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Motivation

e Drive nonlinearities cause machining errors

— cause of pasitioning error in workpiece cutting anc
— exacerbated when machining at high speeds and ct
— cause of damage to workpiece and cutting toals

. » Back

e Frictional errors o

— thermal expansion —im

— stick-dlip friction (stiction) — pit
e Compliance error

— vibration
— energy storage andrelee
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Objectives

e Using a generalized model of drive nonlinearit
todsmay be controlled more preasely and a
— mode nonlinea friction, kacklash and compli ance

— modd dynamic interadion lketween the componren
— apply model to, and werify using, datafrom actual

-
G Friction modeD...,_
'G Compliance model)
e pr— » Comple
k < Bac mo ) dyn
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Overall Approach

e Develop analytical model
— mode nonlinea friction, kacklash & compliance c

N\

* Develop system identification
— verify system |D procedure on simt

/

 |dentify machinetoad dynamics

— test system ID ontest bed and adual machin
— corrobarate known parameter values and pul
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Technical Detalls: Fric

‘e Static phenomena A -
— normal friction * Hysteretic
( increases with normal load ) _ presli din
— risingfriction ( hysteretic
Y ( increases with static contad time)/ — frictional
' ( hysteretic

[
)
wt
““““
)
wt
PR WL

(- Nonllnear frlctlon)

 Dynamic phenomena

— Stribeck friction
( describes transition from static to kinetic)
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Technical Detalls: Fric

f =friction force
Vv = relative velocity

<

f A

f A
&%
sy,
(/‘O
%
K
f = friction force %,

v =relative velocity ™

<

model discontinuity

at zero velocity- .

e Traditional model

— discontinuity from
static to kinetic

V

+ static friction

Hs-

St

model continuity
at zero velocity- .

e Modern mode

— capturesthedynarn
stictionand low v
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Technical Detalls: Bacl

y

y = output displacement
X = input displacement

plastic
-~ impact

deadband

e Traditional model

— the backlash has no
dynamic componrent

)

y = output displacement
X = input displacement

dead

* Modern mode! (I

— impact-induced \
Included in the
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Technical Details: Comg

f = spring force
X = relativedisplacement

£

e Traditional model

V

.-~ “linear” region

— gpringforceis

unimodal and linea

f

f = spring force
X = relative displacement

<

increasing
stiffness

e Modern model
— multiple mode:

spring forces
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“Technical Details: ID Pr

(¢ Nonlinear friction
* Nonlinear backlash PC Analytic
.» Nonlinear compliance

: : p h 4
E Arbitrarily speafied test ) ,C Simulate
parameter combinations i

A

v

(+ Testing & prediction )< (¢ Actus
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e Pros: Logarithmic decrement method < Cons

— static, kinetic, and viscous friction — req|
— linear compliance — pie
e Pros: Hilbert Transform e Cons
— kinetic and vscous friction — req
— unimodal nonlinear compliance — Sim
— badklash with impad ngl

(e Pros: Wavelet Transform

— multimodal noninea compliance
. — Cleaner data than Hilbert Transform
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e Uniquetest bed built for
experimentation & validation

— friction, kacklash & compliance
are arbitrarily adjustable

— can mimick various actual
machines and scenarios

— one of only two in the U.S.

dry friction

optical encoders
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Results: Objectives Acl

G Modeling)

— analytical models of nonlinear subsystems devel oy
— analytical moddl of full y-couded subsystems in sii

(e System ID)
— traditional methods extended to piecewise linear s\
— nonlinea Hilbert method \erified onfriction

G Actual machine dynamics)
— system ID techniques corrobarate puldished paranr
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Results: Friction ID EXxe

e System witho

— Coulomb fric
— viscous fricti
— frictional bia
— compliance

e Excited viath
har monic 0sS

— free vibratiol
logarithmic
Hil bert Trar
— dual analyse
— also provide
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Results: Experimental

* Logdeaement method e Hil bert Transfor
— estimates compliance, — estimates frictiot
Coulomb frictionand has also can estimat
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Unique Contributior
dynamic backlash model

— state-of-the-art backlash model augmented to includ

dynamic model & smulation of drive non

— fully norlinea, couded equations-of-motion
— simulation d arbitrary friction, kacklash & compli ar

parametric harmonic oscill ation D

— experimental method wing P+D feedbadk to achieve
vibration response in overdamped systems

— machine resonance frequencies automatically eschey

— methodallows use of log deaement, Hil bert and wa
out requiring a sine-swegoed forced harmonic oscill

— produces estimates of inertiaand massbased systenr
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Continuing Work

G Identification)

— backlash

— backlash with compliance

— asymmetric (direction-dependent) nonli nearity
— periodic friction

— static and hysteretic friction

G Analys s)
— extension to Wavelet Transform analysis

G Application>
— automation d identification procedure
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Future Work

G Application>
— apply testbed results to an adua machine tool
— motorised workpiecetable on dill pressin laborat:

G Extensl on)
— ontline and adaptive system ID techniques

G Devel opment)
— feadforward control and adaptive control
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Lab Demonstratior

* Nonlinear system modeling and ssimulation
e Signal processing details

* Mechatronic implementation

 Friction identification

« Backlash identification
 Complianceidentification

 Machinetod instrumentation approach
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	• Drive nonlinearities cause machining errors
	— cause of positioning error in workpiece cutting and finishing
	— exacerbated when machining at high speeds and cutting forces
	— cause of damage to workpiece and cutting tools

	Motivation
	Identification of Backlash, Friction and Compliance in Machine Tool Drive Trains
	• Backlash errors
	— tolerance reduction
	— impact vibrations
	— pitting damage

	• Frictional errors
	— thermal expansion
	— stick-slip friction (stiction)

	• Compliance error
	— vibration
	— energy storage and release

	• Using a generalized model of drive nonlinearity, machine tools may be controlled more precisely...
	— model nonlinear friction, backlash and compliance
	— model dynamic interaction between the component nonlinearities
	— apply model to, and verify using, data from actual machine tools



	Objectives
	• Friction model
	• Backlash model
	• Compliance model
	• ��Complete /accurate dynamic model
	• Develop analytical model
	— model nonlinear friction, backlash & compliance dynamics


	Overall Approach
	• Develop system identification
	— verify system ID procedure on simulated dynamics

	• Identify machine tool dynamics
	— test system ID on test bed and actual machine tool
	— corroborate known parameter values and published results

	• Static phenomena
	— normal friction
	( increases with normal load )

	— rising friction
	( increases with static contact time )



	Technical Details: Friction
	• Nonlinear friction
	• Dynamic phenomena
	— Stribeck friction
	( describes transition from static to kinetic )


	• Hysteretic phenomena
	— presliding friction
	( hysteretic, static spring force )

	— frictional memory
	( hysteretic, kinetic spring force )


	• Traditional model
	— discontinuity from static to kinetic


	Technical Details: Friction
	• Modern model
	— captures the dynamic complexity of stiction and low velocity motion

	• Traditional model
	— the backlash has no dynamic component


	Technical Details: Backlash
	• Modern model (NEW)
	— impact-induced vibration is fully included in the dynamics


	Technical Details: Compliance
	• Traditional model
	— spring force is �unimodal and linear

	• Modern model
	— multiple modes and nonlinear spring forces are included

	• Nonlinear friction
	• Nonlinear backlash
	• Nonlinear compliance

	Technical Details: ID Process
	• System identification
	• Validation
	• Analytical model
	• Arbitrarily specified test parameter combinations
	• Simulated response
	• Testing & prediction
	• Actual data
	• Pros : Logarithmic decrement method
	— static, kinetic, and viscous friction
	— linear compliance

	• Pros : Hilbert Transform
	— kinetic and viscous friction
	— unimodal nonlinear compliance
	— backlash with impact


	Technical Details: ID Methods
	• Cons :
	— requires oscillation
	— piecewise linear

	• Cons :
	— requires filtering
	— similar to describing function (limited nonlinearity)

	• Pros : Wavelet Transform
	— multimodal nonlinear compliance
	— cleaner data than Hilbert Transform

	• Unique test bed built for �experimentation & validation
	— friction, backlash & compliance are arbitrarily adjustable
	— can mimick various actual machines and scenarios
	— one of only two in the U.S.


	Results: Test Bed
	• Modeling
	— analytical models of nonlinear subsystems developed
	— analytical model of fully-coupled subsystems in simulation


	Unique Contributions
	• New ��dynamic backlash model
	— state-of-the-art backlash model augmented to include impact dynamics

	• New ��dynamic model & simulation of drive nonlinearities
	— fully nonlinear, coupled equations-of-motion
	— simulation of arbitrary friction, backlash & compliance combinations

	• New ��parametric harmonic oscillation ID
	— experimental method using P+D feedback to achieve parametric free vibration response in overdam...
	— machine resonance frequencies automatically eschewed
	— method allows use of log decrement, Hilbert and wavelet analysis without requiring a sine-sweep...
	— produces estimates of inertia and mass-based system parameters


	Results: Objectives Achieved
	• System ID
	— traditional methods extended to piecewise linear system
	— nonlinear Hilbert method verified on friction

	• Actual machine dynamics
	— system ID techniques corroborate published parameter values

	• System without backlash
	— Coulomb friction
	— viscous friction
	— frictional bias
	— compliance

	• Excited via the parametric harmonic oscillation method
	— free vibration used as input to logarithmic decrement and Hilbert Transform analyses
	— dual analyses yield redundancy
	— also provide different strengths


	Results: Friction ID Example
	• Log decrement method
	— estimates compliance, �Coulomb friction and bias


	Results: Experimental Data
	• Hilbert Transform method
	— estimates friction and compliance; also can estimate backlash

	• Identification
	— backlash
	— backlash with compliance
	— asymmetric (direction-dependent) nonlinearity
	— periodic friction
	— static and hysteretic friction

	• Analysis
	— extension to Wavelet Transform analysis

	• Application
	— automation of identification procedure


	Continuing Work
	• Application
	— apply testbed results to an actual machine tool
	— motorised workpiece table on drill press in laboratory


	Future Work
	• Extension
	— on-line and adaptive system ID techniques

	• Development
	— feedforward control and adaptive control

	• Nonlinear system modeling and simulation
	• Signal processing details
	• Mechatronic implementation
	• Friction identification
	• Backlash identification
	• Compliance identification
	• Machine tool instrumentation approach

	Lab Demonstration

