to demonstrate the effect of specific 

disturbances (i.e. spindle vibrations and too ling inaccuracies) on the mac hined 

surfa ce. F irstly, tl, e effects o f tooling inaccuracies on tl,e surface quality have been 

discussed and demonstrated through experimental work which was assisted by the 

simulation. The experimental work has been performed with tl,e small seale planer 

(desc ribed in chapter 3). The combination of the sw:face simulation and the defect 

genera tion with the small scale planer, termed as defec t generation tool (DGT), 

allows analyses of the effec t of mach.ining va riations on the res ultant surface prof.ile. 

r t has been shown that tooling inaccu racies can lead to lower surface quali ty and 

reduce tl, e performa nce of tlle machining ope1·ation. Secondly, tl, e effect of the 1 / I~II 

spindle vibration on the resultant surface is first simulated within the software 

program Ma tlab / Simulink environment and then generated on a sample using the 

small scale planer. FFT analysis o f machined timber surface traces indicates good 

correbtion betwee n the simulated and the actual surface wave lengtlls. To c1ate, it has 

not been poss ible to control tl, e wood machining process so that these disturbances 

ca n be machined to order. The DGT contributes to the broader understanding of the 

machine variations and the associated drawbacks on the surface ptoEiJe. T he 

aclvantages o f the DGT can be summarized as follows 

• 

• 
• 

• 

Combination o f surface simulation and defect generation forms a powerful 

tool for analysis of machine S},S (Cl11 variations 

Surface defects can be made to order for quality perception tests 

The simulation allows the iden tificatio n of waviness defects (i.e. FFT 

analysis) 

DGT helps to understand tlle relationship between spindle vibrations and 

res,Jtant surface form 

• DGT can be used fOl· ca libration standards, especially for optical 

measurement devices (i.e. generating specific defects and measuring with 

optica l devices) 
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8.3 Surface Profile Measurement Systems 

In order to ensure th e sur face guali ty requirements a measurement system is needed. 

Therefore, various surface profIJe ll1CaS UrC]ne n t systems w hich can meas ure the 

surface pro fil e of machined timber have been in troduced and evaluated. The 

meas urement 111eth ods can be classified under two ca tegories; contact based method 

and no n-contact method. The contact based method is usually associated with the 

mechanical profil ometer in fo rm of a stylus tracer. The main advantage o f tbis 

technique is its simplicity and measurement resolution which is mainly used for 

la bora tory conditions. Ho wever, tlus technique has two majo r drawbacks. Firstly, tlus 

method is no t suitable for in-process surface pro file measurement, due to the lugh 

throughput rates employed witllin the woodworking process. T he stylus tip tends to 

jllfl1P at higher meaS Ul"Cment speeds, hence the meaSUl"ement is no t always re liable. 

Secondly, the stylus tip causes deformatio n on the ll1easured surface, hence red uces 

the surface quality and provides incorrect data. 

The na Il-conta ct m easurenlent systems evaluated in tlus work are based 0 11 optical 

methods. T he op tical pro fil ometer, Talys urf CLl , has been used as reference due to 

its hjgh nlcaSlU"etnent resolution within the micro meter range as well as its traceable 

ca libration to U!V \ S standards. The major advantage o f tlus sys tem is the lugh 

measurement resolutio n and the capabilities of scanning the surfaces in 3 D . The 

main drawbacks of dus techtuque are d,e measurement speed and relatively high 

device cos ts (ca. 80000£). T he o ptica l pro fJl ometer is th erefore nOt sui ta ble for i11 -

process inspection of machined surfaces. 

The ligh t sec tioning method is also not suitable for in-process surface profile 

measurement purposes. This techtuque was no t capable o f measuring surface profiles 

of lugher quality, because the scattering effect of d,e laser beam increases fo r lower 

pi tches (i.e . pi/d)<1.5 mm). The measurement reliabili ty drops immensely if me 

surface o f d,e specimen is eid,er black o r wlu te (i.e. wlute or black plas tic samples). 

181 



Furthermore, extensive fi1tering wa s required to extract the surfa ce i.nformatio n fro m 

the images. 

The WSMS was the fa stest among the tested measurement sys tems in terms of 

measurement speed. It took approximately one minute to ex tract the surface profile 

data from the inlages. The time required to extract the surface pro fiJ e was mainly due 

to the surface profile extraction algorithm implemented on cl1C WS ,IS. T he surface 

waviness lengths could be measured satisfactoril y. However, cl,e WSl\'IS is not 

capablc of dclivc rin g the absolute waviness hcights. Furcl,cnnore, the WSMS is too 

bulky to fit nca r currerhead. Unlike other measurement systcms, thc WSMS capUlrcs 

an arca o f the machincd surface, th us providlng an avcraged proftie o f the overall 

machined surface. 

8.4 In-P rocess Surface Monitoring Sys tem (ISM S) 

l\ los t of cl, e surface profile in-process moni to rlng sys tems are eithet too expensive, 

bulky or too slow to monito r the surface pro file in real-time. f\ novel m-process 

smfacc profde monitoring sys tem (ISMS) comprising of two steps has been 

introduced. The ISMS can potentially be employed for plani.ng operation where 

continuous rea l-time inspection of the surface pro file is needed. The first step is cl,e 

rc-creation o f the surface profile by analysing the spindle speed of the small scale 

planer. This technigue (i.e. surface profile rc-creation with the spindle speed) shows 

relatively accurate surface proftle lnformation, however it is not capable of class ifying 

surface defects caused by the spindle vibrations. 

Therefore, a second complementary step has been introduced which considers the 

dynamic behaviour of the spind le system during the machining opera tio n. Vibrations 

caused during the machining operation arc cap tured and the surface proftle is re

created. The combination of both steps allows classification of the surface profile 

relative ly accurate when compared with cl,e surfaces traced by the mechanical stylus. 
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As it ca n be seen from Figure 5.18, the eddy current probes do not provide the 

vibrations at th e tool tip as they are located at the from bearing, thus delivering th e 

spindle vibrations at th e node 8 where the fro nt bearing is located (Figure 7. 1). 

H oweve r, fo r the surfa ce p ro fLie rc-c reation, the vibrations at the tool tip are needed 

(node4 in Figure 7.1). T herefore, node 4 in Figure 7. 1 indicating the tool tip location 

has also been identified as an o utput parameter in the state space model of th e 

spindle system. Since the vibrations at cl,e rool tip could not be measured physicaUy 

(i.e. no displacement senso rs at the tool tip), these are predicted with an es timator 

(KaLllan filter). The estim ation through Ka lman filter takes also the dynamic 

characte ristics of the spindle sys tem in to consideration. Figure 8.2 shows the 

comparison between the spindle vibrations at the fro nt bea ring measured with the 

eddy current p robes (indicated in solid line and termed in the legend as "y exp V 48") 

and th e es timated tool tip vibrations (indicated in da shed line and termed as ye", 

expV48"). From Figure 8.2 It ca n be obse rved that the es timated tool tip ,~brations 

are higher than th e spindle vibrations measured with the eddy current p robes. 

With l SI'vfS, the surfa ce pro fil e in fo rmation can be obtained wicl, only twO sensors 

(i. e. eddy current probes and incremental encoder) and an estimato r which 111akcs 

this approach cost effective and easy to implement. T he main advantage of this new 

meth od is the capabili ty of monitoring cl,e surfa ce pro file in real-time. T he 

disadvantage of this technique is the implementation of an estimator to predict cl,e 

tool tip ,ribrations wh.ich requires a model of the spindle sys tem. 
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Fig ure 8.2 Spindle vibrations a t the front bearing vs. estimated tool tip vibrarions 

Furthermore, if the Kalman ftl ter is not con figured appropriately (i.e_ slow/ fast 

Kalman ftlter) the surface pro fil e information might be inaccurate, therefore setting 

the es timator to an adequate speed is essential (Ka lman filter settings arc discussed in 

sec tion 7.4)_ Another drawback of the ISMS is that if the controller is performed in 

th e closed loop operation, the dynamic beha\~our o f the spindle sys tem changes, 

he nce vibrations occurring at the tool tip are suppressed and their correlatio n to th e 

surface pro file is difficult_ Although in the closed loop operation, the surface profile 

features can still be ex tracted from the spindle speed, however if there are spindle 

vibrations causing surface defects (i.e_ 1/ rev spindle vibration) which generally do not 

affect the spindle speed, the ex tracted surface profile in fo rmation from the spindle 

speed would not be reliable_ Clea rly, on the onc hand the closed loop operation 

suppresses the spindle \~brations (hence changes the dynamic behaviour of the 

spindle system) and on the other hand the spindle vibrations are used to re-create the 
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surface pro me. Therefore, the extracted surface prome features would be corrupted 

to a certain degree (i.e. depending on the vibration suppression level). A solution to 

this problem could be to develop an algorithm which takes the amount of vibration 

suppression into consideration. This requires further investigation and could be 

subject of future work. 

8.5 System Identification and Test Rig Modelling 

The modelling and the system identification of the test rig have been investigated for 

two reasons. Firstly, the spindle system behaviour was only investigated to a certain 

extent by Hynek, (2005). Therefore, further investigations were necessary to identify 

the dynamic behaviour and the capabilities of the test rig. Secondly, for the modal 

control approach, system identification, spindle system modelling was necessary. 

Therefore, a comprehensive model of the spindle and the piezoelectric actuators has 

" been created (chapter 6). The mechanical part of the spindle system has been created 

with use of finite element method (Chapter 7). The finite element model is combined 

with the electrical model of the piezoelectric actuators to obtain an overall model of 

the spindle system. The resultant spindle model has been tuned so that it matches the 

dynamic characteristics of the actual spindle system. In order to reveal the dynamic 

characteristics of the actual spindle system, various experiments have been carried 

out. 

Although, initially the system identification tool (SIT) available within Matlab was 

used to create a model of the spindle system, this attempt could not provide 

satisfactory results. This approach is formulated as a curve-fitting problem where 

input and output characteristics obtained from the experimental work are used to 

obtain a numerical model of the spindle system. This approach has also been 

implemented and reported by some researchers (i.e. Chen et al. 2003). However, the 

mode! obtained with this technique did not provide satisfactory results, therefore the 

FEM software developed by H ynek et al. (2004) was used to model the mechanical 
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part of the spindle system. The spindle system model shows good agreement with 

the characteristics of th e actual spindle system. However, there are some 

discrepancies between cl,e actual spindle system behaviour and the spindle sys tem 

model. Figure 8.3 shows the actual spindle response in open and closed loop 

operation in comparison to the model response to same impulse input signal Oegend 

"yol. sim V48" indicates the simulation model in the open loop operation whereas 

"Yel. exp V 48" indicates cl,e actual spindle response in the closed loop operation). The 

simulation as well as the experimental resul ts show that in the closed loop operation 

rhe spindle vibrations could be reduced sigru ficancl y. 
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However, the peak vibration value of the actual spindle is slightly higher than the 

peak vibration value of the model. The reason for the discrepancy is two fold. Firstly, 

the FRF of the model shown in Figure 7.14 appears to be slightly stiffer than the 

actual model in the low frequency range. Secondly, the model is linear therefore it 

does not take the non-linearities of the spindle system such as the hysteresis of the 

piezoelectric actuators into consideration. Nevertheless, the model covers the 

important dynamic characteristics of the spindle system satisfactorily, hence the 

spindle vibrations could be suppressed significantly (Figure 8.3). 

8.6 Improving Dynamics of the Spindle System 

The spindle unit is capable of controlling the spindle movement ill the plane 

perpendicular to spindle's axis. As a part of his PhD studies, Hynek (2004) used this 

capability for reducing surface waviness heights. The small scale planer can also be 

used to implement active vibration control in order to improve the dynamic 

characteristics of the spindle system for an advanced machining environment. The 

investigations reported in this thesis work focuses mainly but not only on the 

implementation of active vibration control on the small scale planer. 

It is suggested that with active vibration control, the dynamic characteristics of a 

plant can be improved. The methodology of implementing active vibration control 

can be clifferent for specific applications, however the objective is similar in that 

sense that using external power for obtaining a desired response. Unlike the passive 

control which can reduce the operation bandwidth by introducing adclitional modes 

as discussed in section 2.3.1, the active vibration control could adapt the system 

dynamics for various applications. With the use of active vibration control, the 

operation bandwidth of the machining environment could be improved by 

introducing damping in the system. The controller implemented on the test rig to 

achieve this goal is based on the optimal control method. The design of the optimal 

control technique requires an estimator (i.e. Kahnan ftlter). 
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This is mainly due to the controller requirement which is based on the assumption 

that all the state variables are available. However, in the real machining environment, 

sensors usually do not provide complete data about a system. Therefore, Kalman 

fliter is used to provide the controller input matrix with the estimation of the state 

variables. The main drawback of the optimal control technique is that it requires a 

relatively accurate model of the plant (i.e. spindle model + actuator model). 

Furthermore, the controller weighting parameters are usually set by trial and error 

procedures, which means that the control action can become unstable and lead to 

actuator damage if the weighting parameters are not set appropriately. Therefore, the 

weighting parameters for the control action as well as for the Kalman fliter need to 

be set very carefully. 

The advantages of the optimal control method are fIrstly, the capability of adjusting 

the performance index according to the particular application. In other words, a trade 

off between the system response and the control effort can be set according to the 

specifIc application. This is useful where the control effort is an issue. For example, 

for a given maximum power supply, the controller would try to achieve the best 

system response or if a specific response is required, the controller would try to 

perform with a minimum control effort. Secondly, once the controller weighting 

parameters are set appropriately, the system operation is stable. 

The major achievement of the implemented controller is the ability to substantially 

improve the dynamic characteristics of the system. The dynamic behaviour of a 

mechanical system sets limitations On the operation range, hence limits the 

machining bandwidth. With the implementation of active vibration control on the 

small scale planer, this bandwidth has been increased, hence enabling a higher degree 

of freedom in the machining process. In other words, active vibration control 

enables operating ranges beyond the mechanical limitations of the system. For 

example, when the FRFs of the open and closed loop operations are compared, the 

peak amplitude value of the natural frequency was reduced by ca. 68% in the closed 

loop operation (Figure 7.32). 

188 



This substantial improvement of the dynamic characteristics of the spindle system 

allows machining operations beyond the natural frequency of the spindle system. 

This advanced machining process (AMP) has many benefits for the woodworking 

industry. As has been mentioned in section 7.5.2, the desired product quality can be 

machined at higher throughput rates irrespective of machine's operation bandwidth. 

As a result of this freedom in the machining operation, AMP enables high 

performance machining, which is a desirable charactetistics from the economic point 

of view. Furthermore, surface finish quality can be enhanced by increasing the 

operation bandwidth (i.e. increasing spindle speed) as described by the equation (4.1). 

This in turn can make additional machining processes such as sanding obsolete. 
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Chapter 9 CONCLUSION AND FURTHER WORK 

9.1 Conclusion 

In this thesis work, improvements and investigations on a small scale planer have 

been proposed. Hereby three major novelties have been achieved. 

Firstly, it was shown through simulation as well as experimental work that machine 

system variations have great impact on the resultant surface quality. Especially, the 

effects of spindle vibrations and tooling inaccuracies can significantly reduce the 

surface waviness quality. To date, it has not been possible to demonstrate the effect 

of specific disturbances on the machined surface prome. Although the theory 

reported by J ackson et al. (2007) provides unique insight into the wood machining 

. dynamics, it was not possible to address and. demonstrate the cause of disturbances. 

The defect generation tool (DGT) presented in this thesis, allows the generation of a 

specific to generate the effect of a specific disturbance to order. This in turn 

contributes to the broader understanding of the machine system variations and its 

effects on the resultant surface quality. The revelation of the effects of the specific 

disturbance could be further used to take specific measures against the particular 

disturbance. 

Secondly, in order to monitor the surface quality, a surface prome measurement 

system is needed. Various surface prome measurement systems have been evaluated 

and their real-time capabilities have been analysed. Most of these measurement 

systems lack the measurement speed or bulky and expensive to implement for real

time surface prome measurement. Therefore, a novel in-process surface profile 

monitoring system (ISMS) has been introduced. This method requires only two 

sensors and an estimator to monitor the surface prome in real-time. Experimental 

results showed that this novel method is capable of providing the surface prome 

features accurate enough for real-time monitoring purposes. 
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Thirdly, active vibration control has been implemented on the small scale planer, 

hence it is the world's fIrst actively controlled planer. A relatively comprehensive 

model of the spindle system has been obtained and optimal control method has been 

implemented successfully. Experimental results showed that with the implemented 

control method, the dynamics of the spindle system have been improved 

signifIcantly. The machining operation is no longer limited by the mechanical 

properties, hence a higher degree of freedom in the machining environment was 

achieved. 

9.2 Recommendation for Further Work 

For an enhanced machining environment further improvements on the small scale 

planer could be pursued. With the active vibration control, the dynamic 

characteristics of the spindle system have been improved, which means that higher 

operation ranges beyond the natural frequency of the spindle system are possible. 

However, forces acting on the mechanical parts of the spindle system need to be 

taken into consideration. In order to monitor the forces during the machining 

operation, a method reported by Park and Altintas (2004), and Albrecht et al. (2005) 

for a metal milling machine using Kalman ftlter, has also been implemented for the 

small scale planer. The results are not reported in this thesis work as they have not 

been verifIed experimentally. The evaluation could be carried out with a 

dynamometer during the cutting process. This will enable smart machining 

operations at the physical limits of the spindle system. 

Furthermore, two lightweight cutterheads, with each comprising of 4 cutting knives, 

have been designed. The specially designed weight units can be attached to these 

cutterheads in order to investigate the effect of the imbalance on the resultant 

surface. 
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The proposed design of the actuation system could prevent its industrial deployment 

due to the relatively costly driving amplifiers. Further investigations could be carried 

out on the amplifier. Moreover, for the implementation of the active vibration 

control two PCs are necessary. This could be implemented with mlcrocontroller for 

an embedded design environment. On the other hand one could argue that the PCs 

are becoming more affordable and compact, therefore the cost factor may not be 

decisive. 
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APPENDIXES 

Appendix A INSTRUMENTATION 

MF614 Multifunction I/O Card 

HUMUSOFT s.r.o. 

e-mail: info@humusoft.com 

WWW: http://www.humusoft.com 

Specifications 

A/D Converter 

Resolution 

Number of channels 

Conversion time 

12 bits 

8 single ended 

10 ~s 

Input ranges ±10V, ±5V, O-lOV, O-SV, software selectable 

Input protection ±16.5V 

Input impedance > 10 kS 

D / A Converter 

Resolution 12 bit 

Number of channels 4 

Settling time max. 10,.,.s (1/2 LSB) 

Slew Rate 10 V /~s 

Output current min.±5 mA 

Short circuit current ±30mA 

DC output impedance 0.1 S 

Load capacitance max. 500 pF 

Differential nonlinearity ±1 LSB 

Gain drift typ. ±5 ppm/K 

Zero drift typ. ±S ppmFSR/K 
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D' . 1I 19lta nputs 

Number of bits 8 

Input signal levels TIL 

Logic 0 0.8 V max. 

Logic 1 2.0 V min. 

D' . 10 19lta utputs 
Number of bits 8 

Output signal levels TIL 

Logic 0 0.5 V max. @ 24 mA (sink) 

Logic 1 2.0 V min. @ 15 mA (source) 

Q uadrature Encoder Inputs 
Number of axes 4 independent 

Resolution 24 bits 

Counter modes binary,BCD 

Index input programmable 

Inputs differential witb Schmitt triggers 

Input noise filter digital, programmable (0.2 -50 ,",s) 

Input frequency max.2MHz 

Quadrature modes Xl,X2,X4 

Counters/Timers 

Counter chip CTS9513A 

Number of channels 5,4 of tbem available on I/O connector 

Resolution 16 bits, cascadable up to 80 bits 

Clock frequency 20MHZ 

Conter modes up, down, binary, BCD 

Triggering software, external 

Clock soutce internal, prescalers, external 
. 

Inputs TTL, Schmitt triggers 

Outputs TTL 
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VF-1S00 Linear Amplifier 

Dynamic Structures & Materials, LLC 

Email: info@dynamic-structures.com VF-1500 SPECIFICATIONS 

WW'W: www.dynamics-structures.com 

Specifications 

Output Voltage -30 to +150 V 

Maximum Continuous Current 1000mA 

Maximum Peak Current 1500mA 

Maximum Output Power 180W 

Dimensions 2.75" x 8.25" x 12.0" (70 x 210 x 305 mm) 

Gain 20 

Input Control Voltage -1.5 to +7.5 V 

Small signal bandwidth 
3 db Frequency> 700 Hz @ 180 Vpp, 3.5 f!l' 

load 

Over-current and over-temperature protection 
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Eddy Current Probe 
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MTN/EP080 
Industrial Eddy Probe 

Applications 
• Pump Monitors 
• Turbines 
• DC Gap Machine Tool 
• Gauging 

Technical Specification 
Power Supply 

Sensitivity 
Output Impedance 

-24 Volts DC @ 30mA 

8mV/~m nominal 
<50 Ohms 

Linear Range 0 to 2mm 

Linearity 1% nominal 
Frequency Range DC to 10 KHz 

Operating Temperature Probe: -30'C to +18<i'C 
Driver: -20°C to +8ooC 

Temperature Sensitivity Probe: less than 5% at 1!rD 
Driver: less than 51>/0 at mt 

Tip Material 
Case Material 

Cable 

Peek encapsulated with potting 
Stainless Steel 

RG 179 PTFE insulated 
Maximum Cable Length 9 Metres 
Extension Cable MTN/EXTOECP (Length to be Specitied) 

Options 4-20mA, Other Ranges, Submersible, Custom 
Design, Cable Length. 

Supplied with Eddy Current Probe Driver MTN/ECPD 

MONITRAN LTD MONITOR HOUSE HAZl-EMERE Rc PENN BUCKS UK HF=ll0 BAD 

TEL: +44 (0) 1494816569 FAX: +44 (0) 1494 B 12255 

EMAII..: INFO@MONITRAN.CO.UK WWW.MONITRAN.aO.UK 

MONITRAN RESERVES 1"HE R\G~T 1"0 ALT(;.R ,HE SPECIFlOATION WITHOUT PRIOR NOTIOE 
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Appendix B SURFACE FORM MODELLING 

The surface is often approximated by a series of circular arcs for simplicity. The 

typical machining parameters used within the woodworking industry for rotary 

machining processes make the approximation possible as can be seen from the 

following analysis. 

Hynek (2004) established a measure which can describe the kinematical relationship 

of the rotary machining process regardless of actual cutting and feed speed. The ratio 

f1 between cutting speed and feed speed is a suitable measure for describing the 

rotary machining process. 

(A.1) 

The ratio ft is typically in the range from 50 to 300. The length of the cuttermarks p 

is dependent on workpiece feed speed v;> cutterhead rotational speed wand the 

number of finishing cutting knives N. This relationship can be expressed by the 

following equation: 

VI 
p=--

OJ·N 
(A.2) 

The length of the cuttermark p expressed by equation A.2 is effectively the length 

that the timber travels between two knives i.e. feed per knife (Figure A.I). 
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d, 

Circular arcs approximation 

h, 

Actual surface waviness 
p 

Figure A.l Circular arcs approximation and cycloidal surface forms in comparison (Hynek 

2004) 

The waVlness height h of the simplified surface can then be expressed by the 

following equation: 

R P' h =R- R --, 4 (A.3) 

where as R is the cutterhead radius. The waviness height of the cycloidal surface is 

lower than the height of the simplified circular surface height and can be expressed 

as follows 

h = R- R' a 

(p-d,)' 
4 

(A.4) 

where d, is distance the cutterhead travels while the knife is cutting the length of 

cuttermark p. The distance d, can be expressed as follows: 

p V 

d,= f-(i )dx 
o vox X 

(A.5) 
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where v,x is the horizontal component of the knife velocity Vo' The knife tip velocity 

relative to the work piece Vo is a vector sum of the cutting speed and the feed speed 

as depicted in Figure A.2. 

R 

v, 

p 

Legend: 
v, cutting speed (roR) 
v r feed speed 
v, overall speed of knife tip. 

relative to workpiece 
R cutterhead radius 
ID cutterhead rotational speed 
p cuttermark length 

Vo 

Figure A.2 Rotary machining process velociry relationships (Hynek 2004) 

It is calculated as follows: 

(A.G) 

The horizontal component of the knife tip velocity v,,, varies throughout the length 

of the cuttermark as can be seen from Figure A.2. However it can be taken as a 

constant throughout the length of the cuttermark p because the cutterhead angular 

displacement while the knife is machining one cuttermark is very small. 
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For instance, taking into account a typical cuttermark length (i.e.1.5 - 2,5 mm) and 

typical cutterhead radius R=60 mm, the angular displacement is approximately 0.7°. 

Thus the horizontal component of the knife tip velocity Vox can be simplified as 

follows: 

(A.7) 

Combining equations (A. 1 ),(A.5) and (A. 7) results in 

d=-L 
/ ,u +1 

(A. 8) 

The time !;,.t, that the cutterhead needs to travel a distance of cl, can be expressed as 

follows 

(A.9) 

Equation (A.9) can be rearranged into more practical form by inserting equations 

(A.S), (A.I) as follows: 

(A. 9) 

The relative error between the cycloidal surface waviness height h, and the circular 

waviness height of the surface h, can be described as follows: 

(A.9) 

The dependence of the surface waviness height relative error on the ratio ,u for N=4 

is depicted in Figure A.3 
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Figure A.3 Relative error between circular and cycloidal height (Hynek 2004) 

The cycloidal surface waviness height described by equation (A.4) is always lower 

than the circular waviness height described by equation (A.3 ) as can be seen from 

Fignre A.3. However, the error is very small (i.e. lower that 5%) for typical values of 

f!. This justifies the use of the surface waviness approximation by the circular arcs for 

the typical rotary machining process used within the woodworking industry as these 

equations are easier to deal with. 
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Appendix C PLANING TIMBER WITH AN ACTIVE 

MACHINING SYSTEM 

Proceedings of the 18th Wood machining Seminar, Vancouver, Canada (2007). 
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Loughborough University, Wolf son School of Mechanical and Manufacturing 
Engineering, Mechatronics Research Centre, HolywelI Way, LE!! 3UZ 
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ABSTRACT 
Planing and moulding are widely used within the wood working industry. According to 
the particular application, the surface of the machined timber is subject to a certain level 
of quality requirement. Undesired variations and disturbances within the machining 
process can often affect the consistency of surface quality. Especially, machining 
parameters, spindle vibrations and cutterhead inaccuracies have a great impact on the 
resultant surface waviness quality. In this paper some of these effects are demonstrated 
through simulation as well as through experimental work by a specially designed smart 
spindle unit which is controlled by four piezoelectric actuators. This spindle unit is used 
to produce surface waviness defects to order and thus improves understanding of the 
influence that cutter path inaccuracies have on machined surface quality. 

Keywords-Active vibration control, piezoelectric actuator, surface finish, wood 

machining. 

INTRODUCTION 

Rotary machining has been an essential part of the woodworking industry for over two 
centuries and is applied to good effect in planing and moulding machinery. The principle 
of the rotary machining process is such that a timber is fed towards a rotating cutterhead 
containing a certain number of cutting knives. This process is illustrated in figure 1. 

Fig. 1 Principle of rotary machining process 
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Rotary machined surfaces are not ideally smooth and flat. The machined surface has a 
series of waves due to the kinematics of the rotary machining process. The surface waves, 
also called cuttermarks, are generally accepted as unavoidable. The length of the 
cuttermark p, also called pitch, is usually taken as a measure of surface quality. A good 
surface finish should have a pitch p lower than 1.8 mm and surface waviness should 
follow a uniform pattern [1]. The length of the cuttermarks p is dependent on workpiece 
feed speed vfi cutterhead rotational speed v, and the number of finishing cutting knives N. 
This relationship can be expressed by the following equation: 

VI 
p=-

v,·N 
(1) 

It is often assumed, for simplicity, that the shape of the cuttermarks is circular and that 
the surface can be considered as a series of intersecting circular arcs. The waviness height 
h of the simplified surface can then be expressed by the following equation: 

h= R-JR2- ~2 (2) 

Where as R is the cutter head radius. 

These equations (I) and (2) are well established and widely used [1]. Indeed, the shape of 
the cuttermarks is cycloid and the surface height is ca. 5% lower than the simplified 
height expressed by the equation (2) [2, 3]. This low error ratio justifies the use of surface 
waviness approximation by the circular arcs for rotary machining process used within the 
woodworking domain. 

Although the modern planing machines provide a good surface quality, the undesired 
variations within the machining process do not guarantee a consistent surface quality. 
These variations can be divided into three major groups. Firstly, workpiece properties 
such as wood species and moisture content affect the surface quality. Secondly, 
machining parameters such as cutterhead speed, feed speed and number of cutting knives 
primarily determine the waviness form. Thirdly, undesired vibrations and inaccuracies 
within the machining process can reduce the surface quality severely. The subject of this 
paper is to demonstrate the effect of the latter factor on the machined surface. 

REVIEW OF RELATED WORK 

The presence of the vibrations during the machining process has an adverse effect on the 
surface quality. Vibrations mainly occur between the relative movements of the 
cutterhead and the workpiece. These vibrations can be suppressed by a passive or an 
active approach. The passive approach comprises tuned dampers and vibration absorbers. 
The active vibration control for the woodworking machinery is focused on controlling the 
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spindle vibrations. Some researchers developed design strategies for optimal spindle 
design in order to avoid the structural vibrations [4, 5]. Others [6, 7] used active vibration 
control methods to suppress the undesired vibrations in order to improve the overall 
performance. However, there is no significant record of research within the woodworking 
machinery regarding the effect of vibration factors such as cutterhead inaccuracies or 
spindle vibration on the machined surface [1]. 

Relatively small surface wave height values ranging from 2 - 20 Ilm make the waviness 
highly susceptible to relative vibrations between cutting knives and the workpiece normal 
to the machined surface. This displacement can be caused by either structural vibration or 
by cutterhead inaccuracies. Two widely used techniques within woodworking domain, 
single-knife finish and multi-knife finish are presented and the effects of disturbances on 
the resultant surfaces are discussed [l]. 

Single knife finish exists where the surface wave form is determined by the cutter with the 
largest radius in the cutterhead. This results from the insufficient precision of the cutting 
knives due to the cutter sharpening machine tolerances and the relocation inaccuracies 
between grinding machine and planing machine spindles. The difference between the 
cutting knife with the largest radius and the cutting knife with the shortest radius is 
defined as the "total indicated run-out" (TIR). The difference among the cutting tool radii 
can reach up to 50 Ilm for knives set by hand in a cutterhead using a setting gauge. 
Cutters ground in the cutterhead and then relocated on the planing machine spindle using 
Hydrogrip tooling results in typically 5-10 Ilm TIR. 

Cutterhead 
...J .. 

, 

Fig. 2: The effect of inaccurate cutting knives on the surface finish 

The hand set tooling leads to lower surface quality and reduces the performance of the 
machining operation (Fig. 2). For example, considering a cutterhead with two cutting 
edges and a TIR of 50 Ilm located on a spindle rotating at 6000 rpm with a timber feed of 
12 m/min. The resultant surface would have a pitch of 2 mm which is in the low quality 
range, whereas with zero TIR, the ideal surface pitch would be 1 mm which is a high 
quality finish (figure 3) because the number of finishing knives is now N=2 .. This two 
knife case is actually the most exacting test of any tool grinder and planing machine 
because the two cutting edges are diametrically opposed and the slightest error (- 1 Ilm) 
can create a noticeable waviness defect [1]. 

• 
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'mm 

Single-knife fini~h 1mm 

Two-knife finish 

Fig. 3: The effect of single-knife finish and two-knife finish on the ideal surface form 

Despite the deployment of high precision knives and the grinding of the knives in the 
cutterhead, the use of Hydrogrip tooling and super precision spindles the uniformity of 
the surface waviness with an acceptable surface quality for multi-knife finish, where all 
cutters leave an equal width surface wave, cannot be assured. 

In high speed woodworking a machinery cutterhead can have up to 20 cutting knives. As 
it can be seen from equation (\), the greater the number of cutting knives the higher the 
timber feed speed for a given good quality (-I mm) of wave pitch. The requirement for 
multi-knife finish is that all the cutting edges have the same radius. To realise this goal 
the jointing process is applied at the rotating cutterhead with the aim to true all the cutting 
edges to the same radius. The consequence of this jointing process is a cutter with zero 
back clearance angle 'that rubs the timber surface. All of the aforementioned precision 
improvement techniques have elevated the jointing process to a high level in order to 
reduce the rubbing effect, but it is still present. In addition the joint land width, 
determined by cutter tracking errors and also machine spindle/structural vibration, causes 
variations in normal cutting force (radial push off force) which produces cutter spindle 
deflection and hence variation in the cutter path. This presents a barrier to further surface 
finish improvements. 

One particular case is where a four-knife cutterhead with cutters ground to the same radii 
is subject to a I/rev displacement at the spindle rotational frequency [1]. Figure 4 shows 
that the cutting knives Band D are not affected by IIrev vibration, whereas cutting knife 
A is pulled out of the workpiece and on the contrary cutting knife C is pushed into the 
workpiece by the vibration magnitude. This is shown for the case where the positive 
maximum of the vibration displacement aligns with cutter A. Variations in this particular 
case occur, depending on the phase relationship between the cutting knife rotational angle 
and the maximum or minimum point of the interfering with the IIrev vibration cycle. 
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Fig.4: Effect of llrev spindle vibration on the surface 

The resultant surface model in figure 4 is based on the circular arcs theory and represents 
a surface defect. Each cutting knife removes material from the surface with respect to 
their vibration magnitude. The resultant surface defect is superimposed by the adjacent 
circles in a plane representing the depth and length of the surface form. Figure 4 also 
demonstrates the greatest impact on the resultant surface, when the knife passing 
frequency coincides with the lIrev vibration crest. It should be emphasized that the 
angular position of the cutterhead is not controlled on planing and moulding machines 
and so it is a lottery each time a cutterhead is placed on the machine spindle. When this 
surface defect is compared with the ideal surface form, the difference between the surface 
qualities is unacceptable. An alternative higher quality approach could actively vibrate 
the spindle centre in order to compensate for these vibrations and tooling inaccuracies. 
This needs a sophisticated control strategy to suppress and control the undesirable spindle 
vibrations as well as to remove the TIR values so that a consistent surface finish is 
achieved, with sharp cutters. 

To date, it has not been possible to control the wood machining process so that the effect 
of specific disturbances such as cutterhead inaccuracies or cutterhead vibrations can be 
generated to confirm the theory presented. Although the systematic investigation reported 
[11] makes some attempt to understand some of the basic engineering influences on 
machine performance. The mechatronic control approach presented in this paper is 
capable of producing surface defects to order. Whilst this may seem at odds with reducing 
defects it is part of the wider understanding of how tool path inaccuracies cause surface 
waviness defects. A second benefit is to produce defective waviness surfaces so that 
human perception can be tested. A third benefit is for calibration standards for 
measurement equipment - especially optical sensing devices for surface assessment. This 
work builds oil that previously reported [12]. 
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MECHATRONICHS CONTROL APPROACH 
The small scale planer consists of a base frame, on which the feed table and spindle 
system are mounted (Fig. 5) [12]. The smart spindle unit is the main part of the test rig. 
Four piezo electric actuators are mounted on the front bearing. Piezoelectric stack type 
actuators have been selected to control the movement of the front bearing, because they 
are able to provide high force, fast response and a controllable displacement in 
micrometer range. Two opposing actuators for each axis have been chosen in order to 
achieve a "push-pull" operation. This approach was also adopted by other researchers [8, 
9]. Applying appropriate voltage levels to the piezoelectric actuators controls the 
movement of the spindle. The actuators are capable of moving the spindle by ± 17 flm. 
Applying appropriate voltage levels to the piezo electric actuators controls the movement 
of the spindle in the plane perpendicular to the spindle's rotational axis. 

, 

i~ : x , 

. P,.z""iOOlne actuator 

Fig. 5: Small scale planer comprising of a smart spindle unit 

The smart spindle unit is a novel mechatronics control approach which comprises 
appropriate sensors, signal conditioning circuits, driving amplifiers and control computer 
in order to implement the controlled cutterhead movement. The system diagram of the 
test rig, shown in Fig. 5, shows all key components of the instrumentation along with the 
signal flow between the test rig and the control computer represented by the 
multifunction I/O card. The spindle unit is equipped with two non-contact eddy current 
sensors to measure the XY displacement of the spindle. The eddy current signals are then 
amplified with the eddy current driver in order to increase the resolution and minimize 
the influence of the noise. These signals are then converted into digital signals via the 
muItifunction 1/0 card in the control Pc. The smart spindle unit is also equipped with an 
incremental encoder in order to measure the angular position of the spindle. These two 
measures (XY displacement and the angular position of the spindle) are used as inputs to 
control software that determines the appropriate signal for the 150 Volt driver amplifiers 
that power the piezo electric actuators. The piezo actuators apply a force against the front 
spindle bearing mounted in flexural hinges to cause a controlled spindle radial 
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displacement. The Matlab xPC Target prototyping environment is used to carry out this 
real-time control application. 

A vibration sweep test was carried out on the smart spindle unit fitted with a 0.65 kg 
cutterhead. Operating the spindle at speed close to one of the natural frequencies would 
result in excessive vibration and this must be avoided. It is often desirable to operate 
machine tools spindles below the natural frequency in order to avoid crossing any 
resonant regions during start up of the machine. Therefore, the natural frequency of the 
spindle experimentally determined which is at 885 Hz (Fig. 6) 
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Fig. 6: Frequency response of the smart spindle unit 

The test rig was designed to operate at spindle speeds below 5000 rpm (80 Hz) and the 
experimental work was carried out at 600 rpm (lOHz) which is well below the natural 
frequency of the spindle. Thus, any excessive vibration is avoided. 

SIMULATION AND EXPERIMENTAL WORK 
Simulation of the machined timber surface profiles has been carried out to assist in 
analysis of produced surface defects and to investigate the effects of disturbances 
independent of workpiece properties. Simulation is based on the principal of circular arc 
theory with an improved waviness height calculation algorithm that resembles the real 
height of the machined timber waviness. The smart spindle unit is used to generate 
machined timber samples to produce defects of a desired character. 

Initial tests involved simply generating a single knife finish to compare the simulation of 
a perfect surface and that produced by the test rig with no radial displacement of the 
spindle centre. A cutterhead with two cutting knives is chosen with a TIR value of 70llm 
to ensure that only one cutter produces a finishing wave. The machined surface profile 
was measured by a contact based stylus tracer (Fig. 7). 
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Fig. 7: Surface measurement system 

With this surface measurement technique. the stylus tip contacts the machined surface 
and it is moved along the timber. The surface profile is recorded by the vertical 
movement of the stylus tip. 

Figure 8 presents a reference simulated ideal surface produced by the knife with the 
larger cutting radius. Setting machining spindle speed to 400 rpm with a feed speed of 30 
mm/s results according to the equations (I) and (2) in wave lengthp of 4.5 mm. Analysis 
on the surface form with the Fast Fourier Transform (FFT) provides a better insight into 
the dominant wavelengths which form the resultant surface profile. 

Simu/ation of idea/ JIJ1foce Jorm 

'ltlJlJlMm 

~30 ----- ---- ;--- ~--- +- --~- --1 ---; ---' ----
j:: :::::, -:-:, ::-:: ::: :; ::! -:' -: :::::: 

(J ----'-----'.- ___ ---- -- - _______ • ___ .' _____ ' ____ _ 

S 10 15 20 25 30 35 40 45 50 
Tlrrt..r le'>Q1h [mm) 

Fig. 8: Single-knife finish - simulated and machined surfaces in comparison 

The simulated and machined surface forms are compared in Figure 8. Two graphs are 
shown to demonstrate the single-knife finish. Results from FFT analysis show that both 
simulated and machined surfaces have the dominant wavelength at 4.5 mm which is the 
pitch of the resultant surface. It should be pointed out that the unit for the frequency is 
determined as J/(unit length) i.e. J/mm, which can be perceived as the number of 
cuttermarks per unit length. 

Experimental work on surface defects has been performed with the small scale planer. 
These defects are successfully machined by a real time controlled displacement of the 
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cutterhead during the machining operation. The IIrev case is reported here for a four 
knife cutterhead case. When the cutting knife first touches the surface of the workpiece, it 
starts to move vertically downwards with a defined pulse generated by the piezo electric 
actuators (Fig. 9). The height of the pulse correlates with the defined vibration amplitude. 
Only the upwards pulse is shown in figure 9. 

Pulse required for 

vertical movcm~nt 

: feed spL"ed ty 

~ Surface defect lime 

Fig. 9: Vertical cutterhead movement to produce surface defects 

Figure 9 illustrates the vertical cutterhead movement, where the workpiece is stationary 
and the cutterhead travels along the workpiece. This modification is chosen for a better 
illustration of the cutterhead movement, since in the real machining operation, the 
cutterhead is fixed and the feed table moves towards the rotating cutterhead. For the 
experimental work, only one cutting knife is chosen to machine a specific surface defect. 
This allows generation of any type of interfering vibration and cutter inaccuracy profile 
via the software map generated in the control Pc. 

Figure 10 shows the surface defect caused by the IIrev spindle vibration. Machining 
parameters are spindle speed v, at 600 rpm and feed speed at 20 mm/so The IIrev spindle 
vibration frequency is set to the cutterhead speed with an amplitude of 3 pm peak to peak. 
It can be observed that the surface profile does not consist of regular waves. For a normal 
machining operation (without spindle vibration) a wavelength of 2 mm with 8.33 pm of 
waviness height would be expected. For the additional spindle vibrations, the FFT 
analysis shows the dominant wavelength is at 2'mm and also at 8 mm which is four times 
larger than the expected value of wavelength under normal operating conditions. This is 
because knife C is pushed into the workpiece, hence cutting deeper while knife A is 
pushed upwards from the surface thus removing less material from the workpiece. This 
reflects the superimposed 'IIrev spindle vibration introduced via the piezo-electric 
actuators. The resultant surface pitch is variable and does not have uniform pattern and is 
of reduced quality. 
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Fig. 11: Surface defect caused by 11rev spindle vibration. 

FFT analysis of the machined surface also shows that the surface waviness consists of 
more harmonic components than the simulated one this is due to the simulation which 
does not consider the inhomogeneous_ workpiece properties. Both simulated and 
machined surfaces shows that the effect of the undesirable spindle vibration on the 
resultant surface is evident. 

CONCLUSIONS 
The presence of the vibrations and cutting path inaccuracies during the machining process 
has a great impact on the resultant surface finish_ Vibrations which mainly occur between 
the relative movements of the cutterhead and the workpiece can be caused by either 
structural vibrations or by cutterhead inaccuracies. The effect of the IIrev spindle 
vibrations on the resultant surface is first simulated within the software program 
MATLAB/Simulink environment and then generated on a timber sample using a 
specially designed smart spindle unit. FFT analysis of machined timber surface traces 
indicates good correlation between simulated and actual surface frequency and amplitude 
characteristics_ With this novel mechatronics control approach the effect of the spindle 
vibrations on the resultant surface can be made to order, thus aiding understanding of 
waviness generation mechanisms_ 
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ABSTRACT 
In planing and moulding which are commonly used within the woodworking industry, surface 
defects, torn and raised grain result in high production costs. In order to meet the 
requirements for a consistent surJace quality and increased production efficiency. surface 
quality information is needed for enhanced process control. Whilst some techniques have 
been researched based on optical sensing these are too bulky to fit near to the machining 
process. Furthermore these optical sensing systems are costly and generally sophisticated 
image processing algorithms which require a considerable computation time are required to 
measure the surface profile. Therefore additional real-time surface feature extraction is 
desirable. The objective of this paper is to introduce a novel surface profile re-creation 
strategy which can potentially be employed for the real-time operation as feedback for a 
smart planing system. In this method spindle speed and spindle vibrations are measured in 
real#time to re-create the machined surface profile. Numerical analysis and experimental 
work have been carried out to demonstrate the capabilities of this technique. 

1. INTRODUCTION 

The dynamic behaviour of wood machining process has a negative impact on the surface quality of 
machined timber. The dynamic behaviour is due to the factors such as workpiece properties, 
cutting tool condition, engineering quality of the machine, cutterhead vibrations, spindle 
imbalance [I, 2]. Although modern planing machines are capable of providing good surface finish, 
they are highly susceptible to machine system variations. These variations are reflected to the 
machined surface, resulting in unacceptable quality levels. Therefore it is essential to deploy a 
feedback system in order to ensure the product quality and increase the efficiency by minimizing 
the variations during the machining process. Various surface profile measurement systems have 
been developed in recent years for an automated environment. The measurement techniques can be 
classified into two main groups; contact based and non-contact methods. 

The nature of the wood machining process (i.e. high feed speed> I m/sec, machined surface 
features < 5 ~m, and high inherent surface texture of the timber> 20 ~m), rules out tactile surface 
measurement techniques such as mechanical stylus. For this method, the stylus tip contacts the 
machined surface and it is driven along the workpiece and the surface profile is recorded by the 
vertical movement of the stylus tip. The two main drawbacks associated with this technique are the 
lack of measurement speed and the loading effect of the stylus tip which lead to deformation on 
the surface [3J. Moreover this method is not suitable for surface profile measurement of timber 
machined at high throughput rates, since the stylus tip tends to jump at high measuring speed (i.e. 
I - 2 m/sec). This "bouncing" effect occurs when the stylus tip loses contact with the machined 
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surface which limits its in-process deployment. In order to monitor the quality of machined 
surfaces, various non-contact measurement techniques have been deployed over the years. Most of 
the methods used for non-contact measurements are optical method which include optical 
profilometers (mostly laser based), microscopes, image analyzers, imaging spectrographs, 
interferometers, fibre-optic transducers, white-light speckles, laser scattering, optical light 
sectioning systems [4, 5, 6, 7]. Most of these non-contact based methods are too expensive, bulky 
and lack the measurement speed due to the sophisticated image processing algorithms, thus they 
are not sufficient for applications where real-time control action is required. These drawbacks limit 
their application range for an automated process environment. Therefore an additional surface 
profile extraction is desirable to assist the optical methods which would enable real-time control 
action during the machining process. This paper introduces a new surface profile re-recreation 
method by considering the spindle speed and spindle vibration during the machining operation. 

1.1 WOOD MACHINING PROCESS 

Rotary machining has been an essential part of the woodworking industry for over two centuries 
and is applied to good effect in planing and moulding machinery. The principle of the rotary 
machining process is such that timber is fed towards a rotating cutterhead containing a number of 
cutting knives. This process is illustrated in figure I. 

Fig. 1 Principle of rotary machining process 

Rotary machined surfaces are not ideally smooth and flat. The machined surface has a series of 
waves due to the kinematics of the rotary machining process. The surface waves, also called 
cuttermarks, are generally accepted as unavoidable. The length of the cuttermark p, also called 
pitch, is usually taken as a measure of surface quality. A good surface finish should have a pitch p 
lower than 1.8 mm and surface waviness should follow a uniform pattern. The length of the 
cuttermarks p is dependent on workpiece feed speed vfi cutterhead rotational speed v,. and the 
number of finishing cutting knives N. This relationship can be expressed by the following 
equation: 

Vi 
p=-

Vc' N 
(1) 

It is often assumed, for simplicity, that the shape of the cuttermarks is circular and that the surface 
can be considered as a series of intersecting circular arcs. The waviness height h of the simplified 
surface can then be expressed by the following equation: 

(2) 

where R is the cutterhead radius. These equations (I) and (2) are well established and widely used 
[1,2]. Indeed, the shape of the cuttermarks is cycloid and the surface height is ca. 5% lower than 
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the simplified height expressed by the equation (2) [8]. This low error ratio justifies the use of 
surface waviness approximation by the circular arcs for rotary machining process used within the 
woodworking domain [1]. 

1.2 SMART PLANING SYSTEM 

A new surface profile re-creation method is intended to be used as a feedback loop for a smart 
planing system designed within the Mechatronics Research Centre at Loughborough University 
(Fig 2) [9]. The smart planing system consists of a base frame on which the feed table and spindle 
system are mounted. The smart spindle unit is the main part of the test rig. Four piezoelectric 
actuators are mounted on the front bearing. Two opposing actuators for each axis have been 
chosen in order to achieve a "push-pull" operation. Applying appropriate voltage levels to the 
piezoelectric actuators controls the movement of the spindle. The smart spindle unit is a based on 
mechatronics control approach which comprises appropriate sensors, signal conditioning circuits, 
driving amplifiers and control computer. 

Fig. 2 Smart Planing System 

The spindle unit is equipped with two non-contact eddy current sensors to measure the XY 
displacement of the spindle. These signals are then converted into digital signals via the 
multifunction lIO card in the control PC. The smart spindle unit is also equipped with an 
incremental encoder in order to measure the angular position of the spindle. These two measures 
(XY displacement and the angular position of the spindle) are used to asses the surface profile in 
real-time. The Matlab xPC Target prototyping environment is used to carry out this real-time 
control application. The proposed monitoring system will detect the spindle vibrations and spindle 
speed in-process and feed the control algorithm with information about the current surface quality. 
Thus, the new proposed smart planing system will be able to adapt the spindle displacement in 
real-time to the current surface waviness. As a result of this machining process, the disturbances 
and the machining variability will be reduced and a consistent and improved surface quality will 
be achieved. 
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Fig. 3; Active vibration control strategy with a feedback system 

2 NOVEL SURFACE PROFILE RE-CREA nON TECHNIQUE 

~ Cuucrhc~d 

Timber 

For any dynamic optimization of the machining process with the focus on an increased surface 
quality, characteristics of those vibration components can be used in a feedback loop so that the 
control system can compensate for it. The feedback system is mainly focused on cutterhead 
vibrations and cutterhead speed. Figure 3 shows the monitoring system integrated within the 
controller. Spindle vibrations are measured with the eddy current probes and the spindle speed is 
monitored via an incremental encoder. From these sensors output, surface profile of the machined 
timber is re-created and then compared with the input values. For example if the spindle speed is 
set to 600 rpm and the feed speed to 20 mmls then according to the equation (I) and (2) the pitch is 
2 mm with 8.33 I'm of height. These values are taken as input parameters which are compared with 
the re-created surface pitch and height. 

2.1 SURFACE PROFILE RE-CREATION BY USING SPINDLE SPEED 

During the machining process, the spindle speed is monitored by an incremental encoder. The 
encoder is counting two thousand pulses for each revolution. The time that the cutterhead needs to 
perform one revolution is extracted from these readings. When the spindle speed is monitored over 
the whole machining cycle, from figure 4 it can be seen that the spindle speed is varying during 
the machining process. 
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Fig. 4: Variation of the spindle speed during the machining process 

Since the spindle speed is measured, the surface profile characteristics such as pitch and height can 
be calculated by the equations (I) and (2) respectively. The calculated pitch and corresponding 
heights are shown in figure 5, 
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Fig. 5 Re~created surface profile by using spindle speed 

In order to assess the performance of the introduced method, the same machined profile is also 
measured via a contact based stylus tracer for comparison reaSOns only, because during the 
machining operation the surface quality will solely be assessed by the feedback system, 

As it is shown in table I, the difference between the mean pitch values and the re-created and 
measured surface profile is at about 3 % which is in a good agreement, however the re-created 
surface profile does not take the work piece properties as well as the dynamic behaviour of the 
machining process (Le. vibrations between workpiece and cutterhead) into account. Spindle 
vibrations can cause severe surface defects, hence reduce the surface quality immensely, The 
effect of spindle vibrations on the machined surface has extensively been studied in [2] and proved 
through simulation and experimental work in [I]. Therefore this method has been further improved 
by analysing and considering spindle vibrations which enables a more reliable monitoring system 
with accurate surface profile information, 
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2.2 SURFACE PROFILE RE-CREATION BY USING SPINDLE VIBATION 

The spindle vibrations are measured via eddy current probes during the machining process. Figure 
6 shows the spindle vibrations during the cutting process where the time for one vibration event 
caused by one cuttermark is expanded along the time axis. 
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Fig 6: Spindle vibrations during the machining process 

Spindle vibration magnitudes as well as spindle speed vary during the machining operation. The 
vibration magnitudes are extracted via programming code within Matlab. As it can bee seen from 
figure 2, eddy current probes do not provide the vibrations at the tool tip, as they are located on the 
front bearing. Therefore these vibration magnitudes are extrapolated from the node of the 
measurement to the tool tip by considering the geometry as well as the dynamic characteristics of 
the spindle through an FEM model. The FEM model of the spindle revealed that the displacement 
of the tool tip and the node of measurement are in the same direction for the first vibration mode. 
However at higher frequencies where higher vibration modes become involved the extrapolation is 
more complicated. Especially at the second vibration mode of the spindle system, the displacement 
of the measurement node and the tool tip node are in opposite directions. Therefore a simple 
extrapolation with a factor is only reliable for the frequencies below the first vibration mode of the 
spindle. Considering the fact that vibrations caused during the machining operation can be 
arbitrarily and contain higher vibration modes, an extrapolation through FEM is carried out, thus 
the introduced method is capable of providing reliable and accurate information about the surface 
profile over a wide range of frequencies. The pitches p are then calculated by rearranging the 
equation (2) and shown in figure 8. The re-created surface profile from spindle vibrations are in a 
good agreement with both previous methods. The deviation ITom the measured mean pitch value is 
less than 3 % with less than 2 ~m divergence from the mean surface heights. This relatively high 
accuracy and the straightforward instrumentation make this method suitable for surface profile 
monitoring purposes within the planing operation. 
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Fig 8: Surface profile recreation by using spindle vibrations 

Table 1: Comparison among the simulated, measured and re-created surface profiles 

Simulated ideal measured surface with re-created surface re-created surface 

surface stylus from spindle speed from spindle vibration 

pmcan (mm) 2,0 2,11 2,18 2,16 

hmcan [J.lm] 8.33 11.66 9,89 10,11 

3. SUMMARY AND CONCLUSIONS 

The dynamic behaviour of wood machining process has a negative impact on the surface quality, 
In order to meet the quality requirements, surface profile information is needed for enhanced 
process control. Most of the surface profile in-process monitoring systems are either too 
expensive, bulky or too slow to feed the control system with real-time information. A method 
comprising of two steps has been introduced which can potentially be employed for planing 
operation where real-time control action can be performed. The first step is the re-creation of the 
surface profile by analysing the spindle speed of the smart planing system, This method shows 
relatively accurate surface profile information" however it is not capable of classifying surface 
defects caused by the spindle vibrations. Therefore a second complementary step has been 
introduced which considers the dynamic behaviour of the spindle system during the machining 
operation_ The vibrations caused during the machining operation are captured and the surface 
profile is re-created, These two steps allow a classification of the surface profile relatively 
accurately when compared with the surfaces traced by the mechanical stylus, With this method the 
surface profile information can be obtained with only two sensors (i.e. eddy current probes and 
incremental encoder) which make it cost effective and easy to implement. Furthermore it can 
provide surface profile information where real-time control action is required. 
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Abstract 

The importance of a reliable and robust surface profile measurement system in the 

inspection of surface finish is beyond any doubt. For years, visual inspection has 

been employed in the industries to determine the quality of surface finish. Since, 

in most cases, it fails to ensure a consistent minimum standard of finish quality, 

mechanical stylus based measurement systems have successfully taken over from 

human inspection. However, in recent years, the trend is to explore other 

techniques for conducting the surface profile measurements. Non-contact optical 

methods have emerged as one of the leading candidates. One of most important 

aspect of using non-contact methods is avoiding damage to the machined surface 

for softer materials. In this paper, analysis of surfaces machined with an active 

mechatronic planar has been discussed. Mainly two kinds of materials have been 

used for the planing operation, one is made up of nylon and the other is hard 

wood. The surface profile of machined specimens is measured with the help of 

light-sectioning method, conventional mechanical stylus and a novel two-image 

photometric stereo method. An industry-standard Talysurf eLI system was used 
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to provide the benchmark, traceable to NPL standards, for the measurements. 

Suitability of different measurement techniques have been discussed based on the 

results obtained. 

Keywords: active machining system, non-contact surface profile measurements, 

light sectioning method, mechanical stylus, two-image photometric stereo 

method, Talysurf. 

1 Introduction 

Wood machining is an essential part of the furniture and wooden product 

manufacturing industry. This speeds up the whole process as well as maintaining 

the quality of product finish [I]. Machining of wood consists of various processes 

such as sawing, rough planing, planing, moulding, sanding and so on. Among all 

these, two widely employed processes in wood machining industry are planing 

and moulding [2]. In order to carry out these machining operations, rotary 

machining technique has been used in industry for over two centuries [3]. It is a 

very well established fact that the rotary machining operation is able to provide 

the woodworking industry with the required surface finish of products coupled 

with the desired speed, lower labour cost and thus, cost-effectiveness. In the 

current ultra competitive business environment these are the required attributes for 

a manufacturing establishment to survive and prosper. During the process of 

planing, the cutter heads contain straight cutters on all the four faces [4]. The 

rotary wood machining process is similar in nature to the up-cut milling of metals 
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[5]. Although, the milling operation is similar to the one of metal working, there 

are some significant differences between the two processes. The primary one is 

the cutting speed. Whilst cutting speed for metal lies in the region of 0.5 to 1.5 

m/s, the wood machining speed is in the region of 30 to 80 m/so Also, the feed 

speed of the woodworking process is higher, at around 0.08 to 1.6 m/s [6]. Due to 

kinematics of the machining process, planed and moulded surfaces appear to have 

a series of waves whose peaks are perpendicular to the passage of the product 

through the machine [6]. However, these cutter-marks or waviness as termed in 

the woodworking industry are actually not defects, if the their heights and widths 

are small and uniform [7]. In order to ensure that this waviness is consistent and 

of acceptable patterns, a range of contact and non-contact accurate measurement 

techniques have been deployed over the years. Despite advances in other 

technologies, mechanical stylus based contact measurement remains the most 

widely used surface measurement system. This is essentially a slow and often 

destructive method of obtaining surface profile but has wide acceptability due to 

very well-established standards [8]. Advancements towards ever increasing levels 

of automation, higher speed of processes and the advent of various soft materials 

have caused this contact method to become inadequate in certain situations. As a 

result, non-contact methods are proving to be the way forward for measurement 

applications involving timber and similar softer materials. A brief literature 

review of the surface planing technique has been presented in this paper, along 

with some of the surface profile measurement techniques. In the latter part of the 
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paper, a comparative analysis of surface profile measurements is carried out using 

four different measurement teclmiques. 

2 Timber Surface Forming 
The dynamic behaviour of wood machining process has a negative impact on the 

surface quality of machined timber. The dynamic behaviour is due to the factors 

such as workpiece properties, cutting tool condition, engineering quality of the 

machine, cutterhead vibrations, spindle imbalance. These variations are reflected 

to the machined surface, which can reach unacceptable quality levels. In 

moulding and planing which are commonly used within the woodworking 

industry, surface defects, tom and raised grain result in high production costs [1]. 

This rotary machining process is similar to milling of metals in up-cutting mode. 

The principle of the rotary machining process is such that a timber is fed towards 

a rotating cutterhead containing a certain number of cutting knives. This process 

is illustrated in figure I. 

Figure I Rotary machining principle 
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The machined surface has a series of waves due to the kinematics of the rotary 

machining process. The surface waves, also called cuttermarks, are generally 

accepted as unavoidable, therefore machined surfaces are not ideally smooth and 

flat. The length of the cuttermark p, also called pitch, is usually taken as a 

measure of surface quality. A good surface finish should follow a uniform pattern. 

The length of the cuttermarks p is dependent on workpiece feed speed vf, 

cutterhead rotational speed Vc and the number of finishing cutting knives N. This 

relationship can be expressed by the following equation: 

Vf 
p=-

Vc·N 

(1) 

It is often assumed, for simplicity, that the shape of the cuttermarks is circular and 

that the surface can be considered as a series of intersecting circular arcs. The 

waviness height h of the simplified surface can then be expressed by the following 

equation: 

h = R-~R2- ~2 (2) 

where as R is the cutterhead radius. These equations (1) and (2) are well 

established and widely used. Although the modern planing machines provide a 

good surface quality, the undesired variations within the machining process do not 

guarantee a consistent surface quality. The presence of the vibrations during the 

machining process has an adverse effect on the surface quality. Vibrations mainly 
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occur between the relative movements of the cutterhead and the workpiece. 

Relatively small surface wave height values ranging from 2 - 20 flm make the 

waviness highly susceptible to relative vibrations between cutting knives and the 

workpiece normal to the machined surface. This displacement can be caused by 

either structural vibration or by cutterhead inaccuracies. The effects of these 

disturbances are summarized in [3, 9). 

In order to produce some specimens for the surface profile measurement systems 

a mechatronics approach based small scale planer is used (Fig 2). One of the 

advantages of the small scale planer is the ability to produce various surface 

qualities to order which means that the limitations as well as the quality of the 

measurement systems can be assessed and compared. Thus the reliability of the 

surface profile measurement systems can be compared more precisely. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I , _________________________________ 1 

Figure 2 Smart planing system 
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The small scale planer consists of a base frame, on which the feed table and 

spindle system are mounted (Fig. 2) [10]. The smart spindle unit is the main part 

I 

of the test rig. Four piezoelectric actuators are mounted on the front bearing. 

Piezoelectric stack type actuators have been selected to control the movement of 

I the front bearing, because they are able to provide high force, fast response and a 

controllable displacement in micrometer range. Two opposing actuators for each 

axis have been chosen in order to achieve a "push-pull" operation. This approach 

was also adopted by other researchers [9, 11]. Applying appropriate voltage levels 

to. the piezoelectric actuators controls the movement of the spindle in the plane 

perpendicular to the spindle's rotational axis. These capabilities of the smart 

spindle unit allow a higher degree of freedom in terms control over machining 

process. The smart spindle unit is a novel mechatronics control approach which 

comprises appropriate sensors, signal conditioning circuits, driving amplifiers and 

control computer in order to implement the controlled cutterhead movement. The 

system diagram of the test rig, shown in Fig. 2, shows all key components of the 

instrumentation. 

Two widely used techniques within woodworking domain, single-knife finish and 

multi-knife finish are produced with the small scale planer to assess the 

measurement techniques whereas the latter one has been produced with a 

controlled generated disturbance the so called lIrev vibration. A more detailed 

description of the various surface defects can be found in [3, 4]. The defect is 
" 

machined on a black plastic sample in order to reduce the effect of workpiece 
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properties such as roughness. This defect as well as the single knife finish 

specimens are then measured with all four measurement devices for comparison. 

The measurement techniques are introduced in section 3. 

3 Surface Profile Measurement Systems 

The profile measurement systems currently being used in industry to obtain 

surface characteristics can be divided into two main groups - contact and non

contact methods. 

3.1 Contact Method 

The most common method of obtaining surface profile data is to pass a 

mechanical stylus probe across the surface and trace the movement of the probe to 

obtain surface profile information (12]. This is essentially a contact method for 

obtaining the surface data. These measurements are usually carried out in the 

micrometer range for most industrial applications. However, techniques to use 

mechanical profilometers in finer nanometre range have been explored in 

publications by Garratt and Nettleton [13], Whitehouse et al (14] and in a more 

recent research by Groeger et al (15]. The nanometre range measurements have 

found applications in wide ranging fields of manufacturing laser optics, electro 

optic devices, semi-conductors, computer memory devices etc. [15]. 

The contact based measurement system suffers from various drawbacks. One of 

the main drawbacks associated with this technique is the loading effect of the 
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stylus tip on the surface under test. This can lead to the deformation of the 

surface, especially for softer surfaces like wood, nylon etc. Also, the speed of 

measurement is somewhat slow, thus making this technique unsuitable for on-line 

measurements (7]. 

3.2 Non-contact Methods 

Most of the methods used for non-contact measurements are optical method. 

These include optical profilometers (mostly laser based), microscopes, image 

analyzers, imaging spectrographs, interferometers, fibre-optic transducers, white

light speckles, laser scattering, optical light sectioning systems, etc. According to 

research published in [7]. the optical methods can be classified into three 

categories according to their principle of operation -

• Triangulation sensing 

• Shadow analysis 

• Light sectioning 

Equipment using triangulation sensors or auto-focusing sensors to measure 

surface quality is sometimes referred to as an optical profilometer. In fact, the 

optical profilometer is similar to the stylus profilometer in many aspects. The 

major difference is that the optical profilometer uses a non-contact 'optical 

stylus', while the stylus profilometer uses a contact stylus. A laser displacement 

sensor (LDS) based surface profile measurement system has been proposed in 

[16] as well as in [17] and [18]. This method uses the aforesaid triangulation 
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measurement approach. Laser light emitted by a semiconductor laser diode passes 

through a transmitter lens and is focused on the target surface. The reflected light 

is focused on a position-sensitive detector (PSD) after passing through a receiver 

lens. The detector uses the distribution of the entire beam spot entering the light

receiving element to detennine the beam spot centre of gravity and identifies it as 

the target position. Of the LDS's distance to the measured surface changes, the 

position of the reflected spot on the detector changes proportionally. This process 

can be correlated to the smoothness of the measured surface. 

Another method of evaluating the surface smoothness is the shadow sectioning 

method. Sandak and Tanaka [19] as well as Yang et al [20] have used this 

technique to evaluate machined wood surface. Light emitted with a fixed small 

angle to the surface plane by a projector is directed onto the measured surface. A 

curtain installed in the light path close to the surface creates a shadow on the 

measured surface. The shape of the border between bright and dark is a profile 

section of the surface. A camera installed over the surface captures an image of 

the border and a digital signal processor using image analysis techniques digitizes 

the profile section. In general, the shadow analysis method cannot measure 

surface heights. 

Researchers in [21, 22] have proposed sensors based on light sectioning principle 

to measure the surface profile of fabric and width of steel plates respectively. In a 

more recent and relevant research [7], this light sectioning method has been used 
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to determine the surface profile of wood. This method reqUires oblique 

illumination and a laser light stripe is projected from the side of the sample on to 

the surface to produce light section. The light section is actually a wavy line 

produced by the projected light due to the waviness of the surface under test. 

Also, there is a triangular relationship between the height of the cutter mark wave 

H, and the height of its corresponding wave L in the light section. This can be 

given by equation (3). 

H=LtanB 
(3) 

where, B is the angle of incidence of the projected light with respect to the 

surface. Thus, by measuring the wavy line, i.e. the light section, the widths and 

heights of cutter mark waves on the surface can be calculated. 

A more robust extension of the light-sectioning concept is the two-image 

photometric stereo method; This has been discussed in detail in [23]. In this 

method, two suitable identical light sources are located opposite to each other and 

along the direction of the cutter-mark of the machined material. Two images using 

a high resolution camera are then taken, with only light source 1 turned on and 

only light source 2 turned on respectively. The radiance of the surfaces can be 

measured using the camera in the form of pixel intensities in the images. This 

pixel intensity can in turn be used to obtain the surface gradient of the machined 

surface. A novel algorithm is then used to obtain the surface shape in two-
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dimension. The details of this technique are beyond the scope of this paper and 

will be reported in future publications. 

4 Experimental work 
This section of the paper gives a brief overview of the measurement setups and 

equipments used for the surface profile measurements. The following sub-sections 

look into the Talysurf measurement system from Taylor Hobson Ltd., mechanical 

stylus instrument, light-sectioning method and the photometric stereo method. 

4.1 Ta/ysurf ell 
The Talysurf (figure 3) is the most widely used surface metrology equipment' in 

industry [24]. This equipment comes with various instruments including both 

contact and non-contact probes. However, the results produced in this paper are 

all obtained by the laser-based instrument mounted on the machine. The Talysurf 

system is calibrated with standardised artefacts and the calibrations can be traced 

back to the NPL standards (UKAS certificate number 29248). The system consists 

of a precision X-Y translation table to hold the sample underneath the probes and 

provide the scanning motion. The stand-off distance (Z-direction) of the Talysurf 

can be adjusted to achieve focusing of the probe. The Talymap software from 

Taylor Hobson is used for data acquisition and processing. A typical generated 

surface from Talymap is shown in figure 4. 
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Figure 3Talysurf optical profilometer (Taylor Hobson 2007) 

Figure 4 3D mapping of a measured surface generated by Talymap software 
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4.2 Light-sectioning Method 

The measurement setup for light-sectioning method is shown in figure 5. A light 

source projects a light stripe on to the surface of the machined material from the 

side of the sample. This projected light creates a light section on the sample 

according to the shape of the surface. The light section is captured by the camera 

and then the image is processed off-line by MATLAB image processing toolbox. 

A light -sectioned image taken by the camera is also shown in figure 5. 

CEmsra 1---/ PC 

Figure 5 Measurement setup for light-sectioning method and the image obtained through the 

camera 171 

4.3 Two-image Photometric Stereo Method 

This method was first proposed and demonstrated by Yang [23] as part of the 

Wood Surface Measurement System (WSMS). The experimental setup is 

illustrated in figure 6. The light sources consist of a laser, a collimator and a beam 

expander. A camera takes image of the timber surface with light source 1 turned 
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on. Then another image in taken by switching off the first light source and turning 

on light source 2. 

Figure 6 Experimental setup of the photometric stereo method [23] 

Figure 8 Test rig of the WSMS system 
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Surface profile of the machined timber is obtained by comparing and transforming 

the surface shape function to a 2-D profile. This two-image photometric stereo 

method will be referred to as WSMS in this paper. The actual test rig is shown in 

figure 7. 

5 Results and Discussions 

This section of the paper reports surface profile measurement results obtained by 

the four different methods. Two samples are used to make a comparative study of 

the aforesaid methods. The first sample is a machined timber of 2 mm pitch 

length, while the second one is a black nylon with surface defect. 

5.1 Wood Sample with 2 mm Pitch Length 

Surface profile of the machined timber with 2 mm pitch and the corresponding 

Fast Fourier Transform (FFT) results of the surface are shown in this sub-section. 

As discussed by Harris [25], the FFT analysis clearly reveals the wavelength 

components that make up a given waveform. It should be pointed out that the unit 

for the frequency is determined as lI(unit length) i.e. 1/mm, which can be 

perceived as the number of cuttermarks per unit length. This is a very useful 

technique of determining the fundamental pitch length present in the measurement 

data. 
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Figure 8 Surface profile and FFT analysis of machined timber obtained using Iight

sectioning method 

Figure 8 depicts the surface profile obtained with the use of light-sectioning 

method. From the normalized profile measurement data it is evident that there are 

periodic cutter-marks on the timber surface. When the FFT analysi~ of the surface 

profile is carried out, it can be seen that the main wavelength component is 1..8 

mm. This value is somewhat close to the fundamental wavelength of 2.0 mm in 

this specimen. Due to the scattering effects of the laser beams on the edges of the 

specimen, the measurement accuracy decreases which can also be observed in 

figure 8 at the beginning of the measurement (i.e. from 0 to 5 mm) where a more 

noisy behavior of the waviness is apparent. Since the machined surface is not 

ideally flat, the laser scattering would be present to a certain degree depending on 
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the tilting effect of the machined surface. This measurement technique also 

requires a precise setting of the laser beam by considering the incident angle for 

every measurement which also affects the overall scatter characteristics of the 

laser beam. For example if the incident angle is too low (i.e. <1°) then the 

scattering of the laser beam increases if it is >5° the measurement precision 

decreases. Furthermore the inspection area is limited to the laser beam length of 

up to 50mm. This measurement technique also needs to be performed under 

exclusion of the ambient light which can affect the measurement quality. 
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Figure 9 Surface profile and FFT analysis of machined timber obtained using mechanical 

stylus 
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Figure 9 shows the surface profile as traced by a mechanical stylus. It can be seen 

that the regular pitch marks of 2 mm are clearly visible from the surface trace of 

the stylus. From the FFT, it can be observed that the fundamental wavelength 

present in the surface profile is in fact 2 mm. Thus, the measurement closely 

corresponds to the actual surface. It should be pointed out the amount of surface 

roughness measured within the waviness depends on the stylus tip radius as this 

can show integrating behavior [3, 4]. 

Surface profile measurement data of the sample using Talysurf is shown in figure 

10. This measurement serves as the benchmark for all the other systems as this 

measurement can be traced back to NPL standards. 
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Figure 10 Surface profile and FFT analysis of timber measured using Talysurf 
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From the figure 10 it can be seen that the cuttermarks on the timber surface is 

evident with the periodic waveform. However, in contrast to other systems 

discussed in this paper, the surface appears to have very high frequency 

components on top of the machined waviness pattern. This fact can be clearly 

seen from the presence of harmonics within the lower wavelength components 

than other methods. Because of the fact that the Talysurf has a very high 

resolution of measurement (1 flm), apart from the waviness pattern on wood, it 

also measures the constituent grains of the timber. Thus, the measurement appears 

more 'noisy' due to the additionally measured roughness of the surface . 
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Figure 11 Surface profile and FFT analysis of machined timber obtained using WSMS 

The surface profile of the machined timber as obtained by the use of WSMS is 

shown in figure 11. From the actual profile graph, it can be seen that the system is 
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able to detect the periodic nature of surface waviness. The FFT analysis reveals 

that the dominant wavelength present in the measured data is approximately 2 

mm. Thus, the measurement obtained from the WSMS for a machined timber with 

2 mm pitch length agrees very closely to the actual surface finish. As all four 

measurements candidates show the capability of measuring the surface profile of 

the machined timber at 2 mm pitch, the measurement diffuculty level has been 

raised by the next specimen. This is a special case of a multi - knife finish where 

all the cutting knives do not follow a common cutting path, hence producing a 

waviness defect. This type of defect with 6 !lm peak to peak vibration amplitude 

is indeed difficult to generate on timber surfaces due to the inhomogeneous nature 

of timber, therefore a black plastic sample defect has been machined with the 

smart planing system [3]. For the non contact measurement systems is this type of 

defect indeed difficult to detect firstly due to the very low waviness heights 

variation and secondly due to the black color of the sample which absorb the light 

thus adding uncertainty in the accuracy of profile detection. In other words this 

defect is to show the limitations of the surface profile measurement candidates. 

5.2 Nylon Sample with Defects 

The surface profile of a black nylon sample with defects was measured using the 

aforesaid techniques. During the measurement exercises, it was found out that the 

light sectioning method was unable to detect the surface profile of the nylon 

sample. This was due to the fact that, the projected laser light was fully absorbed 

by the black-colored sample. Thus, no light pattern formed on the surface and as a 
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result, the camera wasn't able to capture any meaningful image. Therefore, in this 

sub-section only results obtained from the Talysurf, WSMS and mechanical stylus 

have been reported. 
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Figure 12 Surface profile and FFT analysis of defect using Talysurf 

The surface defects can be observed from figure 12 and a detailed analysis of 

defect forming found in literature [3]. The FFT analysis clearly shows that the 

dominant wavelength can be observed at the approximately 8 mm, which is four 

times the fundamental wavelength of 2 mm. This is in perfect agreement with the 

defect analysis presented in the aforesaid paper [3]. 
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Figure 13 Surface profile and FFT analysis of defect using mechanical stylus 131 

A surface trace obtained by the use of a mechanical stylus has been reported in 

figure 13. The general shape of the curve is similar to the one reported in figure 

12. The FFT analysis also reveals the trend of obtaining the dominant wavelength 

at 8 mm, four times the fundamental machined wavelength of2 mm. 

Surface profile measurement results obtained from the WSMS system is shown in 

figure 14. From the profile graph it can be easily seen that the shape of the plot 

corresponds very closely to the ones obtained through Talysurf and mechanical 

stylus. 
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Figure 14 Surface profile and FFT analysis of defect using WSMS 

The FFT analysis however is not conclusive in comparison to the first two 

methods. However the WSMS is still capable of measuring the shape of the 

surface defect. When figure 14 is compared with the 2 mm pitch in figure 11 it 

can clearly be seen that the surface profile of surface defect is very different. 

5.3 Comparison of the Techniques 

The previous sub-sections reported the surface profile measurement results 

obtained using four different profiling techniques. The Talysurf has been used in 

this paper as the benchmark for the samples, as its measurements are traceable to 

UKAS standards. It was found 'out that the fine measurements carried out by the 

Talysurf on timber surface not only picked up the waviness but also the surface 
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roughness. Thus, in order to recover the exact wavmess pattern from the 

measurement data, some filtering is required. In order to carry out the 

measurements, around 20 minutes was required for each sample of 50 mm length. 

Thus, it is a very slow process and not suitable for online inspection of wood 

machining process where high throughput rates up to 40m/min are required. 

The light sectioning method could not be used to measure the black nylon sample 

with defect. However, the 2 mm regular pitch length could be satisfactorily 

measured using this method. The main drawback of the system has been the 

tedious setup of the incident angle and the extensive filtering for surface profile 

extraction from the images. Nevertheless this technique can potentially be 

employed for offline surface analysis purposes; since it is relatively straight 

forward configuration allows a quick experimental set up of the components. 

Moreover for higher pitch values i.e. >2 mm the precision of the measurement 

increases significantly. However this method is not suitable to measure high 

quality surfaces where the pitch is lower than 1.5 mm [23J. 

The measurement results obtained through mechanical stylus instrument has 

closely resembled that of Talysurf. But this method is inherently slow and 

destructive for softer materials like wood and nylon. Also, the loading of the 

stylus tip affects the measurement data. Furthermore this technique is also not 

suitable for in-process inspection of timber surfaces where high throughput rates 

are required, since the stylus tip tends to jump at high measuring speed. This 
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effect also called "bouncing" where the stylus tip looses contact with the 

machined surface has been reported in various related publications [4,26,27]. 

The WSMS system has been successfully used to carry out both the regular 

machined surface as well as the surface with defect. Data acquisition with the 

system took only a few seconds and the analysis of the captured image to obtain 

the 2-D profile only about a minute. Thus, it was the fastest among the four 

methods of surface profile measurement. Also with the help of this system, a 

machined area of the sample was measured, thus providing an averaged profile of 

that area with a higher overall accuracy. Whereas all other measurement devices 

are capable of only measuring a line trace on the machined surface at a time. In 

order to obtain the true profile of the surface, multiple traces were taken in the 

area under investigation and an averaging was taken place. According to the 

detailed analysis in [23J, this line tracing and subsequent averaging could give 

erroneous profile measurement, if not done properly. Thus, the method of taking 

the area measurement of WSMS is more suitable for such surface profile 

measurements. Furthermore this method is more promising in terms of in-process 

measurement application. 

6 Conclusions 

The research work presented in this paper compares and contrasts four different 

surface profile measurement systems. With the help of these systems two sample -

one timber and a nylon one were traced. It is seen from the measurement data that 
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the Talysurf provided very good representation of the surfaces. Thus, this was 

used as the benchmark to compare the other systems. 

Among the two optical non-contact methods, light-sectioning was not able to 

measure the surface profile of black nylon. However, it was able to provide 

satisfactory trace of the machined timber surface. The mechanical stylus was able 

to provide good surface profile measurement results with both nylon and timber. 

But the use of such an instrument is not recommended for surfaces such as wood 

and nylon due to the destructive nature of measurement. 

The WSMS system was able to provide very fast measurements with highly 

satisfactory profile measurement results. The measurements very closely 

correspond to the ones obtained with Talysurf. From the results presented in this 

paper, it is evident that the WSMS is the most suitable system for measuring 

machined timber and nylon in terms of speed, non-destructiveness, accuracy and 

cost effectiveness. 
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