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ABSTRACT 

The accurate measurement of forces at the tool tip is required for calibration of 

cutting force coefficients, adaptive control of maximum cutting forces, detection 

of tool failure, and monitoring of the force history applied to a workpiece during 

production. However, the majority of the present sensor systems are not effective 

due to low frequency bandwidths, limited workpiece size, wiring complexities, and 

susceptibility to harsh machining environments. To overcome the limitations, the 

Spindle Integrated Force Sensor (SIFS) system is developed, which can be used in 

production machines to measure cutting forces by integrating piezoelectric force 

sensors to the stationary spindle housing. Since the sensors are part of the spindle, 

the structural dynamics of the spindle assembly directly affect the accuracy and 

bandwidth of the force measurement. The thesis presents a systematic 

methodology to compensate the distortions caused by structural dynamic modes 

of the spindle and tool system. 

The structural dynamic model between the cutting forces acting on the tool tip 

and the measured forces at the spindle housing is identified. A disturbance 

Kalman Filter is designed to remove the influence of structural modes on the 

force measurements. The frequency bandwidth is increased from 350 H z to 1000 

H z by compensating the first three dominant structural modes of the spindle with 

the proposed sensing and the signal processing method. In addition, the 

mathematical coupling of Frequency Response Functions (FRFs) of the spindle 

and arbitrary cutting tool dynamics is proposed and verified using the Receptance 
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Coupling (RC) method with the identification of the joint dynamics to automate 

the dynamic compensation regardless of end mills. Based on the reconstructed 

cutting force measurements from the spindle integrated sensors, the adaptive 

control scheme is used to maximize productivity by optimizing the feed rate of the 

C N C machine, and the chatter and tool breakage detections are performed to 

monitor the milling processes. 
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NOMENCLATURE 

*> --- Static force sensor stiffness [N/ mj 

- Static bolt stiffness[N/ m] 

z Equivalent static stiffness'[N/'m] 

- Immersion angle 

u = = Mode shape matrix 

- Mass matrix 

r -= Damping matrix 

= Stiffness matrix 

K = - Spring constant for the Receptance Coupling [N/m] 
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Fa --= Applied force at the tool tip (N) 

F . = - Measuredforce from the spindle integrated sensors (N) 

F, --= Unbalanced force (N) 

O = - Transfer function between the tool tip and the spindle sensor (FJ FJ 

®n -= Natural frequencies of the spindle structure (H^) 

®n = = Tooth passingfrequencies (H%) 

£ --- Damping ratio of the spindle structure 

a = - Stiffness equivalent term of the spindle structure 

b -- Numerator of the transfer function 

a '-- Denominator of the transferfunction 
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T = - Transformation matrix 
W -"- Observability matrix 

w -'- Process noise 

v -'- Measurement noise 

K = = Kalman Filter gain 

td • = = Discrete sampling time 

G = '- Kalman Filter transfer function 

P = - Estimation error covariance matrix 

Q --z System noise covariance matrix 

R = - Measurement noise covariance matrix . 

r = - System noise vector 

K = '- Rear bearing stiffness [N/ m] 

Kf ~-

z Front bearing stiffness[N/m] 

Fs = = Reaction force at the SIFSfN] 

F, ~-= Reaction force at the roller support [N] 
Ks = - Spring constant for the displacement sensor [N/ m] 
4 = - Force measured from the displacement sensor [NJ 
^ = - System matrix 
A --- Expanded system matrix 
An ~-- Balanced system matrix 

B --- Input matrix 
B. --- Balanced input matrix 
c --- Output matrix 
cc = - Expanded output matrix 
c„ --- Balanced output matrix 
c. --- Observer matrix 
D = - Feed forward matrix 



Ks — Spring constant for the displacement sensor [N/ m] 
SF — Force measured from the displacement sensor 
A — System matrix 

Ae — Expanded system matrix 
An — Balanced system matrix 

B = Input matrix 
Bn = Balanced input matrix 

h — Chip thickness [mm] 

f — Feed command [mm/ sec] 

c — Feed rate [mm I min] 

Fr = Reference Force [N] 

Gm — CNC and feed drive plant 

Gp — Cutting process plant 

Gc — Cascadedplant (Gm X G^ 

M — Number of flutes 

n - Spindle rotation [rev/ min] 

p — GPC weightingfactor 

Nj — Minimum prediction horizon 

N2 — Maximum prediction horizon 

Nu — Control horizon 

Sj — Residual index for tool breakage detection 

s — Laplace operator 

z — Discrete time Z operator 
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Chapter 1. Introduction 

CHAPTER 1. 

INTRODUCTION 

1.1 MOTIVATION 

M o d e r n manufacturing industries such as aerospace, automotive, and die and 

m o l d demand cost-effective and accurate mach in ing processes to manufacture various 

shaped meta l l ic and composi te parts. T o meet the demands, machine too l builders are 

t ry ing to boost overa l l manufacturing product iv i ty through H i g h Speed M a c h i n i n g 

( H S M ) equipment that can rotate at up to 40,000 revolut ions per minute . Therefore, the 

moni to r ing and adaptive control o f machine tools has become the essential part o f the 

mach in ing processes. The moni tor ing o f m i l l i n g processes such as tool wear , tool failure, 

breakage, chatter v ibra t ion, and cutt ing forces w i l l result i n f l ex ib i l i t y , re l iab i l i ty , 

product iv i ty , and qual i ty i n m i l l i n g operations. U s e o f re l iable sensing methods to 

moni tor machine tools can save mach in ing t ime f rom 10 to 65 percent [Tonshof f 88]. 

Furthermore, the adaptive control o f m i l l i n g processes w i l l s igni f icant ly boost the overa l l 

product iv i ty . H o w e v e r , commerc ia l sensors available today do not effect ively provide 

the required performance for the moni tor ing and cont ro l l ing o f the h i g h speed mach in ing 

processes [ U l s o y 93] . 

A c c o r d i n g to several researchers [Tlusty 83, B r y n e 95, Al t in t a s 94] , the 

measurement o f cutt ing forces is the most effective method for moni to r ing machine tools 

as w e l l as the adaptive control o f mach in ing processes. F o r example , the cutt ing force 

magnitudes at tooth passing periods change when one o f the m i l l i n g cutter teeth chips or 

breaks [Alt intas 94, Ta rng 93] . The thrust component o f the cutt ing force increases as the 
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flank wear o f the tool accelerates [ K l i n e 82, K o r e n 86, C h o u d h u r y 00] . In addi t ion, the 

spectrum o f the cutt ing force at a chatter frequency increases w h e n the machine tool 

experiences chatter vibrat ions [Trusty 85]. 

T o measure m i l l i n g forces, table dynamometers are c o m m o n l y used where a 

workp iece is mounted on top o f the dynamometer, w h i c h is c l amped to the machine too l 

table. A typ ica l table dynamometer consists o f four three-component piezoelect r ic force 

transducers fitted under h igh preloads between two plates [Gautschi 71] . E v e n though 

the table dynamometers provide effective measurements o f cut t ing forces, they are 

l imi t ed to use i n laboratory settings due to l imi t ed workp iece sizes and mount ing 

constraints. M o r e o v e r , the inert ial force caused by the movement o f the machine tool 

table and the remova l o f the workpiece material w o u l d distort cut t ing force measurements. 

In order to overcome the l imitat ions imposed o n c o m m e r c i a l 1 sensors such as table 

dynamometers , the Spindle Integrated Force Sensor (S IFS) system is developed to be 

used i n product ion machines. 

1.2 S C O P E O F R E S E A R C H 

T h i s study presents measurements o f cutt ing forces i n m i l l i n g us ing a rel iable, 

h i g h bandwidth , and cost effective sensing mechanism. Since the bandwid th o f the 

integrated force sensing system is l imi ted by the dynamics o f the overa l l spindle structure, 

a dynamic compensat ion o f cutting force measurements obtained from the Spindle 

Integrated Force Sensor system is performed. The cutt ing forces are measured from the 

piezoelectr ic sensors embedded into the spindle hous ing, w h i c h has three dominant 

structural modes inf luencing the measurements. B a s e d on the obtained mode l o f the 
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spindle structure, a disturbance K a l m a n F i l t e r is designed to estimate the h i g h frequency 

harmonics o f actual cutt ing forces appl ied at the tool tip [Park 0 3 a ] . A n alternative 

method to measure cutt ing forces us ing a capacitance displacement sensor is also 

investigated. H o w e v e r , when the tool is replaced by an end m i l l hav ing a different 

length, the transfer function changes, and this then needs to be re-measured. T o prevent 

these cost ly and t ime consuming impact hammer tests, the mathemat ical coup l ing o f the 

spindle structure w i t h an arbitrary end m i l l is proposed to acquire the necessary dynamics 

to compensate distorted cutting forces at h igh frequencies us ing the proposed K a l m a n 

F i l t e r scheme. The proposed Receptance C o u p l i n g ( R C ) method w i t h the nove l jo in t 

dynamics ident i f icat ion a lgor i thm is used to successfully couple the dynamics o f the 

spindle and an arbitrary tool [Park 0 3 b ] . The compensated forces measured from the 

Spindle Integrated Force Sensors are then used to control and moni to r m i l l i n g processes. 

1.3 THESIS OUTLINE 

T h i s thesis is organized as fo l lows . 

In Chapter 2, the background and the literature r ev iew o f sensors and cutt ing force 

measurements are presented. V a r i o u s compensat ion schemes are also presented i n order 

to accurately measure cutt ing forces. The second part o f the chapter rev iews substructure 

coup l ing methods. The coup l ing o f substructures such as a spindle and an arbitrary tool 

can s ignif icant ly save unnecessary impact hammer tests i n order to find chatter stabili ty 

regions. One o f the diff icul t ies associated w i t h the coup l ing method is the ident i f icat ion 

o f jo in t dynamics . The jo in t dynamics extraction literatures are also rev iewed . 
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In Chapter 3, the experimental setups o f the Spindle Integrated Force Sensors 

(S IFS) and the capacitance displacement sensor are i l lustrated. The piezoelect r ic force 

sensors are embedded into the exis t ing spindle hous ing to measure cutt ing forces at the 

tool t ip . The displacement probe is mounted w i t h the bracket at the spindle housing. The 

basic pr inc ip les o f piezoelectr ic materials, as w e l l as the experimental moda l analysis 

measurement procedures us ing an impact hammer, are also presented. Furthermore, 

thermal effects on the experimented spindle are br ief ly analyzed. 

In Chapter 4, the static and dynamic analyses o f the spindle structure are 

examined. The spindle structure consists o f various components such as bearings, a tool 

holder, and the integrated force sensors. The analyt ical static force transmissions to the 

spindle integrated force sensors are investigated. The static ca l ibra t ion procedure is also 

presented i n order to acquire sensit ivi ty factors o f the integrated sensors and cross talk 

effects are also investigated. The dynamics o f the integrated sensor are ident i f ied through 

the experimental moda l analysis because the spindle dynamics distort the cutt ing forces 

obtained from the spindle integrated sensors. The spindle structure is also 

mathemat ica l ly mode led through s imple three Degrees o f F r e e d o m ( D O F ) lumped 

masses and springs based on exper imental ly acquired mode shapes. 

In Chapter 5 , the receptance coup l ing analysis is performed to couple the spindle, 

and an arbitrary tool to predict the overa l l dynamics . The mathemat ical der ivat ion o f the 

receptance coup l ing method is i l lustrated. Furthermore, the ident i f ica t ion o f a jo in t 

dynamics a lgor i thm is presented i n order to successfully couple the two substructures. 

The receptance coup l ing procedures are ver i f ied through the experiments, and the 

contributions are summar ized . 
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In Chapter 6, a disturbance K a l m a n F i l t e r compensat ion scheme is formulated to 

compensate unwanted structural dynamics based on the exper imenta l ly measured mode l . 

The method also extends to the three direct ion force compensations us ing the forces 

measured from the Spindle Integrated Force Sensors (S IFS) . The compensat ion scheme is 

also used to reconstruct cutting forces us ing the displacement sensor. The m i l l i n g 

experiments are performed to ver i fy the compensat ion method from 1000 r e v / m i n to 

12,000 rev /min . 

In Chapter 7, the applications o f the Spindle Integrated Force Sensors are 

examined. The adaptive control scheme based o n the Genera l i zed Pred ic t ive C o n t r o l 

( G P C ) a lgor i thm is experimented i n real t ime w i t h the open architecture system to 

regulate the feed rate o f the Compute r N u m e r i c a l C o n t r o l ( C N C ) machine . In addi t ion, 

the chatter and the tool breakage detection algori thms are also tested us ing the forces 

measured from the spindle integrated sensors. 

Chapter 8 presents the summary o f this study and ideas about possible future 

research. 
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CHAPTER 2. 

BACKGROUND AND LITERATURE REVIEW 

The objective o f the thesis is to develop a spindle integrated force sensor system 

w i t h a w i d e dynamic bandwidth that can be used i n product ion environments . The past 

research efforts and diff icul t ies i nvo lved i n sensing mechanisms are presented. A m o n g 

several sensing measurement methods, cutt ing force measurements i n m i l l i n g operations 

provide the most accurate information about the states o f machines and too l condi t ions . 

A m i l l i n g operation is an intermittent metal removal process w h i c h is per iodic at tooth 

and/or spindle periods. In order to capture m i l l i n g forces accurately at h i g h rotational 

speeds, the bandwid th o f a sensor must be greater than at least the th i rd harmonics o f a 

tooth passing frequency. Several compensat ion techniques, such as an inverse filter and 

an accelerometric compensat ion, are examined to increase bandwidths o f sensors. These 

compensat ion methods require accurate knowledge o f machine too l dynamics . H o w e v e r , 

w h e n a tool is changed w i t h a different length or material , the overa l l dynamics are 

changed as w e l l . T h i s dynamics change can be predicted through substructuring methods 

by mathemat ica l ly c o m b i n i n g dynamics o f a spindle and a too l . The biggest challenge 

associated w i t h substructuring methods is the identif icat ion o f j o in t dynamics and this is 

investigated i n this thesis. 

2.1 SENSORS FOR MACHINING OPERATIONS 

T o o l mon i to r ing and adaptive controls are b e c o m i n g essential for today 's 

manufactur ing environment. T h i s trend is o w i n g to machines process ing sma l l batch size 
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products at h igh speeds, factories becoming autonomous due to a shortage o f sk i l l ed 

workers , and protect ion o f machines and workers from damage. Despi te significant 

research i n this area, a rel iable, versatile, and pract ical on- l ine sensor is not avai lable yet 

[ U l s o y 84, Sp iewak 91]. In order for sensors to function proper ly i n hosti le mach in ing 

environments, a sensor should be robust and should meet the f o l l o w i n g requirements 

[Tonshof 88, B y r n e 95]: 

• Causes no reduct ion i n the static and dynamic stiffness o f the machine too l 

• Leads to no restr ict ion o f w o r k i n g space and cutt ing parameters 

• B e wear and maintenance free, easy to replace, and cost effective 

• B e resistant to dirt, chips, and mechanica l , electromagnetic and thermal influences 

• W o r k s independent o f tool or workp iece 

• Re l i ab le transmissions o f signals 

2.1.1 S E N S I N G M E T H O D S 

Several sensing methods, such as a spindle motor current and power [Matsush ima 

82, Constant inides 87], a feed dr ive measurement [Alt intas 92, K i m 96] w h i c h is used to 

emulate force signals, and v ibra t ion signatures [E l -Wardany 96] are used to moni tor tool 

condi t ions. The problems associated w i t h these sensing methods are that they have very 

narrow frequency bandwidths and are prone to smal l disturbances. A c o u s t i c E m i s s i o n 

( A E ) sensor methods have been one o f the c o m m o n methods used to moni tor tool 

condit ions especia l ly for turning operations [Sampath 87, C h o i 99, M o r i w a k i 80]. The 

A c o u s t i c E m i s s i o n ( A E ) sensor detects h igh frequency osci l la t ions generated b y plastic 

deformation w h e n large strain energy is released as the bonds between metal atoms are 
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disturbed. H o w e v e r , A E approach is not appl icable for the mon i to r ing o f m i l l i n g 

operations because its signals are more sensitive to variat ions i n the cut t ing condit ions 

and noise [ Y a n 95]. In addi t ion, differentiations between tool ch ipp ing and change i n 

cutt ing condi t ions are diff icul t to detect due to the nature o f the sensor. T lus ty [Tlusty 

83], B y r n e [Byrne 95], and D i m l a [ D i m l a 00] rev iewed various sensors and their 

l imitat ions for machine moni to r ing processes us ing d imens ional , cut t ing force, feed force, 

spindle motor, and A E sensors. A m o n g these sensors, the measurement o f cut t ing forces 

has been the most effective method to moni tor tool condit ions [Al t in tas 00, Al t in tas 89, 

Ta rn 89, L i s t e r 93 , T lus ty 83, M o r i w a k i 80, D i m l a 99, Ta rng 94, D o r n f e l d 90] . Force 

sensors have considerably higher s ignal to noise ratios at a ch ip thickness above 0.1 

micrometers compared to other sensors [Dornfeld 98] . 

2.1.2 I N T E G R A T E D S E N S O R S 

There has been a strong interest i n deve lop ing a force-sensing mechan i sm bui l t 

into a machine too l structure that is independent o f workp iece size and cut t ing condit ions 

to overcome the l imitat ions o f table dynamometers. Promess p laced strain gauges on the 

outer r ing o f the spindle bearings, w h i c h measured the dynamic component o f the cutt ing 

forces transmitted to the hous ing [Tlusty 83]. Jeppsson also developed strain gauge 

based sensors, w h i c h were located on the outer spindle hous ing [Jeppsson 00] . The strain 

gauge sensors have several l imitat ions such as suscept ibi l i ty to temperature changes, and 

diff icul t ies i n ins ta l l ing and sa lvaging fai led sensors [Tu 95] . K o e n i g et a l . [ K o e n i g 78] 

designed a force measurement plate that is located between the turret head and the base 

plate o f the lathe. Stein and T u [Stein 94] proposed a state space m o d e l o f the bearing 
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system to predict forces at the spindle bearings caused by the thermal ly induced preloads 

us ing strain gauges and thermocouples. H o w e v e r , the c o m p l e x i t y o f the proposed 

thermal mode l may hinder the usage i n product ion machines. Others used displacement 

gap sensors such as capacitance, induct ive probes, opt ical fiber, or L V D T to moni tor 

mach in ing operations [ K a n g 01 , Matsubara 00, Y a n g 98, S u h 96, J i n 95] . The majori ty 

o f the gap sensors has been l imi ted for tool deflect ion mon i to r ing because the sensors 

have coarse resolutions and are prone to feed and spindle vibrat ions . K i s t l e r [Kis t l e r 99] , 

A o y a m a et a l . [ A o y a m a 98], and S m i t h et a l . [Smi th 98] developed rotating force and 

torque dynamometers . T h e y have l imi t ed frequency bandwidths that are dependent on 

each tool holder used because the rotating systems increase both the inert ia and dynamic 

flexibility o f the measurement system. In addi t ion, the rotating and torque dynamometers 

require dedicated tool holder interfaces that are suitable to be used i n research 

laboratories. Thus , the rotating sensors attached to the tool holder are s t i l l l im i t ed to 

laboratory use. 

In cooperat ion w i t h several research laboratories, K i s t l e r proposed a spindle 

integrated piezoelectr ic ' force r i n g ' , w h i c h is the basis o f the sensor system presented i n 

this thesis [Scheer 99, Jun 02, Park 02]. Instead o f adding a force r i ng to the spindle 

housing, arrays o f sensors are embedded into the bol t connections between the spindle 

flange and housing. The proposed spindle integrated sensor system satisfies the ideal 

sensor requirements [Tonshof 88, B y r n e 95] since the system is not l imi t ed b y the size o f 

workp iece , and does not interfere w i t h mach in ing operations. 
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2.2 CUTTING FORCE MEASUREMENTS IN MILLING 

The e lucidat ion o f m i l l i n g operations is imperat ive for cutt ing force 

measurements. The m i l l i n g operation is a per iodic process w i t h functions o f spindle 

speeds, number o f flutes, and immers ion angles to remove a workp iece w i t h desired 

tolerances. F igure 2.1 depicts the top v i e w o f the m i l l i n g operat ion where h is the chip 

thickness, and <j> is the immers ion angle. The cutt ing forces are correlated to the ch ip 

thickness and the cutt ing edge geometry, and they are per iodic at tooth pass ing intervals 

or spindle passing intervals i f an end m i l l has run out. 

\ \ \ \ 

Figure 2.1 M i l l i n g Operat ion i n X - Y plane 

The tangential (dF t), radial (dF r), and ax ia l (dFa) forces w i t h height (dz) can be expressed 

as [Alt intas 00] : 

dFt ={Ktcbh + Kleb)dz ' 

dFr = {Krcbh + Kreb)dz 

dFa={Kacbh + Kaeb)dz, 

(2.1) 

where b is the depth o f cut, d z is the ax ia l increment, K t c , K r c , K a c are the cutt ing 

coefficients, and K , e , K r e , K a e are the edge coefficients i n the tangential , radia l , and ax ia l 
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direct ions, respectively. The ch ip thickness, h , changes w i t h the i m m e r s i o n angle and the 

feed rate can be expressed as: 

h{<j),z) = c s in^ (z ) (2.2) 

where c is the feed rate (mm/tooth). The cutt ing forces i n the feed, normal , and ax ia l 

directions are g iven as fo l lows : 

dFx ((/>) = -dF, cos <j) - dFr sin <j> 

dFy {(j>) = dF, sin <j> - dFr cos <f> 

dFM = dFa 

(2.3) 

S ince the tangential, radial and ax ia l cutting force directions are different for every 

immers ion angle, the total feed, normal , and ax ia l cut t ing forces can be formulated as; 

7=1 

N 

(2.4) 

Fz =YJdFzj(<t>j) 
;=i 

where iV is the number o f d iv is ions i n height. A typ ica l cut t ing force is s h o w n i n F igure 

2.2 w i t h the three fluted cutter at 5000 revolut ions per minute based on E q s . 2.1-2.4. 

Consequent ly , the m i l l i n g forces are per iodic at a tooth passing frequency w i t h up to 

three possible harmonics depending on the immers ion angle. F o r example , for the cutt ing 

force measurements at 5000 rev /min , the tooth passing frequency o f the corresponding 

speed w o u l d be / , = 5000 rpm /60s/ m i n x 3 teeth = 250 Hz . The accurate reconstruction 

o f the forces w o u l d require three t imes o f the tooth passing frequency w h i c h corresponds 

to 750 H z . The frequency domain graph (see F i g . 2.2(b)) shows peaks at the tooth 

passing frequency, 250 H z , and its harmonics . Thus , i n order to capture the cutt ing 
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forces at 5000 r ev /min w i t h the three fluted cutter, the bandwid th o f the sensors must be 

greater than the th i rd harmonics (i.e., 750 H z ) o f the tooth pass ing frequency. 

Resultant Force in the XY-Plane 
398.9-r 

Time [sec] 

(a) T i m e D o m a i n 

Resultant Force in the XY-Plane 
(FFT) 

250 500 

Frequency [Hz] 

(b) Frequency D o m a i n 

F igure 2.2 Force measurements at 5000 rev /min i n the t ime and frequency domains for 

the three fluted end m i l l 

2.3 DYNAMIC COMPENSATION 

A n y force sensing system, w h i c h is away from the cutt ing point , has a l imi ted 

bandwid th due to the structural dynamics o f the mechanica l elements located at a tool and 

a force measurement point. W h e n the measured data is w i t h i n the bandwid th o f the force 

sensor, the cutt ing force data can be readi ly found b y app ly ing a ca l ibra t ion factor. 

H o w e v e r , w h e n the frequency components o f cutt ing force data, F a (actual force), occur 

near the resonance, the force measurements from a spindle sensor, F m (measured force), 

are distorted. The relat ionship between the measured and the appl ied forces is depicted 

as; 

F„ (2-5) 
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where O ( s ) is the transfer function between the force appl ied at the too l t ip and the force 

measured from the force sensor. 

There have been several efforts to compensate the influences o f structural 

dynamics to increase frequency bandwidths o f sensors. The simplest method to 

compensate dynamics o f the spindle to increase the bandwid th o f the sensors is through 

the direct invers ion o f the transfer function (i.e., inverse filter). H o w e v e r , Patel , E l -

Wardany , and C h u n g [Patel 79, E l - W a r d a n y 96, C h u n g 94] reported that the invers ion 

does not a lways exist, and the exact dynamics o f the sensing system mode l have to be 

k n o w n to m i n i m i z e the severe ampl i f ica t ion o f noise. The inverse filter o f the force 

measured f rom the spindle integrated sensor is investigated to illustrate the arguments. 

The transfer function o f the sensor system can be deduced to the f o l l o w i n g L i n e a r T i m e 

Invariant ( L T I ) state space mode l ; 

x = Asx + Bsu + w 

z = Csx + Dsu + v ('2'6') 

where x is the state vector, u = F a is the input or the actual force appl ied to the too l , z = 

F m is the measured cutt ing force f rom the spindle force sensor, A s is the system matr ix , B s 

is the input vector, Cs is the output vector, Ds is the feed forward loop , w is the system 

disturbance, and v is the measurement noise. The output at t ime t can be shown by 

integrating the state space equation: 

t t 

z(0 = CseA'x0 + Cs \eA{'-r)Bsu{T)dr + C, \eA(,'z)w{r)dr + Dsu{t) + v(f) (2.7) 
0 0 

The f o l l o w i n g S ing le Input S ingle Output (S ISO) transfer funct ion can be obtained f rom 

the above equations; 
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z(s) = $>(s)u(s) + H(s)w(s) + v(s) (2.8) 

^ ^s) = Cs[sI-AsrBs+Ds 

r n ( 2 - 9 ) 

The input (i.e., the actual force at the tool tip) can be expressed f rom E q . 2.5 as: 

a(s) = ( D ( s ) " ' [ z ( j ) - / Y ( s M s ) - v ( j ) ] (2.10) 

In order to estimate the u n k n o w n input, the transfer function needs to be inverted then 

mul t ip l i ed w i t h the output as; 

« - 0 ( 5 ) - ' z ( 5 ) or Fa=<&-X(s)-Fm (2.11) 

where the noise (w, v) dynamics terms are neglected. The error can be der ived f rom E q s . 

2.9 to 2.11 as; 

e(s) = u(s) - u(s) 

= 0 " 1 z - ( z - y Y w - v ) r D " 1 (2.12) 

where Oijco)''H(jco) = [ D , " 1 -D~lCt([M-A,] + B,D-lCsylB,Dt-1] 

x[c,[jtal-A,]-*]; (2.13) 

O ( ^ ) - 1 =D,~l-D-lCs([j<oI-As] + BsD-lCsylBsD-' 

E q . 2.13 can be obtained through us ing the matr ix invers ion l emma . T o investigate the 

effects o f the h igh frequency noise, frequency {co) is assumed to be approaching inf ini ty 

by m a k i n g the Lap lace operator s equal to jco where j is the imaginary component. 

T y p i c a l l y , force sensing systems do not have feed forward loop Ds. A s a result, the error 

becomes infini te as the frequency increases to inf ini ty w h i c h is shown i n E q . 2.14: 
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e(jco) = [ D , - 1 - Ds~lCs([jcoI -As] + B,D;xC,yXBsDs~l] 

•x[cs[ja>I - A,]'1]* 

+ Ds~l - Ds-xCs{[jmI - A,] + BsD~]CsrlBsDs-]\ 

*[cs[M-AsrX]w 
+ DS~X -DS-1Cs([J*I -AS] + BSD;XCSYBSDS-X\ = D;XV 

(2.14) 

e(Ja>) = oo when Ds = 0 

The errors between the estimated and the actual forces w o u l d be s igni f icant ly inf luenced 

by the system and measurement noise (w, v) . Therefore, the inverse filter m a y not be 

appropriate for a structure compensat ion scheme because the dynamics o f the sensing 

system mode l have to be k n o w n exact ly to m i n i m i z e severe ampl i f i ca t ion o f noises. 

I f a sensor mounted on a spindle or on a machine table moves at rapid 

acceleration, inert ial forces are need to be compensated to acquire accurate cut t ing forces. 

T lus ty et a l . [Tlusty 87], T o u n s i et a l . [Tounsi 00], and K n i g h t et a l . [Kn igh t 71] have 

performed the accelerometric compensations o f table dynamometers b y compensat ing 

unwanted forces by est imating inert ial and damping errors us ing accelerometers, as 

shown i n F igure 2.3. In the figure, F a is the appl ied cutt ing force, F m is the measured 

force, k is the stiffness, c is the damping coefficient, and x j and X2 are the displacements. 

The force sensors act as the spr ing between the top plate and the base plate. Therefore, 

the cutt ing forces are measured by the dynamometer, F m , as the spr ing constant 

mul t ip l i ed by the strains between the two plates as shown i n E q . 2.15. T h e a i m is to 

measure the appl ied force, F a , by adding the inert ial and damping forces w i t h the 

measured force f rom the table dynamometer. The shortfall o f this technique is that the 

ident i f icat ion o f mass and damping parameters is diff icul t , and the compensat ion is 
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geared toward to the single Degree o f F reedom ( D O F ) system (i.e., table dynamometers) , 

rather than m u l t i D O F systems (i.e., Spindle Integrated Force Sensors). 

Xt 

Cover T 
x2 

Base ~r 
Figure 2.3 Schematics o f a table dynamometer 

mxx + CJC, + k(xx - x2) = Fa 

c 
m H 

Jw. 

x i + F m = F a (2.15) 

C h u n g and Sp iewak [Chung 94] adaptively compensated the workp iece attached 

to the table dynamometer us ing the invers ion o f the "equivalent sys tem" approach. T h e y 

obtained the dynamics o f the dynamometer from the cutt ing force signals us ing the 

adaptive Infinite Impulse Response (IIR) filter based o n the ident i f ica t ion us ing the B o x -

Jenkins l i k e l i h o o d function. Stein et a l . [Stein 88] investigated the p r o b l e m by measur ing 

the armature voltage and s imultaneously observing states w i t h u n k n o w n inputs through 

transformations based o n the singular value decomposi t ion . T h e biggest chal lenge w i t h 

this approach is that accurate measurements o f the derivatives o f outputs are diff icul t . 

There has not been m u c h w o r k reported i n compensat ing the force measurement system 

integrated to the spindle w i t h multi-degrees o f freedom dynamics . In this thesis, a 

disturbance K a l m a n F i l t e r is used to compensate the dynamics o f the spindle structure to 

reconstruct cut t ing forces at the tool t ip. The disturbance K a l m a n F i l t e r considers the 

system and measurement noise to offset the structure modes [Park 0 3 a ] . 
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2.4 S U B S T R U C T U R E C O U P L I N G 

W h e n spindle integrated sensors are located away f rom the too l t ip, the actual 

cutt ing force has to transmit through various masses, springs, and damping elements to 

the integrated sensors. These elements distort cut t ing forces measured f rom the spindle 

sensors. In order to accurately reconstruct the cutt ing forces f rom the sensors, the spindle 

dynamics are required. H o w e v e r , the transfer function o f the force experienced at the end 

m i l l and measured at the spindle integrated force sensor varies depending o n the st ick out 

length and the material o f the end m i l l . Therefore whenever a too l is changed, an 

experimental impact moda l test needs to be repeated. Per fo rming the impact moda l tests 

require trained personnel and results i n a loss o f valuable machine t ime. Thus it is very 

desirable to mode l the stationary machine spindle w i t h arbitrary cutters to m i n i m i z e the 

cost ly impact tests. Furthermore, the coup l ing o f substructures w o u l d s ignif icant ly 

benefit chatter suppression methodologies where the dynamics at the too l t ip are needed. 

Chatter is k n o w n as self-excited vibrat ions due to interactions between the too l and the 

machine . I f the cutt ing condi t ions, namely the depth o f cut and the spindle speed, are not 

selected proper ly , m i l l i n g operations may become unstable w i t h severe chatter or self-

exci ted vibrat ions causing tool ch ipp ing , rough surface f inish, and over load on a spindle 

dr ive and bearings. Regardless o f va ry ing approach, the dynamic compensat ion and 

chatter stabil i ty expressions require accurate measurements o f F requency Response 

Funct ions ( F R F s ) at the t ip o f the tool when it is attached to the too l holder-spindle 

assembly. Substructure coup l ing methods enable coup l ing o f the spindle and arbitrary 

tool dynamics to predict the overa l l structure dynamics so that the compensat ion can be 

carr ied out wi thout performing extensive experimental moda l analysis . 
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2.4.1 S U B S T R U C T U R I N G M E T H O D S 

The predic t ion o f the response o f the assembly b y c o m b i n i n g the responses o f its 

components (i.e., substructures) has been an interest for a l o n g t ime. The approaches 

taken to achieve this goal can be classif ied into two major categories: Componen t M o d e 

Synthesis ( C M S ) and Receptance C o u p l i n g ( R C ) . In the C M S technique, the dynamic 

responses o f the components are projected from the phys ica l space to the constrained 

space [Cra ig 81], i n w h i c h usual ly dominant modes o f the components are g iven 

importance to achieve computat ional eff iciency. In the Receptance C o u p l i n g method, the 

Frequency Response Funct ions ( F R F s ) o f the components, obtained ana ly t ica l ly or 

exper imental ly , are used direct ly to obtain the response o f the assembly. C l e a r l y , the 

disadvantages o f the C M S are the requirement o f very accurate m o d a l data, the 

introduct ion o f errors due to curve fittings o f the F R F s , and the residual effects o f higher 

modes w h i c h degrade the outcome. O n the other hand, the exper imenta l ly obtained F R F 

data are inevi tably smeared w i t h measurement noise for the R C method. The compar i son 

o f the two methods indicates that the Receptance C o u p l i n g method is more suitable to 

combine exper imenta l ly obtained dynamics to couple the spindle and an arbitrary end 

m i l l . 

2.4.2 J O I N T I D E N T I F I C A T I O N 

E v e n when a l l such data are avai lable , the structure is assembled f rom the 

components b y means o f jo ints . These jo ints contribute to the dynamics o f the system, 

sometimes substantially. M a n y researchers [ W a n g 90, T s a i 88, R e n 95 , L i u 00, 

Jetmundensen 88] have addressed jo in t parameter identifications i n the past two decades. 

18 



Chapter 2. Background and Literature Review 

The starting step for this p rob lem is to formulate the receptance c o u p l i n g equations based 

o n the inverse p rob lem. M a n y formulations are presented for c o u p l i n g receptances, but 

they a l l amount to different arrangements o f the same set o f equations. T s a i and C h o u 

[Tsai 88] calculated jo in t properties for a single bol t j o in t b y m i n i m i z i n g the squares o f 

the errors through so lv ing the sensit ivi ty equations. T h e y reported that us ing data f rom 

different frequency ranges y ie lded different results. T o deal w i t h the ampl i f ica t ion o f 

noise i n matr ix inversions, W a n g and L i o u [ W a n g 90] combined some elements o f the 

receptance matr ix i n equations w h i c h have the advantage o f not conta in ing any matr ix 

invers ion. R e n and Beards [Ren 93] proposed a s imi la r but more general formula t ion i n 

w h i c h the jo in t impedance matr ix can include a mass matr ix as w e l l as stiffness and 

damping matrices. T h e y so lved u n k n o w n jo in t parameters i n the least square sense and 

appl ied var ious weigh t ing methods to deal w i t h the i l l - cond i t i on ing o f the coefficient 

matrices. R e n and Beards [Ren 95] so lved this p rob lem through the nonl inear 

op t imiza t ion technique. Recent ly , L i u [ L i u 00] used the neural ne twork approach to 

solve the jo in t ident if icat ion prob lem. It is noteworthy to ment ion that a considerable 

part o f research about jo in t identif icat ion has been related to machine tools i n one w a y or 

another. A recent study by Schmi t z et a l . [Schmitz 00, 02] is par t icular ly related to the 

stabil i ty o f mach in ing operation us ing the coup l ing method to find the response o f the 

assembled tool-spindle system. They , however , neglected the rotational degrees o f 

freedom dynamics , and their jo in t parameters seem to have been obtained b y t r ia l and 

error rather than a systematic approach. 

E v e n w h e n a jo in t is assumed to be r i g id , Rota t ional Degrees o f F r e e d o m ( R D O F ) 

dynamics are paramount for the coup l ing o f substructures. T h e d i f f icu l ty i n obta ining 
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rel iable R D O F responses has been a major obstacle i n structural mechanics analysis over 

the years, and it has been the subject o f numerous studies [ L i u 00, Duarte 00, A v i t a b i l e 

02] . There have been efforts to measure the angular response o f the structure us ing 

angular transducers or laser vibrometers, but the h igh cost o f such instruments has 

prohibi ted their extensive use i n practice. A s a result, attempts have been made to derive 

the rotational responses through a mathematical manipula t ion o f the exper imenta l ly 

obtained translational F R F s . One o f the mathematical methods used extensively i n the 

literature is the finite difference method w h i c h finds the R D O F response functions f rom 

the translational F R F s o f two or three c lose ly spaced accelerometers. [Chen 85, Duarte 

00]. H o w e v e r , noise present i n the measurements and imprac t ica l placements o f mul t ip le 

accelerometers hinder the accuracy o f these methods i n acqui r ing R D O F F R F s . 

T o combine the dynamics o f the spindle and an arbitrary end m i l l , an improved 

Receptance C o u p l i n g technique is developed i n this study [Park 0 3 b ] . The end m i l l is 

mode led us ing a standard F in i te Element ( F E ) mode l o f a c y l i n d r i c a l beam, and the F R F 

o f the spindle- tool holder system is identif ied us ing impact m o d a l tests at the b lank 

cy l inder free end, w h i c h is mounted w i t h a set length to the too l holder . The R D O F jo in t 

dynamics are indi rec t ly identif ied us ing translational responses measured f rom a set o f 

two b lank cyl inders . 
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CHAPTER 3. 

SPINDLE INTEGRATED SENSOR SYSTEM SETUP 

The experimental setup for the Spindle Integrated Force Sensor and the 

capacitance displacement system is described i n this chapter. The proposed Spindle 

Integrated Force sensing system is instal led between the spindle hous ing and the spindle 

flange at the bolt holes w h i c h can be easi ly retrofitted for ex is t ing m a c h i n i n g centers. 

The system consists o f three pairs o f piezoelectr ic force sensors to measure forces i n 

three directions. The piezoelectr ic force sensors have higher bandwidths and robustness 

compared w i t h other sensing mechanisms such as strain gauges. S ince the addi t ion o f the 

sensors m a y alter the overa l l dynamics o f the structure, the exper imental m o d a l analyses 

are performed before and after the instal lat ion o f the sensors. S i m i l a r l y , the capacitance 

displacement probe is mounted o n the outside o f the spindle hous ing w i t h a mount ing 

bracket to measure displacements between the flange o f the spindle and the probe. The 

displacement measurements can be interpreted as forces through the ca l ibra t ion factor. 

A b r i e f Exper imenta l M o d a l A n a l y s i s ( E M A ) procedure is also i l lustrated. M o r e o v e r , the 

thermal effect o f the experimented spindle structure is examined . 

3.1 DESIGN AND EXPERIMENTAL SETUP OF THE SPINDLE SENSORS 

The Spindle Integrated Force Sensors and the capacitance displacement sensor are 

instal led on a three-axis C N C ver t ical mach in ing center (Fadal V M C 4 0 ) where the power 

and torque o f the motor are 11.2 k W and 217 N m , respect ively. The spindle hous ing o f 

the mach in ing centre is retrofitted by Elec t ro Discharge M a c h i n e ( E D M ) to accommodate 
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three pairs o f piezo-electr ic sensors as shown i n F igure 3.1. The sensors are mounted on 

the bolt holes where the spindle flange is connected to the casted spindle hous ing by cap 

screws w i t h 55 N m o f torque. The locat ion o f the sensors is idea l for force measurements 

because the cutt ing forces are transmitted to the stationary hous ing through the sensors 

f rom the rotary spindle shaft and the tool through bearings [Scheer 99] . T w o pairs o f 

shear sensors (Ki s t l e r 9145) are used to measure lateral forces i n the feed ( X - a x i s ) and 

normal ( Y - a x i s ) , and a pair o f compress ion sensors (Ki s t l e r 9135) are used to measure the 

ax ia l (Z-ax is ) forces i n m i l l i n g . T h e sensors are arranged to be opposite each other to 

compensate the unequal deformation and to improve the sensi t ivi ty o f the force 

measurements, as shown i n F igure 3.1 (b). The charge signals c o m i n g f rom each sensor 

are added and ampl i f i ed by the charge amplif iers (Ki s t l e r 5010) to the voltage signals. In 

addi t ion, accelerometers ( P C B 3 5 3 B 3 1 ) are attached to the spindle hous ing i n each 

d i rec t ion where the force sensors are located i n the hous ing to measure vibrat ions (see 

F igure 3.2 (b)). 

A capacitance type displacement sensor is attached external ly to the front o f the 

spindle system us ing a bracket, w h i c h is c lamped around the spindle hous ing (see F igure 

3.1(a)). The cy l i nd r i ca l flange o f the spindle shaft is used as a target surface for the 

sensor. The selected displacement sensor is a h igh-resolut ion capaci t ive sensor ( L i o n 

P rec i s ion type C l - A / B ) for non-contact displacement measurement where the charge 

s ignal is converted by the ampl i f ier ( L i o n P rec i s ion P M 7 5 5 D ) . The sensi t ivi ty factor o f 

the sensor is 21.4 m V / u m , and the gap between the target and the sensor is 1.016 m m 

(see F igure 3.1 (c)). The displacement resolut ion and the measurement range o f the 

sensor are 50 n m and 2250 n m , respectively. 
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The spindle encoder captures every spindle rotation by def lect ing the photodiodes. 

The encoder is used to synchronize the spindle roundness errors. The signals from 

various sensors are first fed into an anti-al iasing filter ( K r o h n H i t e 3 9 0 5 B ) w h i c h is a l o w 

pass filter (i.e., fourth order But terwor th filter) w i t h the cut o f f frequency at the N y q u i s t 

frequency (i.e., h a l f o f the sampl ing frequency). F r o m the filter, the signals are fed into 

an in-house developed data acquis i t ion system ( M a l D A Q ™ ) w i t h the data acquis i t ion 

hardware (Nat iona l Instrument D A Q ) . The p ic tor ia l v i e w and schematics o f the 

experimental setup is i l lustrated i n F igure 3.2. A 7/24 taper ( C A T 40) type hydrau l ic 

holder (Kenameta l C V 4 0 H P H C ) is used w i t h 19.05 m m (3/4 inch) diameter he l i ca l end 

m i l l s for the experimental cutt ing tests. A b l o c k o f a l u m i n u m A 1 7 0 5 0 - T 6 is used as a 

workp iece material dur ing the experiments. The test workp iece is mounted on top o f the 

table dynamometer (Ki s t l e r 6 2 5 5 B ) , w h i c h serves as the reference force sensor. 
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(a) Spindle A s s e m b l y o f Spindle Integrated Force and Capaci tance Disp lacemen t Sensors 

(Fa = applied forces at the tool tip, Fm = measuredforces from the Spindle Integrated 
Force Sensor, and 8F - displacement from the capacitance sensor) 
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Figure 3.1 Schemat ics o f the Spindle Integrated Force Sensor and Capaci tance 

Displacement Sensor Systems 
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Figure 3.2 Exper imenta l Setup 
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3.2 P I E Z O E L E C T I R C T R A N S D U C E R 

Since the piezoelectr ic force sensors are used i n the proposed sensing system, 

pr inciples o f piezoelect r ic phenomenon are examined. The force sensors integrated to the 

spindle consist o f both compress ion and shear elements. A typ ica l mater ia l used for force 

sensors is quartz crystals. These crystals act as true prec is ion springs depending on h o w 

the materials are stressed. Figure 3.3 shows electric behaviors o f p iezoelec t r ic materials 

when stresses are appl ied through compression and shear. 

++++++++ 

Compress ion 

++++++++ 

Shear 

Figure 3.3. Piezoelectr ic material conf igura t ion 

Piezoelect r ic force sensors undergo strain deformations w h e n force is appl ied . W h e n the 

strain deformation occurs , the quartz crystals generate charge signals propor t ional to 

strain or input force. These charge signals are then fed into external charge amplif iers 

through l o w noise cables. The charge amplifiers convert the charge signals to the usable 

voltage signals w h i c h can be fed into a data acquis i t ion system. One th ing to note about 

piezoelectr ic sensors is that they can only measure dynamic events because charge 

signals decay w i t h some t ime periods (depending on the t ime constant set on the charge 

amplif iers) . Therefore, the static measurements can be measured at a very short per iod o f 
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t ime i n quasi-static sense. The benefits o f piezoelectr ic transducers over resistance based 

strain gauges are that they have wider frequency bandwidths due to very h i g h stiffness 

and are resistant to thermal drifts. Further details o n piezoelect r ic transducers can be 

found i n the reference [Clark 98] . 

3.3 STIFFNESS CHANGES DUE TO THE INSTALLATION OF THE SPINDLE 

INTEGRATED FORCE SENSORS 

One o f the requirements for the ideal sensor system is that there must be 

m i n i m u m reduct ion i n the static and dynamic stiffnesses o f the machine too l due to the 

instal la t ion o f the spindle integrated sensors. In order to examine the differences i n static 

and dynamic stiffnesses, the impact moda l tests are performed before and after the 

instal la t ion o f the sensor system. T h i s test is performed us ing a large instrumented 

impact hammer to investigate the stiffness change up to 1000 H z . F igures 3.4 and 3.5 

depict the transfer functions before and after the instal la t ion at the spindle hous ing 

loca t ion i n X and Y directions, respectively. A new mode at 230 H z appears after the 

instal la t ion o f the sensor i n X direct ion as shown i n F igure 3.4. T h i s addi t ional mode 

m a y have emanated f rom the force sensors w h i c h act l i ke springs between the flange o f 

the hous ing and the spindle casting. Whereas for Y di rec t ion shown i n F igure 3.5, the 

dynamic stiffness decreased at 230 H z after the instal lat ion o f the sensor. The reduct ion 

i n the dynamic stiffness (i.e., 2xkx£) may have resulted from a decrease i n the contact 

surface between the hous ing flange and the spindle casting. In addi t ion, the results show 

no change i n the static stiffness (i.e., the zero frequency regions o f the F R F s ) but a slight 

change i n the dynamic stiffness. The dynamics are unchanged after 500 H z . B a s e d o n 
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the observations, the modi f i ca t ion o f the spindle hous ing to accommodate the spindle 

integrated sensors does not deteriorate the overa l l dynamics s ignif icant ly . 

x1(T 
8 | 1 1 : 1 1 1 r 

Frequency (Hz) 

Figure 3.4 C o m p a r i s o n o f the transfer functions before and after the insta l la t ion o f the 

S I F S i n X direct ion 

x 10"' 
3 i r 1 1 1 1 1 1 1 r 

Frequency (Hz) 

Figure 3.5 C o m p a r i s o n o f the transfer functions before and after the insta l la t ion o f the 

S I F S i n Y direct ion 
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3.4 E X P E R I M E N T A L M O D A L A N A L Y S I S ( E M A ) 

In order to acquire structure dynamics (i.e., frequency response functions), 

experimental moda l analyses need to be carried out because the Frequency Response 

Funct ions ( F R F s ) i m p l i c i t l y contain the system characteristics b y means o f moda l 

parameters, such as natural frequencies, stiffness, and d a m p i n g coeff icients . T h e impact 

moda l test is performed by exc i t ing the structure by an impulse o f an instrumented force 

hammer w i t h a w i d e frequency bandwidth and measur ing vibrat ions through either an 

accelerometer or a laser displacement sensor, as shown i n F igure 3.6. 

F igure 3.6. Impact hammer test d iagram [CutPro M a n u a l ] 

Once the measurements are s imultaneously obtained, the t ime d o m a i n signals are 

transformed to frequency domain through discrete Fast Four i e r Transformat ion ( F F T ) ; 

, * = 0,1 — (3.1) 
N-l 

n 

2kn . . 2kn cos — n - j sm — n 
N N 
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X(Jo>) = —^lx{nT) cos 
i N-l 
1 V 2kn 2kn 

n , k = 0,1,..., N n - j sin N 

where F is the force appl ied at the tool t ip, X is the displacement measured from the 

v ibra t ion sensor, co is the frequency i n rad/sec, N is the number o f samples, and T s is the 

sampl ing t ime. In order to m i n i m i z e noise, the power spectrum is evaluated by 

m u l t i p l y i n g conjugates o f the frequency domain signals, and the spectrum signals are 

then d i v i d e d to acquire the transfer function ( H ) ; 

where * is the complex conjugate. The Frequency Response Func t ions ( F R F s ) can be 

obtained based on the s ignal process ing procedures as shown i n F igure 3.7. The detailed 

informat ion o n the spectral analysis can be found i n [Harris 88, L j u n g 94] . 

S i m i l a r l y , the Exper imenta l M o d a l A n a l y s i s ( E M A ) u s ing the impact hammer is 

performed to acquire the transfer function (Ofs)) , where the input is the impact force 

appl ied at the tool tip ( F a ) and the output is the force from the Sp ind le Integrated Force 

Sensor system ( F m ) der ived by averaging the frequency response curves obtained from 

several successive impact tests to increase robustness o f the measurements. The 

important things to look for dur ing the experimental moda l analysis are that the impact 

hammer hit or input has the sufficient energy contents at the desired frequency range and 

the coherence o f the measurements should be close to one w h i c h indicates cleanliness o f 

the output s ignal due to the input s ignal . The moda l parameters such as natural 

frequencies, stiffness, and damping ratios can be ident i f ied us ing the least square method 

or the non-l inear iteration method [Campomanes 98] . 

H(Ja>) = 
X(jco) = SXF(jco) = X{jco)F'(jco) 
F{jco) SFF(jco) F{j(o)F\j(0) (3.2) 
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3.5 T H E R M A L E F F E C T S 

T h e r m a l effects o f the spindle and the integrated sensors can be a concern i f the 

temperature is not effectively control led. Some spindles m a y experience severe thermal 

g rowth w h e n they are not coo led effectively [Jun 02] . The thermal g rowth changes the 

preloads on the force sensors leading to drift, and increases the bear ing preloads w h i c h 

shift the moda l frequencies. 

3.5.1 T H E R M A L E F F E C T S O N T H E S P I N D L E I N T E G R A T E D F O R C E S E N S O R S 

T o investigate the thermal effects o n the Spindle Integrated Force Sensors, the 

changes i n the air cut t ing force magnitudes are examined from the t ime zero to one hour 

w h e n the machine rotates at 1000 revolut ions per minute . The spindle integrated sensors 

exhibi t per iodic osci l la t ions due to spindle run-out at each rotation. F igure 3.8 shows the 

in i t i a l air cut t ing forces (i.e., t = 0 min . ) from the spindle integrated sensor and the table 

mounted dynamometer . F igure 3.9 depicts the air cutt ing forces after a one hour per iod. 

B y observing both figures, the cutt ing forces from the spindle sensors and the table 

dynamometer d i d not change after a l ong per iod o f t ime (i.e., 1 hour) , w h i c h verifies that 

the thermal g rowth o f the spindle is negl ig ib le . T h i s is par t icular ly true for the 

experimented spindle because o f the c o o l i n g mechan i sm where coolants are contro l led 

through the outer jacket o f the spindle hous ing to mainta in the temperature. Furthermore, 

the dual sensors w i t h 180 degree opposite locations (see, F igure 3.1 (b)) are able to 

cancel out the un i fo rm thermal growth pressure on the spindle-housing interface. 
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Figure 3.8. Ini t ia l air cutt ing force i n X , Y , and Z directions us ing the spindle integrated 

sensors and the table dynamometer at 1000 r p m 

Figure 3.9 A i r cut t ing force i n X , Y , and Z directions us ing the spindle integrated sensors 

and the table dynamometer after 1 hour at 1000 r p m 
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3.5.2 T H E R M A L E F F E C T S O N T H E D I S P L A C E M E N T S E N S O R 

S i m i l a r to the force sensors, the thermal effects o f the capacitance displacement 

sensor are investigated by measuring the transfer functions through the impact hammer 

tests before and after the machine is warmed up. F igure 3.10 illustrates the transfer 

functions w h e n the t ime is 0 minute (i.e., when the spindle is cool ) and w h e n the t ime is 

60 minutes (i.e., w h e n the spindle is warmed) . B a s e d o n the figure, the transfer functions 

d i d not change after running the machine for more than an hour. T h i s also indicates that 

the static stiffness o f the displacement sensor remains the same even after the machine is 

warmed up. The air cut t ing displacements are also measured from t ime 0 minute to 60 

minutes for every 10 minutes increment. The magnitudes o f the air cut t ing displacements 

remained the same even after 60 minutes. The mean values and variances o f the air 

cut t ing displacements are shown i n Table 3.1. Therefore, the thermal g rowth o f this 

part icular spindle was not a b i g concern, since the air cut t ing measurements d i d not 

change even after running the machine for a per iod o f more than an hour. 

Comparison of TFs (t=0 and t=60 mins) 
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Figure 3.10 C o m p a r i s o n o f the Transfer Funct ions before and after m a c h i n i n g 
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Table 3.1 M e a n V a l u e s and Var i ance o f the Disp lacement Sensor dur ing the A i r Cu t t ing 

f rom t ime 0 to 60 minutes 

T i m e (min.) 0 10 20 30 40 50 60 

M e a n ( l e - 4 m ) -0.2600 -0.2580 -0.2607 -0.2588 -0.2587 -0.2613 -0.2611 

Var i ance ( l e - l O m ) 0.1510 0.1500 0.1506 0.1501 0.1493 0.1490 0.1495 

T o further explore the thermal effects on the displacement sensors, a heater fan is 

used to stimulate addi t ional heat at the spindle flange loca t ion (i.e., target locat ion) . 

W h e n the temperature increases, the spindle flange expands w h i c h leads to an 

enlargement o f the spindle flange diameter. The spindle is made out o f steel w i t h a 

thermal expansion coefficient, ctsteei, to be from 4.67e-6 to 8.33e-6 deg.C" 1 . The thermal 

expansion length, L, o f a metal object can be calculated as; 

AL = e w - L - A r (3.3) 

where ziris the temperature difference. F o r the example o f the spindle flange, an increase 

i n temperature o f 1 degree Ce ls ius expands the spindle flange diameter (i.e., 88.9 m m ) 

from 0.42 urn to 0.74 u m , w h i c h translates to approximately 21 N to 37 N o f addi t ional 

forces. F igure 3.11 illustrates the temperature influences o f the spindle flange by heating 

the spindle w i t h the heater fan w h i l e measur ing variat ions i n the displacement s ignal and 

flange temperature. Based on the graph, an increase i n the temperature b y 10 degrees 

Ce l s ius w o u l d result i n an increase up to 8 microns . The temperature compensat ion m a y 

be required w h e n the temperature o f the spindle flange s ignif icant ly increases (i.e., 10 

deg .C. changes). The thermal influence on the displacement sensor is elevated because 

on ly one sensor is used to measure instead o f dual sensors i n the S I F S case. I f two 
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ident ical sensors located 180 degrees opposite o f each other measure the displacement, 

the thermal effects w i l l be m i n i m a l . 
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Figure 3.11 Var ia t ions i n the gap between the displacement sensor and the spindle flange 

due to induced heat 

3.6 C O N C L U S I O N 

The design and instal lat ion o f the Spindle Integrated Force Sensor and the 

capacitance displacement sensor systems are presented i n this chapter. The spindle 

integrated sensors are embedded between the spindle flange and the hous ing w i t h 

preloads. The piezoelectr ic based sensors generate charge signals relat ive to the strains 

generated due to forces at the too l t ip. The charge signals are then converted to voltage 

signals through the charge amplif iers . The proposed sensing mechan i sm can be 

implemented o n exis t ing machines without s ignif icant ly affecting the dynamics o f the 

overa l l machine . L i k e w i s e , the capacitance displacement probe can be used to interpret 

displacements to forces and it can be easi ly mounted on the outside o f the spindle 

37 



Chapter 3. Spindle Integrated Sensor System Setup 

hous ing us ing the mount ing bracket. Exper imenta l M o d a l A n a l y s i s (i.e., impact moda l 

test) is also examined because it is important to understand the machine too l by 

representing the complex system through mass, stiffness, and damping elements so that 

behaviour can be predicted. In addit ion, thermal effects o f the experimented spindle are 

found to be negl ig ib le m a i n l y as a result o f the c o o l i n g system w h i c h runs i n the outer 

layer o f the spindle. H o w e v e r , the displacement sensor m a y be more susceptible to 

temperature fluctuations i f not coo led effectively. 
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CHAPTER 4. 

STATIC AND DYNAMIC ANALYSIS OF THE SPINDLE 

INTEGRATED FORCE SENSOR SYSTEM 

The cutt ing forces appl ied at the tool t ip are transmitted to the spindle integrated 

sensors through var ious mass, spr ing, and damping elements. Consequent ly , the static 

and dynamic structural analysis is paramount i n understanding behaviour o f the spindle 

structure to accurately measure cutt ing forces f rom the spindle integrated sensors. The 

static analysis is carr ied out to approximate the cutt ing forces measured from the force 

sensors us ing the F in i t e Element A n a l y s i s based on a c o m m e r c i a l software package, 

A n s y s ™ . The dynamic analysis is performed through the impact m o d a l tests. Three 

dist inct ive modes i n X di rec t ion are identif ied and the complex structure dynamics are 

discret ized to l ump mass, stiffness, and damping elements to the three Degrees o f 

F reedom structure based o n the experimental ly obtained mode shapes. 

4.1 STATIC ANALYSIS 

4.1.1 S P I N D L E A N A L Y S I S 

Static deformations o f various spindle components and their connections under 

loads are essential for understanding the roles o f var ious components . The spindle 

structure can be s impl i f i ed as the spindle shaft, bearings, and the spindle hous ing . The 

shaft is supported by the front and rear bearings w h i c h consist o f h y b r i d ceramic ba l l 

bearings w i t h a contact angle o f 25 degrees. The s impl i f i ed schematic o f the spindle and 
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bearing system is shown i n F igure 4 .1 , where Kr and .£/• denote the rear and front bear ing 

stiffnesses, respect ively, and Fa represents the actual force act ing at the too l t ip . The 

spindle structure consists o f the spindle hous ing w h i c h is supported b y the c lamped 

mechan i sm at the force sensor locat ion arid the ro l le r mechan i sm at the rear end o f the 

spindle. Fs denotes the reaction force at the force sensor loca t ion w h i c h is assumed to be 

analogous to the measured force (i.e., Fm) from the force sensor, and Fc is the react ion 

force at the ro l le r support. The tool and the too l holder are connected us ing the taper 7/24 

(Cat 40) interface. The interface acts as a torsional spring. The react ion force caused by 

the force at the tool tip can be calculated based on the F in i t e E lement m o d e l as shown i n 

F igure 4 .1 , where Kr and Kf are found to be approximately 11.6e8 N / m and 12.2e8 N / m , 

respect ively [ N S K bearing catalog] and the torsional spr ing is assumed to be r i g i d . The 

F in i t e E lement analysis is performed by app ly ing 1 N o f translational force at the too l tip 

and the react ion force (Fs) at the force sensor locat ion is predicted to be approximately 

1.31 N . T h i s value is s imi la r to the experimental result w h i c h is obtained by compar ing 

the static ca l ibra t ion factors between the tool tip and the force sensor locat ions where the 

ratio between the two static cal ibrat ion factors is found to be 1.6. The discrepancy 

between the F E and the experimental analyses is approximate ly 18 % . T h i s discrepancy 

may have originated from the tool holder interface w h i c h is quite f lex ib le . Furthermore, 

the accurate knowledge o f the stiffness values for i nd iv idua l elements is not readi ly 

avai lable especial ly at the bearings and the tool holder locations. 
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The determination o f a jo in t or contact stiffness and d a m p i n g has been quite 

diff icul t due to the complex nature o f the p rob lem. D a m p i n g i n mechan ica l systems 

usual ly occurs due to the loss o f energy i n mater ial o f the component and contact areas 

between fit t ing parts - m i c r o asperities on the contact ing surfaces. The too l holder 

interface can be considered as the jo in t where the jo in t stiffness and damping is v i ta l i n 

understanding the overa l l characteristics o f the structure. The too l holder is c lamped to 

the spindle shaft by the c l amping mechanism. I f the c l a m p i n g force is increased, the 

stiffness w o u l d increase as w e l l . T y p i c a l l y , the analysis o f contact deformations between 

point contact or l ine contact areas are formulated us ing Her t z fo rmula w h i c h assumes that 

the contact areas are smal l relative to dimensions o f the contact bodies [Harr i son 91] . 

H o w e v e r , the contact stiffness at the too l holder interface cannot be formulated us ing 

H e r t z fo rmula because the contact area is re la t ively large. Some attempts were made to 

exper imental ly obtain the jo in t dynamics through the receptance c o u p l i n g method [ W a n g 

94] but inaccess ib i l i ty o f the jo in t (or the tool holder interface) l imi t s its usage. 

A c c o r d i n g to Jacobs [Jacobs 99], the jo in t l inear spr ing constant is determined to be 

1.375e9 N / m and the torsional spr ing constant to be 8.108 N / m / r a d for C A T 40 (7/24) 

style too l holder interface. A l s o , the bending stiffness for the C A T 40 tool holder 

identif ied by Jacobs was approximately 9.3e7 N / m . H a z e m et a l . [ H a z e m 87] have also 

conducted a series o f static bending stiffness tests us ing var ious t oo l holder interfaces. 

F igure 4.2 depicts the results where the stiffness o f C A T 40 (7/24) taper too l holder 

y ie lds approximate ly 12e6 N / m . T h i s value is considerably lower than the measurements 

done by Jacobs. Th i s concludes that the ident if icat ion o f the j o in t stiffness is extremely 
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diff icul t and further study is needed to accurately predict both static and dynamic 

components o f the too l holder interface stiffness. 
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Figure 4.2 Effects o f ax ia l preloads on static bending stiffness o f var ious interface 

systems [Hasem 87] 

4.1.2 S P I N D L E I N T E G R A T E D S T A T I C F O R C E S E N S O R S T I F F N E S S A N A L Y S I S 

The static behaviour o f the spindle integrated sensors is determined b y the static 

stiffness o f the sensor. The piezoelectr ic force sensor measures the strain deformation by 

shearing between two plates. The Spindle Integrated Force Sensors (SIFSs) are 

sandwiched between the spindle casting and the spindle hous ing flange. These force 

sensors comprise o f piezoelectr ic crystals that undergo strain deformation w h e n force is 

appl ied. W h e n the strain deformation occurs, the sensors generate charge signals 

propor t ional to strain. The sensors are preloaded by the cap screws. The comprehensive 

analysis o f force t ransmission is required to determine the equivalent stiffness o f the 
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spindle integrated sensors. The bottom face o f the cap screw is touch ing the spindle 

hous ing flange. T h e spindle housing flange and the cap screws are assumed to be r i g i d 

contact (i.e., no sl ippage) because the h igh torque (i.e., 55 N m ) is app l ied to the cap 

screw. F igure 4.3 illustrates the side v i e w o f the spindle sensor moun t ing located 

between the f ixed spindle casting and the spindle hous ing flange w h i c h is secured by the 

cap screw. 

Force Sensor 

Figure 4.3 The E x p a n d e d v i e w o f the Force Sensor, Sp ind le Cas t ing , and H o u s i n g 

The cutt ing forces at the too l tip w o u l d shear the spindle hous ing w h i c h i n effect shears 

the force sensors because the spindle casting is f ixed . Therefore, the force from the tool 

tip is transmitted through both the cap screw and the force sensor. T h e s imp l i f i ed v i e w o f 

the shear force sensor is shown i n F igure 4.4 where the integrated force sensor system 

and the cap screw are assumed to be attached in para l le l . kp and kb are the force sensor 

and bolt stiffnesses, respect ively, and Sis the displacement caused by the force. 
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Kp 

J _ r A / v \ 

Kb 

Figure 4.4. S i m p l i f i e d Stiffness for the Force Sensor (Kp) and the B o l t (Kb) 

B y neglect ing contact surface stiffness, the cap screw can be approximated us ing the 

canti lever beam analysis by a s imple evaluat ion o f force t ransmiss ion mechanism. 

A c c o r d i n g to C h u n g [Chung 93], the stiffness o f a s imi la r sensor is found to be 

approximate ly 0.249e9 N / m (i.e., kp). S ince the contact area between the cap screw and 

the spindle hous ing is on ly at the head, the length o f the beam can be assumed to be the 

length from the spindle cast ing to the head. The s impl i f i ed stiffness o f the bol t is der ived 

based on the canti lever beam analysis as: 

, 3EI (4.1) 
kh -—z— 

b I3 

where E is Y o u n g ' s modulus , / is the second moment o f area o f the section, and the / is 

the length o f the cap screw. The diameter and length o f the screw is 8.92 m m and 9.66 

m m , respect ively, and the modulus o f steel is approximate ly 2 . 1 e l l P a . B a s e d on E q . 

4 .1 , the bolt stiffness is found to be approximately 0.207e9 N / m (i.e., fa). The equivalent 

stiffness between the cap screw and the force sensor is sum o f the two stiffnesses: 

Kq =kp+ kb = 0.456e9 NI m (4.2) 

Therefore, app ly ing 1 N o f force at the sensor loca t ion o f the hous ing w o u l d transmit 

approximate ly 0.55 N to the piezoelectr ic sensor and 0.45 N to the cap screw. The 

analysis is based on the rough estimate o f the sensor sensi t ivi ty. 
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Whereas the measured cutt ing force from the spindle integrated sensors can be 

represented by : 

Fm=kp*5 (4.3) 

where <5"is the displacement caused by the force. 

4.1.3 S T A T I C C A L I B R A T I O N O F F O R C E S E N S O R S 

The sensor system is statically calibrated by app ly ing a gradual ly increasing load 

at the tool tip and s imultaneously measuring the corresponding voltage signals generated 

by the spindle force sensors (see F igure 4.5) so that one N e w t o n o f force at the too l tip 

(Fa) corresponds to one N e w t o n o f force at the S I F S (Fm). The static response is l inear 

w i t h sensit ivi ty factors o f 3.2 raV/N, 3.5 m V / N , and 0.59 m V / N i n X , Y , and Z directions, 

respect ively as shown i n F igure 4.6. The cross talks are also measured i n a l l three 

directions, and the f o l l o w i n g static cal ibrat ion matr ix has been ident i f ied: 

F 
xa 

F 
ya 

F 

1 0.07 0.05 

0.09 1 0.02 

0.19 0.12 1 
ym 

zm J 

(4.4) 

The cross talks i n major cutt ing force directions ( X and Y ) are under 10 % and s imi la r to 

dynamometers w i t h a workpiece attachment, w h i c h is acceptable. H o w e v e r , the ax ia l 

force (Z) is inf luenced by the cross talk w i t h X and Y directions o f the table b y 19 % and 

12 % , respect ively. The cross talk ampli tude, especial ly i n the ax ia l d i rect ion, is 

dependent on app ly ing equal preload o n oppos ing sensors dur ing instal la t ion, w h i c h i n 

turn depends on the prec i s ion o f para l le l i sm between the flange and hous ing surfaces. It 

was not possible to g r ind the contact surfaces on the instrumented machine ; hence the 

paral le l contact surfaces were not fu l ly achieved. In m i l l i n g , the major cut t ing force 
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components are i n the feed ( X ) and normal ( Y ) directions where the ax ia l forces have 

negl ig ib le cross ta lk influence (5 % , 2 % ) . 

Force 
SensorsN 

Moving XY Table 
• 

Table Dynamometer 

Y © • 

Data 
lAcqusition 

1 ••• 1 • • 
• • 
• 

Charge Amplifiers 

Computer 

XY Table 

Figure 4.5. Static Ca l ib ra t ion Setup U s i n g the Table D y n a m o m e t e r 
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500 

Fym (mV) = 0.07 (mV/N) Fza (N) 

Linear (Fzm) 
Linear (Fxm) 
Linear (Fym) 

• Fzm 
A Fxm 
X Fym 

0 200 400 600 800 1000 

Reference Force [N] 

(c) 

F igure 4.6 (a) Static sensi t ivi ty cal ibra t ion i n X direct ion, (b) Static sensi t ivi ty cal ibrat ion 

i n Y direct ion, (c) Static sensi t ivi ty cal ibrat ion i n Z di rec t ion (Reference Force is 

measured from the table dynamometer and Measured Force is measured from the SIFS). 

B a s e d o n the obtained cal ibrat ion factors, the cut t ing forces measured from the 

dynamometer are compared w i t h the forces obtained from the spindle integrated sensors 

(without cons ider ing the cross talks) as shown i n F igure 4.7 w i t h smal l incremental 

displacements. The figures show stair stepping profi les and the compar isons between the 

forces measured from the dynamometer and the Spindle Integrated Force Sensor system 

are almost ident ica l u s ing the direct cal ibrat ion factors. The cross talks are neglected i n 

F igure 4.7. 
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4.2 D Y N A M I C A N A L Y S I S 

Exper imenta l moda l impact hammer tests are performed o n the proposed Spindle 

Integrated Force Sensor system to acquire the transfer functions between the too l tip and 

the sensor i n X di rec t ion as an exemplar case. The phys i ca l m o d e l i n g o f the spindle is 

carr ied out based on the exper imental ly obtained m o d a l parameters and mode shapes. 

4.2.1 S P I N D L E A N D S E N S O R D Y N A M I C S 

The Exper imenta l M o d a l A n a l y s i s ( E M A ) us ing the instrumented impact hammer 

is performed to acquire the transfer function (0(5)) between the impact force appl ied at 

the too l tip ( F a ) and the Spindle Integrated Force Sensor system ( F m ) b y averaging the 

frequency response curves obtained from several successive impact tests. A s shown i n 

the previous section, the Spindle Integrated Force Sensor system is stat ical ly calibrated 

(3.2 m V / N ) i n X direct ion by app ly ing a gradual ly increasing load at the tool tip and 

measur ing the corresponding voltage signals generated by the spindle force sensors. The 

input is g iven by the impact force hammer at the tool tip to m i m i c the actual cut t ing force, 

F a , and the output is measured by the Spindle Integrated Fo rce Sensors (S IFS) , F m . 

Figure 4.8 illustrates the relat ionship between the appl ied force and the measured force 

where the force transmits through the too l , the tool holder , the spindle, and the spindle 

integrated sensors. The measured and mode led transfer funct ion o f the force and the 

accelerat ion sensing systems are shown i n F igure 4.9 (a) and (b). 
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Figure 4.8 Force D i a g r a m 

The system exhibi ts three dominant modes at 500, 719, and 990 H z . T h e tool 

holder causes the modes at the spindle taper jo in t , and bend ing o f the spindle. The 

transfer function measurement indicates that the spindle sensor system can re l iab ly 

measure m i l l i n g forces that have harmonics less than 350 H z . T h e exper imenta l ly 

measured transfer funct ion i n the Lap lace domain is ident i f ied b y a m o d a l curve fi t t ing 

technique [Alt intas 00] , w h i c h leads to the fo l l owing : 

-1 2 

Fa(*) tA s2 +2Ck(On,ks + ^n,k2 

(4.5) 

where k is the number o f modes, Fm is the measured force from the Sp ind le Integrated 

Force Sensor, and the Fa is the appl ied force at the tool t ip . The m o d a l parameters o f the 

transfer function i n X direct ion are identif ied as: 

500 Hz 0.042 a, 2.289 

(»n2 719 Hz 0.0196 a2 
5.094 

<X>n3 990 Hz 6 0.025 a3 
2.7763 
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F igure 4.9 (a) Transfer F u n c t i o n <t>((o) = Fm(a>)/ Fa(a)) and (b) Transfer F u n c t i o n 

O a (co) = x(a>) I F a (of) (the curve fit is performed us ing C u t P r o M o d a l A n a l y s i s ) 
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Eq. 4.5 can be expanded to pole-zero and p o l y n o m i a l forms as: 

F

m(s) (s-zi)(s-z'i)(s-z2)(s-z*2) 
Fa(S) (s-PiHs-Pi) (s-p2)(s-p*2)(s-p3)(s-pl) 

b0s5 + bxs4 + b2s3 + b3s2 + b4s + b5 

s6 + axs5 + a2sA + a3s3 + a4s2 + a5s + a6 

where the parameters are shown as: 

-113+50501 . b0 0 aj 752 

Z2 -124+36901 bi 2.23e7 a2 6.92e7 

Pi -155+6218i b2 LOSelO Cl3 3.36el0 

P2 -89+45171 bs 8.726el4 a4 1.37el5 

P3 -132+3138i b4 2.09el7 as 3.39el7 

b5 7.794e21 a6 7.794e21 

(4.6) 

The measured and curve fitted transfer functions are i n good agreement as can be seen i n 

F igure 4.9 (a). 

S i m i l a r l y , the transfer function between the impact force at the cut t ing too l t ip and 

accelerat ion at the spindle sensor locat ion is measured and ident i f ied as: 

x(s) = (s-zaX)(s-zaX){s-za2)(s-za2) 
Fa(S) (S~ Pi)(5- p\) (S - p2)(s - p*2)(s - p3)(s - p*3) 

c0s5 +cxs4 +c2s3 +c3s2 +c4s + c5 

s6 +axs5 +a2s4 +a3s3 +a4s2 +a5s + a6 

where the parameters are shown as: 

Zal -103+490li CO 0 at 752 

Zal -130+3375i Cl 2.97 e6 a2 6.92e7 

(4.7) 
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Pi -155+6218i C2 1.39e9 a-3 3.36el0 

P2 -89+4517i C3 1.05el4 a4 1.37el5 

P3 -132+3138i c4 2.56el6 as 3.39el7 

c5 8.15e20 a6 7 . 7 9 4 e 2 1 

The accelerat ion transfer funct ion has the same characteristic equation w i t h exact ly the 

same poles as the force transfer function because the natural frequencies and the damping 

ratios o f both the transfer functions are the same, see F igure 4.9 (b). The addi t ional mode 

appearing at 620 H z m a y be due to the locat ion o f the accelerometer w h i c h is s l ight ly 

different than the spindle integrated sensor and d i d not considered i n the m o d e l . 

The exper imental ly obtained mode l (Eqs. 4.5 - 4.7) is u t i l i z e d for the dynamic 

compensat ion us ing the disturbance K a l m a n F i l t e r i n Chapter 6. 

4.2.2 P H Y S I C A L M O D E L I N G 

In this subsection, the phys ica l mode l is ana ly t ica l ly der ived from the mode 

shapes and m o d a l parameters i n the feed (i.e., X ) direct ion. A t t empt is made to employ 

the phys i ca l m o d e l to acquire the appl ied force, Fa, u s ing the U n k n o w n Input A n a l y s i s 

( U I A ) by predic t ing the input through the state reduct ion transformation. H o w e v e r , the 

accuracy o f the estimated appl ied force is not as good as the dynamic compensat ion us ing 

the disturbance K a l m a n Fi l te r . 

M O D E L I N G 

S i m p l i f y i n g (i.e., discretization) the complex structure is v i t a l to understand the 

phys i ca l behaviours o f the spindle and the sensors. F o r example , the weak joints can be 

55 



Chapter 4. Static and Dynamic Analysis of the Spindle Integrated Force Sensor System 

ident i f ied by observing large displacements o f mode shapes at specif ic natural 

frequencies. The experimental moda l analysis is carr ied out based on the reference 

[Alt intas 00] where the spindle structure is exci ted at var ious heights w h i l e f i x i n g the 

displacement sensor at specif ied locations as shown i n F igure 4.10 (a). The mode shapes 

acquired f rom the experimental moda l analysis are shown at their natural frequencies i n 

F igure 4 .11. B y observing the mode shapes, the weakest l i n k o f the spindle structure is 

ident i f ied as the too l holder interface since the tool holder is connected to the spindle by 

the c l a m p i n g force. The b lack c i rcular dots shown i n F igure 4.11 indicate ideal spr ing 

locations and the loca t ion ' VIP i n the figure is assumed to be f ixed and corresponds to a 

loca t ion just above the front bearings. F r o m the mode shapes, the mass no rma l i zed m o d a l 

matr ix , U , can h e represented as: 

U 
0.198 0.334 1.045 

0.101 0.061 - 0 . 0 1 3 

0.0042 0.006 - 0 . 0 2 3 

(4.8) 

S ince on ly three modes are considered, the system w o u l d be s imp l i f i ed to the 

t h r e e - D O F system based on the analysis o f the mode shapes. The first mass is presumed 

to be the tool and the tool holder . The second mass is the mass between the tool holder 

and the Spindle Integrated Force Sensors and the th i rd mass is "every th ing beh ind" . The 

Spindle Integrated Force Sensors are assumed to be located between M a s s 3 and M a s s 2 

and they are mode led to be the second spring, fo- The accelerat ion is measured at the 

second mass, before the force r ing . The actual cutt ing force is appl ied at M a s s 1. 

The s imp l i f i ed three D O F system can be formulated i n the l oca l coordinate as: 

MxX + CxX + KxX = Fa (4.9) 
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mx 0 0 " *i - c 2 0 xx ^2 0 X, Fa 

0 m2 0 x2 + -c2 c 2 + c 3 x2 + -Jfc 2 
= 0 

0 0 m3 -*3. 0 . ~ C 3 c2 +c3_ _*3_ 0 ~*3 Â2 ^3 -*3_ 0 

where the solut ion o f the eigenvalue p rob lem yie lds the no rma l i zed m o d a l matr ix , U, i.e., 

m o d a l masses are uni ty . The above equation can be transformed into the moda l 

coordinates by m u l t i p l y i n g the normal ized moda l matr ix , U, and t ransforming the loca l 

displacement vector, X, into the moda l coordinate vector, Q: 

X = UQ (4.10) 

when E q . 4.10 is inserted into E q . 4.9 and then pre-mul t ip l ied by if lead to the equation 

o f mo t ion i n the moda l coordinate; 

UTMxUQ + UTCxUQ + UTKxUQ = UTFa 

M

qQ + C Q + K Q- UTFa 

(4.11) 

where Mq, Cq, and Kq are the diagonal mass, damping , and stiffness matrices i n the moda l 

coordinate, respect ively. Propor t ional damping is assumed to dominate the structural 

damping . E q . 4.11 can be rearranged to form the f o l l o w i n g equation: 

(4.12) 

The moda l damping mat r ix and natural frequencies i n E q . 4.12 are ident i f ied f rom E q . 4.5 

w h i c h w o u l d represent the corresponding moda l mass, damping , and stiffness matrices 

as: 

1 0 0" <7i 0 0 0 0 " 01 ~F; 

0 1 0 + 0 0 ?2 + 0 0 = UT 0 

0 0 1 0 0 2 £ * V 3i. 0 0 ^ 3 _ . 93 . 0 

1 0 0 "263.89 0 0 "0.9870 0 0 

Mq = 0 1 0 0 177.09 0 N / m / s , K

q = 0 2.041 0 x l e 7 N / m 
0 0 1 0 0 311.02 0 0 3.869 
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F igure 4.10 The spindle structure and its equivalent mass-spring-damper m o d e l . 
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Figure 4.11 M o d e Shapes o f the Spindle i n X di rec t ion at the natural frequencies. 
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The measured force, F m , from the Spindle Integrated Fo rce Sensor, w h i c h is 

mounted between the c o l u m n and the spindle housing, can be equated as functions o f 

spr ing constant, fo, and deflections X2 — X3 (see E q . 4.3): 

k 2 x 2 - k 2 x 3 = F m (4.13) 

The damping is assumed to be negl ig ib le for the cutt ing force measurements from the 

S I F S . The above equation has to be transformed into the m o d a l coordinate by 

per forming the m o d a l transformation v i a s u b s t i t u t i n g X - U Q . T h e n E q . 4.13 becomes: 

[0 k2 - k 2 \ U -
I3 

* F m (4.14) 

A t this point , the u n k n o w n parameter is the spr ing stiffness at the loca t ion 2, fo. The 

ca lcula t ion o f the stiffness through the m o d a l transformations is : 

K x = ( U T ) - l - K g - ( U y l [m/N] (4.15) 

H o w e v e r , E q . 4.15 is found to be inappropriate. A c c o r d i n g to B a r u c h [Baruch 97] , the 

direct ident i f icat ion us ing the m o d a l data is insufficient for the ident i f ica t ion o f both mass 

and stiffness matrices. The major p rob lem o f the direct ident i f ica t ion is that the mode 

shape is not un ique ly defined. Rather, it is relative to each other, w h i c h means that the 

mode shape can be mu l t i p l i ed by any non-zero constant. I f w e let ^ = Ue where s is any 

arbitrary non-zero constant; 

</>TMq<f> = I jTKq4 = G>n

2 (4.16) 

where 
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Mq =(^</>ryl =(Us2UTY\ 
(4.17) 

Kq = (<f>co2<t>Tyx =(suTylojn

2(u£) -1 

Therefore, there are an infinite number o f solutions for mass and stiffness matrices 

depending o n the value o f e. In order to identify or update the mass and stiffness 

matrices, either the mass or stiffness matr ix must be k n o w n . In this study, we 

approximate the mass matr ix f rom the design dimensions to calculate the stiffness matr ix . 

I D E N T I F I C A T I O N O F S T I F F N E S S U S I N G P S U E D O I N V E R S E A P P R O A C H 

identify the stiffness, the pseudo-inverse method used by I smai l [ Ismail 80] is u t i l i z ed to 

estimate the stiffness matr ix . V a r i o u s coordinate transformations are appl ied based on 

the references [Tlusty 76, Al t in tas 00]. Th i s method m a x i m i z e s the correla t ion between 

the experimental and the analyt ical parameters (i.e., mass). The pseudo inverse method 

forms the equation: 

where K d is the u n k n o w n stiffness vector and A and g, are the k n o w n parameters. Th i s 

method ut i l izes the k n o w n mass and natural frequencies to obtain the stiffness 

parameters. B a s e d on F igure 4.10, the first mass is found to be 1.8 k g b y w e i g h i n g the 

too l holder and the tool . The second mass and the th i rd mass are obtained from the 

drawings to be approximate ly 14 k g and 125 k g , respect ively. T h e s imp l i f i ed equation o f 

m o t i o n is: 

T o overcome some o f the diff icult ies associated w i t h the m o d a l transformation to 

(4.18) 

MXU + KXU = 0 (4.19) 
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The damping matr ix is assumed to be negl ig ib le for s imp l i c i t y . T h e above equation can 

be rearranged to be; 

or (4.20) 

where / is degrees o f freedom. The transformation matr ix , T, f rom the loca l coordinate to 

the design coordinate, is obtained by examin ing F igure 4.10 (b) where the s imple lumped 

masses, l inear springs, and linear dampers are il lustrated. The mode shape is shown i n 

E q . 4.8. The transformation matr ix and the k n o w n mass mat r ix are: 

T = 

1 -1 0 
0 1 -1 
0. 0 1 

; and 

"1 -1 0 " T "1.8 0 0 " "1 -1 0" "1.8 -1.8 0 " 
Mx = TTMdT = 0 1 -1 0 14 0 0 1 -1 = -1.8 15.8 -14 kg 

0 0 1 0 0 125 0 0 1 0 -14 139 

The stiffness i n the loca l coordinate can be transformed to the design coordinate (denoted 

as subscript "a") through the transformation matr ix as: 

KX = TTKDT (4.21) 

The above equation can be substituted into E q . 4.20 to form: 

M ' f c l M K - h i ^ W (4.22) 

where [T]{L7.} = {A,} . S ince the stiffness matr ix i n the design coordinate, KD, is a diagonal 

matr ix ; the matr ix can be rearranged as a vector. A l s o , the vector A , is converted to a 

diagonal mat r ix as 0 = diag[&]. Le t [D,]= [T]T[®,] and {g,} = aNL

2[Mx]{U,}, E q . 4.23 

can be rewri t ten as fo l lows : 
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[T]T[@l]{Kd} = a>Ji[Mx]{Ul} (4.24) 

Thus , the vector Kd can be obtained us ing the pseudo-inverse approach as: 

{Kd} = lDtnD^\Dtf\gt} 

Di matrices o f each degree o f freedom are obtained as: 

(4.25) 

197.899 0 0 
- 197.899 0.0968 0 

0 - 0.0968 0.0042 
D2 = 

0.2730 0 0 
- 0.2730 0.055 0 

0 -0.055 0.0060 

1.032 0 0 
- 1.032 0.036 0 

0 -0.036 - 0.023 

In addi t ion, g , vectors o f each degree o f freedom are obtained as: 

g{ = le9x [3.5157 - 3 . 5 0 2 4 - 0 .0082] r ; g 2 = 1«7 x [1.003 0.5686 - 0.0408] 7 

g 3 = le8x [0.7188 - 0 . 5 2 3 7 - 1.3074]7" 

The average o f the stiffness for each c o l u m n o f the mode shape is ident i f ied as: 

4.14e7" 

3.2 lei 
2.87e9 

N/m 

Therefore, the stiffness o f the sensor, k2, is obtained as 3.21e8 N / m . The predicted value 

o f k2 is s imi la r to the value obtained from C h u n g [Chung 93] w h i c h is approximate ly 

2.49e8 N/m. 

The analysis is performed i n moda l coordinates so that the exper imental ly 

obtained m o d a l parameters can be readi ly used. O n l y a few parameters i n the loca l 

coordinate are needed to formulate the forces obtained f rom the integrated force sensor 

system. The equation o f mo t ion i n moda l coordinates ( E q . 4.12) is transformed into the 

state space form as; 
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* q

 = AaXa + B a U 

z = Cqxq 

(4.26) 

where xq is the state vector, u — Fa is the input or the actual force appl ied to the too l , and 

z = Fm is the measured cutt ing force from the spindle force sensor. The corresponding 

system mat r ix and the input vector are shown as; 

[0](3x3) 

— K 
9(3x3) 

l/](3x3) 

_ ?̂(3x3) 

' [ 0 ] ( 3 x l ) 

[*A 1(3x1) 
(4.27) 

where Ux = UT[l 0 o f and U is the mode shape. E q . 4.26 can be rewri t ten as; 

9\ 0 0 0 1 0 0 9\ " 0 " 

<Ii 0 0 0 0 1 0 0 

q-i 0 0 0 0 0 1 a3 0 
— + 

'41 -0.987e7 0 0 -263.9 0 0 01 «11 

0 -2.041e7 0 0 -177.1 0 <Jl "12 

?3_ 0 0 -3.869e7 0 0 -311.02 -?3_ .M13. 

[Fm ] = [kux ku2 ku3 0 0 0 

4\ 

q$ 

.°6. 

(4.28) 

where 

[kux ku2 ku3]-[0 k2 ~k2] 

uxx "12 "13 

"21 "22 "23 

"31 M32 "33 

— L̂ 2̂ 21 2̂̂ 31 2̂̂ 22 2̂̂ 32 2̂̂ 23 2̂̂ 33 3 

-[3.11 1.76 1.16] xle7 

(4.29) 

B a s e d on the obtained stiffness, (i.e., 3.21e8 N / m ) , the p h y s i c a l m o d e l transfer 

funct ion is attained from E q . 4.26 by : 
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® p h y s i c M = ^ = ^ = Cq{sI-AqrBq (4.30) 
Fa{s) u(s) ' 

The phys i ca l mode l transfer function is shown i n F igure 4.12. Some deviat ions between 

the experimental m o d e l and phys i ca l ly der ived m o d e l F R F s can be seen especia l ly at the 

thi rd mode i n the figure. These deviations m a y have been caused b y several factors 

w h i c h inc lude measurement errors, neglect ing o f the damping elements dur ing the 

stiffness ident if icat ion, unmeasurable internal nodes, non-l inear i ty , etc. The obtained 

phys i ca l m o d e l is used to estimate the appl ied force at the too l , Fa, u s ing the U n k n o w n 

Input A n a l y s i s ( U I A ) as shown i n A p p e n d i x A . Unfortunately , the force compensat ion 

us ing the U I A approach is found to be not as accurate as the disturbance K a l m a n F i l t e r 

approach due to the diff icul t ies associated w i t h the discrete U I A method. Furthermore, 

the arbitrary select ion o f the transformation matr ix , w h i c h w o u l d satisfy fu l l rank 

properties o f certain matrices, posed a b i g challenge. Therefore, the detai led descr ipt ion 

o f the U I A is added as part o f the appendix rather than a regular sect ion i n the thesis. 

Several mode l updating methods [Mottershead 93] were t r ied to identify the 

u n k n o w n parameter. H o w e v e r , the mode l updat ing methods d i d not produce desirable 

results. The biggest p rob lem associated w i t h the m o d e l updat ing methods is that the 

mode shape needs to be very accurate i n order to acquire the desirable results. M i n i s c u l e 

deviations i n the exper imental ly obtained mode shapes can cause large discrepancies. 

Therefore, the obtained mode shape us ing the experimental m o d a l analysis m a y not be 

sufficient to describe the entire phenomenon occur r ing i n the spindle . 
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FRFs of Force Model, KF, and Combined Transfer Functions 
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Figure 4.12 F R F s o f Force M o d e l us ing the impact force hammer and the P h y s i c a l m o d e l . 

4.3 C O N C L U S I O N 

The static analysis o f the spindle system is examined to understand h o w the 

cutt ing forces are transferred from the tool tip to the force sensor. The static stiffness o f 

the force sensors is approximately 2.49e8 N / m and the static ca l ibra t ion tests are 

performed to acquire the static cal ibrat ion factors. T h e y are found to be 3.2 m V / N , 3.5 

m V / N , and 0.59 m V / N i n X , Y , and Z directions, respect ively. The exper imental moda l 

analyses are performed to elucidate the dynamics o f the spindle system. The F R F s o f the 

transfer funct ion i n X direct ion are examined w i t h three dis t inct ive modes. The mode 

shapes are exper imenta l ly acquired through the impact m o d a l tests. The pseudo-inverse 

method is u t i l i z ed to identify the stiffness o f the force sensor. W i t h the ident i f ied 

stiffness, the phys i ca l m o d e l is formulated and compared w i t h the exper imenta l ly 

obtained F R F s . Some deviat ions can be found due to unmeasurable springs and damping 

elements. The e lucidat ion o f the spindle structure through static and dynamic analysis is 
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invaluable for the overa l l analysis o f the system. H o w e v e r , the accuracy o f the s imple 

lumped phys i ca l mode l m a y be insufficient to accurately compensate the dynamics o f the 

spindle structure to acquire the cutt ing forces from the spindle integrated force sensors. 
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CHAPTER 5. 

RECEPTANCE COUPLING OF THE SPINDLE AND 

ARBITRARY TOOL DYNAMICS 

Frequency Response Funct ions ( F R F s ) o f the machine structure are important for 

the accurate reconstruction o f the cutt ing forces at the tool t ip and chatter suppressions. 

In this study, a c lass ica l receptance coup l ing technique is enhanced b y propos ing a 

method o f ident i fy ing the end m i l l - spindle / tool holder j o in t dynamics . S ince the tool 

bends inside the too l holder, w h i c h acts as a torsional spr ing, the rotat ional displacement 

o f the tool at the j o in t cannot be neglected for the accurate construct ion o f the F R F at the 

too l t ip. O n the other hand, it is rather diff icul t to exper imenta l ly measure the dynamics 

o f angular displacements by app ly ing a moment and force. Therefore, an a lgor i thm that 

a l lows analyt ica l extraction o f rotational dynamics at the jo ints f rom l inear displacements 

and impact force tests is proposed. The rotational dynamic response o f the spindle-holder 

is ident i f ied ana ly t ica l ly by substituting the direct and cross F R F measurements taken at 

the free end o f the assembly and the jo in t o f the b lank cy l inder to the receptance coup l ing 

expressions. B a s e d o n the obtained jo in t dynamics , the spindle structure can be 

mathemat ica l ly coupled w i t h an end m i l l w h i c h has arbitrary d imensions and materials. 

The mode l is compared against the previous approach and shown to have an improved 

accuracy i n the experiments carr ied out w i t h various size end m i l l s . T h e exper imental ly 

p roven method a l lows automated calibrations o f spindle integrated force system 

whenever a tool change occurs. 
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5.1 RECEPTANCE COUPLING OF AN END MILL WITH THE SPINDLE 

ASSEMBLY 

The cutt ing forces are moni tored by the sensors integrated to the spindle hous ing 

as shown i n F igure 5.1. The objective o f the receptance coup l ing method is to identify the 

transfer funct ion 0 3 1 ( 5 ) = F3(s)/F ](s) where Ft(s) is the cutt ing force appl ied at the 

tool t ip and F 3 ( s ) is the measured force by the sensor integrated to the spindle. It is 

necessary to identify the F R F (H31) o f the structure between points 1 (i.e., at the t ip o f the 

tool) and 3 (i.e., the spindle integrated sensor locat ion) . S ince the force is felt v i a a 

spr ing constant o f the sensor w h i c h can be easi ly calibrated us ing static tests, the transfer 

funct ion (O31) can be obtained as H3l(s) = x3(s)/Fx(s) —» ksH31(s) = <&3l(s) . The 

structure is d i v i d e d into Substructure A representing the end m i l l , and Substructure B 

representing the remain ing spindle- tool holder assembly, see F igure 5.1. 

S i m i l a r to receptance coup l ing proposed b y S c h m i t z et a l . [Schmi tz 00] , the 

structural dynamic m o d e l o f the end m i l l at its two free ends, i.e. points 1 and 2 , can be 

analy t ica l ly mode led us ing continuous beam formula t ion or F in i t e E lement techniques. 

The direct and cross frequency responses o f the spindle assembly at too l j o in t (2) and 

sensor loca t ion (3) can be identif ied us ing moda l impact tests. The receptance coup l ing 

method enables the two substructures to be j o i n e d so that the exper imental evaluat ion o f 

Frequency Response Func t ion o f the force sensor system is avo ided whenever end m i l l 

change occurs . Cons ide r the F R F s o f end m i l l ( A ) at two free ends to be ( 1 , 2 ) : 

(5.1) 
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where X i , and X A , 2 represent displacement vectors w i t h both t ranslat ional and angular 

displacements as components , and F j and FAJ represent force vectors w h i c h conta in both 

force and moment appl ied o n the structure at points 1 and 2, respect ively . HA,y vectors 

are F R F s between points /' and j . 

(a) Schemat ic (b) P i c t o r i a l 

F igure 5.1 Spindle / T o o l Ho lde r and T o o l Substructures 

S i m i l a r l y , the F R F s o f the spindle structure ( B ) at its free end (2) and a loca t ion at the 

spindle integrated force sensors ( 3 ) are: 

HB,22 " B,2i 

_H B,32 HB,33 _ 1 L i J 
(5.2) 

The equ i l i b r ium and compat ib i l i ty condit ions at the tool-spindle j o in t (2) are: 
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F = F + F 
r 2 r A , 2 ^ r B , 2 

^2 ~ XA,2 ~ XB,2 
(5.3) 

w h i c h are used i n coup l ing the spindle ( B ) w i t h the free-free m o d e l o f the end m i l l (4) . 

By cons ider ing the compat ib i l i ty ( E q . 5.3) i n the F R F s (Eqs . 5.1 and 2) , 

X 2 ~ H B , 2 2 F B , 2 + ^ B , 2 3 F 3 — F l A 2 X F X ^ F l A 2 2 F A 2 < F A 2 — ( F 2 FB2) (5.4) 

FB,2 ~ (HAt2i + FlB22) (HA2XFX + HA22F2 HB23F3) 

Le t t ing H2 = (HA,22+HB,22), the displacements X j , X2, and X s can be expressed as 

functions o f F R F s and appl ied forces F i , F2, and F3 as fo l lows : 

X\ = HA,\\F\ + HA,n(F2 - FB.l) = HA,UF\ + HA,\2F2 ~ HA,\2FB,1 

= HA,\\F\ + ^4,12^2 -
 HA,nHl(HA2\F\ + HA,22F

2 ~ HB.2lFi) 

= (HAM ~ HA,\2H~2HA,2\)F\ +(HA,\2 ~ HA,\2H~2 HA,22)F2 + HA,\2H~2 HB2iFi 

X2 ~ HA,2\Fl + HA,22(F2 FB,2^ 

= HA,2\F\ + HA,22F2 ~ HA,22Ht (HA,2\F + HA,22F2 ~ FB,23Fl) 

= (HA,2\ ~HA,22H2lHA,2\)F\ + (#.4,22 ~
 H A,22H2 ̂ H A,22 )F2 + H A,22 H2 'H B,23Fi 

%3 = HB,32FB,2 HA,33F3 
= HB,32H2 (HA,2lF\ + HA,22F2 ~ HB,23F3 ) + HA,33F3 
=
 HB,32^2 HA,2\F\

 + FIB22H2 ^A,22F2 + (H A,33 ~^B,32^2 ^B,23^F3 

The equations can be rearranged i n a matr ix fo rm as fo l lows : 

(HA,\\~HA,\2H2HA,2\) (HA,\2~HA,\2H~2HA,22) ' HA,\2H~2 HB,21 

(HA,2l ~H A,22H2H A,2\) (H A.22 ~ HA,22H2HA,22 ) HA,22H2HB,23 
(HA,3i ~^B,32^2 #B ,23) 

(5.5) 

xx 

• = 

X3. HB&H2 HA,2\ HB.n^J HA,22 

Fx 
(5.6) 

Cons ide r ing the assembly o f the l inear tool ' ( H A , 1 2 = HA,21T) to the spindle, H A 2 2 , H A 2 X o f 

the free-free end m i l l can be modeled us ing a F in i te E lement m o d e l o f the beam and cross 

(HB,32), and the direct F R F (HBM) at the jo in t must either be measured exper imental ly 

and/or deduced f rom the indirect measurement and appl ica t ion o f inverse receptance 

coup l ing , as described i n the f o l l o w i n g section. 
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S c h m i t z et a l . [Schmi tz 00] measured translational degree o f freedom responses at 

the jo in t and adjusted the rotational displacement effects o f the spindle at the f lexible 

j o in t un t i l the trials agreed w i t h the measured values o f the F R F o f a complete assembly. 

Th i s study presents a method that a l lows the direct ident i f icat ion o f the jo in t F R F s w i t h 

both translational and rotational degrees o f freedom responses. B y substituting H2 = 

{HA,22+HB,22) into E q . 5.6, the f o l l o w i n g direct and cross receptances at the tool t ip are 

obtained: 

X, 
— = H

A > N - H A L 2 ( H A 2 2 + H B 2 2 ) HA 21 

X — = H A , L 2 - H A U ( H A 2 2 + H B 2 2 ) H A,22 

(5.7) 

E a c h F R F n o w contains both translation and rotational displacement elements; hence E q . 

5.7 at the free end o f the too l can be expanded as; 

0, 

\0, 

h\\,fM 
nn,MM 

h\2,ff h\2,JM 
h 
"\2,Mf 

h\2,MM 
1/2 

{X,}=[//11]{F1} 
M=[H12]{F2} 

(5.8) 

where each element i n the matr ix (hy) must be evaluated from the receptance coup l ing 

expression ( E q . 5.7) by i nc lud ing both translational (x) and rotat ional (0) displacements 

due to forces and moments . B y substituting E q . 5.8 into E q . 5.7, the direct and cross 

F R F s at the too l t ip, w h i c h include both the translational and rotat ional degrees o f 

freedom, can be shown as; 

[Huh 
^A\\,ff hA\\,JM ^A\2,ff ^A\2,fM 

^A\2,Mf ^A\2,MM 

^A2\,ff hA2\,JM 

^A2\,Mf ^A2\,MM 
(5.9) 
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h A\2,ff "A12,JM 
tA\2,Mf ^A\2,MM 

h h 
h h [H2\ 

h h 
nA22,ff "A22,JM 

h h 
r,A22,Mf nA22,MM where 

'h. 

h h 
"A22,ff nA22,fM 

h h 
nA22,Mf "A22,MM 

+ 
h h 
nB22,ff nB22,fM 

h h 
nB22Mf nB22,MM 

-1 

2,ff ,l2,fM 
h h 
n2,Mf n2,MM 

h 2 - h h 
h h 
n2,MM n2,fM 2,Mf - h 2~ff. 

where h2,y = (hA22,ij+hB22,ij) for each element —> / A / ) i n the mat r ix . Furthermore, \i2,Mf 

and h2fl/ are equal due to reciproci ty . Substi tuting [H2]'1 into E q . 5.9 leads to: 

["„] = 
^A\\,ff nA\\,fM 

^2,Mf ^2,MM^2,ff 
^A\2,ff nA\2,fM 

^A\2,Mf ^A\2,MM 
' ^2,MM ^2,fU 

'2,Mf - h 2,ff 
hA2\,ff • ^A2\,fM 

^A2\,Mf ^A2l,MM 

h h 
h h 

h 2 - h h 
h h 

h h 
- h 2,MM 

l2,Mf 
,l2,fM 

~Kff 

h h 
"A22,ff nA22,fM 

h h 
rtA22,Mf nA22,MM The first elements i n the matrices [Hn] and [H12] are 

1 
+ • H u ( l , l ) = ^ r = h A U t f f . 

Ji n. 2,Mf ^2,MMn2,ff 
'A2\,ffK~"2,Mf"A\2,Mf + n2,MM^A\2,ff)] 

lnA2\,MF( ^2,Mf^A\2,ff rlAl2,Mf"2,ff . rh2./r) 
+ ^A2\.ff( h1MfhA 

(5.10) 

H i 2 ( l , D = f = h A l 2 , f f +

 1 

J2 n2,Mf n2,MMn2,ff 
[h A22,MF( ^2,MfnAl2,ff+hAl2rMfn2,ff) 

+ nA22,ff( n2,Mf^Al2,Mf + n2,MM^A\2,ff )] 
(5.11) 

The F R F s o f the free-free end m i l l can be evaluated w i t h the analy t ica l method (see 

A p p e n d i x B ) or the F in i te Element mode l o f the beam, thus the elements QIAIU hAn, hA2i, 

hA22) i n Substructure A can be evaluated us ing a predetermined damping ratio (i.e., C, = 
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0.01) for the too l mater ial (i.e., carbide). The F R F values at the jo in t (h.2,Mf, n2ffi h2,MM) 

are required. The direct transfer function h.2jf = (hA,22jr + nB22jr) can be evaluated by 

measur ing the spindle w i t h a short b lank at point 2 i}iB22jf) and liA22jf is obtained f rom the 

free-free beam m o d e l . The remain ing two (}i2Mh ^2, MM) reflect the rotat ional degree o f 

freedom o f the assembly, and it is diff icul t to exper imental ly measure di rect ly at the jo in t . 

W e need to apply both force and moment at the jo in t (2) for the exper imental evaluat ion 

o f the j o in t properties, w h i c h is not a pract ical exercise on the produc t ion f loor. Instead, a 

pract ical methodology based o n the two sets o f equations (Eqs . 5.10 and 5.11), w h i c h 

have c o m m o n F R F terms, are proposed. E q s . 5.10 and 5.11 can be rewri t ten as: 

f(-pb + ek) + c(-pe + Sb) 
u = a + 

v - b + 

p 2 - o k 
g(-pb + ek) + d(-pe + Sb) 

p 2 - 5 k 

(5.12) 

where 

Hu(l,\) = u,Hn(\,\) = v 
^A\l,ff = a> nA\2,ff = °->nA2\,ff = C-> nA22,ff ~ ^ 

^A\2Mf = e> ^A2l,Mf ~ f > nA22,Mf = 8> H2,ff ~ ^ 

^2,Mf = P ' n 2 , M M ~ & 

The equations are reduced to the f o l l o w i n g form: 

(P2 -Sk)(u-a)- fi-pb + ek)-c(-pe + Sb) = 0 (5.13) 

( P 2 - S k ) ( v - b ) - g ( - p b + e k ) - d ( - p e + S b ) = 0 (5.14) 

T w o unknowns i n above Eqs . 5.13 and 14 are P and S . T h r o u g h the u t i l i za t ion o f the 

s y m b o l i c non-l inear analyt ical toolbox [Mat lab] , the unknowns are expressed as: 

P = (-hug + kfv + kag-kfb + fdb-cbg)/(ad-ud-cb + cv) (5.15)' 
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3 = 7 7 7 ^ 7 7 ^ V + (2kasf + bf2d-2kugf-ec2g + defc-2bkf2-bfcg)v-d2efu 
(ab — ud -cb + cv) 

+ d2efa + g2ka2-decga + decgu + g2ku2 + bdgfa-2g2kua + bee2 g-bdgfu-bdefc + Ibkugf 

+ b2kf2-2bkagf + bg2cu + b1 fcg-b2 f2 d-bg2 ca] 

Therefore, the rotational degrees o f freedom F R F s , / z ^ A ^ / a n d HB22,MM can be obtained as: 

nB22,Mf = P ~ nA22,Mf 

h - s - h ( 5 1 6 ) 

nB22,MM u "A22,MM 

It is proposed that one short and one long b lank cy l inder are used as ca l ibra t ion gauges. 

The short cy l inder is used to identify the spindle - too l holder assembly dynamics (}IB,22JJ) 

and the long cy l inder is used to identify the jo in t parameters (}i2Mf> ^.MM)- D i r ec t 

(Hu(l,l) = xj/fi) and cross (Hi2(Ll) = X]/ fi) transfer functions o f the system w i t h a 

long cy l inder can be measured by attaching the accelerometer at point (7), and app ly ing 

impact tests at both points I and 2. Since H~u(l,l) and Hi2(l,l) are n o w avai lable , the 

two u n k n o w n F R F parameters (h2,Mfr n2,MM) can be extracted d i rec t ly f rom E q s . 5.15 and 

16, and stored as constant properties o f the spindle- tool holder assembly. Af te r keeping 

the spindle- tool holder F R F parameters (h2Mh n^ffi n2,MM) i n a constant database and the 

F R F (riAii, liAi2, liA2i, r\A22) o f a free - free end m i l l o f any geometry ident i f ied w i t h the F E 

analysis , one can evaluate the F R F o f a tool-spindle assembly (xj/fj) u s ing E q . 5.10. 

5.2 COUPLING OF FORCE SENSOR AND SPINDLE-TOOL STRUCTURE 

ASSEMBLY 

F o r the dynamic compensat ion o f cutt ing forces, the force/force transfer function 

between the tool and sensor ( 0 3 1 = F 3 1 F x ) is needed. The receptance c o u p l i n g equation 
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f rom E q . 5.6, element ( 3 , 1 ) is used to show the cross F R F f rom the too l t ip to the force 

sensors: 

H3\ = R 

H B32,ff H Bll.Mf f H All.ff HA22.M/ 
H 3\,MM _ _H B32./M H B32.MM _ V _H A22.JM H A22.MM 

H B22,ff H B22,Mf 
H B22,fM • H B22.MM 

(5.17) 

Ha2\,ff HA2\,Mf 
HA2\./M H A21.MM 

The F R F s o f the tool (HA 22,HA 2 1 ) are evaluated from the F in i t e E lement m o d e l o f the 

T i m o s h e n k o beam (i.e. the end m i l l ) . The compar i son o f the F R F s between the analyt ical 

and the F E methods show no difference w h e n the un i fo rm beams are used. H o w e v e r , the 

analyt ical beam analysis is diff icul t when the tool does not have a un i fo rm diameter. The 

F R F s o f the jo in t at the spindle end can be obtained through the experimental 

measurements for hB22jf and the R D O F F R F s (}iB22Mf> hB22,MM) can be obtained through 

the u t i l i za t ion o f the a lgor i thm shown i n Eqs . 5.15 and 5.17. The cross F R F (HB,32) is 

required for the overa l l coup l ing . Since the structure w i l l have the same eigenvalues, 

regardless o f force/force or displacement/force measurements, it can be assumed that the 

force is transmitted to the sensor v i a a spr ing, k s , as; 

^32 - „ -

 p

 X Ks ~ nB32,ff X Ks 

r2 r2 

(5.18) 

where k s is the sca l ing factor representing the spr ing constant o f the sensor. Therefore, 

the receptance ( H B 3 2 F F = x 2 / F 2 ) between the spindle end (2) and the spindle sensor 

loca t ion (3), as w e l l as the F R F o f the force t ransmission (<D 3 2 =F3/F2 ) are measured by 

impact m o d a l tests, see F igure 5.2. 
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Spindle Integrated 
Force Sensor 

Substructure B 

Accelerometer-

RC & Scaling 
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2, 

11 
Substructure A 

Assembly 

Figure 5.2. C o u p l i n g o f force/force cross transfer funct ion w i t h an arbitrary end m i l l 

The sensor spr ing constant is identif ied b y evaluat ing the ratio ks = <P32 /HBi2 ff u s ing 

a least square method, w h i c h leads to ks = 3.13 x 10*[N / m] for the spindle assembly w i t h 

the mechanica l chuck as shown i n Figure 5.3. The predic t ion accuracy w o u l d have been 

better i f it was poss ible to load and measure the spindle exact ly at the sensor locations. 

H o w e v e r , the sensors are bur ied i n the assembly. The discrepancies between the 

displacement/force and scaled force/force F R F s are m a i n l y due to nonlineari t ies i n the 

spindle structure and noise i n the measurements. 
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Figure 5.3. Cross transfer functions (HB,32) measured f rom exper imental analysis us ing 

the accelerometer and scaled f rom force/force transfer funct ion 

W h e n we assume that the cross R D O F F R F s for / / ^ ( i . e . , hs32,Mf> HB32JM) are very close 

to zero, E q . 5 .17(1 ,1) becomes as: 

H 31Jf 
{^2,MM^A2\,ff ^2,Mf^A2\,Mf) 

(_ ^2,ff^2,MM + ^2,Mf ) 
(5.19) 

In summary, the transfer function between the force appl ied at the too l t ip (,Fj) and the 

force measured at the spindle integrated force sensor (F 3 ) is evaluated b y ; 

(5.20) 

where / 7 3 1 # c a n be evaluated f rom E q . 5.19 by substituting measured and analy t ica l ly 

obtained F R F s . The procedure is repeated i n both feed and n o r m a l directions o f the 

spindle i n order to reconstruct the cutt ing forces i n the plane o f cut. 
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5.3 E X P E R I M E N T A L R E S U L T S 

The proposed system is exper imental ly evaluated o n the three axis ver t ical 

mach in ing center. The force sensors are integrated to the spindle as s h o w n i n F igure 5.1. 

Three ca rb ide-cy l indr ica l blanks are used to identify the spindle and jo in t dynamic 

properties, see F igure 5.4. The density and the modulus o f the carbide b lanks , w h i c h are 

used as end m i l l materials, are 14,450 k g / m 3 and 5 . 8 e l l N / m 2 , respect ively. The blanks 

are pushed 20 m m inside the col let o f the mechanica l chuck i n a l l cases. The proposed 

method is ver i f ied i n m i l l i n g experiments conducted w i t h a four f luted carbide end m i l l 

w i t h the mechan ica l chuck. A short b lank cy l inder w i t h 19.05 m m diameter is inserted i n 

the chuck through the collet . 

Inserted inside 
of the tool holder o Dia: 19.05 mm 

Dia: 19.05 mm o 
co 
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Long Tool 
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Figure 5.4. The c y l i n d r i c a l blanks and the F o u r fluted end m i l l used i n ident i fy ing the 

spindle- tool holder j oint dynamics . 
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X -JO"6 Real and Imag of Spindle/Tool Holder 
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(a) F R F o f Spindle / T o o l H o l d e r measured w i t h impact tests. 
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(b) F R F o f the l o n g b lank identif ied w i t h F in i t e E lement method. 

F igure 5.5. Frequency responses o f Spindle / T o o l holder and long blank. 
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Impact tests are appl ied at the short b l ank ' s end to obtain the F R F s o f the spindle system 

(hB22j?, E q . 5.9). F igure 5.5(a) shows the translational part o f this response. The spindle 

system has three dominant modes at 465 , 617 and 812 H z , respect ively. F igure 5.5(b) 

shows the F E - b a s e d free-free response o f the l ong too l substructure mode led us ing 

T imoshenko beam elements as depicted i n F igure 5.6. W e have also used B e r n o u l l i -

E u l e r beam elements, and the differences between F R F s obtained us ing the two beam 

elements are negl ig ib le since the first non- r ig id body mode o f the too l occurs at 

approximate ly 8400 H z . F r o m the F E analysis, translational and rotational frequency 

responses o f each tool at its two ends are obtained by app ly ing forces and moments at the 

two ends and calcula t ing noda l and rotational displacements. The damping ratio used for 

the F E beam analysis is 1% w h i c h is based on several impact tests. The too l m o d e l 

should be i n free-free condi t ion because the r i g i d modes o f the too l p lay a s ignif icant role 

i n the coup l ing o f substructures. 

M,i' 

e,t e,2 

Fx, Fx? 

M, 

Figure 5.6. F in i te Element A n a l y s i s o f the T o o l 

F igure 5.7 shows the compar ison between the exper imental and predicted 

receptance coup l ing results at the tool tip based o n the first element (Hu) o f E q . 5.9 

wi thout the R D O F F R F s (i.e., hB22Mfand hB22MM are zero) for the spindle w i t h the l ong 

length blank. The first three dominant modes occur very close to the modes o f the 
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spindle system without too l , w h i c h show that these modes are c lear ly contr ibuted by the 

spindle. The fourth mode for the l ong b lank is at 1015 H z , w h i c h is due to the interaction 

between the too l and the spindle system. The predic t ion is inaccurate i n F igure 5.7, and 

some modes, w h i c h are due to rotational jo in t dynamics (i.e. 1015 H z ) , are not even 

v i s ib le w h e n R D O F F R F s are neglected. In this study, first, the rotat ional D O F F R F s 

(i.e., h B 2 2 Mf and h B 2 2 MM) are acquired by m a k i n g a second impact test appl ied to the 

m e d i u m length b lank inserted to the spindle us ing E q s . 5.15 and 16, and the obtained 

R D O F F R F s are depicted i n F igure 5.8. The receptance coup l ing result at the too l t ip w i t h 

the considerat ion o f the obtained R D O F F R F s is shown i n F igu re 5.9 for the spindle w i t h 

the l ong length blank. The predic t ion accuracy is excellent for the first, and quite 

acceptable for the second mode. 

X ^ Q6 Receptance of Long Length at Tool Tip 
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Figure 5.7. Predic ted and measured F R F o f the l ong b lank attached to the spindle when 

the rotational dynamics are neglected. 
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Figure 5.8. Identified Rota t ional F R F s at the free end o f the short b lank attached to the 

spindle. 
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B a s e d on the observations f rom Figures 5.7 and 5.8, the magni tude o f the 

translational F R F is o f order o f 10" 6, w h i l e the magnitudes for the translational/rotational 

F R F s (hB22,Mfa nd HB22JM) and for the rotational F R F (IIB22,MM) are ° f orders 10" 5 and 10" 4, 

respect ively. T h i s observat ion helps us to understand that the R D O F responses have the 

largest contr ibut ion to the f l ex ib i l i ty o f the assembled structure, and their i nc lu s ion i n the 

c o u p l i n g analysis is c ruc ia l i n predic t ing the F R F o f the spindle- tool assembly accurately. 

x o"6 Receptance of Long Length at Tool Tip 
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— Measured 
— Predicted 
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Figure 5.9. Predic ted and measured F R F o f the l o n g b lank attached to the spindle when 

the rotational dynamics are considered. 
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x 1 o"6 Receptance of End Mill 
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Figure 5.10 C o m p a r i s o n between Measu red and Predic ted ( R C ) F R F s for four fluted end 

m i l l w i t h R D O F F R F s acquired f rom the m e d i u m too l 

A four fluted carbide end m i l l w i t h 19.05 m m diameter and 82 m m st ick out from 

the col let is tested on a ver t ica l mach in ing center. The fluted sect ion o f the end m i l l (i.e., 

40 m m ) is considered to be 80 % o f the total diameter [ K o p s 90] i n the F in i t e Element 

mode l . The measured and predicted F R F o f the end m i l l attached to the spindle is shown 

i n F igure 5.10. The predic t ion accuracy is good for the first mode (465 H z ) , and quite 

acceptable for the second dominant mode around 1600 H z . 

C A S E S T U D Y 1: D I F F E R E N T M A C H I N E 

The Receptance C o u p l i n g method is also tr ied o n the different machine (i.e., Sajo 

K n e e T y p e M i l l i n g M a c h i n e ) . The m e d i u m length tool is used to recalculate the R D O F 

response for the Sajo m i l l i n g machine . Then , the F R F o f the l ong length too l is predicted 

as i l lustrated i n F igure 5.11. The compar i son between the predicted and the measured 
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values illustrates a g o o d agreement w i t h each other. Thus , the Receptance C o u p l i n g 

method can be appl ied for different machine tools. 

x ig"6 Receptance of Long Length at Tool Tip 

400 600 800 1000 1200 1400 1600 1800 2000 
Frequency (Hz) 

Figure 5.11 C o m p a r i s o n between Measu red and Predic ted ( R C ) F R F s for Sajo V M C 

w i t h L o n g length too l w i t h R D O F F R F s acquired from the m e d i u m too l 

C A S E S T U D Y 2: D I F F E R E N T D I A M E T E R T O O L S 

In this case study, the effects o f different diameter tools o n the R C are 

investigated. 

Firs t , the different diameter effects on the F R F s for the short tools are examined 

(i.e., dynamics o f the spindle and tool holder) . The F R F is measured w i t h the shorter 

st ick out length (i.e., 15 m m instead o f 30.87 m m ) o f the sma l l t oo l for 3 A " , and 1" 

diameters (i.e., to predict spindle/ tool holder dynamics) . The obtained F R F s for the smal l 

cy l inder exhibi t ve ry s imi la r translational F R F s as s h o w n i n F igu re 5.12. Therefore, 

diameters o f the sma l l b lank cyl inders do not s ignif icant ly affect the F R F s because the 

mass o f the tool is ins ignif icant compared w i t h the rest o f the spindle structure. 
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x10" 7 FRFs at the short blank for 3/4" and 1" diameter 
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Figure 5.12 C o m p a r i s o n o f the F R F s at the short b lank us ing different diameter cyl inders 

mounted on the spindle 

Second, the R D O F response from  3A" (19.05 m m ) diameter too l is used to couple 

the V" (12.7 m m ) and 1" (25.4 m m ) tools. The smal l too l F R F (i.e., spindle dynamics , 

hB22,fj) u s ing  3A" diameter instead o f responses from V2" and 1" tools is also u t i l i zed to 

prove the first hypothesis (i.e., independency o f diameters for the short b lank) . B o t h the 

tools are made from the same carbide materials as other tools. F igure 5.12 (a) depicts the 

F R F predic t ion through the Receptance C o u p l i n g o f 1" (25.4 m m ) diameter tool w i t h the 

st ick out length o f 128.9 m m . The experimental F R F versus the Receptance C o u p l e d 

F R F show a very good match even w h e n the R D O F response from the  3A" t oo l is used. 

S i m i l a r l y , F igure 5.12 (b) illustrates the F R F predic t ion o f the Receptance C o u p l e d 

response us ing the V" (12.7 m m ) diameter tool w i t h the st ick out length o f 128.9 m m . 

The compar i son between the experimental and predicted responses shows a 

compara t ive ly good match except at 630 H z mode. T h i s discrepancy m a y have come 

from measurement errors especial ly due to h igh frequency residual modes . Thus , the 
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R D O F response can be used for other diameter tools w i t h cautions especia l ly for 

coup l ing w i t h smal l diameter tools. 
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F igure 5.13 Receptance C o u p l i n g us ing the R D O F response obtained from 19.05 m m 

diameter tool 
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F O R C E / F O R C E D Y N A M I C S C O U P L I N G 

The coup l ing o f the tool and the spindle dynamics for force/force F R F s are 

depicted i n F igure 5.14 us ing the four fluted end m i l l w h i c h is mounted o n the 

mechanica l chuck. The assembled receptances are first acquired, and then the sca l ing 

factor is appl ied to the receptances to get the force/force F R F s (see E q . 5.20). The 

effective diameter (80 % o f the total diameter) is used for the fluted sect ion o f the end 

m i l l . The predicted F R F s show very good matches between the experimental results, 

especia l ly b e l o w 1200 H z . Therefore, the assumption that cross R D O F F R F s for HB,32 

(i.e., hB32,Mf> hs32jM) are very close to zero is legitimate because acqu i r ing the cross R D O F 

response is except ional ly diff icul t . W h e n these R D O F F R F s for the spindle part are 

accessible the accuracy can be further improved . 

The predicted cross transfer function is fitted by a m o d a l curve fi t t ing technique, 

w h i c h leads to the f o l l o w i n g : 

FT(S) a / ' • a>„ir

2 

°3>(*) = Ti7T = Z ^ T i T (5-21) 

where k is the number o f modes, F3 is the measured force from the spindle integrated 

force sensor and Fj is the appl ied force at the tool t ip . The fitted m o d a l parameters i n X 

direct ion are ident i f ied as: 

Mode (On a 
1 432 Hz 0.048 0.9311 

2 579 Hz 0.045 -3.393 
3 1272 Hz 0.021 4.840 

B a s e d on the estimated transfer function, an exemplar dynamic compensat ion is carr ied 

out at 7000 r ev /min (see A p p e n d i x C ) . 
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Figure 5.14. C o u p l i n g o f Spindle and the E n d m i l l for force/force F R F and fitted F R F 

(Experimental: impact hammer test response, Predicted: Receptance Coupled dynamics, 
Fitted: modal fitting of Predicted dynamics) 

5.4 DISCUSSIONS ON THE FLEXIBLE JOINT ANALYSIS 

The in i t i a l attempt to use the f lex ib le jo in t to couple the spindle and the tool 

substructures as out l ined by many researchers [Schmi tz 02, T s a i 88, W a n g 90, R e n 95] 

did not lead to accurate ident if icat ion. The connect ion between two structures such as 

jo ints is very diff icul t to mode l us ing an analyt ical approach. The intent ion o f the jo in t 

ident i f icat ion is to m i n i m i z e the difference between the measured assembled F R F s w i t h 

the predicted or s imulated F R F s through the ident i f ied jo in ts . One o f the major 

diff icult ies w i t h the ident i f icat ion is various errors i n the measurements w h i c h 

s ignif icant ly affects the j o in t ident if icat ion processes as w e l l as the receptance coup l ing 

methods. W e have assumed that two springs as shown i n F igure 5.15 are the f lexible 
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jo in t . In this f lex ib le jo in t approach, the R D O F F R F s are assumed to be negl ig ib le 

because the^flexible springs w o u l d offset the R D O F F R F s . 

© 

© 
k l 

© 

Figure 5.15 C o u p l i n g w i t h f lexible jo in t mode l (Co l l e t and T o p i ) 

F o r the m o d e l considered i n F igure 5.15, the coup l ing equation is : 

1 1 

G l l = # 1 1 - { # 1 2 # B } 
#22 #23 _L #44 #45 

.#32 #33. 
T 

.#54 #55. 

kx + jcoC{ k3 + jcoC3 

1 1 

k3 + jcoC^ k2 + jcoC2 

# 2 1 

# 3 1 

(5.22) 

The non-l inear op t imiza t ion a lgor i thm by the M i n i m u m Squared E r r o r funct ion ( M S E ) is 

app l ied to acquire the u n k n o w n spr ing and damping coefficients. H o w e v e r , some o f the 

ident i f ied jo in t parameters are negative and m a y not have the phys i ca l representations. 

The diff icul t ies w i t h the non-l inear op t imiza t ion are that wi thout the proper in i t i a l values, 

the op t imiza t ion m a y converge at loca l m i n i m a instead o f the g loba l m i n i m a . The 

method m a y be benef ic ia l since the R D O F response m a y not be needed and the tool 
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holder - too l dynamics can be used. H o w e v e r , the diff icul t ies ou twe igh the benefits for 

our case because o f the challenges associated w i t h the j o in t parameters. 

5.5 C O N C L U S I O N 

The receptance coup l ing technique is proposed to predict the dynamics o f the end 

m i l l attached to the machine tool spindle. The machine- tool spindle assembly dynamics 

are measured us ing a short (30 m m stick out) b lank inserted to the too l holder . The F R F 

o f a free - free end m i l l is ident i f ied us ing the F E beam m o d e l . T h e rotat ional dynamics 

o f the end m i l l - spindle assembly are extracted mathemat ica l ly from the direct and cross 

F R F measurements appl ied to a m e d i u m length (70 m m st ick out) b l ank attached to the 

spindle . The proposed method eliminates repetitive impact hammer tests o f each too l 

attached to the spindle- tool holder system. The dynamics o f the spindle and the jo in t are 

measured once and stored i n a process p lann ing database. R D O F F R F s between two 

substructures w h i c h are affected by the bending are very important for the receptance 

coup l ing . In this study, a new method is presented i n determining the Rota t iona l D O F 

F R F s from the two translational F R F measurements. The. transfer funct ion o f the overa l l 

system is predicted by c o u p l i n g the receptances o f the ana ly t ica l ly mode l ed end m i l l and 

the exper imenta l ly measured spindle structure. The coup led receptance measurements 

are then scaled w i t h the spr ing constant to acquire the desired force/force cross transfer. 

Further study is needed to suppress measurement noise i n order to accurately acquire the 

R D O F F R F s and needed to investigate the non-l inear i ty effects o n F R F measurements 

due to non- l inear i ty o f bearings on the spindle. The dynamic compensat ion o f the spindle 

91 



Chapter 5. Receptance Coupling of the Spindle and Arbitrary Tool Dynamics 

integrated forces can be performed by obta ining the transfer funct ion F R F s from the force 

sensors and appl ied at the too l tip w i t h any arbitrary too l geometry. 
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CHAPTER 6. 

DYNAMIC COMPENSATION OF CUTTING FORCES 

The cutt ing forces are measured from the sensors embedded i n the spindle 

housing, w h i c h has three dominant structural modes inf luencing the measurements. The 

modes distort the cutt ing forces and therefore, the compensat ion o f the structure modes is 

v i ta l for reconstructing cutt ing forces at high rotational speeds. B a s e d on the 

exper imental ly obtained transfer function in X direct ion, an exemplar cutt ing 

compensat ion is performed using the disturbance K a l m a n F i l t e r to acquire the estimated 

actual force at the tool t ip from the force measured at the Spindle-Integrated sensors and 

vibrat ions measured at the accelerometer. Then , the compensat ion is extended to a l l 

three directions (i.e., feed, normal , and axia l directions) us ing the disturbance K a l m a n 

Fi l te r approach. The alternative force measurement from the non-contact capacitance 

type displacement sensor is also examined. The displacement s ignal is interpreted as the 

force s ignal through the cal ibrat ion factor and the bandwidth o f the displacement sensor 

is increased us ing the disturbance K a l m a n Fi l ter . The force sensing and the proposed 

dynamic compensat ion method are experimental ly ver i f ied . One o f the significant 

features o f this dynamic compensation method compared w i t h others is that the method 

considers the system and measurement noise to op t imal ly acquire the accurate cutt ing 

forces at the tool t ip. 
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6.1 DISTURBANCE KALMAN FILTER COMPENSATION USING THE 

IDENTIFIED TRANSFER FUNCTION MODEL OF THE SPINDLE-

INTEGRATED SENSORS 

The objective o f dynamic compensat ion o f the spindle force sensor system is to 

reduce the influence o f the three structural dynamic modes w h i c h distort the cutt ing force 

measurements. The K i s t l e r table dynamometer (Kis t l e r 9 2 5 5 B ) set up is used as a 

reference force sensing system. The disturbance K a l m a n F i l t e r is used to reconstruct the 

force signals where the estimator acts s imi l a r ly to an inverse filter [ W e i h r i c h 78, 

P r i t schow 99] . P r io r to performing the compensation, unbalanced forces F u , w h i c h may 

be caused by dynamic unbalance o f the spindle system, are preprocessed by subtracting 

the air cut t ing forces f rom the measured forces at the Spindle-Integrated Force Sensors 

us ing the spindle encoder as a synchroniza t ion c lock . Furthermore, the transfer function 

parameters o f the system (Eqs . 4.6-4.8) are updated as a funct ion o f the spindle speed 

because the bear ing stiffness may change at h igh spindle speeds. The experimental 

moda l analyses are performed to acquire the F R F s w i t h respect to the spindle rotational 

speeds f rom 1000 rpm to 12,000 rpm. Based on the observation, the first two modes are 

almost insensit ive to the spindle speeds whereas the th i rd moda l frequency decreases by 

up to 12 % at 12,000 rpm due to centrifugal effects result ing f rom the bending o f the 

spindle shaft. The details o f the measured unbalanced force and changing dynamics due 

to the spindle rotations can be found i n A p p e n d i x D . The thermal g rowth o f the 

part icular spindle is not a concern, since the air cut t ing forces do not change even after 

running the machine for a per iod o f more than an hour (see Sec t ion 3.5). H o w e v e r , some 
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spindles may experience severe thermal growths when they are not coo led proper ly . The 

thermal g rowth increases the bear ing preloads w h i c h shifts m o d a l frequencies. 

The transfer functions g iven in E q s . 4.6 - 4.8 are mapped into the f o l l o w i n g state 

space form; 

x = A x + B u 
' (6-1) 

z = Csx 

where x is the state vector, u = F a is the input or the actual force appl ied to the too l , and 

z = { F m A c c . } is the measurement vector containing the measured cutt ing force from 

the spindle force sensor and the acceleration from the accelerometer, respect ively. The 

a i m o f the K a l m a n F i l t e r is to reconstruct the actual force ( F a ) appl ied at the too l . S ince 

the natural frequencies and damping ratios are the same for both the force and 

accelerat ion transfer functions, (i.e., poles o f both Eqs . 4.7 and 4.8 are the same), the 

system matr ix A s is c o m m o n . The measurement matr ix C s has two rows obtained from the 

zeros o f the two transfer functions (Eqs. 4.7 and 4.8). The resul t ing state space equations 

representing the spindle dynamics can be expressed as fo l lows [Dutton 97] ; 
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X, « 2 " « 4 - « 5 ~ « 6 X, 1 
x 2 1 0 0 0 0 0 x 2 0 
x3 0 1 0 0 0 0 x 3 0 

— 
x 3 

+ 
x 4 0 0 1 0 0 0 x 4 0 
x 5 0 o. 0 1 0 0 x 5 0 

_ 0 0 0 0 . 1 0 0 

X, 

x 2 

X 'b0 
z>2 b, b4 b5 x 3 

Acc. c 2 c 3 c4 c5_ 

x 5 

*6. 

F„ 

(6.2) 

where the system p o l y n o m i a l parameters are g iven i n E q s . 4.7 and 4.8. The matrices A s 

and C s contain both very large and very smal l numbers w h i c h result i n poo r ly condi t ioned 

matrices w i t h respect to the invers ion o f matrices and eigenvalues analysis. 

Consequent ly , the system matrices are transformed into an equivalent system (i.e., 

x n = Tx ) by app ly ing the transformation matr ix T as fo l lows ; 

*n = AnXn + B n U 

z = Cnxn 

(6.3) 

An=TAJ-\Bn=TBJX, Cn=ACsT~l 

where I is the scalar factor and T is the s imi la r i ty transformation matr ix . X is 

determined to be 1 for the force transfer function and 0.5 for the accelerat ion transfer 

function. The s imi la r i ty transformation matr ix , T , for the sensor system is found based 

on the a lgor i thm i n [Anderson 99] to be: 

T = diag([64 1.048e6 8.589e9 3.518el3 l.441el7 2.95e20J) (6.4) 

The identif ied equivalent state matrices are: 
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-752 - 4220.9 -250.55 - 2504.8 -150.4 -1690 
16384 0 0 0 0 0 

0 8192 0 0 0 0 
0 0 4096 0 0 0 
0 0 0 4096 0 0 
0 0 0 0 2048 0 

B„ = [64 0 0 0 o o]7 

0 20.432 1.1567 22.791 2.6111 46.14 
"~[o 5.671 0.323 5.997 0.355 5.521 

Furthermore, the observabi l i ty matr ix, W , is found to be fu l l rank, w h i c h guarantees the 

observabi l i ty o f the state space mode l o f the system. 

WT=[Cn

T An

TCn

T
 - 0 4 r ' ) C / ] (6.5) 

M O D E L E X P A N S I O N 

The modeled spindle system dynamics can be expanded to include the input force 

(Fa) as one o f the u n k n o w n states. I f a sampl ing frequency is quite h igh relat ive to a tooth 

pass ing frequency, the input forces can be treated to be p iecewise constant so that the 

derivat ive o f the input is on ly a function o f process noise. I f a s ampl ing frequency is l o w , 

a more general scheme can be used so that the input cutt ing forces (Fa) at the tool t ip 

consist o f the harmonic component, denoted by ' a c ' and the dc (static) component, 

denoted by ' d c ' as shown be low: 

F a = F a _ d c + F a _ a c (6.6) 

The dc component o f the cutt ing force is constant, w h i c h w o u l d make the derivative o f 

the dc input as a funct ion o f the dc process noise, w d c , on ly : 
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(6.7) 

Whereas , the dynamics o f the ac component o f the cutt ing force is assumed to be a 

harmonic funct ion at the tooth passing frequency, w h i c h is represented as* a cosine 

function w i t h the per iodic disturbance, w a c . The Lap lace doma in representation o f the 

harmonic part o f the force is expressed as; 

F (t) LaP'ace F (s) c 
a ac\ ' , a ac\ ) o 

— = c o s & v / V>cM S2+Q)I

2 
(6.8) 

where coT is the tooth passing frequency w h i c h can be defined as the number o f 

revolut ions per second mu l t i p l i ed by the number o f teeth o n the cutter. The state space 

equivalent o f Eq . 6.8 is: 

x F = A F x F + G F w a c 

Fa ac ~ CFXF 

(6.9) 

where 

"o -col " f 

1 0 0 
; CF = [l 0]; xF (6.10) 

By substituting Eqs . 6.6 and 6.9 into E q . 6.3, the overa l l state space equation then 

becomes: 

K = A n x „ +B„(Fadc +Faac)=Anxn+Bn(Fadc+CFxF) 

z = C„x 
(6,11) 

The actual cut t ing force appl ied on the tool can be considered as one o f the u n k n o w n 

states by expanding E q . 6.11: 
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Xe(9xl) ~ A(9x9)Xe(9xl) + ^(9xl)M' 

Z(2xl) = C£(2x9)Xe(9xl) + V(2xl) 
(6.12) 

where w is the system disturbance and v is the measurement noise. The expanded state 

vector is depicted as: 

Xe(9xl) = IXi(lx6) â_<fc(lxl) -*>(lx2) J ' Ue
 = [P] (6.13) 

The expanded state space mode l i n E q . 6.12 can be re-written as; 

Xn(6xl) 
A 
"̂(6x6) •̂ "(6x1) ^n^V(6x2) Xn(6xl) °(6xl) 

a-dc(Ul) = 0(1x6) 0(Ixl) 0(lx2) 
f + r̂fc(lxl) 

XF(2xl) . 0(2x6) °(2xl) 
A 
^F(2x2) |_ XF(2xl) âc(2xl) 

r I 
X«(6xl) 

Z(2xl) = P«(2x6) 0(2x1) U

{2x2)J p 

w 

(6.14) 

where 0 d c and 9 a c are the ratio between w d c and w a c w i t h respect to w . The 

expanded state vector can be estimated through the expanded disturbance K a l m a n F i l t e r 

o f the Spindle-Integrated Force Sensor system w h i c h can be shown as: 

xe=Aexe+K(z-z) = Aexe+K(z-Cexe) 

= (Ae-KCe)xe+ Kz 

z0=C0xe=Fa, where Co=[0 1 CF] (6-15) 

where K is the continuous K a l m a n F i l t e r gain. F igure 6.1 depicts the expanded K a l m a n 

F i l t e r configurat ion. 
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process noise n o j s e coupling matrix 

4 
measurement noise 

U-^— r 

input signal 

Bn Cn 

| real plant (continuous) 

K 

Ae-KCe|—' 
Expanded Kalman Filter 

T 
measured output 

signal 

1 

Figure 6.1 Schematic o f the Expanded Dis turbance K a l m a n F i l t e r 

In order to determine the K a l m a n F i l t e r transfer functions, the state space equat ion i n E q . 

6.15 can be wri t ten as the f o l l o w i n g : 

- Caadj[sl - (Ae - KCe)] W y 
F a = — . . . 1^(9x1,1) A(9xl,2) J 

det[s/ - ( A e - K C e ) \ 

Acc. 

= GFJFm

 GFJx. 
Fm 

Acc. 

(6.16) 

where G- and G A , . . are the K a l m a n Fi l te r transfer functions due to the measured 
Fal F„ Fal x 

force and the accelerat ion, respectively. 

The actual force can be estimated us ing the K a l m a n F i l t e r approach by 

d iscre t iz ing the state space E q . 6.15. The discrete equivalent o f the est imated state vector, 

xe, can be expressed as: 
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id 

xe(k + l) = exp{(Ae -KCe)td}xe(k) + [ \exp{(Ae-KCe)T}KdT ] z(k) 
o (6-17) 

Fa(k + l) = C0xe 

where the discrete sampl ing t ime, td, is 50 microseconds i n this appl ica t ion . 

K A L M A N F I L T E R D E R I V A T I O N 

The K a l m a n F i l t e r ga in is identif ied by m i n i m i z i n g the state est imation error 

covariance, P = E\xe xf], f rom the actual and estimated models , where the estimated 

error is x e = xe - xe . A l inear differential equation for the state est imation error 

x e = x e - x e can be der ived as: 

x e = x e - x e — ^ - H » x e = x e - x e (6.18) 

Substi tut ing xe f rom E q . 6.12 and xe from E q . 6.15 into E q . 6.18 w o u l d y i e l d the 

f o l l o w i n g equation: 

xe = Aexe +Tw-[(Ae- KCe )xe + Kz] 

= Aexe+Tw-[(Ae-KCe)xe + K(Cexe+v)] (6.19) 

= {Ae-KCe)xe+Yw-Kv 

Anothe r l inear differential equation for the state est imation error covariance matr ix P can 

be attained as: 

P=E{xe-xe

T] _ ^ L _ > P = E{ie-xe

T}+E{xe-1ce

T} (6.20) 

Substi tut ing xe f rom E q . 6.19 into E q . 6.20 w o u l d y i e l d ; 

P = (Ae- KCJP + P(Ae - KCe)T + TPm + PXWTT + KP„ + P„KT (6.21) 

where pwx = E{WX.T}, = E{XS-WT}, PVX = E{VXC

T}, and pxv = E { X S - V

T ) . 

F o r whi te noise signals, the last four terms i n E q . 6.21 can be represented as: 
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TPwx+PjrT =TQTT 

(6.22) 
KP,r + P„,KT = KRKT 

VX XV 

The proof for Eq..6.22 can be illustrated in the following [Mendel 95]. For the discrete 

time equivalent state space equivalent of the system matrix can be depicted as: 

0>(r + At,t) ~ I + A0(t)At + ••• (6.22a) 

where A0 = (Ae - KCe). If we integrate Eq. 6.19, 

t t 

x{t) = d>(t,t0)x(t0) + Jo(r, T)Y(T)w{r)dr + jd>(t, r)K{r)v(r)dT (6.22b) 
'o 'o 

If we take the expected value respect 5c and wT, the above equation becomes as: 

i 

E{x(t)wT (f)} = Of/, t0 )E{x(t0 )wT.(t)} + J<D(/, T)T{T)E{W(T)Wt (t)}dv (6.22c) 
'o 

Then, the first term becomes zero because 5c (t) and wr (t) are independent and wT (t) has 

zero mean; hence: 

E{x(t)wT(0} = )o(t,T)T(T)Q(T)dT = Q>(t,t)T(t)Q(t)\S(t - r)dt = ( 6 2 2 d ) 

1 1 
where \8{t - z)dz = lim \SAt - r)dz = \—dx = — and O(r,0 w / . Furthermore, 

E{w(t)xT(/)} = [E{m™T(t)}J - Q(t)rT(t) 12. 

Thus, the first equality for Eq. 6.22 can be shown as: 

Y(t)E{w(t)xT{t)}+ £{x(0wr(7)}rr(0 = T(t)Q(t)YT(t) 

n o 6 ( ^ ( 0 + r m ^ ) a T O ( ) r J ( 0 (6-22e) 

The similar approach can be used to equate the second equality for Eq. 6.22 by taking the 

expected value between 5c (t) and vT (t). 
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The covariance o f the system noise and measurement noise are Q = E[w wT ] and 

R = E[vvT], respectively. B y substituting E q . 6.22 into E q . 6.21, w e obtain the 

f o l l o w i n g form: 

P = AeP + PAe

 T - KCeP - PCe

TKT + TQTT + KRKT (6.23) 

O p t i m u m state estimates are obtained i f the error covariance matr ix p = E{ x e - x e

T } is 

m i n i m u m . The f o l l o w i n g s imple relationship can be observed; 

x 7 - x e = t r { x e - x e

T } (6.24) 

where xe is the vector. Thus , the calcula t ion o f the expected value and the trace can be 

exchanged as: 

£ { X e - X e

T } = tr{ P ( K ) } (6.25) 

A m i n i m u m xe exists i f the f o l l o w i n g necessary condi t ion is fu l f i l l ed : 

— tr{P}=0 (6.26) 

The f o l l o w i n g identifies can be used. 

(pCe

TK rJ =KCeP 

Tr(pCe

TKT)=Tr(KCeP) 

^tr{KRKT}=2KR (6-27) 
dK 1 ' 

j^f{KCeP} = PC/ 

D e r i v i n g E q . 6.26 and substituting it for P f rom E q . 6.23 y ie lds the op t imal K a l m a n 

F i l t e r ga in matr ix Kopt as a function o f P. The K a l m a n F i l t e r ga in is obtained from the 

covariance matr ix E q . 6.23 as: 

j^tr{P} = -2PC/ +2KR = 0 . (6.28) 
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Kopt=PCe

TR~] 

Substi tuting E q . 6.27 into E q . 6.23 w o u l d make the differential equation for the 

covariance matr ix P as; 

P(t\t) = Ae(t)P(t\t) + P{t\t)AT

e{t) 

+ T(t)Qit)TT(t)-P(t\t)CT

e(t)R-xCe(t)P(t\t) { • } 

The above equation is k n o w n as the R i c c a t i equation. In this study, the measurement and 

the system covariance are assumed to be uncorrelated w i t h each other (i.e., E[w vT] = 0). 

S O L V I N G E R R O R C O V A R I A N C E M A T R I X F O R S T E A D Y S T A T E C O N D I T I O N 

The plant is assumed to be t ime invariant and stationary w h i c h must approach to 

zero for a stable (Ae - KCe) observer. T h e n the derivative o f the error covariance 

approaches zero (i.e., P ( / | r ) - » 0 ) and the error covariance matr ix is denoted as P . 

L i k e w i s e , the steady state K a l m a n Fi l te r gain can also be denoted asK . Therefore, E q . 

6.28 can be rewritten as the f o l l o w i n g steady state equation: 

0 = p = AeP + PAe

T + TQTT - PCe

TR'lCeP (6.30) 

The on ly u n k n o w n i n the above equation is the steady state covar iance matr ix , P, and we 

can solve it through the eigenvector [Potter 66] or the Schur decompos i t ion approaches. 

The eigenvector approach to solve the error covariance mat r ix is i l lustrated i n the 

f o l l o w i n g . The R i c c a t i equation, E q . 6.29 can be expressed as: 

[-P I] 
Aj - Ce

TR~lCe 

TQTT - Ae 

= [-P I]H 0 (6.29a) 

where H is k n o w n as H a m i l t o n i a n matr ix, and can be formulated as the eigenvector form 

as shown: 
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H 
T Q T T 

- CIR-XC. 
= V 

A a 0 

0 A , 
v~ (6.29b) 

where V is the real eigenvectors V = 1̂1 1̂2 

.̂ 21 2̂2 J 
and A = diag(Xx, • • • An) is eigenvalues 

w i t h b l o c k diagonal matrices w i t h real and complex eigenvalue (a + jb) appearing 

as A 
a b 

-b a 
Furthermore, X is equal to Aa and conjugate o f -A, is equal to A A w i t h 

the inverse order. The eigen-vectors and values for E q . 6.29b can be obtained by 

u t i l i z ing M a t l a b ™ ' s reig command . The f o l l o w i n g form o f P ensures; 

[-P I]V 
Aa 0 

0 A , 
= 0 so that 

(6.29c) 

[-P I] Vll 1̂2 
V2] V22^ 

- l 
~p' c 

72, V22 I 0 
.= [0 C] and 

where C is non-zero component. Thus , the desired error covar iance matr ix can be 

acquired as: 

P = V2XVU (6.29d) 

F o r non-steady state cases, the error covariance can be so lved based o n algori thms 

presented i n the references [ B r o w n 97, M e n d e l 95]. 

The measurement noise covariance matr ix , R , is determined f rom the electr ical 

noise w h i c h is defined as the average electr ical R M S reading w h e n the machine is 

stationary and the average differences i n air cutt ing force fluctuations. The system 

disturbance covariance matr ix , Q , is tuned to accommodate the compensations. The 
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measurement, the system noise covariance, and the system noise vector, T , used i n the 

p iecewise constant analysis are: 

"100 0 " ~le9 0 " 
R = ; Q = 

0 100 0 le9 
; r = [o 0 0 0 0 0 l] (6.31) 

W h e n the input is assumed to contain both dc and harmonic components, the 

measurement and the system error covariance matrices, and the system noise vector are 

found to be: 

"100 0 " ~\el 0 " 
R = ; Q = 

0 100 
; Q = 

0 Sel_ 
; r=.[0 0 0 0 0 0 0.6 0.8 O f (6.32) 

F o r the p iecewise constant input, the error covariance matr ix P and the K a l m a n F i l t e r 

gain o f the state space system us ing E q . 6.27, w h i c h m i n i m i z e s the error covariance 

matr ix P, are: 

0.1753 0.0066 -0.0529 -0.0051 0.0022 0.0001 0.0722" 

0.0066 0.0255 0.0002.-0.0086 -0.0001 0.0001 0.0283 

-0.0529 0.0002 0.0183 0.0011 -0.0009 -0.0000 0.0295 

-0.0051 -0.0086 0.0011 0.0035 0.0000 -0.0000 0.0164 

0.0022 -0.0001 -0.0009 0.0000 0.0000 0.0000 0.0009 

0.0001 0.0001 -0.0000 -0.0000 0.0000 0.0000 -0.0000 

0.0722 0.0283 0.0295 0.0164 0.0009 -0.0000 8.3817 

P = x le5 

(6.33) 

K 
-0 .0074 0.0379 0.0894 0.1122 0.1168 

-0 .0043 0.0150 0.0369 0.0510 0.0157 

0.0475 4.3377 

-0 .0164 1.0884 
xlOOO 

The K a l m a n F i l t e r gain ( E q . 6.32) for the dc and harmonic input has different ga in values 

depending on the specific tooth passing frequencies because the error covariance matr ix 

is a function o f A e as shown i n E q . 6.12 w h i c h is affected by the tooth passing frequency. 

The K a l m a n F i l t e r gain, K, is kept t ime invariant for the mode led Spindle-

Integrated Force Sensor system. The actual force appl ied at the too l t ip is evaluated from 
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the spindle sensors and v ibra t ion sensors by app ly ing a discrete t ime d o m a i n recursive 

filter Eq .6 .17 at each sampl ing instant where the measurements f rom accelerat ion (Acc.) 

and Spindle-Integrated force ( F m ) sensors are col lected. 

E X P E R I M E N T A L V E R I F I C A T I O N 

F o r the piecewise constant input, the K a l m a n Fi l te r transfer funct ion between the 

estimated actual force at the tool t ip, Fa, and measured force at the spindle housing, Fm, 

can be obtained us ing E q . 6.16 to be: 

_F3__ 4338s6 + 3.312e6s5 + 3.001 e 11 s4 +1.457e 14 s3 + 5,977e 18s2 +1,445e21 s + 3,383e25 
f°'F» ~ Fm ~ s7+6185s6+8.8e7s5 +3.772ells4 +2.204el5s3 +6.786el8s2 +1.606e22s + 3.538e25 

L i k e w i s e for the piecewise constant input, the K a l m a n F i l t e r transfer funct ion between 

the estimated actual force at the tool t ip, Fa, and the measured accelerat ion, Acc, is 

_ Fa _ 1088s6+1.089e6s5+7.516el0s4+6.231el3s3+1.496el8sz+7.8e20s + 8.491e24 (^25) 
p'rx ~~ Acc. ~ s7+6185s6 + 8.8e7s5 +3.772ells4+2.204el5s3 +6.786el8s2 +1.606e22s+3.538e25 ^ ' ' 

The mode led Frequency Response Func t ion ( F R F ) o f the uncompensated force 

sensor system ( E q . 4.7, &(s) = Fm/Fa), the F R F o f the K a l m a n F i l t e r for force ( E q . 

6.16, G - / F (s) = Fa/Fm), and the F R F o f the compensated system ( 0 ( j ) x G f ; f ) are 

il lustrated i n F igure 6.2(a). S i m i l a r l y the F R F o f the uncompensated accelerat ion system 

( E q . 4.8 Oa(s) = Acc./Fa), the F R F o f the K a l m a n F i l t e r for accelerat ion ( E q . 6.16, 

G f /x(s) = F a I Acc. ), and the F R F o f the compensated system ( O a ( 5 ) x G p / „ ) are 

il lustrated i n F igure 6.2 (b). 
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FRFs of Force Model, KF, and Combined Transfer Functions 

Model FRF 
KF FRF 
Combined FRF 

500 1000 1500 

500 1000 
Freq. [Hz] 

1500 

(a) The force mode l (<D(s) = FmIFa), the K a l m a n F i l t e r (Gp / F (s) = FJFm), and the 

cascaded (O(s ) x Gp I F (s)) F R F s . 

FRFs of Acceleration Model, KF, and Combined Transfer Functions 

2 

1.5 

E, 1 

CO 0.5 

Model FRF 
KF FRF 
Combined FRF 

500 1000 1500 

„ 100 

Q 0 
CD 

| - 1 0 0 
Q_ 

-200 

-300 

Of 
500 1000 

Freq. [Hz] 
1500 

(b) The accelerat ion mode l ( O a ( s ) = Acc. IFa), the K a l m a n F i l t e r ( G A = F a I Acc), 

and the cascaded (<J>a(s) x Gp /x(s)) F R F s . 

F igure 6.2 C o m p a r i s o n o f the F R F s between the measured mode l , the p iecewise constant 

K a l m a n Fi l te r , and compensated Spindle-Integrated force sensing system 
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A l t h o u g h the cascaded transfer function (i.e., G(s) x Gp / p (s)) between the measured and 

the K a l m a n F i l t e r F R F s does not have a perfect uni ty ga in at the regions o f moda l 

frequencies as shown i n F igure 6.2 (a), the amplif icat ions o f force measurements at these 

regions are s ignif icant ly reduced w i t h the K a l m a n Fi l te r . 

F o r the case o f the dc and harmonic input, the F R F s o f the K a l m a n F i l t e r vary 

w i t h respect to the tooth passing frequencies, COT. Genera l ly , the combined K a l m a n F i l t e r 

and the mode l F R F s have s imi la r trends, w i t h the p iecewise constant case as the 

f o l l o w i n g except ion: the magnitude at l o w frequency regions is not constant at one. A n 

example o f the F R F s at 9000 rpm is shown i n Figure 6.3 and its corresponding transfer 

functions are shown be low. The K a l m a n F i l t e r transfer funct ion between the estimated 

actual force at the tool t ip, Fa, and the measured force at the spindle hous ing , Fm, at 9000 

r ev /min spindle speed is: 

480s8-2.45e6s7 +4.1 lelOs6-1.71el4s5+1.26el8s4 

_Fg__ -3.37e2Is3 +1.67e25s2 -1,85e28s + 7.88e31 
K'Fm ~ Fm ~ s9 + 2351s8 +9.38e7s7+1.66ells6 + 3.03el5s5+3.87el8s4 ^ ' ^ 

+ 4.01e22s3+3.35e25s2+1.80e29s+8.16e31 

S i m i l a r l y , the K a l m a n F i l t e r transfer function between the estimated actual force at the 

tool t i p , F a , and the measured acceleration at the spindle hous ing , Acc, at 9000 r ev /min 

spindle speed is: 

170.9s8 -5.40e5s7 +1.35el0s6 -3.98el3s5 +3.58el7s4 

Fa -8.27e20s3+3.97e24s2-4.76e27 s + 1.62e3: 
£J _ a _ 

Acc. s9 + 2351s8+9.38e7s7+1.66ells6+3.03el5s5+3.87el8s4 (6.37) 
+ 4.01e22s3 +3.35e25s2 + 1.80e29 s+8.16e3: 
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FRFs of Force Model, KF, and Combined Transfer Functions 
Model FRF 
KF FRFV 

Combined FRF 

500 

(a) The force model (&(s) = Fm/Fa), the Kalman Filter (Gp IF(s) = FalFm), and the 
cascaded (<&(s) x GF / F (5)) FRFs. 

FRFs of Acceleration Model, KF, and Combined Transfer Functions 
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(b) The acceleration model = Acc.IFa), the Kalman Filter (G- r.(s) - Fa I Acc), 

and the cascaded (d>fl(s) x Gp r.{s)) FRFs. 

Figure 6.3 Comparison of the FRFs between the measured model, the dc and harmonic 
Kalman Filter, and the compensated Spindle-Integrated force sensing system at 9000 rpm. 

110 



Chapter 6. Dynamic Compensation of Cutting Forces 

Several cutt ing tests are performed at tooth passing frequencies ranging from 50 

H z to 1000 H z . A five-fluted 19.05 m m cy l ind r i ca l end m i l l c l amped i n the hydraul ic 

too l holder is used to machine a b l o c k o f a l u m i n u m A17075-T6 . The depth o f cut is 1.5 

m m , the feed rate is 0.1 mm/tooth, and the cutting condi t ion is fu l l i m m e r s i o n slot m i l l i n g . 

F igure 6.4 to F igure 6.7 depict both the piecewise constant input cases i n the top figures 

(a), and the dc and harmonic input cases i n the bot tom figures (b). The cutt ing forces 

measured from the spindle force sensor without compensat ion, the compensated forces 

w i t h the proposed K a l m a n Fi l te r , and the reference forces measured w i t h the K i s t l e r table 

dynamometer are presented i n the figures. The cutt ing force measurements f rom the 

c lamped table dynamometer are also distorted w h e n the frequency contents o f the forces 

are beyond 500 H z . The reference forces are therefore col lec ted f rom the K i s t l e r table 

dynamometer at 1000 rev /min because there is no other means o f co l l ec t ing a reference 

force. The reference forces are assumed to be consistent up to speeds o f 12000 rev /min . 

The cutt ing test results for a spindle speed o f 1000 r ev /min or w i t h a tooth passing 

frequency o f 83.35 H z are g iven in F igure 6.4. Since the tooth pass ing frequency and its 

first two harmonics are w i t h i n the bandwidth o f the spindle force sensor, the responses 

obtained f rom the uncompensated spindle sensor and the dynamometer are almost 

ident ical . B o t h the p iecewise constant and the dc and harmonic K a l m a n Fi l ters remove 

the noise f rom the measurements, and the frequency spectrum o f a l l three force 

measur ing systems are almost ident ical . The m a x i m u m ampli tude o f the cut t ing force is 

just under 100 N , and this measurement is used as a rel iable reference force for h igh 

speed tests where the dynamometer fails to measure forces accurately due to its l imi t ed 

bandwidth . W h e n the spindle speed is increased to 6000 rev /min , the tooth passing 
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frequency (500 H z ) coincides w i t h the first natural frequency o f the spindle sensor, 

leading to almost double the force amplitude. H o w e v e r , the K a l m a n F i l t e r compensates 

the dynamic ampl i f ica t ion due to the first mode, and brings the force to the l eve l p rov ided 

by the dynamometer , see F igure 6.5. A t 9000 rev /min , where the tooth passing frequency 

is 750 H z , w h i c h is very close to the second mode (719 H z ) , the K a l m a n F i l t e r s t i l l 

compensates the dynamic distort ion and noise quite w e l l , as s h o w n i n F igure 6.6. W h e n 

the speed is increased to 12000 rev /min , the tooth passing frequency becomes 1000 H z as 

shown i n F igure 6.7. The K a l m a n Fi l te r compensated forces experience d i f f icul ty here 

and attenuates the force measurements. Genera l ly , the compensat ion w i t h the dc and 

harmonic input show smoother compensat ion than just the p iecewise constant input, but 

at the expense o f hav ing spindle speed dependent K a l m a n F i l t e r gains. A s long as the 

sampl ing frequency is about 10-15 t imes higher than the tooth pass ing frequency, the, 

K a l m a n F i l t e r w i t h a p iecewise constant force input seems to be sufficient i n 

reconstructing the cutt ing forces. 

The results agree w i t h the Frequency Response F u n c t i o n o f the compensated 

spindle force sensors w i t h the K a l m a n Fi l te r . The forces are attenuated s l ight ly more 

around natural frequencies where the compensat ion is not t r i v i a l due to sl ight changes i n 

the damping and magnitude o f the actual spindle sensor system dur ing machin ing . 

H o w e v e r , i n general the compensated force sensor p rov ided rel iable measurements up to 

1000 H z . The compensat ion o f the third mode at 990 H z is found to be the poorest, not 

on ly due to the K a l m a n F i l t e r design but also due to s ignif icant changes i n the spindle's 

damping and frequency as the speed o f the spindle change. Furthermore, w e hypothesize 

that w i t h the operation o f the m i l l i n g machine at very h igh speeds, the a l u m i n u m 
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workpiece w o u l d be softened due to heat generations caused by cut t ing operations w h i c h 

w o u l d decrease the magnitudes o f cutt ing forces. The disturbance K a l m a n F i l t e r 

effectively compensates the structural modes up to 1000 H z . The compar i son between 

the p iecewise constant mode l and the dc and harmonic mode l shows almost no difference 

in the compensated forces except that the dc and harmonic mode l caused a large phase 

delay. In summary, the per iodic m i l l i n g forces can be mode led as a p iecewise constant 

input to the K a l m a n F i l t e r p rov ided that the sampl ing frequency is h igh . The addi t ion o f 

ac components does not improve the performance o f the K a l m a n F i l t e r s ignif icant ly 

w h i l e m a k i n g it speed dependent, w h i c h is not pract ical . 
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(a) D C Input 

Force Measurements at 1000 R P M 
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IJ l J J I \ •\ «. < ^ i i . , ! * I 
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Spindle Freq. and Harmonics 

(b) D C and H a r m o n i c Input 

F igure 6.4. F i v e fluted cutt ing force measurements at 1,000 r p m i n (a) D C and (b) D C 

and H a r m o n i c inputs. The top figure is shown in the time domain and the bottom figure 
is shown in the frequency (normalized with the spindle freq.) domain. Ref. denotes the 

reference cutting forces from the dynamometer at 1000 rpm, Fxm denotes the measured 
force from the Spindle-Integrated Force Sensor system, KF denotes the Kalman Filter 

compensated cutting forces. 
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(b) D C and Harmon ic Input 

F igure 6.5. F i v e fluted cutt ing force measurements at 6,000 rpm i n (a) D C and (b) D C 

and H a r m o n i c inputs. The top figure is shown in the time domain and the bottom figure 
is shown in the frequency (normalized with the spindle freq.) domain. 
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Force Measurements at 9000 RPM 
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(b) D C and Ha rmon ic Input 

F igure 6.6. F i v e fluted cutt ing force measurements at 9,000 r p m i n (a) D C and (b) D C 

and H a r m o n i c inputs. The top figure is shown in the time domain and the bottom figure 
is shown in the frequency (normalized with the spindle freq.) domain. 
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(a) D C Input 

(b) D C and Harmon ic Input 

F igure 6 .7 . F i v e fluted cutt ing force measurements at 12,000 rpm i n (a) D C and (b) D C 

and H a r m o n i c inputs. The top figure is shown in the time domain and the bottom figure 
is shown in the frequency (normalized with the spindle freq.) domain 
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6.2 DISTURBANCE KALMAN FILTER COMPENSATION IN THREE 

DIRECTIONS 

The disturbance K a l m a n Fi l te r compensat ion method is extended to three 

directions based on the same procedure presented i n the previous section. The 

compensat ion method is s l ight ly modi f i ed since the addi t ion o f the accelerometer 

attached to the spindle d i d not further improve the appl ied cutt ing force estimations. 

Furthermore, the appl ied cutt ing forces are assumed to be p iecewise constant since the 

addi t ion o f the ac component o f the appl ied cutt ing force mode l deteriorated the phase 

response. Since the cutt ing forces i n three directions are considered, the cross talk terms 

are used to compensate the structure modes, as depicted i n A p p e n d i x E . H o w e v e r , the 

compensat ion w i t h a l l the cross talk terms d i d not improve al though the order, phase mis -

synchroniza t ion , and the complex i ty o f the filter increased s ignif icant ly . Therefore, the 

transfer functions (0(5)) between the force appl ied at the too l t ip ( F a ) and the Spindle-

Integrated Force Sensor system ( F m ) i n three orthogonal directions (see F igure 6.8) are 

on ly used to compensate the cutt ing forces. The transfer function measurements indicate 

that the spindle sensor system can re l iably measure m i l l i n g forces that have harmonics 

less than 300 H z , 500 H z , and 150 H z i n X , Y , and Z direct ions, respect ively. The 

reconstruction o f cutt ing forces in the feed, normal , and ax ia l directions are successfully 

performed w i t h the disturbance K a l m a n Fi l ter . 
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;ure 6.8. (a) Transfer Func t ion (S>xx(a>) = Fxm (oo) I Fxa (co), (b) Transfer F u n c t i o n 

®„(e>) = F _ (a>)/F„ (a?), and (c) Transfer Func t ion = F z m (<y) / Fza (co) 
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The exper imental ly measured transfer function is ident i f ied b y a moda l curve 

fi t t ing technique as; 

-1 . 2 
aqk ' Mqn.k 

q e x,y,z (6.38) 

where k is the number o f modes, Fqm is the measured force f rom the Spindle-Integrated 

Force Sensor, and Fqa is the appl ied force at the tool t ip. The moda l parameters i n three 

directions are g iven i n Table 6.1. The measured and curve fitted transfer functions are i n 

good agreement as shown i n F igure 6.8. The moda l equations ( E q . 6.37) can be 

expanded into p o l y n o m i a l forms as; 

qex, y,z (6.39) 

where the parameters are depicted i n Table 6.2. The cross ta lk transfer functions have 

also been measured and found to reflect the same magnitudes as measured i n the static 

case, see Chapter 4. 

Table 6.1. M o d a l Parameters obtained by C u r v e F i t t i ng the Transfer functions 

q k con ( H z ) a 
X 1 500 0.044 3.091 

2 719 0.015 7.407 
3 990 0.045 1.993 

y 1 , 785 0.021 3.064 
2 930 0.020 2.922 

3 980 0.013 2.86 

z 1 224 0.048 4.924 

2 300 0.044 10.40 

3 820 0.045 1.517 
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Table 6.2. P o l y n o m i a l Coeff icients obtained based on the Transfer functions 

i bXi byi Clyi bzi azi 

1 2.536e7 967.2 3.288e7 603.1 1.824e7 767.6 

2 1.242el0 6.924e7 1.331el0 9 .65 l e7 5.732e9 3.224e7 

3 9 .117e l4 3 .967e l0 2 .076e l5 3 .898e l0 1.191el4 1.14el0 

4 2 . 3 2 e l 7 1.378el5 4 .215e l7 3 .052e l5 1.819el6 1.549el4 

5 7.484e21 3 .811e l7 3.207e22 6 .187e l7 1.791e20 2 . 4 8 4 e l 6 

6 - 7.794e21 - 3.149e22 - 1.868e20 

The transfer functions g iven i n E q . 6.38 are mapped ind iv idua l l y for each axis 

into the f o l l o w i n g state space form; 

x = Asx + Bsu 

z = C,x (6.1*) 

where x is the state vector, u = Fa e \Fxa, F , Fza} is the input or the actual force appl ied to 

the too l , and z = Fms [Fxm, Fym, Fzm} is the measured cutt ing force f rom the spindle force 

sensor. S ince the inc lus ion o f the cross talk d i d not improve the force estimation 

not iceably, the K a l m a n F i l t e r is appl ied on each force d i rec t ion independently. The state 

space equations representing the spindle dynamics can be expressed as; 

X," -a 2 ~ « 3 -a4 ~ai T 
kl 1 0 0 0 0 0 x2 0 

*) 0 1 0 0 0 0 x2 0 
= 

x2 
+ 

*4 0 0 1 0 0 0 xt 
0 

*5 0 0 0 1 0 0 Xi 0 

*«- 0 0 0 0 1 0 _ X 6 . 0 

(6.40) 

[Fj = [0 b, b2 by b4 b5] 
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where the system's p o l y n o m i a l parameters are g iven i n Table 6.2. The system matrices 

are transformed into an equivalent system (i.e., x „ = T x ) by app ly ing the transformation 

matr ix , T , as; 

z = Cnxn 

(6.3 ' ) 

where 

A =TAST~\ Bn =TBS, Cn=CsT~l 

where T is the s imi la r i ty transformation matr ix . The s imi la r i ty transformation matr ix , T , 

for the sensor system i n each direct ion is found to be: 

Txx = diag([6.40el 1.05e6 8.59e9 3.52el3 1.44el7 2.95e20]) 

Tyy = diag([1.28e2 2.10e6 1.72el0 1.41el4 5.76el7 1.18e21]) 

Tzz = diag([6.40el 5.24e5 2.15e9 8.80el2 9.01el5 9.22el8J) 

The ident i f ied equivalent state matr ix i n X direct ion is; 

A,. = 

and i n Y direct ion; 

-967.2 -4226 -295.6 -2507 - 169.2 - 1690" 
16384 0 0 0 0 0 

0 8192 0 0 0 0 
0 0 4096 0 0 0 
0 0 0 4096 0 0 
0 0 0 0 2048 0 

5,„=[64 0 0 0 o b]7 

C„ = [o 24.19 1.446 25.91 1.61 25.36] 

-603.1 -5890 -290.4 -2775 - 137.4 - 3415" 
16384 0 0 0 0 0 

0 8192 0 0 .0 0 
0 0 4096 0 0 0 
0 0 0 4096 0 0 
0 0 0 0 2048 0 

B = [128 0 0 0 0 Of 
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Cy„=[0 15.68 0.7746 14.75 0.7312 27.16] 

and i n Z direct ion: 

f-767.6 -3936 -339.8 -1127 -176.5 -1296" 

192 0 0 0 0 0 
0 4096 0 0 0 0 
0 0 4096 0 0 0 
0 0 0 1024 0 0 
0 0 0 0 1024 0 

B„ = [64 0 0 0 0 or 

C,„=[0 34.79 2.669 13.54 2.02 19.4l] 

D I S T U R B A N C E M O D E L E X P A N S I O N 

The input forces are assumed to be piecewise constant so that the derivat ive o f the 

input is on ly the funct ion o f process noise, w: 

F=0F+w (6.7') 

The actual cut t ing force appl ied on the tool can be considered as one o f the u n k n o w n 

states by expanding E q . 6.12 as; 

Xe(7xl) _ ^e(7x7)Xe(7xl) + F ( 7 x l ) W ( M ) 

Z(lxl) = Q(lx7)Xe(7xl) + V(lxl) 
(6.41) 

where r is the system noise vector, and y is measurement noise. The expanded state 

space (denoted by 'e ' ) mode l is g iven i n E q . 6.40, w h i c h can be re-writ ten as: 

""(6x1) 

"(1x1). 

A R 
^"(6x6) -""(6x1) 
0, (1x6) 0(1x1) 

Z(lxl) - 1̂ (1x6) 0(lxl). 

"1(6x1) 

a(lxl). 

*«(6xl) 
F 

"(1x1) 

+ r(7xl)W(lxl) 

"(lxl) 

(6-42) 

The state vector can be estimated through the expanded disturbance K a l m a n F i l t e r o f the 

Spindle-Integrated Force Sensor system as: 
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xe =Aexe+ K(z -z) = Aexe + K(z - Ce xe) 

*o = Co Xe = Fa> Where Co = [0(1x6) 1] 

where K is the continuous K a l m a n F i l t e r gain. The transfer funct ion o f the K a l m a n Fi l te r 

can be der ived from the above equation as; 

p .\C0adj[sI-(Ae-KCe)]K 

" \ det[s/ - (Ae - KC.)] 
Fa I Fm

 m 

(6.43) 

F o r this case the measurement noise covariance, R, the system noise covariance, 

Q, and the system noise vector, T, are: 

*„=[32.58j e „ = M r„=[0 ( l > ( ) l] r 

K =. [36.671 Qw = [le9\ T„ = [o(lx6) l] r (6.44) 

J?==-[55.84l-e==[lc7l r a=[0 ( l x 6 ) i f 

The corresponding error covariance matrices i n each direct ion are: 

0.0079 0.0001 -0.0471 0.0000 0.0377 0.0000 0.0096" 
0.0001 0.0948 0.0006 -0.1503 0.0003 0.0642 0.0370 
-0.0471 0.0006 0.3019 0.0004 -0.2556 0.0002 0.0453 
0.0000 -0.1503 0.0004 0.2562 0.0002 -0.1172 0.0328 
0.0377 0.0003 -0.2556 0.0002 0.2349 0.0001 0.0343 
0.0000 0.0642 0.0002 -0.1172 0.0001 0.0591 -0.0024 
0.0096 0.0370 0.0453 0.0328 0.0343 -0.0024 3.7728 

x 1<?5 

Pyy = 

0.0349 0.0003 -0.1383 -0.0009 0.1397 
0.0003 0.2783 0.0011 -0.5600 -0.0009 
-0.1383 0.0011 0.5589 0.0003 -0.5748 
-0.0009 -0.5600 0.0003 1.1504 0.0003 
0.1397 -0.0009 -0.5748 0.0003 0.6033 
0.0003 0.1441 -0.0003 -0.3020 0.0002 
0.0060 0.0161 -0.0082 -0.0118 0.0134 

0.0003 0.0060 " 
0.1441 0.0161 
-0.0003 -0.0082 
-0.3020 -0.0118 
0.0002 0.0134 
0.0810 0.0041 
0.0041 0.3480 

x le6 
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0.0007 0.0000 - 0.0049 - 0.0000 0.0064 0.0001 0.0008 ' 

0.0000 0.0098 0.0000 -0.0510 -0.0001 0.0188 -0.0025 

•0.0049 0.0000 0.0511 0.0000 -0.0759 -0.0004 -0.0045 

P„ = I - 0.0000 - 0.0510 0.0000 0.3028 0.0007 -0.1221 0.0364 | x k?4 

0.0064 -0.0001 -0.0759 0.0007 0.1243 0.0018 0.0585 

0.0001 0.0188 -0.0004 -0.1221 0.0018 0.0586 0.0954 

0.0008 -0.0025 -0.0045 0.0364 0.0585 0.0954 2.5699 

The K a l m a n F i l t e r gains us ing E q . 6.27 for each axis o f the sensor w h i c h min imize s the 

error covariance matr ix , P , are: 

K„ = f-1.20el 8.67el 1.68e2 1.03e2 7.45el 3.89el 5.54e3JT 

Kyy = f-l. 79e2 5.14e2 6.87e2 -3.52e2 -2:53e2 1.43e2 5.22e3]T (6.45) 

Kzz = [1.42E-1 2.63 -4.38-7.85 1.58el 2.54el 4.23e2]T 

The actual force appl ied at the tool t ip is evaluated f rom the spindle sensor by app ly ing 

discrete t ime doma in recursive fdter E q . 6.17 at each sampl ing instant, where the 

measurements from the Spindle-Integrated force (Fm) sensors i n X , Y , and Z directions 

are col lected. 

E X P E R I M E N T A L V E R I F I C A T I O N 

The mode led Frequency Response Func t ion ( F R F ) o f the uncompensated force 

sensor system ( E q . 6.38,0(5) = FmIFa), the F R F o f the K a l m a n F i l t e r for force ( E q . 6.42, 

GPaiFm (5) = F

a

 1 F m )> a n c * the F R F o f the compensated system ( O x G A / f J are i l lustrated i n 

F igure 6.9 for three force measurement directions. The cascaded response i n X direct ion 

shows that the system does not have a perfect uni ty ga in at the regions o f moda l 

frequencies, as shown i n Figure 6.9 (a); however , the ampli f icat ions o f force 

measurements at these regions are s ignif icant ly reduced w i t h the K a l m a n F i l t e r . The 

compensated response i n Y direct ion shows an almost perfect uni ty ga in and the 
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magnitude drops at h igh frequency regions. There are two l o w and one strong h igh 

frequency modes (224, 300, and 820 H z ) i n Z direct ion. The cutt ing forces i n Z direct ion 

are a lways dominated by a static (dc) component, and harmonic (ac) components have 

l o w ampli tudes i n m i l l i n g [Alt intas 00]. The K a l m a n F i l t e r has been designed to 

attenuate ac components w h i c h are dominated by the structural modes. T h e compensat ion 

strategy creates phase delays i n a l l directions. A l t h o u g h a phase compensat ion technique 

is t r ied on the filters, the result is an increased computat ion complex i ty without 

significant gains in moni to r ing cutting forces where the correct magnitude is more 

important than the delay. E v e n i n adaptive control o f cutt ing forces, the feed cannot be 

changed i n less than 0.03 seconds due to the large inertia o f the table and l o w bandwidth 

o f the feed dr ives . Hence , the delay does not cause any inconvenience i n mon i to r ing the 

forces. 

The K a l m a n F i l t e r transfer function between the estimated actual force at the tool 

t ip, Fa, and the measured force at the spindle housing, Fm, can be obtained i n three 

directions us ing E q . 6.42 as: 

5540s6 +5.358e6s5 +3.835ells4+2.197el4s3 +7.635el8s2+2.111e21s + 4.317e25 
Gxx-

F - I F - s7 +7076s6 +9.38e7ss +4.272ells" + 2.36el5s3 +7.753el8s2 +1.693e22s + 4.146e25 

5222s6+3.149e6ss+5.039el Is4+2.035el4s3 +1.593el9s2+3.231e21s + 1.645e26 
y y F - I F - " s7 +7708s6 +1.26e8s5 +6.713ells4 +4.918el5s3 +1.878el9s2 +6.047e22s + 1.675e26 . 

_ 423.1s6 +3.248e5s5 + 1.364el0s4 +4.824el2s3 +6.555el6s2 +1.051el9s + 7.906e22 
ZZFJF. ~ s7 + )265s 6 +3.275e7s5 +2.548el0s4+1.62el4s3+9.007el6s2 +2.024e20s+7.577e22 

(6.46) 
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Freq. [Hz] 

(a) The mode l ( G(s) = Fm I Fa), the K a l m a n F i l t e r ( Gp (s) = Fa / Fm ), and the 

cascaded (G(s) x Gp / F (s)) F R F s i n X di rect ion. 
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(b) The mode l (G(s) = Fm/Fa), the K a l m a n F i l t e r (GF / F (s) = Fa IFm), and the 

cascaded (G(s) x GF / F (s)) F R F s i n Y di rect ion. 
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Figure 6.9 F R F s o f the measured, the K a l m a n Fi l te r , and the compensated Sp ind le -

Integrated force sensing system 

The cutt ing tests are performed w i t h spindle speeds ranging f rom 1000 rev /min to 

12,000 r ev /min where the ax ia l depth o f cut is 2 m m and the cut t ing cond i t ion is slott ing. 

The cut t ing test results for a spindle speed o f 1000 rev /min , or w i t h the tooth passing 

frequency o f 83.35 H z are g iven i n F igure 6.10. The reference cutt ing force i n Z direct ion 

has very few ac components. W h e n the spindle speed is increased to 6000 rev /min , the 

tooth pass ing frequency (500 H z ) coincides w i t h the first natural frequency i n X axis o f 

the spindle sensor. The force ampli tude measured f rom the spindle sensors increased by 

three times. H o w e v e r , the K a l m a n F i l t e r compensates the dynamic ampl i f i ca t ion due to 

the first mode, and brings the force to the leve l p rov ided by the dynamometer , see F igure 

6.11 (a). The cutt ing forces i n Y direct ion are s l ight ly ampl i f i ed due to the modes i n Y 
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direct ion, see F igure 6.11 (b). The smal l ac component i n the Z d i rec t ion leads to 

distort ion o f the cutt ing forces by the l o w frequency modes o f the spindle structure. The 

K a l m a n F i l t e r compensates them signif icant ly as shown i n F igure 6.11 (c). A t 9000 

r ev /min the tooth passing frequency is 750 H z w h i c h is beyond the two modes i n Z 

direct ion, but very close to the second mode (719 H z ) i n X , and the first mode (785 H z ) 

i n Y axes. Par t icular ly , the measured forces are severely ampl i f i ed i n Y direct ion. The 

compensated force measurements are s t i l l i n good agreement w i t h the reference forces i n 

a l l three directions, as shown i n F igure 6.12. W h e n the speed is increased to 12000 

rev /min , the tooth passing frequency becomes 1000 H z as i l lustrated i n F igure 6.13. The 

measured cutt ing forces from the spindle sensors are distorted by modes i n a l l three 

direct ions. H o w e v e r , the compensated cutt ing forces are s t i l l i n a reasonable agreement 

w i t h the reference forces. 

The disturbance K a l m a n Fi l te r w i t h the direct transfer functions successfully 

compensates the modes i n a l l three directions. The exc lus ion o f the accelerometer d i d 

not deteriorate the compensat ion, and the piecewise constant assumption satisfies the 

compensated results. 
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F igure 6.10 F i v e fluted cutt ing force measurements at 1000 r p m i n (a) X , (b) Y , and (c) Z 

direct ions. The figures are shown i n the t ime and frequency (normal ized w i t h the spindle 

freq.) domains . The spindle frequency at 1000 r p m corresponds to 16.7 H z . ('Ref.' 
denotes the reference cutting forces from the dynamometer at 1000 rpm, 'Fm' denotes the 

measuredforce from the Spindle-Integrated Force Sensor system, "and 'KF' denotes the 
Kalman Filter compensated cutting forces) 

(a) X direct ion 
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F igure 6.11 F i v e fluted cutt ing force measurements at 6000 r p m i n (a) X , (b) Y , and (c) Z 

directions. The figures are shown in the time and frequency (normalized with the spindle 
freq.) domains. The spindle frequency at 6000 rpm corresponds to 100 Hz. 
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(a) X direct ion 

Spindle Freq. and Harmonics 

(b) Y direct ion 
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F igure 6.12 F i v e fluted cutt ing force measurements at 9000 rpm in.(a) X , (b) Y , and (c) Z 
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freq.) domains. The spindle frequency at 9000 rpm corresponds to 150 Hz. 
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(b) Y direct ion 
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(c) Z direct ion 

F igure 6.13 F i v e fluted cutt ing force measurements at 12000 r p m i n (a) X , (b) Y , and (c) 

Z directions. The figures are shown in the time and frequency (normalized with the 
spindle freq.) domains. The spindle frequency at 12000 rpm corresponds to 200 Hz. 

In addi t ion to slot mach in ing experiments, the system has been tested on a number 

o f different configurations i nc lud ing l o w immers ion m i l l i n g where the forces have zero 
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values between the tooth impacts. The sample experimental results at 1000 and 6000 

r ev /min are shown i n Figures 6.14 and 6.15 where the w i d t h o f cut is o n l y 3 m m , and the 

tooth engagement is very short to test h igh ly dynamic cases. T h e ax ia l depth o f cut is 2 

m m . F igure 6.14 depicts the cutt ing forces at 1000 r ev /min where the reference forces 

and the compensated forces are almost ident ical . M o r e o v e r , it can be seen that the 

K a l m a n F i l t e r effectively compensates unwanted dynamics i n X and Y directions at 6000 

rev /min w h i c h corresponds to the tooth passing frequency o f 500 H z as shown i n F i g . 

5.22. H o w e v e r , the test is a severe case w i t h strong harmonics beyond the 1000 H z range 

o f the K a l m a n Fi l te r . Therefore the second harmonics o f the tooth pass ing frequency 

components (i.e., beyond 1000 H z ) are not effectively compensated due to the bandwid th 

o f the compensat ion scheme. 

(a) X direct ion 
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Force Measurements at 1000 RPM 
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(b) Y direct ion 

Force Measurements at 1000 RPM 
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F igure 6.14 F i v e fluted cutt ing force measurements at 1000 r p m i n (a) X , (b) Y , and (c) Z 

directions. The figures are shown i n the t ime and frequency (normal ized w i t h the spindle 

freq.) domains . The spindle frequency at 1000 rpm corresponds to 16.7 H z . ('Ref.' 
denotes the reference cutting forces from the dynamometer at 1000 rpm, 'Fm' denotes the 

measuredforce from the Spindle-Integrated Force Sensor system, and 'KF' denotes the 
Kalman Filter compensated cutting forces). 
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Force Measurements at 6000 RPM 

Spindle Freq. and Harmonics 

(a) X direct ion 

Force Measurements at 6000 RPM 
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Force Measurements at 6000 RPM 
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F igure 6.15 F i v e fluted cutt ing force measurements at 6000 r p m i n (a) X, (b) Y , (c) Z 

directions. The figures are shown in the time andfrequency (normalized with the spindle 
freq.) domains. The spindle frequency at 6000 rpm corresponds to 100 Hz. 
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6.3 CUTTING FORCE MEASUREMENT USING THE CAPACITANCE 

DISPLACEMENT SENSOR 

The measurement o f spindle shaft displacements is investigated as an alternative 

method to the Spindle-Integrated Force Sensors to measure cut t ing forces. The 

capacitance displacement probe is mounted on the outside o f the spindle hous ing through 

the mount ing bracket. The capacitance measurement system is insensit ive to over load 

and is not subject to wear because the sensors are not i n contact w i t h the spindle. The 

displacement sensor measures the distance to the target object (i.e., spindle shaft flange) 

over the spot size. The sensor measures variations i n the electr ical f ie ld as a voltage 

s ignal . H o w e v e r , changes i n the electr ical f ie ld may not a lways be caused by a var ia t ion 

i n the size o f the gap between the sensor head and the spindle flange. S ince the electric 

field o f the capaci t ive sensor reacts to air humid i ty or dirt o n the target surface, sl ight 

variat ions may occur i f the environment is not properly control led. One o f the challenges 

associated w i t h the force measurements us ing capacitance displacement probes is that the 

eccentrici ty o f the spindle and vibrat ions between the bracket and probe hinder 

measurements. Furthermore, the displacement, sensors are more prone to thermal growth 

w h i c h changes the overa l l transfer function as w e l l as the ca l ibra t ion factor. S i m i l a r to 

the S I F S system when the cutt ing force frequency contents are beyond the natural modes 

o f the spindle structure, the vibrations distort the displacement signals. T o compensate 

the effects o f the spindle dynamics , the same disturbance K a l m a n F i l t e r compensat ion 

procedure i n Sec t ion 6.2 is used to recover the. cutt ing force signals f rom the distorted 

displacement measurements obtained from the capacitance probe. 
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The tool is loaded statically, and the static def lect ion is measured f rom the 

capacitance probe, w h i c h leads to the cal ibrat ion o f the sensing system. The displacement 

sensor is statically calibrated i n X direct ion o f the machine to measure the cutt ing forces 

by app ly ing a gradual ly increasing load on the tool t ip w h i l e measur ing both reference 

force and displacement, as shown i n F igure 4.6. Disp lacement over force y ie lds the static 

compl iance Gs o f the spindle system, where the static stiffness Ks is the inverse value: 

G s = - | = J - = 0.02 [nm/N], Ks = 50 N/pm (6.47) 

The spindle structure is exci ted on the tool t ip by app ly ing a short impact w i t h an 

instrumented force hammer. The displacements are measured w i t h the Spindle-Integrated 

capacitance sensor. B o t h the impact force and displacement response o f the spindle 

structure are recorded synchronously and processed to obtain the transfer function o f the 

sensing system. The displacement transfer function (<Dd) is scaled w i t h the static stiffness 

Ks as shown i n E q . 6.47: 

^ 8 [m] TJ, _T) , SF [N] 
O d = — - — x K s [ N / m = F 1 J (6 48) 

d F [N] . F [N] K ' 

The static and dynamic cross talks are found to be negl ig ible for the displacement sensor. 

Therefore i n this study, the cutt ing force i n X direct ion measured f rom the capacitance 

sensor is used as an example case, and it can be extended to Y and Z directions us ing the 

ident ical procedure. 
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Figure 6.16 Transfer F u n c t i o n &d (co) = 5F (co) I Fa (co) i n X di rec t ion 

The transfer functions (®a(s) ) between the force appl ied at the too l t ip (Fa) and 

the calibrated displacement (8F) i n X direct ion are shown i n F igure 6.16 where the output 

measurements are transformed into N e w t o n . The first major resonance peak is at 

approximate ly 486 H z and the second mode is at 708 H z , and these modes originate f rom 

the bending o f the spindle and the tool holder at the tapered interface. The th i rd peak is 

at 934 H z , w h i c h is due to the tool holder assembly bending at the C A T 40 (7/24) spindle 

taper interface. 

The displacement sensor also records cutt ing forces caused b y spindle run out. 

P r io r to the compensat ion, the spindle run out is compensated by subtracting the air 

cutt ing measurements f rom the cutt ing forces where the spindle encoder is used as a 

synchroniza t ion c lock . D u r i n g the air cutt ing measurements, the tool needs to be 

engaged onto the workp iece without cutt ing the material to pre load the spindle shaft. 

W h e n the pre load is not appl ied dur ing the air cutt ing, the dc components o f the force 

from the displacement sensor cannot be measured properly. T h i s m a y be due to the slight 

var ia t ion o f the too l holder and the taper (7/24) interface, w h i c h causes s l ight t i l t ing o f 
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the tool holder wi thout touching the interface. S i m i l a r to the Spindle-Integrated Force 

Sensor system, the transfer function parameters o f the system are updated as a function o f 

the spindle speed (see A p p e n d i x D ) . 

The exper imental ly measured transfer function is identif ied by a moda l curve 

fit t ing technique as; 

-1 2 
«* • <»n,k (6.49) 

where k is the number o f modes, Sf is the measured force f rom the Spindle-Integrated 

force sensor, and F a is the appl ied force at the tool t ip. The moda l parameters i n three 

directions are g iven i n Table 6.3. The modal equation ( E q . 6.48) is expanded into 

p o l y n o m i a l forms as: 

4>(J): 
8F{s) b0s5 + 6,J 4 + b2s3 + b3s2 + b4s + b5 

Fa(s) s6 + a,i5 + a254 + a3s} + a4s2 + ass + a6 

_ 2.55e7s" + 1.43el0s3 + 8.39el4s2 + 2.43el7s + 5.89e21 
~ s6 +989s5 + 6.39e7s4 + 3.94el0s3 +1.19el5s2 + 3.62el7s + 6.35e21 

(6.50) 

Table 6.3 M o d a l Parameters obtained by Curve F i t t i ng the Transfer functions at the 

stationary spindle speed 

k con ( H z ) <f a 
1 486 0.050 6.00 
2 708 0.022 4.58 
3 934 0.041 1.71 

D Y N A M I C C O M P E N S A T I O N 

The same dynamic compensat ion procedure is used i n Sec t ion 6.2. The transfer 

functions g iven i n E q . 6.48 are mapped ind iv idua l ly for each axis into the f o l l o w i n g state 

space form; 
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x •= Asx + Bsu 
z - C x 

(6.1 ' ) 

where x is the state vector, u = F a is the input or the actual force appl ied to the too l , and 

z = 5 F is the measured cutt ing force from the displacement sensor. The K a l m a n F i l t e r is 

designed to reconstruct the actual force ( F a ) appl ied at the tool . 

j , " -a2 -"3 - a 4 -« 5 -"<, V l" 

x2 1 0 0 0 0 0 X2 0 

0 • 1 0 0 0 0 X3 0 X3 
+ 

i 4 
0 ' 0 1 0 0 0 *4 0 

X5 0 0 0 1 0 0 *5 0 

*6. 0 0 0 0 1 0 0 

(6.51) 

[*F]=[0 6, b2 b, b, b5] 

where the system p o l y n o m i a l parameters are g iven i n E q . 6.49. The system matrices are 

transformed into an equivalent system (i.e., x n = Tx ) by app ly ing the transformation 

matr ix T. The s imi la r i ty transformation matr ix , T, for the sensor system is found to be: 

T = diag([6.40el 1.05e6 6.59e9 3.52el3 6.20el6 1.48e20]) (6.52) 

The identif ied equivalent state matr ix i n X direct ion is: 

"-989 - 3898 --293.7 -2170 -321.3 -2756 

16384 0 0 . 0 0 0 

0 3192 0 0 0 0 

0 0 4096 0 0 0 

0 0 0 4096 0 0 

0 0. 0 0 2048 0 

B„ = [64 0 0 0 0 Of 

C„ = [0 24.38 1.67 23.84 3.372 39.88] 

144 



Xe(7xl) 

Chapter 6. Dynamic Compensation of Cutting Forces 

D I S T U R B A N C E M O D E L E X P A N S I O N 

The actual cut t ing force appl ied on the tool can be considered as one o f the 

u n k n o w n states. The expanded state vector is depicted as: 

= [x/ (ix6) Fa

TQxi)J, ue = [fj] (6.53) 

F o r the dynamic compensat ion us ing the capacitance probe, the measurement, system 

noise covariance, and the system noise vector, T, are: 

R = [56.59]; Q = [le9\ F = [o ( l x 6 ) l ] r (6.54) 

The K a l m a n F i l t e r gains for each axis o f the sensor that m i n i m i z e the error covariance 

matr ix , P, are: 

K = [-0.0192 0.0787 0.1889 0.1055 0.0089 0.0095 4.2034]Txle3 (6.55) 

The K a l m a n F i l t e r transfer function between the estimated actual force at the tool t i p , F a , 

and measured force at the displacement sensor, SF, can be obtained as: 

P _ \C0adj[sI-(Ae-KCe)]K]^ 

tet[sl - (Ae - KCe)} J (6.56) 
= GF.ISF

SF 

w i t h the f o l l o w i n g parameters: 

203s6 + 4.157e6s5 + 2.684ells4 + 1.657el4s3 + 5.015el8s2 + 1.521e21s + 2.671e25 (g 5-7) 
F ° , s ' s7 + 6144s6 + 8.224e7s5 + 3.308el Is4 + 1.843el5s3 + 5.317el8s2 + 1.14e22s + 2.474e25 

The mode led Frequency Response Func t ion ( F R F ) o f the uncompensated force 

sensor system ( E q . 6 .48 ,o r f (*) = 8F IFA), the F R F o f the K a l m a n F i l t e r for force ( E q . 

6.56, Gp l s (s) = FA 18F ), and the F R F o f the compensated system (®dxGF/s ) are 

illustrated i n F igure 6.17. S imi l a r to the force sensor compensat ion, the cascaded 

response i n X direct ion shows that the system does not have a perfect uni ty ga in at the 
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regions o f moda l frequencies, especial ly at anti-mode locat ions. H o w e v e r , the 

amplif icat ions o f the force measurements at these regions are s igni f icant ly reduced w i t h 

the K a l m a n Fi l ter . The compensat ion strategy creates phase delays o f 90 degrees at 500 

H z . 

1500 

K F F R F 

500 1000 
Freq. [Hz] 

1500 

Figure 6.17 F R F o f the measured, the K a l m a n Fi l te r , and the Compensa ted Indirect force 

sensing system i n X direct ion 

E X P E R I M E N T A L V E R I F I C A T I O N 

Identical cutt ing condit ions as the compensat ion o f forces for the S I F S (i.e., depth 

o f cut o f 2 m m , slotting) are used for the displacement sensor case. The cutt ing test 

results for a spindle speed o f 1000 rev /min , or w i t h the tooth pass ing frequency o f 83.35 

H z , are g iven i n F igure 6.18. The bandwidth o f the sensor (i.e., 350 H z ) is large enough 

to capture the first two harmonics o f the force measurements. Therefore, the 
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displacement sensor effectively measures cutting forces (see the spectrum contents at the 

tooth passing frequency). 

W h e n the spindle speed is increased to 6000 rev /min , the tooth pass ing frequency 

(500 H z ) becomes extremely close to the first mode (486 H z ) . Therefore, the dynamics 

o f the first mode distort the displacement measurements. The K a l m a n F i l t e r effectively 

compensates the distortions at the tooth passing frequency and its harmonics , and brings 

the force to the leve l p rov ided by the dynamometer, see F igure 6.19. 

A t 9000 rev /min , the tooth passing frequency is 750 H z , w h i c h is very close to the 

second mode (708 H z ) . The compensated force measurements are s t i l l i n good agreement 

w i t h the reference forces i n a l l three directions, as shown i n F igure 6.20. 

W h e n the speed is increased to 12000 rev /min , the tooth pass ing frequency 

becomes 1000 H z . The th i rd mode o f the structure dynamics has the highest magnitude, 

w h i c h is very close to the tooth passing frequency. Therefore, the forces measured from 

the Spindle-Integrated sensors are severely ampl i f i ed due to the dynamics , as shown i n 

F igure 6.21, where displacement sensor force signals are twice the measured reference 

force. The K a l m a n F i l t e r successfully compensates the distorted signals to match the 

reference force very c lose ly . 
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Force Measurements at 1000 RPM 
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Figure 6.18 F ive- f lu ted cutt ing force measurements at 1000 rpm. The figures are shown 

in the t ime and frequency (normal ized w i t h the spindle freq.) domains . The spindle 

frequency at 1000 rpm corresponds to 16.7 H z . ('Ref.' denotes the reference cutting 
forces from the dynamometer at 1000 rpm, 'Disp' denotes the measured force from the 

displacement sensor system, and 'KF' denotes the Kalman Filter compensated cutting 
force). 

Force Measurements at 6000 RPM 
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Figure 6.19 F ive- f lu ted cutt ing force measurements at 6000 rpm. The spindle frequency 

at 6000 rpm corresponds to 100 H z . 
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Force Measurements at 9000 RPM 
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Figure 6.20 F ive- f lu ted cutt ing force measurements at 9000 rpm. The spindle frequency 

N at 9000 rpm corresponds to 150 H z . 
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Figure 6.21 F ive- f lu ted cutt ing force measurements at 12000 rpm. The spindle frequency 

at 12000 rpm corresponds to 200 H z . 
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6.4 C O N C L U S I O N 

The Spindle-Integrated Force Sensor and the capacitance displacement sensor 

systems present a v iable solut ion to measure cutt ing forces i n p roduc t ion machines. 

H o w e v e r , once the spindle sensors are mounted on the spindle that is away f rom the tool 

t ip, the spindle dynamics affect the force measurements at the integrated sensors. .Thus, 

the compensat ion o f these spindle dynamics is paramount to acquire the accurate cutt ing 

forces at h igh speeds. The identif icat ion o f the spindle dynamics is carr ied Out us ing the 

experimental moda l analysis. B a s e d on the identif ied mode l o f the spindle dynamics , the 

disturbance K a l m a n F i l t e r method is used to compensate the dynamics . The cutt ing tests 

indicate that the bandwidth o f the compensated system is s ignif icant ly increased w h i l e 

compensat ing the influences o f the modes o f the spindle structure from 350 H z to 1000 

H z . The compar i son between the S I F S and the capacitance displacement sensor systems 

indicates that the capacitance sensor is more susceptible to temperature f luctuation and 

that constant preloads are required to remove any movement o f the too l holder inside o f 

the taper 7/24 interface. 
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CHAPTER 7. 

APPLICATIONS OF THE SPINDLE INTEGRATED FORCE 

SENSOR SYSTEM 

In this chapter, applications o f the Spindle Integrated Force Sensors are examined 

where the cutt ing forces are reconstructed us ing the disturbance K a l m a n F i l t e r . The first 

appl ica t ion o f the spindle sensors deals w i t h the on-l ine A d a p t i v e C o n t r o l w i t h Constraint 

( A C C ) through the use o f the Genera l i zed Predic t ive C o n t r o l ( G P C ) scheme. The G P C 

a l lows inc lus ion o f future transient changes i n cutt ing forces to control the feed rate o f 

the C N C system to main ta in the desired resultant cut t ing force. T h e proposed control 

scheme is implemented us ing the O p e n Archi tec ture R e a l - T i m e Opera t ing System 

( O R T S ) based on a D i g i t a l S igna l Process ing ( D S P ) board. The second appl ica t ion o f the 

sensors is the chatter detection. The chatter is caused by self-exci ted vibrat ions due to the 

interactions between the tool and the workp iece dynamics . Chatter v ibra t ion leads to 

accelerated too l wear and eventually to tool failures. The f i l tered cut t ing forces are 

ana lyzed i n the frequency doma in to detect the unstable cutt ing condi t ions (i.e., chatter) 

based o n the predetermined chatter thresholds. The th i rd appl ica t ion is too l breakage 

detection by est imating the residues o f the cutt ing process us ing the first order A u t o 

Regress ive ( A R ) filter. I f the residues o f the process violate the threshold l imi t s , the tool 

is assumed to be broken. The experiments are performed to ver i fy the usabi l i ty o f the 

spindle integrated sensors. 
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7.1 ADAPTIVE CONTROL WITH CONSTRAINT (ACC) 

In tradit ional C N C systems, the mach in ing parameters are selected for the worst 

case cutt ing condi t ion scenario according to handbooks or experience o f operators to 

a v o i d machine failures. Therefore, product iv i ty o f mach in ing processes suffers because 

C N C machines cannot fu l ly u t i l ize their peak performances. T o improve the product iv i ty 

and accuracy o f m i l l i n g operations, the adaptive control can be used to provide opt imal 

mach in ing parameters by adapting to the changes i n cutt ing condi t ions such as depth and 

w i d t h o f cuts. Several researchers have used A d a p t i v e C o n t r o l w i t h Constraint to 

m a x i m i z e cutt ing processes by main ta in ing cutting forces at desired ampli tudes [Tlusty 

77, Lauderbaugh 85, L i u 01 , Al t in tas 00, Al t in tas 94] . In this study, the A d a p t i v e C o n t r o l 

w i t h Constraint ( A C C ) based on the G P C a lgor i thm presented by Al t in t a s [Alt intas 00] is 

u t i l i zed to adjust feed rates o f the X Y table o f the m i l l i n g machine to keep the peak 

resultant force at a desired leve l to avo id excessive forces. S i m i l a r l y , the m a x i m u m force 

normal to the f inished surface can be constrained so that the static too l def lect ion is kept 

w i t h i n the tolerance. The cutt ing forces obtained from the spindle integrated sensors w i t h 

the disturbance K a l m a n F i l t e r are used to match the reference force. 

7.1.1 M A C H I N I N G P R O C E S S I N T H E A D A P T I V E C O N T R O L 

M a c h i n i n g process m a i n l y consists o f the C N C feed dr ive dynamics and the 

cutt ing process dynamics . F igure 7.1 depicts the overa l l C N C schematics where the input 

o f the m a c h i n i n g process plant is feed rate (fc) and the output is the resultant force appl ied 

at the too l t ip . The force appl ied at the tool t ip (Fa) is measured from the Spindle 

Integrated Force Sensor (S IFS) system w i t h the disturbance K a l m a n F i l t e r compensat ion 
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scheme. R u n out component o f cutt ing forces cause fluctuations i n the cutt ing forces 

w h i c h w o u l d send s imi la r f luctuating feed signals to the l o w bandwid th machine tool 

drives. T h i s is not desirable and many researchers have used the peak force at each 

spindle revolu t ion to m i n i m i z e the osci l la tory behaviour o f the control ler [Alt intas 00] . 

Reference 
Force 
Fr[N]+ 

> Q -

Feed Command 
fc [mm/s] 

Adaptive 
Control 

Algorithm 

Adjust 
control 

parameters 

CNC/Milling Process 

CNC 

CNC Machine Tool 

Feed Drive, 
Motors, and 
Feed Drive, 
Motors, and Cutting 
Amplifiers 

fa Process 

Measured 
• Cutting Force 
| from SIFS 
j Fa[N] 

actual 
Gm feed delivered 

Estimation of Machining Process 
Transfer Function 

Figure 7.1 B l o c k diagram o f a general adaptive control system i n m a c h i n i n g [Alt intas 00] 

The C N C and feed dr ive system can be approximated to be [Alt in tas 96, Spence 

91] : 

Gm(z) 
_ fgjz) _ (gp+g^ +g2Z~2) 

fc(z) \-Kz 
(7.1) 

where fa and fc are the actual output and c o m m a n d input values o f feed speed [mm/s]. 

Depend ing on the feed rate and spindle speed change, the servo transfer function 

parameters go, gi, g2, and hj w i l l vary. In any case, hi must be less than one to be stable. 

F o r the cutt ing process, the m a x i m u m cutt ing force no rma l to the machined 

surface acts approximate ly at the tool ends and the d imens iona l error left o n the part due 

to the end m i l l ' s f l ex ib i l i t y can be expressed by [Alt intas 96] : 
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SJk) = FgU) 

k, (7.2) 

where Fa(j) is the m a x i m u m cutt ing force normal to the f in ished surface at pe r iod j, and k, 

is the end m i l l ' s stiffness. The static tool deflection d iagram is i l lustrated i n F igure 7.2. 

Workpiece 

Figure 7.2 Static T o o l Def l ec t ion 

The m a x i m u m cut t ing force changes depending on the ax ia l (b) depth o f cut. The 

m a x i m u m cutt ing force can be expressed as: 

Fa(k) = Ksbhm(j) (7.3) 

where h m is the m a x i m u m chip thickness, and K s is the cut t ing coeff icient . In this 

analysis, the edge forces are assumed to be negl ig ib le . The ch ip thickness is also affected 

by the deflect ion o f the tools as shown i n Figure 7.3. 

hm{k) = c ( k - \ ) - 5 ( k ) + S(k-\) (7.4) 

where c is the feed rate [mm/tooth]. 
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— Commanded Position 
Actual Position 

cG-1) 

Figure 7.3 C h i p Thickness o f M i l l i n g Process 

B y c o m b i n i n g above equations (7.2 - 7.4), the f o l l o w i n g equation can be obtained: 

(7.5) 
K.b 

where 

c(j) [mm I tooth] = fa (j) [mm I sec] / Mn (7.6) 

M i s the number o f flutes and n is the spindle rotational speed [rev/sec]. Rear ranging E q . 

7.5 into the discrete transfer function o f the cutt ing process can be represented as: 

Gp(z) = 
fa(j) l + az 

where 
•;a = 

1 + // Mn (1 + ju) 

(7.7) 

(7.8) 

B y c o m b i n i n g the feed dr ive dynamics and cutt ing dynamics , w e can acquire the overa l l 

plant dynamics , Gc as; 
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_ B{z) _ Fa(z) _ (g0+g>z-l+g2z-2) B: 

(7.9) 

i Z - ' 

A(z) f (z) 1 -h,z l + az 

_ z [(b0 + bxz 1 + b2z 2) 

1 + axz~l + a2z'2 

where bo = go x /?, bi = gj x /J , b2 = g2 x /?, a\ = (-hi + a) and a2 = -hi x a. The plant 

dynamics can be represented as the s imple dynamic system, where the sampled input 

s ignal is the feed rate, fc(t), and the output signal is the resultant cut t ing force at the tool 

t ip, F a ( t ) ; 

A(q-1)Fa(t) = B(q-1)fc(t) (7.10) 

where A and B are po lynomia l s defined i n backward shift operator (q'1) as: 

A{q^) = \ + a,q-x +a2q-"2 

(7 11) 
B(q~l) = b0q-1 + bxq-2 + b2q'' 

The t ime v a r y i n g l inear plant dynamics parameters i n E q . 7.11 are estimated based on the 

Recurs ive Least Square ( R L S ) a lgor i thm. The detailed der ivat ion o f the R L S is depicted 

i n A p p e n d i x F . 

7.1.2 G E N E R A L I Z E D P R E D I C T I V E C O N T R O L ( G P C ) 

The Genera l i zed Predic t ive C o n t r o l ( G P C ) method [Clarke 88] uses a receding 

ho r i zon predic t ion approach where the control ler predicts the changes i n the control led 

variable that w i l l occur i n the future us ing present process knowledge and control . The 

predic t ion o f the process w e l l beyond the rise t ime gives the robustness w h i c h m a y lack 

i n other control methods such as a pole placement approach. F igu re 7.4 depicts the basic 

pr inc ip le o f the predic t ion control . The t ime scale is expressed i n terms o f sampl ing 

per iod w i t h discrete sample j. The predict ive control ler output (fc) is calculated as c lose ly 
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as possible to the desired reference force, F r , w i t h i n the m i n i m u m hor i zon , N j , and the 

m a x i m u m hor i zon , N 2 . A quadratic cost function, w h i c h is indica t ive o f the desired 

performance over the considered hor izon , is so lved through the op t imiza t ion procedure. 

The quadratic cost function i n the G P C is represented as: 

where F r(t+j) is a sequence o f future set points, Nj is the m i n i m u m predic t ion hor izon , N 2 

is the m a x i m u m predic t ion hor izon , N u is the control ho r i zon , and p is a control 

we igh t ing factor where higher p results i n less active control . The design parameters o f 

the G P C a lgor i thm are N j , N 2 , N U i and p t o m i n i m i z e the cost funct ion. The G P C 

a lgor i thm used i n this study [Alt intas 00] is described i n A p p e n d i x G . 

J = E £ (f + y) - Fr (t + j)f + £ p[Afc (t + j - l)]2 (7.12) 

Fr 

Past Future 
t+Nu 

Fc 

Control 
Horizon 

Prediction Horizon 

Figure 7.4 B a s i c P r inc ip le o f Genera l ized Pred ic t ion C o n t r o l Scheme 
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7.1.3 A D A P T I V E C O N T R O L I M P L E M E N T A T I O N W I T H T H E O P E N 

A R C H I T E C T U R E S Y S T E M 

The A d a p t i v e C o n t r o l w i t h Constraint ( A C C ) is performed w i t h the ver t ical 

mach in ing centre and the O p e n Archi tec ture R e a l - T i m e Opera t ing Sys tem ( O R T S ) . The 

O R T S , developed i n the Manufac tu r ing A u t o m a t i o n Labora tory , U n i v e r s i t y o f B r i t i s h 

C o l u m b i a , is a general purpose real-t ime operating system w h i c h runs on the D S P board 

(Spectrum D a y t o n a D u a l C6701 P C I ) connected to a host P C ( W i n d o w s N T ) . The 

cutt ing forces i n the feed and normal directions f rom the Spindle Integrated Force 

Sensors are fed into the interface board o f the O R T S . The output s ignal from the O R T S 

is connected to the C N C ' s feed over-ride potentiometer. The f l o w chart o f the adaptive 

control process is i l lustrated i n F igure 7.5. Firs t , the n o m i n a l feed rate, the spindle speed, 

and the machine coordinates are entered through the C N C commands . In addi t ion, the 

adaptive control parameters are selected through the O R T S script f i le . The desired 

resultant cut t ing force is set as 300 N . The sampl ing rate o f the open architecture system 

is selected at 4000 H z w h i c h is the m a x i m u m rate wi thout deterioration o f measured 

forces due to the l imi ta t ion o f the D S P board. T o prevent large transient surge i n the 

adaptive contro l , the desired force is incremental ly increased (i.e., 4 steps). The 

m a x i m u m and m i n i m u m feed rates are selected as safety l imi t s on the C N C feed dr ive. 

The script f i le o f the adaptive control i n the O R T S environment is depicted i n A p p e n d i x 

H . The disturbance K a l m a n Fi l ters i n the feed and no rma l directions are used to 

compensate the unwanted structure dynamics as i l lustrated i n Chapter 6. Furthermore, 

the compensated force signals are l o w pass fil tered to remove unwanted noise. 
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Figure 7.5 F l o w Char t for the Adap t ive C o n t r o l w i t h Constraint u s ing the Forces 

measured from the Spindle Integrated Force Sensors 
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Then , the resultant force is determined by ; 

F(J) = ^Fx\j) + Fy\j) (7-13) 

where Fx and Fy are the measured cutt ing forces i n the feed and no rma l directions at the 

sampl ing interval o f j. The ax ia l forces are assumed to be neg l ig ib le since the majori ty o f 

forces i n m i l l i n g operations is i n the feed and normal directions. S ince the bandwid th o f 

the C N C and the feed dr ive are less than 30 H z , the adaptive control frequency is selected 

at 25 H z . Therefore, the peak detection a lgor i thm is used to determine the peak force at 

every 1.6 revolut ions o f the spindle rotation. T h i s peak detection o f the resultant force 

also m i n i m i z e s run out effects w h i c h may cause f luctuation o f control signals. The peak 

cutt ing force is then checked w i t h the air cutt ing threshold to d is t inguish between cutt ing 

and non-cut t ing (i.e., air cutting) condit ions. In this appl icat ion, the air cut t ing threshold 

is set as 100 N . I f the peak cutt ing force is be low the air cut t ing threshold, the 

predetermined feed rate (i.e., m i n i m u m feed rate) is designed to operate the table without 

cutt ing. Converse ly when the peak force is above the threshold, the plant parameters are 

estimated from the Recurs ive Least Square a lgor i thm (see A p p e n d i x F ) . The in i t i a l R L S 

parameters are selected as 0.1, 0.001, 5 N , 1, and 0.01 for cj, C2, £, and in i t i a l 0 , 

respect ively. Consequent ly , the adaptive control ler (i.e., G P C ) determines the feed rate 

i n [mm/min] b y constraining the cutt ing force based on the reference force. The G P C 

parameters, Nj, N2, Nu, and p are selected to be 1,4, 1, and 0.2, respect ively. The feed 

rate c o m m a n d is converted to the voltage signal w h i c h is then fed into the potentiometer 

o f the feed rate control ler i n the C N C to adjust the feed rate o f the X Y table. The process 

iterates unt i l the desired pos i t ion is reached. 
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The three sets o f tests are performed us ing the f ive fluted end m i l l at 1000, 3000, 

and 6000 r ev /min to examine the adaptive control ler w i t h the forces measured from the 

spindle integrated sensors. The cutt ing profi le is shown i n F igure 7.6 where the depth o f 

cut varies from 0 m m to 2 m m w h i c h are chatter free condi t ions us ing the A l u m i n u m 

7050. In order to filter h igh frequency noise, the cutoff frequencies o f l o w pass filters 

are used as 300, 500, and 1000 H z for 1000, 3000, and 6000 r ev /min , respect ively. Table 

7.1 depicts the adaptive control parameters for the m a c h i n i n g tests, O R T S , G P C , and 

R L S . 

F igure 7.6 Cut t ing Prof i le 

A t 1000 rev /min , the resultant force and the feed rate are depicted i n F igure 7.7 

where the reference cutt ing force, F R , is selected as 300 N . There is 25 % overshoot o f 

the force at the first transient when the tool enters the workp iece . The resultant cutt ing 

force is general ly i n good agreement w i t h the reference force. F igu re 7.8 depicts the R L S 

parameter adaptations where the plant parameters change w i t h respect to the different 

workp iece geometry. 
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1 In F igure 7.9, the same reference force is used to control the feed rate at 3000 

rev /min . The m a x i m u m feed rate is chosen as 1500 m m / m i n . The measured resultant 

peak force general ly fo l lows the reference force except at the last por t ion o f the cut where 

the depth o f cut is 1 m m . Th i s phenomenon is caused by the R L S a lgor i thm w h i c h may 

not be fast enough to converge (see F igure 7.10). 

A t 6000 rev /min , the tooth passing frequency is 500 H z c o i n c i d i n g w i t h the first 

mode o f the spindle (see F igure 7.11). Therefore, the disturbance K a l m a n F i l t e r 

compensat ion o f the unwanted dynamics is essential. The adaptively contro l led force is 

c lose ly matched w i t h the reference force at 300 N w i t h some deviat ions. These 

deviations m a i n l y come from the smal l bandwidth (25 H z ) o f the adaptive control scheme. 

F o r a l l three cases, the feed rate suddenly surges w h e n the tool par t ia l ly exits the 

workp iece . D u r i n g this instance, the cutt ing force is beyond the air cut t ing constraint (i.e., 

100 N ) and the control ler tries to ramp up the feed rate to match the reference force. T o 

prevent these phenomena, a more sophisticated a lgor i thm m a y be needed to m i n i m i z e the 

sudden surge o f the feed rate w h e n the tool exits the workp iece . 
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Table 7.1 A C C Exper iment Parameters 

Machine Operating parameters 
Speed 1000 r ev /min 3000 r ev /min 6000 r e v / m i n 
N o . o f Flutes 5 5 5 
S a m p l i n g Rate 2500 H z 2500 H z 2500 H z 

A d a p t i v e 25 H z 25 H z 25 H z 
C o n t r o l 
Frequency 
L o w Pass F i l t e r 200 H z 500 H z 800 H z 
C u t o f f 
Frequency 

ORTS parameters 
Speed 1000 r ev /min 3000 r e v / m i n 6000 r e v / m i n 
Reference Force 300 N 300 N 300 N 

M a x i m u m Feed rate 1000 m m / m i n 1500 m m / m i n 3000 m m / m i n 

No. o f steps to Reference Force 4 4 4 

M i n i m u m F e e d rate 100 m m / m i n 500 m m / m i n 1000 m m / m i n 

A i r Cu t t ing Thresho ld 100 N 100 N 100 N 

GPC parameters 
N, 1 

N2 
4 

Nu 1 

P 0.2 

RLS parameters 

Cl 0.1 

C2 0.001 

a 1 

X 1 

£ 5 N 

6T
 Mt = [a x , a 2 , b 0 , b x , b 2 ] [0.01 0.01 0.01 0.01 0.01] 
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7.2 C H A T T E R V I B R A T I O N D E T E C T I O N 

The detection and m i n i m i z a t i o n o f chatter vibrat ions i n m i l l i n g operations are 

paramount to achieve accuracy and product iv i ty . The theory o f chatter i n meta l cutt ing 

has been established since 1950's by Tobias [Tobias 65] and T lus ty [Tlusty 67, 86]. 

A c c o r d i n g to the literature, the pr imary cause o f chatter for most o f the mach in ing con

dit ions is the regeneration effect. Chatter stabilities have been c o m m o n l y expressed by 

stabil i ty lobe diagrams, w h i c h plot the boundary that separates stable and unstable 

m a c h i n i n g i n the form o f ax ia l depth o f cut l imi ts versus spindle speeds for a specific 

radial w i d t h o f cut and a workpiece-cut t ing tool combina t ion . U n l i k e the t ime domain 

chatter stabil i ty solutions presented by others, Al t in tas and B u d a k [Alt intas 95, B u d a k 95] 

so lved chatter stabil i ty lobes us ing the analyt ical frequency d o m a i n predic t ion where the 

dynamic m i l l i n g process was mode led by consider ing the Four i e r series expans ion o f the 

t ime va ry ing m i l l i n g coefficients. 

The on- l ine detection and suppression o f chatter vibrat ions are proposed by Smi th 

[Smi th 89] and Ta rng [Tarng 94] by matching the tooth passing frequency w i t h the on

l ine detected chatter frequency. Th i s w o u l d provide the highest s tabil i ty lobe but does not 

provide the chatter free depth o f cut. Al te rna t ive ly , W e e k [Week 75] proposed to 

suppress the chatter by automatical ly reducing the ax ia l depth o f cut. A l t h o u g h the latter 

procedure reduces the product ivi ty , it a lways suppresses chatter vibrat ions and is 

especia l ly appl icable for the l o w speed applications. In this study, the analyt ica l stabil i ty 

lobes are obtained based on the w o r k o f Al t in tas and B u d a k [Alt intas 00] . The cutt ing 

forces measured f rom the Spindle Integrated Force Sensors are used to determine the 
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chatter free condit ions by examin ing the frequency doma in components o f the force 

spectrum at a part icular rotational speed. 

7.2.1 C H A T T E R D E T E C T I O N I M P L E M E N T A T I O N 

In order to obtain the chatter stabili ty lobes, informat ion about the workp iece 

mater ial , the radial w i d t h o f cut, the number o f flutes on the end m i l l , and the spindle 

dynamics are needed. The workpiece used i n the experiment is A l u m i n u m 7075 where 

the cutt ing constants are K t = 752 M P a , and K r = 0.3. The four fluted m i l l i n g cutter is 

used to simulate the stabil i ty lobes. The exper imental ly obtained transfer functions i n X 

and Y directions are depicted as: 

0 ( s ) = 

/ -1 2 

F«(«) f i r 2 ' - - ' 2 
(7.14) 

S + 2Cj°>n,jS + 

where j is the number o f modes, x is the displacement at the too l t ip and Fa is the appl ied 

force at the tool t ip. The moda l parameters i n X direct ion are ident i f ied as: 

(Onl 493 Hz 0.0555 ki 8.21e7N/m 

Q>n2 706 Hz 0.0254 k2 
8.32e7N/m 

(Qn3 897 Hz 0 0.0636 ks 3.96e7N/m 

The moda l parameters i n Y direct ion are identif ied as: 

(Onl 750 Hz Ci 0.0354 kj 7.86e7N/m 

(0n2 962 Hz C2 0.0408 k2 
4.80e7N/m 

B a s e d on the moda l parameters and cutt ing condit ions, the stabil i ty lobes for slott ing 

operations are s imulated (see F igure 7.13). The cr i t ica l chatter free depth o f cut, aum is 
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3.2 m m . B e l o w this depth, the machine w o u l d operate i n the chatter free cond i t ion at any 

rotational speed. 
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Figure 7.13 Stabi l i ty Lobes for the 4 fluted end m i l l w i t h S lo t t ing - A : 5560 r p m at 5 m m 

depth o f cut, B : 5560 r p m at 3 m m depth o f cut 

T w o experiments are performed w i t h the rotational spindle speed o f 5560 r e v / m i n 

at 5 and 3 m m depth o f cut to detect chatter vibrat ions. The measured cut t ing forces from 

the spindle integrated sensors are compensated us ing the K a l m a n Fi l te r . F igure 7.14 

depicts the resultant cutt ing force w i t h 5 m m depth o f cut at 5560 r ev /min . The tooth 

passing frequency o f the cutt ing operation is 371 H z . C l e a r l y , the frequency doma in 

components o f the resultant m i l l i n g force are severely ampl i f i ed at the chatter frequency 

(i.e., 880 H z ) . F igure 7.15 illustrates the frequency domain components o f the resultant 

cutt ing forces dur ing the stable cutt ing process where the depth o f cut is 3 m m . D u r i n g 

the chatter v ibra t ion , the cutt ing force magnitudes are ampl i f i ed by ten times compared 

w i t h the chatter free operation. The chatter threshold is selected to be 100 N w h i c h is 
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w e l l above the m a x i m u m ampli tude o f the chatter free cut t ing condi t ion . W h e n the 

frequency component o f the resultant cutt ing force violates the chatter threshold l imi t , the 

on- l ine moni to r ing a lgor i thm activates to reduce the depth o f cut to m i n i m i z e chatter 

vibrat ions. 
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Figure 7.14 Forces dur ing Unstable mach in ing i n Frequency d o m a i n at 5560 r p m 
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7.3 T O O L B R E A K A G E D E T E C T I O N 

Accura te and qu ick tool breakage detection c o u l d prevent catastrophic failures i n 

m i l l i n g operations. In this study, the tool breakage detection i n the N C m i l l i n g processes 

is presented by examin ing the cutt ing forces measured from the Spindle Integrated Force 

Sensors. Several researchers have investigated the tool breakage detection i n m i l l i n g 

operations. M a t s u s h i m a et a l . [Matsush ima 82] appl ied 2 8 t h order Au to -Regress ive filters 

to detect too l breakage us ing the spindle motor current. The same approach has been 

used by L a n et a l . [Lan 86] us ing the 15 t h order auto-regressive ( A R ) filters b y moni tor ing 

the cutt ing forces i n m i l l i n g . The biggest problems associated w i t h the h i g h order filters 

are that they require large computat ion t ime w i n d o w s and they cannot effectively 

d is t inguish tool breakages dur ing the stable cutting transients such as holes, entry and exit 

o f the workpiece , feed rate change, and change i n depth or w i d t h o f cuts. Al t in tas 

[Alt intas 88] proposed the first order A R filter to detect the too l breakage w i t h two 

residual indexes. The under ly ing pr inc ip le behind this approach is that the residuals, 

w h i c h are the difference between the measured and predicted forces based o n the A R 

filter, keep the large magnitudes when the tool breakage occurs. 

7.3.1 T O O L B R E A K A G E D E T E C T I O N I M P L E M E N T A T I O N 

The too l breakage detections are exper imental ly performed by measur ing cutt ing 

forces w i t h a good cutter and a broken four fluted end m i l l where one o f the flutes is 

damaged. T o investigate the cutt ing transients, the workp iece is mach ined w i t h the cutter 

i n fu l l i m m e r s i o n slott ing w i t h the hole i n the midd le as shown i n F igure 7.16. The 

cutt ing forces are reconstructed us ing the disturbance K a l m a n F i l t e r where the forces are 
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measured f rom the Spindle Integrated Force Sensors. The m a c h i n i n g condi t ions such as 

the spindle speed, the depth o f cut, and the feed rate are selected as 1000 r ev /min , 1 m m , 

and 0.1 mm/tooth , respect ively. 
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Figure 7.16 T o o l Breakage Detec t ion Test W o r k p i e c e ( A l u m i n u m 7050) w i t h the 

20 m m diameter hole 

A c c o r d i n g to Al t in tas [Alt intas 00], the first order A R process is sufficient to 

mode l the cutt ing process since the cutt ing forces are functions o f tooth pass ing and/or 

spindle frequencies w i t h their harmonics . Thus , the synchroniza t ion o f cut t ing force 

measurements w i t h the tooth passing frequency and the spindle encoder enables us to 

detect tool breakage. The average cutt ing forces per tooth pe r iod (m) is measured by: 

£ > / F * ( ' ) 2 + ^ ( 0 2 

Fa(m) = ^ = 
(7.15) 

where P is the number o f force samples col lected at tooth per iod , m. The average 

resultant cut t ing forces for every tooth per iod are shown i n F igu re 7.17 for both the good 

and the b roken too l . C l e a r l y , the average cutt ing force magnitudes o f the b roken tool are 
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s ignif icant ly higher (80 % higher) than that o f the good too l . S ince the b roken flute 

cannot remove the workpiece , the flute next to the b roken one has to remove the 

addi t ional workp iece mater ial . Th i s w o u l d cause rapid increases i n cutt ing force 

magnitudes. 
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400 
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(b) B r o k e n T o o l 

F igure 7.17 Ave rage Resultant Cu t t ing Force at every tooth per iod 

T w o indexes are used i n the tool breakage detection a lgor i thm [Alt intas 00] to 

Overcome the diff icul t ies associated w i t h the large run out. The first index is the residue 

o f the cutter process obtained by recurs ively estimating the first order A R filter to remove 

s l o w v a r y i n g dc trends caused by the changes i n the workp iece geometry. 

el(m) = (l-4lz-l)AFa(m) (7.16) 

where 0, is estimated f rom measuments AFa (m) us ing the Recur s ive Least Square ( R L S ) 

a lgor i thm and the difference i n average cutt ing forces is: 

AFa(m) = Fa{m) - Fa(m - 1) = (1 - Z-l)Fa(m) (7.17) 

The difference i n average cutt ing forces is used to determine the sudden changes i n the 

cutt ing process. H o w e v e r , the first residual index may not be enough to detect the tool 

breakage i f the run outs o n the cutter teeth are not the same. Therefore, the secondary 

177 



Chapter 7. Applications of the Spindle Integrated Force Sensor System 

moni to r ing index is der ived by r emov ing the run out o f each tooth b y compar ing the 

average force at each revolu t ion . The second residual index is shown as: 

£2(m).= (l-^z-l)ANFa(m) (7.18) 

where ANFa(m) = Fa(m) - Fa(m - N) (7.19) 

where 0 2 is estimated from measuments and 7Y is the number o f teeth. The dis t inct ion 

between the two indexes is that the first index uses the difference i n the resultant cutt ing 

force between one tooth interval and the second index uses the one spindle per iod (i.e., N 

= 4 flutes). The two first order A R filters are recurs ively estimated i n para l le l us ing the 

Recurs ive Least Square method out l ined i n A p p e n d i x F w i t h the f o l l o w i n g parameters i n 

Table 7.2. 

Table 7.2 R L S parameters for the tool breakage detection 

Cl 0.1 

C2 0.001 

a 1 

A 0.99 

£ 5 N 

61' init = <j>x - <p2 
[0.1] 

Pinit 10 

The two index residuals contain the influence o f run outs o n the cutter but not the cutting 

transients w h i c h are filtered by the a lgor i thm. I f the residue indexes are w i t h i n the 

specif ied thresholds, the cutter is assumed to be i n a good condi t ion . The thresholds are 

selected by sca l ing the m a x i m u m residuals by user defined sca l ing factors, cti and a2. 

Limit\ - ax m a x ^ ) , Limit2 - a2max(s2) (7.20) 
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The tool breakage occurs i f the residues exceed both the threshold l imi t s , L i m i t 1 and 

L i m i t 2. 

The first residue index (si) is estimated based on E q . 7.16 w h i c h is shown i n 

F igure 7.18 w i t h the good (a) and broken (b) tools. In para l le l , the second residue index 

( £ 2 ) is estimated based on E q . 7.19 w h i c h is shown i n F igure 7.18. Intui t ively, the 

threshold L i m i t s 1 and 2 are set as 100 N w h i c h corresponds to ai and # 2 as 2 and 1.25, 

respect ively. The first residue index (ei) concise ly distinguishes the differences between 

the good and the b roken tools. Furthermore, the residue from the b roken too l violates the 

threshold l imi t . S i m i l a r l y , the second residue index ( 8 2 ) shows s imi la r behaviours 

between the good and the broken tools. The residues from the b roken too l infringe the 

threshold l eve l . Therefore, tool failure is detected since both residues exceed the 

thresholds at the tooth per iod (m = 30) for the b roken too l . 
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F igure 7.18 T o o l Breakage Detec t ion Index (si) 
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F igure 7.19 T o o l Breakage Detec t ion Index ( 8 2 ) 

7.4 C O N C L U S I O N 

The Spindle Integrated Force Sensors system can be used i n wide areas o f 

machine tools moni to r ing . The three applications are presented i n this chapter i nc lud ing 

the A d a p t i v e C o n t r o l w i t h Constraint ( A C C ) , the chatter detection, and the too l breakage 

detection. The accurate cutt ing force measurements are c r i t i ca l i n a l l these mon i to r ing 

applicat ions. The reconstruction o f cut t ing forces us ing the disturbance K a l m a n F i l t e r 

effect ively provides the h i g h bandwidth sensor requirements. The A d a p t i v e C o n t r o l w i t h 

Constraint provides effective means o f increasing the m a c h i n i n g product iv i ty through 

adjustments o f feed rates by constraining cutt ing forces. The G P C scheme is used to 

consider the future and present events. The R L S a lgor i thm estimates the changing 

dynamics dur ing mach in ing . The experiments are performed through the open 

181 



Chapter 7. Applications of the Spindle Integrated Force Sensor System 

architecture system w h i c h enables the control o f the feed rates depending on the desired 

reference force. The detection o f chatter v ibra t ion i n mach in ing operat ion is important to 

main ta in qual i ty surface finishes. The cutt ing forces measured from the spindle sensors 

provide the sufficient informat ion as to whether the cutt ing operations are stable or not. 

Furthermore, the tool breakage detection is performed us ing a g o o d and a damaged tool . 

The two residual indices are examined to determine the tool breakage w h e n the residual 

indices exceed the threshold l imi ts . The experiments ver i fy the successful mon i to r ing 

strategies us ing the spindle integrated sensors. 
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CHAPTER 8. 

SUMMARY AND FUTURE WORK 

8.1 S U M M A R Y 

A Spindle Integrated Force Sensor (S IFS) system is conceptual ly designed and 

implemented i n this thesis. Piezo-elect r ic force sensors are instal led between the spindle 

hous ing and flange w i t h preloads. The shear and ax ia l forces are transmitted through the 

k inemat ic cha in o f too l , too l holder, spindle shaft, angular contact bearings, flange, 

sensors, and hous ing . The actual force appl ied on the tool t ip has to pass through the 

k inemat ic cha in where each component has structural dynamic f l ex ib i l i t y . Depend ing on 

the frequency contents o f the cutt ing forces, the structural dynamics o f the spindle 

assembly distorts the transmitted cutt ing forces a long the k inemat ic path. T h i s thesis 

presents s ignal processing methods w h i c h improve the accuracy and frequency 

bandwid th o f the overa l l spindle integrated force measur ing system. The fundamental 

challenges and corresponding contributions are summar ized as fo l lows : 

a. A n exis t ing spindle is instrumented w i t h force and displacement sensors. W h i l e the 

force sensors s l ight ly reduced the dynamic stiffness o f the spindle, they are shown to 

be less sensitive to thermal g rowth and spindle run-out than the non-contact 

displacement sensor. 

b. The structural dynamics mode l o f the spindle is developed. It is shown that the m a i n 

f lexib i l i t ies w h i c h affect the force t ransmission from the too l to the sensors are the 

too l holder , spindle shaft, and hous ing connections. T h e y have natural modes w i t h i n 

1000 H z , w h i c h is typ ica l for most machine tools. The ident i f ica t ion o f the structural 
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dynamics o f the system showed that the force sensors are not affected by the thermal 

expans ion o f the spindle shaft w h e n the heat is l o c a l i z e d at the bearings. The 

influence o f the speed on the dynamic mode l o f the spindle - sensor assembly was 

negl ig ib le at l o w speeds (i.e. under 5000 rev/min) , but the natural modes shift 

s l ight ly at h igher speeds. W h e n the sensor is used for finish m a c h i n i n g where the 

cutt ing forces have amplitudes under 100 N , the influence o f the speed must be 

considered i n the dynamic mode l . 

The bandwid th o f the proposed spindle integrated force sensors is found to be 350 

H z , w h i c h is already close to the bandwidth o f table dynamometers used as research 

instruments i n the laboratories. A disturbance K a l m a n F i l t e r is developed i n 

expanding the bandwidth o f the sensors from 350 H z to 1000 H z . T h e identif ied 

transfer function between the force at the tool t ip and the force measured at the 

sensor is converted into state space equations where the force at the too l t ip is 

considered to be an u n k n o w n input. The K a l m a n F i l t e r ' s ga in is ident i f ied o f f l i n e by 

us ing the variances o f measurement and disturbance noises. T h e measurement noise 

is ident i f ied from air cutt ing tests and electr ical noise, and the disturbance noise is 

tuned w i t h trials. The K a l m a n F i l t e r is designed to be t ime invariant , hence it is 

ident i f ied on ly once for the sensor assembly. The proposed K a l m a n F i l t e r effectively 

r emoved the dynamic distortions o f per iodic m i l l i n g forces caused by three structural 

modes up to 1000 H z . The performance o f the K a l m a n F i l t e r is p roven w i t h cutt ing 

tests up to 12000 r ev /min where the frequency content o f the cut t ing forces reach 

1000 H z . 
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A s an alternative to spindle integrated force sensors, a non-contact capaci t ive type 

displacement probe is integrated to the spindle housing. The same K a l m a n F i l t e r 

approach is appl ied successfully on the displacement sensor based force 

measurement system. H o w e v e r , the transfer function between the force appl ied at 

the tool tip and displacement measurement is shown to be sensitive to thermal 

expansion o f the spindle and spindle run-out. Hence , the displacement sensor based 

force measur ing methods require addi t ional f i l ter ing and ident i f icat ion o f the transfer 

funct ion as a funct ion o f t ime w h i c h is not as robust and pract ical as the Spindle 

Integrated Force Sensor system. 

W h e n the tool is replaced by an end m i l l hav ing a different d imens ion , the transfer 

funct ion o f the sensor system changes w h i c h requires t ime consuming re-

measurement and ident if icat ion o f the system dynamics . T h e thesis contributes a 

new method w h i c h a l lows mathematical assembly o f a spindle w i t h the k n o w n 

dynamics and analy t ica l ly predicted dynamics o f the too l . The receptance coup l ing 

o f the spindle and arbitrary tool structures require ident i f icat ion o f too l - holder jo in t 

dynamics w h i c h include both translational and rotational degrees o f freedom. A new 

method, w h i c h leads to identif icat ion o f rotational degrees o f freedom at the too l -

holder jo in t , is developed and exper imental ly proven. The proposed receptance 

coup l ing technique a l lows the use o f force sensors w i t h the K a l m a n F i l t e r wi thout 

hav ing to identify the system at each tool change. 

The proposed force sensing system has numerous applicat ions i n moni to r ing and 

control o f mach in ing operations dur ing product ion. The sensor is demonstrated to 

w o r k effect ively i n adaptive control o f m i l l i n g operations where the force is kept at 
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desired levels a long the tool path. A d a p t i v e Genera l i zed Pred ic t ive C o n t r o l is used i n 

con t ro l l ing the forces. The presence o f chatter is detected b y mon i to r ing the power 

spectrum o f cutt ing forces measured by the spindle integrated force sensor dur ing 

mach in ing tests. A s an example for tool condi t ion moni to r ing , the sensor signals are 

adaptively filtered w i t h an adaptive autoregressive filter w h i c h a l lows the detection 

o f tool breakage. The tool breakage detecting a lgor i thm is shown to be independent 

o f changes i n the workp iece geometry dur ing mach in ing tests. 

8.2 F U T U R E W O R K 

A l t h o u g h a nove l force measurement system is developed i n the thesis, its 

pract ical i ty can be improved by further research i n the f o l l o w i n g direct ions. 

The dynamics o f the spindle change w i t h different too l holders. T h e proposed 

receptance coup l ing technique for end m i l l s can be extended to inc lude too l holder-

spindle taper interfaces. 

The spindle speed influences the gyroscopic and centrifugal forces, w h i c h lead to 

changes i n the contact angle o f the bearings. Since the contact angles are d i rec t ly related 

to the bear ing stiffness, the transfer function o f the spindle integrated sensors become 

speed dependent. The mathematical mode l i ng o f the transfer funct ion as a funct ion o f 

spindle speed m a y el iminate the tuning o f the K a l m a n F i l t e r for each spindle speed range. 

H o w e v e r , the system transfer function becomes nonl inear w h i c h requires the 

invest igat ion o f a speed dependent K a l m a n F i l t e r design. 
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The structural dynamics o f the machine tool m a y va ry a long the tool path 

depending on the k inemat ic configurat ion o f its drives. In part icular, f ive axis machine 

tools and paral le l k inemat ic machine tools have va ry ing transfer functions w i t h i n their 

w o r k i n g space. The accuracy and pract ical i ty o f the proposed sensor system can be 

greatly improved i f the transfer function o f the sensors system can be mode led as a 

function o f machine tool k inemat ics and posi t ion. 

In addi t ion, the transfer function o f the system m a y change as a function o f 

temperature dis t r ibut ion i n the machine tool elements. The spindle can be equipped w i t h 

thermo-couples, and the transfer function o f the sensor system and the K a l m a n F i l t e r can 

be adaptively updated as a function o f temperature measurements., 
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APPENDIX A. 

UNKNOWN INPUT ANALYSIS (UIA) TO ESTIMATE THE 

APPLIED CUTTING FORCE 

The objective o f the dynamic compensat ion is to ga in the accurate est imation o f 

the appl ied cutt ing force at the tool t ip. W e treat the u n k n o w n input as. the desired 

appl ied cutt ing force as shown i n F igure 4.8. The u n k n o w n input and the state estimation 

is performed based on the reduced order transformations. In his recent paper, H o u [ H o u 

92] presented a des ign for reduced order observers for continuous t ime l inear systems 

w i t h u n k n o w n inputs. H e proposed to decompose the state equation o f the system into 

two subsystems where the first subsystem is independent o n the u n k n o w n input and the 

second subsystem is dependent on the u n k n o w n input. T o overcome the diff icult ies 

associated w i t h est imating the derivatives i n the continuous t ime domain , the discrete 

U n k n o w n Input A n a l y s i s ( U I A ) is used i n this study. The m o d e l used i n the U I A is 

obtained from the phys i ca l mode l , w h i c h is described i n Sec t ion 4 .22, to formulate the 

state space equation ( E q . 4.28). Once the continuous t ime state space equation is 

formulated, the equation is transformed to the discrete t ime b y us ing Tus t in 

approximat ion; 

2 z - 1 

^ 7 7 7 . <A» 

where the discrete sampl ing t ime, T s , is 0.1 mi l l i seconds i n this appl ica t ion. 

The equivalent discrete t ime L T I state space system can be depicted as; 
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x(k + 1) = Adx(k) + Bdii(k) 
z(k) - Cdx(k) ( A 2 ) 

where x is the state vector, A d is the system matr ix , B d is the input vector, C d is the output 

vector obtained from the phys ica l mode l , u = F a is the input or the actual force appl ied to 

the too l , and z = {F m } T is the measured cutting force from the spindle force sensor and 

vibrat ions. W h e n w e examine the state space equation, the size o f z is m x 1 , the size o f 

x is n x 7, and the size o f u is q x 1 . F o r our case, m , n , and q are 1 , 6 , and 1 , 

respect ively. The analysis tries to reduce the order i n the input vector by per forming the 

transformation i n the input vector, B d . F o r the reduced order design, E q . A 2 can be 

expressed as: 

z = [ c d \ cd2] 

- Cdxxx + Cd2x2 

x, eR""1 

( A 3 ) 

For the reduced order design, w e perform an equivalence transformation (i.e., x-Tx). 
The transformation matr ix , T , can be assumed to be 

T = [N Bd\ T'x = J 
M 

T~lT = F 'JN JB/ 
KN MBd . 0 V 

( A 4 ) 

where N is an arbitrary n x (n-q) matr ix . The transformation matr ix , T , needs to be 

invert ible and for s impl i c i ty , w e have chosen the transformation mat r ix as: 

T= ^ Bd ( A 5 ) 

The transformed state space equation based on E q . A 2 is shown as; 
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x(k +1) = Adx(k) + Bdu(k) 

y(k) = Cdx(k) 
( A 6 ) 

where 

Ad=r*AdT,Bd=r*Bd=[0 MBd]T=[o Iq]T, 

Cd=CdT={CdN CdBd] 
(Al) 

Then , E q . A 6 can be expanded as: 

X ! (k +1) AX2 x , (k) 
+ 

" 0 " 
x2 (k +1) _A21 A22_ x2(k) 

+ u(k) 

y(k) = [cdN CdBd] 
x2(k) 

( A 8 ) 

( A 9 ) 

S ince , E q . A 8 shows that the differential equation corresponding to the state sub-vector 

x 2 is di rect ly i n v o l v e d i n the u n k n o w n input u, we s imp ly drop this part. The above 

equations then become: 

x , (k + 1) = Ax j X [ (k) + Anx2 (k) 

xx(k) 
y(k) = [CdN CdBd] 

x2 (k) 

( A 1 0 ) 

( A l l ) 

I f C d B d is a fu l l c o l u m n rank matr ix , then there exists a non-singular mat r ix F . 

F = [CdBd Qu] = CdBd 

CdBd(2) 
CdBd(\). 

LU2. 

( A 1 2 ) 

( A 1 3 ) 

where Qu e mm<m"l),Ul e mq*m,U2 e 9 ? ( m - ? ) x m . The matr ix F is defined b y putt ing vector 

Qu as swi tch ing the rows o f C d B d vector. T h i s ensures that the mat r ix F is non-singular . 

P r e -mu l t i p ly ing both sides o f E q s . A 1 0 and A l 1 w i t h inverse o f F w o u l d make: 
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y = 
P i . 

y = 
, U 2 _ 

[CdN CdBd] 

UxCdN UxCdBd 

U2CdN U2CdBd lX2 

U>CdN Iq 

U2CdN 0 

( A 1 4 ) 

The above equation is expanded as: 

Uxy = UxCdNxx +x2 

U2y = U2CdNxx 

E q . A 1 5 can be rearranged as: 

/ x2 =Uxy-UxCdNxx 

E q . A 1 7 can be substituted into E q s . A 1 0 and A l l as; 

x, (k +1) = I ux, (*) + AX2 (Uxy(k) - UxCdNxx (k)) 

= (AXX- AX2UxCdN)xx (k) + Ax2Uxy(k) 

y2(k) = U2Cdmx(k) 

( A 1 5 ) 

( A l b ) 

( A 1 7 ) 

( A 1 8 ) 

( A 1 9 ) 

where y2(k) = U2y(k). E q s . A 1 8 and A 1 9 can be used to derive the ga in mat r ix , K, u s ing 

a K a l m a n filter (or A c k e r m a n ' s formula) . The discrete K a l m a n filter ga in is obtained by 

s o l v i n g the R ica t t i equation [ B r o w n 97, M e n d e l 95] . The measurement and system noise 

covariance, and the input vector are chosen as: 

* = l; Q = 
\el 0 

0 le8 
xrs; r = [l 1 1 1 i f ( A 2 0 ) 

The K a l m a n F i l t e r m o d e l then becomes as; 

% (* + !) = (A0- KC0)% (k) + B0y(k) 

where A0=Axx-Ax2UxCdN 

B0 =KU2+AX2UX 

C0=U2CdN 

( A 2 1 ) 

( A 2 2 ) 
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The u n k n o w n input u can be exp l i c i t ly shown from E q s . A 1 0 and A l l and w e can 

substitute x 2 (k +1) and x2(k)from E q . A l 7 and x, (k +1) from E q . A 2 1 to form; 

u(k) = x2(k + l)-A2Xxx(k)-A22x2(k) (A23) 

and estimated u n k n o w n input becomes as 

it (k) = Uxy(k + 1) - UxCdNxx (k + l)- A2xxx (k) - A22(Uxy(k) - UxCdNxx (k)) 

= Uxy(k +1)-U,CdN\\AQ -KC0)%(k) + B0y(k)} 

- A2Xxx (k) - A21 (U,y(k) - U,CdNxx (k)) 

= Uly{k +1) + a,*, (k) + a2y(k) 

where 

a, = UxCdNKU2CdN + UxCdNAnUxCdN-UxCdNAn -A2] +A22UxCdN 

a2=-U CdNKU2 - UxCdNAX2Ux -A22UX 

( A 2 4 ) 

( A 2 5 ) 

Thus , the estimated state vector xx(k) can be estimated from E q . A 2 1 and the u n k n o w n 

input can be estimated based on E q . A 2 4 . The l o w pass filter u s ing the 6 t h order 

But te rwor th filter w i t h the cutoff frequency o f 1500 H z was used to filter out any 

unwanted h i g h frequency noise. 

The cut t ing tests are performed from 1000 r p m to 12,000 r p m w i t h a f ive fluted 

end m i l l . The A l u m i n u m 7075 workpiece is slotted w i t h the h o f cut o f 1.5 m m . Figures 

A l to A 4 depict the experimental results and the compensated appl ied forces. E v e n 

though the compensated values are very close to the reference table dynamometer , the 

method has several shortcomings. The biggest p rob lem is c o m i n g up w i t h good values o f 

JV and Q matrices. The matrices are chosen us ing an ad -Hoc approach. Furthermore, 

ensuring the fu l l rank o f CdBd matr ix is diff icul t . In addi t ion, w e were not able to get the 

same performance as the disturbance K a l m a n F i l t e r (Chapter 6). 
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Force Measurements at 1000 RPM 
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Figure Al . F i v e fluted cutting force measurements at 1,000 r p m w i t h the p iecewise 
constant input. The top figure is shown in the time domain and the bottom figure is 

shown in the frequency (normalized with the spindle freq.) domain. Ref. denotes the 
reference cutting forces from the dynamometer at 1000 rpm, Fxm denotes the measured 

force from the spindle integrated force sensor system, UIO denotes the compensated 
cutting forces using the Reduced Order approach. 

Force Measurements at 6000 RPM 
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Figure A2. F i v e fluted cutt ing force measurements at 6,000 r p m w i t h the p iecewise 
constant input. The top figure is shown in the time domain and the bottom figure is 

shown in the frequency (normalized with the spindle freq.) domain. 
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Force Measurements at 9000 R P M 
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Figure A 3 . F i v e fluted cutt ing force measurements at 9,000 r p m w i t h the p iecewise 
constant input. The top figure is shown in the time domain and the bottom figure is 

shown in the frequency (normalized with the spindle freq.) domain. 
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Figure A 4 . F i v e fluted cutt ing force measurements at 12,000 r p m w i t h the p iecewise 
constant input. The top figure is shown in the time domain and the bottom figure is 

shown in the frequency (normalized with the spindle freq.) domain. 
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Appendix B. Analytical Frequency Response Function Derivations of Beam Models 

APPENDIX B. 

ANALYTICAL FREQUENCY RESPONSE FUNCTION 

DERIVATIONS OF BEAM MODELS 

Alte rna t ive to the F in i te Element method, the analyt ical analysis can be performed 

to obtain the F R F s o f s imple un i fo rm beams [Blev ins 79, S c h m i t z 00] . The analyt ical 

equations for F R F s contain both the r i g i d and non- r ig id receptances. The r i g i d part (i.e., 

zero H z component) consists o f r i g i d modes w i t h respect to translational and rotational 

modes. The non- r ig id part (i.e., n o n zero H z components) consists o f sums o f moda l 

transfer functions. Free-free mode shapes o f a beam can be depicted as; 

(Bl) cosh 
f 

cosh 1 + COS 1 sinh 1 + sin 1 

I L J I L J I I L J I L J ) 

where Oj (x) = c o s n , > 3 " ' — ° ° S ^ ' and Ai are found to be [ B l e v i n 79]: 
sinh A, - sin A, 

i 1 2 3 4 5 for i>5 

4.73004074 7.85320462 10.9956078 14.1371655 17.2787597 (2i + l ) / 2 

The natural frequencies and mass per area for the free-free beam w o u l d be: 

K EI (B2) 
L2 ^pL 

where E is the modulus , I is the second moment o f inert ia, L is the length, and p is the 

density. B a s e d on E q . 5.8, the translational transfer functions, H A ff can be shown as: 
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HAU,ff ~ Y + 2+2J-
ms ms 7 ^ m ( s 2 + 2<Dnt;s+con ) 

N _ J 3 V ' P i C L ^ i W 

m s 2 m s 2 ^ m ( s 2 + 2co n ^ s + c o n

2 ) 

where m = pL . The R D O F transfer function, HAfM is shown as: 

_-Vl2V3 ^ 9 ^ ) 9 ^ ) 
m L s 1 ^ m ( s + 2cont>+con ) 

^ * m L s 2 £ m ( s 2 + 2cD n t ;s+CD n

2) 

S i m i l a r l y , the R D O F transfer function, HAMM can be obtained as: 

M 12 ^ 9 i ( L ) 9 i ( L ) 

m L s M m(s +2conf;s+con ) 

17 - J . 2 . ^ 9 i ( 0 ) 9 i ( L ) 
m L s ' ~ l ' m ( s 2 + 2(onc;s+Q)n ) 

(B3) 

(B4) 

(B5) 

The above equations are used to simulate the F R F s o f the too l . T h e first 20 modes are 

considered and the damping ratio is chosen as 1 % for carbide tools . The compar i son o f 

F R F s obtained f rom the F E and the analyt ical models for s imple un i fo rm beams show 

min i scu le difference. 
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Appendix C. Dynamic Compensation Using the Receptance Coupled Dynamics 

APPENDIX C. 

DYNAMIC COMPENSATION USING THE RECEPTANCE 

COUPLED DYNAMICS 

This section depicts an exemplar case study for the receptance coup led dynamics 

w h i c h can be used for the dynamic compensat ion. The predicted dynamics between the 

tool t ip and the spindle integrated sensors are used i n the feed d i rec t ion compensat ion. 

The disturbance K a l m a n F i l t e r compensation, w h i c h is out l ined i n Chapter 6, is 

performed. The mode led Frequency Response Func t ion ( F R F ) o f the uncompensated 

force sensor system ( 0 3 1 ( s ) = F 3 1F, ), F R F o f the K a l m a n F i l t e r for force 

{GFIF (s) = FJ F 3 ) , and F R F o f the compensated system ( $ 3 1 ( s ) x G - / f (s)) are i l lustrated 

i n F igure C l . Sample cutt ing force tests are performed at 7000 r p m us ing the four-fluted 

end m i l l w i t h the mechanica l chuck. F igure C 2 depicts the cutt ing forces measured from 

the spindle sensors and the compensated forces us ing the K a l m a n F i l t e r . The reference 

cutt ing forces are also obtained from the table dynamometer . The spindle frequency and 

tooth passing frequency o f a four fluted end m i l l at 7000 r p m are 117.67 H z and 467.67 

H z , respect ively. S ince the first mode (432 H z ) o f the spindle sensor dynamics is very 

close to the tooth passing frequency, the cutt ing forces measured from the spindle 

integrated sensors are severely distorted. H o w e v e r , the K a l m a n filter compensates the 

dynamic ampl i f i ca t ion due to the first mode, and brings the force to the l eve l p rov ided by 

the reference table dynamometer . The experiment demonstrates that the receptance 

coupled dynamics successfully provide the mode l for the compensat ion method. 
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Figure C l . F R F o f the measured, K a l m a n F i l t e r and compensated spindle integrated 

force sensing system (Fitted FRF: FRF identified using the RC; KF FRF: FRF of the 
Kalman Filter; Combined FRF: Cross product of Fitted FRF and KF FRF) 

Figure C 2 . F i v e fluted cutt ing force measurements at 7000 r p m w i t h p iecewise constant 

input. The spindle and tooth passing frequency at 7000 rpm corresponds to 117.67 Hz, 
and 467.67 Hz, respectively. 
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Appendix D. Changing Dynamics of the Spindle due to the Spindle Speeds 

APPENDIX D. 

CHANGING DYNAMICS OF THE SPINDLE DUE TO THE 

SPINDLE SPEEDS 

The spindle system is one o f the most important parts o f a meta l cut t ing machine, 

and therefore understanding its dynamics direct ly affects the machine performance. The 

spindle bear ing system serves to center and h o l d the cutt ing too l dur ing mach in ing 

process such as d r i l l i ng , g r ind ing , m i l l i n g o f the w o r k piece under the effects o f cutt ing 

forces. The spindle bearing system should be designed i n such a w a y that it attains 

enough strength and stiffness as w e l l as un i fo rm balance to m i n i m i z e deflections w h i l e 

rotating [Koenigsberger 64] . The spindle bearing undergoes a severe v ibra t ion due to 

external cutt ing force, regenerative chatter, and out o f balance loads. 

B E A R I N G A N A L Y S I S 

A n g u l a r contact ba l l bearings are s t i l l w i d e l y used i n the industry instead o f other 

bearings o f h i g h stiffness (i.e., ro l le r bearings) m a i n l y due to their thermal stabil i ty. A s a 

rule o f the thumb [ N S K B e a r i n g M a n u a l ] , the first resonant frequency should be at least 

200 H z and the first resonant frequency should exceed the m a x i m u m spindle speed by at 

least 2 0 % . In addi t ion, the thermal effects should also be considered due to a h i g h 

rotational speed. The thermal effects are cr i t ica l because the damping and stiffness 

change. 
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Appendix D. Changing Dynamics of the Spindle due to the Spindle Speeds 

Centr i fugal forces and gyroscopic effects exist w h e n the spindle rotates at h igh 

speeds. These effects, a long w i t h the increase i n temperature, change the contact angle o f 

the bearings w h i c h results i n a decrease i n stiffness. Centr i fugal forces are dominant 

w h e n the spindle speed is less than 10,000 r p m resul t ing i n the enlargement o f the normal 

forces on the outer r i ng o f the bearing. Therefore, the contact angle decreases for the 

outer r i ng w h i l e the contact angle between the inner r i ng and the bear ing increases. The 

change i n the contact angle results i n the addi t ional centrifugal force (Fc) to balance the 

cutt ing forces as shown i n F igure D I [Abele 03] where F„ is the no rma l force at the 

contact locations. The dynamics o f contact bearings are non- l inear w i t h functions o f the 

amount o f loads, unbalance, and temperature gradients. The increase i n the speed also 

results i n enlargement o f the spindle shaft due to the temperature g rowth w h i c h then 

causes the d i la t ion i n the inner r i ng w h i l e the temperature o f the outer r i ng remains 

constant. The enlargement o f the inner r i ng part ly compensates the centrifugal effects 

since the contact angle between the inner r i ng and the bear ing decreases. Therefore, the 

increase i n the speed decreases the bear ing stiffness and these effects are more noticeable 

when the spindle speed increases beyond 10,000 r p m w h e n also coup led w i t h the 

gyroscopic moments . 

Fn 
LOW SPEED HIGH SPEED 

Figure D I . B e a r i n g D y n a m i c s depending on the spindle speed [Abe le 03] 
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Appendix D. Changing Dynamics of the Spindle due to the Spindle Speeds 

E m p i r i c a l studies [Warde 83] have been carried out to determine the effects to 

predict the stiffness change. The empi r ica l fo rmula g i v e n b y W a r d e for the static 

stiffness is ; 

ka = 3 . 4 4 e 6 x P J / 3 A r 2 / 3 ( s i n / ? ) 5 / 3 D 1 / 3 [N/m] ( D I ) 

kr = 0.64ka cot /3 [N/m] (D2) 

where ( 5 is the contact angle, Pa is the preload, D is the ba l l diameter, and TV is the number 

o f bal ls . The bear ing analysis is beyond the scope o f this study. Further details can be 

found i n [Harris 88]. M o r e detailed research is needed to understand the effects o f the 

pre load and changes i n the contact angle due to the temperature change. 

E F F E C T S O F S P I N D L E S P E E D O N T H E D Y N A M I C S O F T H E S P I N D L E 

T H R O U G H A N A L Y S I S O F T H E T R A N S F E R F U N C T I O N S 

The rotational speeds change the dynamics o f the spindle. Expe r imen ta l moda l 

analyses are performed to acquire the F R F s w i t h respect to the spindle rotat ional speeds. 

A deep groove b a l l bear ing is used to measure the transfer functions at var ious rotational 

speeds. Firs t , the ba l l bear ing is t ight ly secured to the carbide shaft. W h i l e the spindle 

rotates, the outer r i ng o f the bearing is secured w i t h a piece o f tape so that it w i l l not 

rotate w i t h the inner r ing . The input source is the impact force hammer , w h i c h is appl ied 

at the outer r i n g o f the bearing, and the output source is the laser sensor w h i c h measures 

the displacement o f the outer r i ng o f the bearing. F igure D 2 illustrates the experimental 

setup. 
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Figure D 2 . Exper imenta l M o d a l A n a l y s i s Setup w h i l e the Sp ind le Rotates 
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Figure D 3 . Natura l frequencies vs. Rota t iona l speeds 

F igure D 3 shows the effect o f natural frequencies w i t h respect to the rotational 

speeds. The rotational speeds o f the spindle changed the spindle dynamics due to several 

reasons. The first and second mode d id not drop s ignif icant ly . In contrast, the last mode 

dropped about 12 % . T h i s indicates that the last mode is more susceptible to the 
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centrifugal and gyroscopic effects. Furthermore, the damping ratio and the stiffness w i t h 

respect to the rotational speeds are not very conclus ive m a i n l y due to the inadequate 

fittings. The increasing rotational speed results i n the thermal g rowth o f the spindle 

bearings. The thermal effect on bearing preloads s ignif icant ly affects the stiffness and 

damping characteristics o f the spindle structure. In addi t ion, gyroscop ic and centrifugal 

forces w o u l d hinder the cr i t ica l speeds o f the spindle and natural frequencies 

[Dimarogonas 96]. Thus , the invest igat ion o f the rotating spindle dynamics is important 

especia l ly at h i g h speeds. E v e n though the rotating dynamics produce significant effects, 

a re la t ively smal l number o f studies has been performed o n the m o d a l analysis o f the 

rotating spindle due to pract ical diff icult ies. 

U N B L A N C E D F O R C E C O M P E N S A T I O N 

Unba l anced rotating components o f the spindle pose s ignif icant noise i n the 

measurements especial ly at h i g h rotating speeds. T h i s disturbance noise is caused by the 

eccentrici ty (or unbalance) o f the rotating spindle that exerts centrifugal forces. The 

equation b e l o w demonstrates the unbalance force where the r ight hand side o f the 

equation is the centrifugal force act ing on the unbalanced mass, m0 w i t h respect to the 

distance o f the unbalanced mass f rom the center, e, and the rotat ional speed o f the spindle 

is denoted as co,-. 

Mx + Cx + Kx- m0e(o2

r sinco rt (D3) 

The unbalanced forces are square functions o f the rotational speeds. F o r example, the 

compar i son o f unbalanced v ibra t ion occur r ing at 1000 r p m and 10,000 r p m w o u l d be 100 

t imes. 

211 



Appendix D. Changing Dynamics of the Spindle due to the Spindle Speeds 

These disturbances are distort ing the est imation o f the cut t ing forces because they 

appear as an addi t ional force i n the spindle integrated sensor w i t h i n the same frequency 

range as the real cut t ing forces. Therefore, it is not possible to e l iminate them by s imple 

f i l ter ing. The appropriate wa y to compensate these disturbances is to subtract these 

unbalanced forces, Fu, f rom the measured forces, Fc. 

Fm=Fc-Fu (D4) 

In order to compensate unwanted unbalanced forces, the ' a i r cu t t ing ' tests where the 

forces are measured wi thout cutt ing the w o r k piece at different spindle rotating speeds 

are performed. In order to synchronize the air cut t ing forces w i t h the measured forces, 

the spindle pos i t ion encoder has been u t i l i zed . Often, the air cut t ing force and the actual 

cut t ing force speeds vary. In these cases, the data are re-sampled to match between the 

two signals. Once the forces are synchronized for each revolu t ion , the air cut t ing forces 

are subtracted from the measured forces to acquire eccentric compensated forces. 

F igures D 4 to D l l show the air cut t ing forces from the spindle integrated force 

sensors and the table dynamometer. The left side o f the figures is i n the t ime doma in and 

the r ight side o f the figures is i n the frequency domain . The air cut t ing forces from the 

table dynamometer show that the eccentric forces are f luctuating approximate ly around 

+/- 5 N for up to 9000 rpm. A b o v e 9000 rpm, the air cut t ing forces s l ight ly increased. 

The air cut t ing forces from the force r ing exhibi t s ignificant eccentric noise w h i c h 

escalated as the spindle speed increased. Espec i a l ly at h i g h speeds (i.e., 10000 and 12000 

rpm), the disturbance w o u l d increase to +/- 80 N . A l s o , the frequency contents o f the air 

cut t ing forces w o u l d occur at the spindle frequencies and the second harmonics . One 

th ing to note is that dur ing rotational speeds be low 6000 rpm, a frequency content o f the 
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second harmonic is higher than the spindle frequency. O n e hypothesis o f this 

phenomenon w o u l d be that uneven temperature gradient m a y cause a shaft to bend. E v e n 

the structure bending modes w o u l d elevate the amplitudes o f the second harmonics . 

AirCutting Force Measurements at 1000 RPM 
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Figure D 4 . A i r Cu t t ing force measurements at 1000 r p m at the spindle integrated force 

r ing (top) and the table dynamometer (bottom) - Spindle frequency of 16.67 Hz. 
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F igure D 5 . A i r Cu t t ing force measurements at 3000 r p m at the spindle integrated force 

r ing (top) and the table dynamometer (bottom) - Spindle frequency of 50 Hz. 
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Air Cutting Force Measurements at 4000 RPM Air Cutting Force Measurements at 4000 RPM 

Time [s] 

(a) T i m e D o m a i n (b) Frequency D o m a i n 

F igure D 6 . A i r Cu t t ing force measurements at 4000 r p m at the spindle integrated force 

r ing (top) and the table dynamometer (bottom) - Spindle frequency of66.67 Hz. 

Air Cutting Force Measurements at 6000 RPM Air Cutting Force Measurements at 6000 RPM 

Time [s] 

(a) T i m e D o m a i n (b) Frequency D o m a i n 

F igure D 7 . A i r Cu t t ing force measurements at 6000 r p m at the spindle integrated force 

r ing (top) and the table dynamometer (bottom) - Spindle frequency of 100 Hz. 
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Air Cutting Force Measurements at 7000 RPM Air Cutting Force Measurements at 7000 RPM 
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F igure D 8 . A i r Cu t t ing force measurements at 7000 r p m at the spindle integrated force 

r ing (top) and the table dynamometer (bottom) - Spindle frequency of 116.67 Hz. 
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Air Cutting Force Measurements at 9000 RPM 
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F igure D 9 . A i r Cu t t ing force measurements at 9000 r p m at the spindle integrated force 

r ing (top) and the table dynamometer (bottom) - Spindle frequency of 150 Hz. 

215 



Appendix D. Changing Dynamics of the Spindle due to the Spindle Speeds 

Air Cutting Force Measurements at 10000 RPM 

(a) T i m e D o m a i n 

60 

2 40 

0 
I 

_60 
z 
I 40 

Air Cutting Force Measurements at 10000 RPM 

200 400 600 800 1000 1200 1400 1600 

20 1 

200 400 600 800 1000 1200 1400 1600 

(b) Frequency D o m a i n 

F igure D 1 0 . A i r Cu t t ing force measurements at 10000 r p m at the spindle integrated force 

r i ng (top) and the table dynamometer (bottom) - Spindle frequency of166.67 Hz. 
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F igure D I 1. A i r Cu t t ing force measurements at 12000 r p m at the spindle integrated force 

r i ng (top) and the table dynamometer (bottom) - Spindle frequency of200 Hz. 
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APPENDIX E. 

DISTURBANCE KALMAN FILTER COMPENSATION OF 

THREE DIRECTION CUTTING FORCES WITH THE 

CONSIDERATION OF THE CROSS TALKS 

In this appendix, the disturbance K a l m a n F i l t e r compensat ion w i t h a l l cross talks 

and phase synchroniza t ion is examined. E v e n though we inc luded a l l direct and cross 

transfer functions i n the K a l m a n F i l t e r design, the results d i d not improve compared to 

the K a l m a n F i l t e r on ly w i t h the direct transfer functions. The f o l l o w i n g results are 

obtained w h e n the K a l m a n F i l t e r is designed b y consider ing a l l direct and cross transfer 

functions together. It can be seen that the compensated transfer functions are s imi la r 

w h e n on ly the direct transfer functions are considered. The phases between X and Y 

direct ion forces are almost ident ical , hence the force measurement is accurate regardless 

o f the delay. Since the drives have on ly about 30 H z and spindles o n l y have about 5 H z 

bandwidth , it is not important to capture the correct ampli tude o f the force w i t h 1-2 ms 

delay, as l ong as the peaks are measured correct ly w i t h better than 80 % accuracy. ( T o o l 

run out, hard spots i n the material , chip s t ick ing and entangl ing affect the cutt ing force 

measurements even i n laboratory dynamometers) . The phase i n Z d i rec t ion is higher 

than i n X and Y directions, whether the cross talks are inc luded or not. The state vector 

size reaches 57 w h e n a l l the cross transfer functions are inc luded . T h e K a l m a n F i l t e r 

parameters are shown b e l o w where R, Q, and T are the measurement, the system noise 

covariance, and the system noise matr ix respect ively; 
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R = diag[32.5& 36.67 55.84]; Q = diag[l\eS 10e8 le8j T = 
0 ( l x J 4 ) 1 .0.4 0.6 

0.4 1 0.4 
1 

"(1x54) 

0 ( W 4 , 0.6 0.4 

where R is obtained from the measurements o f electr ical and air cutt ing disturbances, Q 

and T are obtained through the tuning. R e d u c i n g the order o f the K a l m a n F i l t e r w o u l d 

s impl i fy the implementa t ion w h i l e main ta in ing the same characteristics. T h r o u g h the 

balanced truncation method [Skogestad 96], the order o f the system has reduced from 57 

states to 20 states. 

P H A S E S Y N C H R O N I Z A T I O N 

The compensated force signals must be synchronized so that w e combine the 

signals at the right instance. W e attempted to synchronize the force measurements b y 

synchron iz ing the phase shifts i n direct and cross transfer functions. T o achieve this, w e 

converted the continuous K a l m a n F i l t e r transfer functions into the discrete K a l m a n F i l t e r 

transfer functions through a ' T u s t i n ' approximat ion by e q u a t i n g ' s ' into ' z ' domain . The 

mode led Frequency Response Func t ion ( F R F ) o f the uncompensated force sensor system 

(CD = F IF), the F R F o f the K a l m a n F i l t e r for force (G* ,„ = F IF ), and the F R F o f 
\ m a s * ^ Fa I Fm a m ' 

the compensated system ( O x G f a / F m ) are il lustrated i n F i g . B l . W e then identif ied the 

phase response o f the cascaded system (i.e.,<3>xGFa/Fm) and compared the direct transfer 

functions w i t h the cross transfer function cases. The differences i n phase are then 

converted into the number o f sample delays, and the delay buffers are added to the faster 

responses to synchronize the response. Th i s ensures that the compensated responses are 

correct ly combined due to the direct and cross transfer functions. B a s e d on Figures E l to 

E 5 , we can conclude that the cross talk terms el iminate ac components o f forces i n Z 
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direct ion. H o w e v e r , the cutt ing forces i n X direct ion, par t icular ly at 6000 rpm, are not 

. effect ively compensated compared w i t h the reference. T o conclude, the i nc lu s ion o f the 

cross talk terms complicates the compensat ion scheme and has posi t ive effects i n Z 

direct ion, but has adverse effects i n X direct ion compared w i t h the reference force. 

O v e r a l l , the design o f the independent K a l m a n Fi l ters us ing on ly direct transfer functions 

gives comparable results and the cross talk i n Z direct ion can be reduced i f the sensor 

contact surfaces are ground paral le l to each other w i t h better accuracy. K i s t l e r , w h o 

sponsored this project by p rov id ing the sensors, warned us about this p rob lem. T h e y 

recommended us to instal l a 10 m m sensor r i ng w h i c h was go ing to be manufactured by 

them. H o w e v e r , the spindle hous ing d i d not have a 10 m m space to insert the r i ng due to 

bearings. Therefore, w e had to take out the flange and Elec t ro Discharge M a c h i n e d the 

sensor holes but c o u l d not g r ind the faces o f the cast hous ing and flange. It should have 

been done before the machine tool was assembled i n the factory. 

xx 

I — - Model FRF 

Freq. [Hz] 

(a) 
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Figure E l . M o d e l , K F , and Cascaded Transfer functions i n c l u d i n g direct and cross talks 

(a) O x x , (b) O x y , (c) O x z , (d) <Dyy, (e) O y z , and (f) O z z 
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Force Measurements at 1000 RPM 
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F igure E 2 . F i v e fluted cutt ing force measurements at 1000 r p m w i t h (a) X , (b) Y , and (c) 
Z direct ions. The figures are shown in the time and frequency (normalized with the 
spindle freq.) domains. The spindle frequency at 1000 rpm corresponds to 16.7 Hz. 

('Ref.' denotes the reference cutting forces from the dynamometer at 1000 rpm, 'Fm' 
denotes the measured force from the spindle integratedforce sensor system, and 'KF' 

denotes the Kalman Filter compensated cutting forces). 
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(c) Z direct ion 

F igure E 3 . F i v e fluted cutt ing force measurements at 6000 r p m w i t h (a) X , (b) Y , and (c) 
Z direct ions. The figures are shown in the time and frequency (normalized with the 
spindle freq.) domains. The spindle frequency at 6000 rpm corresponds to 100 Hz. 
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Force Measurements at 9000 RPM 
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Force Measurements at 9000 R P M 

Spindle Freq. and Harmonics 

(c) Z direct ion 

F igure E 4 . F i v e fluted cutt ing force measurements at 9000 r p m w i t h (a) X , (b) Y , and (c) 
Z directions. The figures are shown in the time and frequency (normalized with the 
spindle freq.) domains. The spindle frequency at 9000 rpm corresponds to 150 Hz. 
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C o n s i d e r a t i o n o f the C r o s s ta lks 

Force Measurements at 12000 RPM 
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(c) Z direction 

Figure E5. Five fluted cutting force measurements at 12000 rpm with (a) X, (b) Y, and 
(c) Z directions. The figures are shown in the time andfrequency (normalized with the 
spindle freq.) domains. The spindle frequency at 12000 rpm corresponds to 200 Hz. 
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APPENDIX F. 

SYSTEM IDENTIFICATION USING THE RECURSIVE 

LEAST SQUARE METHOD 

The most common method to estimate a time varying linear process is through the 

Recursive Least Square (RLS) method [Ljung 87, Altitnas 00]. Consider a simple 

dynamic system where the sampled input signal is fc(t) and output signal is Fa(t). 

A(q-')Fa(t) = B(q-X)fc(t) (Fl) 

where A and B are polynomials defined in backward shift operator (q1) 

A(q~x) = \ + axq-x + a2q~"2 

l \ _ z. _ - l , L --2 , L _-3 (F2) 
B(q'l = b0q-' +b1q-z +b2q 

The above equation can be rewritten in a concise form as: 

Fa(t) = dTm 
W h e r C QT = ta»ai A A M ] and (F3) 

</> = [-Fa(t- \)-Fa(t - 2),fe(t. - l),fc(t - 2),fc(t - 3),] 

The parameter vector t9is estimated from measurements of input and output over 

N sampling time and by minimizing a cost function J(0);' 

J(9) = V e(t)2 - (Fa - cf,e)T(Fa - 00) 
k=\ (F4) 

= Fa

TFa - FJ</>6 - 0TfFa - 9Tf06 

Minimizing the error by differentiating the cost function and equating to zero would yield 

the estimated parameter to be: 
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e = bT*]x?Fa (F5) 

It can be shown that [L jung 87] the estimated parameter vector can be found i n recursive 

manner at each sampl ing interval by: 

d(t) = 0(t-l) + a(t)K(t)(Fa(t)-f(t)0(t-l)) (F6) 

P(t-\)<j>(t) 
K(t) = f (F7) 

A + <pT(t)P{t-\)</><t) K ) 

P{t) = j(p(t - 1) - a(t)K(t)f {t)P(t - 1)) (F8) 

. m=c^wk)+C21 <*» 
a{t)=\uf\FSt)-f(t)e{t-i)\>-2S ( F 1 0 ) 

[ 0 otherwise 

where A, is the forgetting factor. Ci and C 2 are greater than zero and 8 is an estimate o f the 

magnitude o f the tolerable f luctuation o f the output o f the process or noise. The smaller 

va lue o f X, the faster the a lgor i thm can track, but the estimate w i l l va ry even w h e n the 

true parameters are t ime invariant. Furthermore, the smal l X m a y also cause b l o w up o f 

the covariance matr ix , P, even i n the absence o f exci tat ion. 
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APPENDIX G. 

GENERALIZED PREDICTIVE CONTROL (GPC) 

ALGORITHM 

Genera l i zed Predic t ive C o n t r o l ( G P C ) is proposed as a "general purpose" 

adaptive control method by C la rke et a l . [Clarke 88]. The technique uses a receding 

ho r i zon predic t ion approach where the control ler predicts the changes i n the control led 

var iable that w i l l occur i n the future us ing present process knowledge and control . Based 

on a mode l o f the process, the control ler predicts future process responses i n terms o f free 

and forced responses. The free response includes the effect o f past and present inputs and 

assumes zero future control actions. Whereas the forced response considers the effect o f 

future control actions as shown i n F igure G l . 

Past Inputs Free Response Future 
Response Model 

Outputs > 

Model 

Forced 
Response 

Total 
Response -

Future Inputs Future Errors 
Optimization k-

Cost Function J 

Figure G l . B a s i c Structure o f Predic t ive C o n t r o l 
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A quadratic cost function w h i c h is indicat ive o f the desired performance over the 

ho r i zon considered is so lved through the op t imiza t ion procedure: 

f N2 Nu \ 

J = E\ Y}.Fa(t + j) -Fr(t + j)]2 + Y^pWAt + j - l)]2 (Gl) 

where F r(t+j) is a sequence o f future set points, Nj is the m i n i m u m predic t ion hor izon , /V 2 

i s the m a x i m u m predic t ion hor izon , N u is the control ho r i zon , and p is a control 

we igh t ing factor where higher p results i n less active control . 

The m i n i m i z a t i o n o f J i n E q . G l requires ./-step ahead predict ions of y(t+j). M o s t 

often, a Con t ro l l ed A u t o Regress ive M o v i n g Ave rage ( C A R I M A ) m o d e l o f the fo rm 

be low is used to describe the process: 

A(q-X )Fa (t) = B(q~x )fc (t - d) + Ce(t) IA (G2) 

where A = (1 - q" 1), F a ( t ) is output,/^(t) is input, d is delay, and e ( t ) is disturbance. C and 

d are assumed to be one. 

A ( q - x ) = \ + a i q - x + - + a n a q - " ° 
B ( q - l ) = b 0 + b i q - > + - + b „ b q - " b 

We perform part ial expansion o f the delay term by consider ing the f o l l o w i n g Diophant ine 

equation: 

\ = AAFJ(q-x) + q-}G}{q-x) (GA) 

where deg F = and deg G = degA = na. The above equation can be expanded as: 

F a ( t + j \ t ) = G j F a ( t ) + B F j A f A t + j - d ) (G5) 

The Afc term can exp l i c i t l y contain future Afc terms by d is t inguish ing the past through 

so lv ing the f o l l o w i n g the Diophant ine equation: 
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BFj =Ej(q-l) + q^Tjig-1) (G6) 

where deg E=j-1, and deg r = nb-1. The parameters, G, E, and r are recurs ively 

calculated. B y insert ing E q . G 6 into E q . G 5 , the predicted output becomes as: 

Fa(t + 710 = GjFa(t) + TjAfc(t -d) + EjAfc(t + j - d) 
Free Re sponse Forced Re sponse 

y = f + Ru 

(G7) 

The above equation can be rewrit ten as: 

y = f + Ru (G8) 

where 

y -

Fa(t + NX) 

Fa{t + Nx +1) 

Fa(t + N2) . 

>yv, FN X,N 

u -

A/c(0 
A / c ( 7 + l) 

#c(f + Nu -1). 

f = 

1). _ /N2 

( G 9 ) 

'N-,-Nu+\ >JV, 

y m = 
Fa(t + Nx+l) 

. Fa(t + N2) . 

R is a (7Y2 - 7Y/ +./) x JVw matr ix w h i c h is also k n o w n as the d y n a m i c matr ix . The 

expected value o f the cost function can be wri t ten as: 

/ - £ [ ( y - y m ) r ( y - y m ) + ^ r u 
(G10) 

= (Ru + f - y m ) r (Ru + f - y m ) + puTu 

The m i n i m i z a t i o n o f the above equation (i.e., dJ I du = 0 ) w i l l y i e l d to the f o l l o w i n g : 

u = (R rR + /c/r1R r ( G i l ) 

O n l y the first va lue o f delta u ( t ) is appl ied from the array u resul t ing i n the f o l l o w i n g 

s impl i f ica t ion : 
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A/ c (0 = r r ( y m - f ) = [l 0 0].(RrR + ̂ )- 'R r(ym-f) (G12) 

B y substituting Eqs . G 2 7 and G 2 9 into E q . G 1 2 yie lds the R S T control i n the form as 

shown i n F igure G 2 . , 

Fr T 
+ 

w R o fc 

A -

_B_ 
A 

R 

F igure G 2 . R S T C o n t r o l Scheme 

Fa 

R(q'X)fc(t) = T(q-l)Fr(t) ~ S(q-')Fa(t) 

where 

V 1 " 'GNl' 
\ + rT Tig'1) = rT 

3 
S(q-') - rT 

GNl_ 

(G13) 

(G14) 

where deg R = deg B, deg S = deg A , deg T = N2. S ince the mat r ix R is (N2 - N; +1) X 

T T 

Nu, w h e n w e choose Nu to be 1, R R matr ix is a lways invert ible or otherwise R R matr ix 

needs to be posi t ive semi-definite to be invert ible w h e n w e choose Nu to be greater than 1. 

/ 
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APPENDIX H. 

ORTS ADAPTIVE CONTROL SCRIPT FILE 

The O R T S script file to run the adaptive control is depicted be low: 

/****************************************************************************** j 
I* Adaptive Control Simon 03_Filter _ Adapted to ORTS Daytonal6 */ 
/* The adaptation is made on the estimated actual force at the tool tip . */ 
/* using 5 fluted cutter with Hydraulic chuck */ 
/* Cutting tests are performed on a FADAL VMC2216 Three Axis Machining Center */ 
/* */ 
/* Assumed cutting conditions: */ 
/* cutting conditions: Spindle Speed: 1000, 3000, 6000 [rpm] */ 
/* Adaptive control freq: 25 [Hz] */ 
/****************************************************************************** j 

DSP Daytona: 
Link logData (dsp2pc,Node_A,buffered,1000,10) ; 

FastCyclic control, Node_A, freq=4000: 
{ 

Link forceMeasurement(2),scaledForces(2),filteredForces(2), smoothedForces(2); 
Link peakForce(1), feedCommand(l), overrideVoltage(1), plantParameters(6); 
Link forcelprev(l), force2prev(l), feed2prev(l), feed3prev(l); 
/* Read the measured force at the spindle housing */ 
MFIO_ReadADC(1,2), output=(forceMeasurement); 
/* Scale the forces to be in Newton */ 
Gain(1000,1000), input=(forceMeasurement), output=(scaledForces); 
/* F i l t e r the measured forces to estimate the actual forces at the tool tip */ 
ControlFilter( 

2, // number of axis 
7,7,7,7, 

// disturbance Kalman F i l t e r polynomials at 4000 Hz 
// in X direction 
// Numerators 
0.36219097210, 
-0.69380873678, 
0.91427383747, 
-0.26802760099, 
-0.38529114072, 
0 . 91613107826, 
-0.63191736995, 
0.30496155841, 
// Denominators 
1.00000000000, 
-2.93340450360, 
5.39738449970, 
-6.19642608136, 
5.24773368662, 
-2.99298109062, 
1.19825989779, 
-0.22259253074, 
// in Y direction 
// Numerators 
0.31561274474, 
-0.31069874319, 
0.69143810488, 
0.02211436256, 
-0.02117166885, 
0.68841319731, 
-0.30079108663, 
0.28525927745, 
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// Denominators 
1.00000000000, 
-1.96546142533, 
3.87995498059, 
-3.8974'0964256, 
3.63696224226, 
-1.97254437414, 
0.91460935805, 
-0.20094693501 

), input=(scaledForces), output=(filteredForces); 
/* Apply low pass f i l t e r to get r i d of the measurement noise */ 
FastFilter(Lowpass,4000,16,500), input=(filteredForces), output=(smoothedForces); 
/* Calculate the resultant force */ 
PeakDetect(100,1), input=(smoothedForces), output=(peakForce); 
freq=l/160; // the PIMs beyond this point are executed at 25 

[Hz] 
/* Adaptation process */ 
Adaptive) 300, // reference force [N] 

1000, // maximum feedrate [mm/min] 
4, II number of steps to reference force [] 
.2, // lambda (feedrate fluctuation weight) [] 
500, // zero force feed [mm/min] 
100 ), // air cutting force threshold [N] 

input=(peakForce), output=(feedCommand, forcelprev, force2prev, feed2prev, • 
feed3prev, plantParameters); 

/* Calculate the override Voltage to be sent to the Machine Tool */ 
FeedrateScale( 1000, // commanded feedrate [mm/min] 

0, // minimum percentage feed override 
137.7551, // maximum percentage feed override 
1.45, // minimum feed override voltage 
10.0), // maximum feed override voltage 

input=(feedCommand), output=(overrideVoltage); 
/* Send override voltage to the machine tool */ 
MFIO_WriteDAC(1), input=(overrideVoltage); 
Log(l), input=(peakForce, feedCommand, overrideVoltage, plantParameters), 

output=(logData); 
} 
PC: 
priorityclass=normal; 
SaveToDisk("AdaptiveControlSimon03.log"), input=(logData), priority=Highest; 
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