Contents

1 Introduction ............ooiiiiiiiiii e 1
1.1 Friction in Machines and Mechanisms ..................oooiiiiiiann.. 2

1.2 Friction in Lead Screw Drives ..., 3

1.3 OULIINE oottt e 5

2 Lead SCrews ... 7
2.1 Screw Threads ......oooiiiiiiii 7
2.2 Lead Screw Engineering ............coouuiiiiiiiiiiiiiiiinininiieennnn, 9
2.3 Lead Screw and Nut: A Kinematic Pair .....................cooooan 12
2.4 Effect of Thread Angle .........coviiiiiiiiiiiiiiiiin i, 13

3 Some Background Material ..., 17
3.1 Linearized System Equations ..............ccccoiiiiiiiiiiiiiiiinnan... 17

3.2 Equations of Motion with Contact Forces ............................. 19

3.3 Classification of Linear Systems ...........c.ccoviiiiiiiiiiinriinnnan. 21

3.4 Stability Analysis .....coeeuiiiiiiii i e 23
3.5 Undamped SyStems ..........oouiiiiiiiiiiiiiiiiii it 25
3.6 The Averaging Method ......... ...t 27

4 Friction-Induced Instability .......................coiii, 31
4.1 Negative Damping Instability ...........cccooiiiiiiiiiiniiiinn .. 31
4.1.1 Periodic Vibration: Pure-Slip Motion ....................c..... 33

4.1.2 Periodic Vibration: Stick—Slip Motion ......................... 36

4.1.3 A Numerical Example ..........cccooiiiiiiiiiiiiiiiiiiaa 40

4.1.4 Further References on Negative Damping ..................... 42

4.2 Mode CoUPlINg  «.vuiiitine ettt 42
4.2.1 Example No. 1: Flutter Instability .....................oocoie 43

4.2.2 Example No. 2: Mode Coupling ............cccoooiiiiiiiiiiin 47

4.2.3 Further References on Mode Coupling ....................oo. 50

vii



viii

5

Contents
4.3 Kinematic Constraint Instability ...............cooiiiiiiiiiiin ., 51
4.3.1 Painlevé’s ParadoX .........ccccvvviiiiiiiiiiiiiiiriieeiaiiannn. 52
4.3.2 Bilateral Contact ..........coeuieiiiiineiineiiniia i, 54
4.3.3 Self-Locking .....couuuniiiiiiiii 55
4.3.4 An Example of Kinematic Constraint Instability .............. 56
4.3.5 Further References on the Kinematic Constraint Instability
MeChaniSm .......cooiiiiiiiiie ettt 66
Mathematical Modeling of Lead Screw Drives ......................... 67
5.1 Velocity-Dependent Coefficient of Friction ........................... 68
5.2 Dynamics of Lead Screw and Nut .............coiiiiiiiiniiiiinnenn.. 69
5.3 Basic 1-DOF Model .......coiiiiiiiiiii i e 71
5.3.1 Inverted Basic Model .............oiiiiiiiiiiiiiiiiiiii 72
5.3.2 Basic Model with Fixed Nut ................coooiiiiiiiii.. 73
5.3.3 Basic Model with Fixed Lead Screw ........................... 73
5.4 Antibacklash Nut ... 73
5.5 Compliance in Lead Screw and Nut Threads ......................... 75
5.5.1 Backlash ... oo 77
5.6 Axial Compliance in Lead Screw Supports ..........c..cooiiiiinn. 77
5.6.1 Alternative Formulation ................coiiiiiiiiiiiiiiinnnnn.. 78
5.7 Compliance in Threads and Lead Screw Supports .................... 80
5.8 Rotational Compliance of the Nut .............ccooviiiiiiiiiiinian... 81
5.8.1 Alternative Formulation .................ooiiiiiiiiiiiiiiin. ... 82
5.9 Some Remarks Regarding the System Models ........................ 83
Negative Damping Instability Mechanism .............................. 85
6.1 Equation of MOtON .......vviiiiiiiiiin i i eennns 85
6.2 Local Stability of the Steady-Sliding State .................cooevienn. 87
6.2.1 Numerical Examples ...........oooiiiiiiiiiiiiiiiii i, 88
6.3 First-Order Averaging .............coooiiiiiiiiiiiiiiiiiiiiniiiiennnn.. 89
6.3.1 ASSUMPLIONS ...ttt eeeteeeeeeeeeeeeeeaannnn 90
6.3.2 Equation of Motion in Standard Form ......................... 90
6.3.3 First-Order Averaging ..........coeeuiiiiiiiniiiiinneeinnnnennn. 94
6.3.4 Steady-Sliding Equilibrium Point ..................... ... 96
6.3.5 Nontrivial Equilibrium Points ...................oL 97
6.3.6 Numerical Simulation Results: Part 1 ......................... 101
6.3.7 Numerical Simulation Results: Part 2 ......................... 104
6.4 CONCIUSIONS ...ttt ettt ettt eeees 107
Mode Coupling Instability Mechanism ................................. 109
7.1 Mathematical Models .............ooiiiiiiiiiii i 109
7.1.1 2-DOF Model with Axially Compliant Lead
SCIEW SUPPOITS ..ttt ettt eiee e eeanns 110

7.1.2 2-DOF Model with Compliant Threads ....................... 111



Contents ix

7.2 Linear Stability AnalysisS ........ooeiuiiiiiiiiiiiiiniiiiiiiiieeen. 113
7.2.1 Undamped System ..........ccooviiiiiiiiiiiiiiiiiiiinnnnnnnn.. 113
7.2.2 Examples and DiSCUSSION .......ooeiiuiiiiiiniiiiiieeennnaenn. 115
7.2.3 Damped SyStem .......c.uieiiiiiiiiii e 118
7.2.4 Examples and Discussion ............ccccoiiiiiiiiiiiiiiiiin... 120

7.3 Comparison Between the Stability Conditions
of the Two Lead Screw Models ...t 122

7.4 Further Observations on the Mode Coupling Instability ............. 124
7.4.1 Frequency and Amplitude of Vibrations ...................... 125
7.4.2 Effect of Damping on Mode Coupling Vibrations ............ 128

7.5 Mode Coupling in 3-DOF Lead Screw Model ....................... 129

7.6 CONCIUSIONS  ...uute ettt ettt eeees 133

8 Kinematic Constraint Instability Mechanism .......................... 135

8.1 Existence and Uniqueness Problem ... 135

8.2 True Motion in Paradoxical Situations ...................ccooeeuen 137

8.3 1-DOF Lead Screw Drive Model .................cocoiiiiiiiiie 140

8.4 Linear Stability AnalysiS .........ovieiiiiiiiiiiiiiiiiiiii it 141

8.5 Negative Damping .......c..ooiiiiiiiiiii i 143
8.5.1 Numerical Simulation Results ....................oooooiii... 144

8.6 Kinematic Constraint Instability .................ccociiiiiiii 145
8.6.1 Numerical Simulation Results ...................ccooiia.. 147

8.7 Region of Attraction of the Stable Equilibrium Point ............... 149

8.8 Kinematic Constraint Instability in Multi-DOF System Models ..... 151
8.8.1 2-DOF Model of Sect. 5.6 ......ooiiiiiiiiiiiiiiiiiiiiiees 151
8.8.2 2-DOF Model of Sect. 5.8 .. ..ooiiiiiiiiiiiiiiiiiiiiies 154

8.9 CONCIUSIONS .+ttt ettt e et e eeees 156

9 An Experimental Case Study ......................iiiiiiiiiii.... 157

9.1 Preliminary Observations .................oiiiiiiiiiiiiiiiiiinneiannn. 158

9.2 Mathematical Modeling ..........ccoooiiiiiiiiiiiiiiinniin.. 162

9.3 Parameter Identification Step 1: Friction and Damping .............. 165

9.4 Parameter Identification Test Setup ...........coviviiiiiiiiiinnae.. 169

9.5 Experimental Results: Step 1 ..o 170
9.5.1 DC Motor and GearboX ...........ccevvveiiiiiiiiieeennnaenn. 172
9.5.2 Identification Results .............coiiiiiiiiiiiiiiiiiiiiin... 172

9.6 Parameter Identification Step 2: Stiffness and Fine-Tuning ......... 175

9.7 Experimental Results: Step 2 ......cooiviiiiiiiiiiiniiiiieiiiieeens 179

9.8 Parameter Studies ............iiiiiiiiiiiiii e 182
9.8.1 Effect of Input Angular Velocity .............ccoooviiiiia.n. 184
9.8.2 Effect of Damping ..........c.ccoeiiiiiiiiiiiiiiiiiiiiiiiiiiia. 185
9.8.3 Effect of Stiffness ..........ccooeiiiiiiiiiiiiiiiii 185

9.9 CONCIUSIONS ..ttt ettt ettt 186



X Contents

APPENAICES ...ttt e 189
Appendix A: First Order Averaging Theorem ............................ 189
Appendix B: Application of Higher Order Averaging .................... 192

B.1 Equation of Motion in Standard Form ............................. 192

B.2 Higher-Order Averaging Formulation .............................. 194

B.3 A Numerical Example ..........ccooiiiiiiiiiiiiiiiiii i, 198
Appendix C: First-order Averaging Applied to the 2-DOF Lead

Screw Model with Axially Compliant Supports ...............cccoeennn. 199

References ... 207



2 Springer
http://www.springer.com/978-1-4419-1751-5

Friction-iInduced Vibration in Lead Screw Drives
Vahid-Araghi, ©.; Golnaraghi, F.

2011, ¥, 214 p., Hardcover

ISBM: 878-1-4419-1751-5



	Contents

