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Why HIL?

Hardware-In-the-Loop (HIL) is an experimental 

method that accelerates the R&D phase of new 

machines and technologies

ÅA certain part of the machine is kept physically, 

other parts are emulated by digitally controlled 

actuators based on the simulation of math models

ÅSimilar terminology: sub-structuring

ÅHigh Speed Mill ing (HSM) can use it for near-

reality modal tests and/or

development of new milling tool geometries

ÅBut: extreme challenges occur due to high speed
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Stability islands ïcan we reach them?

Munoa, é, Stepan, CIRP Annalskeynote paper on 

chatter suppression techniques, 2016

Chatter in milling
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Chatter in milling Stability islands ïcan we reach them?

Outline

- Why Hardware-in-the-Loop (HIL) for HSM?

- Stability islands ïcan we reach/use them?  

- Uncertainties in lobe diagrams: practice&theory

- Testing HIL to reproduce bistablezones: stick-slip

- Hopf bifurcation, stable and unstable limit cycles

- Stability, CM, secondary Hopf bifurcation in HIL

- Bistability in High-Speed-Milling (HSM)

- Experimental setup for HIL in HSM

- Outlook

Practice: critical points in modelling

Result: large uncertainties in the lobe structure

high sensitivity for perturbations

Theory: uncertainty for perturbations

Cutting force nonlinearity against chip thickness

Cutting force

0 chip thickness

Machine tool vibration ïPreliminaries

Classical experiment (Tobias, Shi, 1984)

Åcutting process is sensitive tolarge perturbations

Åself excited vibrations (chatter) ñaroundò stable cutting

Åimportant effect of chip thicknesson size of unsafe zone
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Face milling case study with IDEKO
Wavelet, time-history and bifurcations

Stability chart, bistability and bifurcations Shimmy

Stick-slip Outline
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Stick-slip experiment Simplest nonlinear mechanical model

1DoF damped oscillator    Stribeckfriction force

see more low DoF models by Leine, Bishop, Dankowitz...

high DoF models by Wiercigroch, Awrejcewiczé

Simplest nonlinear mechanical model Simplest nonlinear mechanical model

Simplest nonlinear mechanical model
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Equilibrium is stable iff

Critical char. exponents:

Root tendency:

Jordan form:

Stability and Hopf bifurcation

Equilibrium is stable iff

Critical char. exponents:

Root tendency:

Jordan form:

Stability and Hopf bifurcation

Equilibrium is stable iff

Critical char. exponents:

Root tendency:

Jordan form:

Stability and Hopf bifurcation

Equilibrium is stable iff

Critical char. exponents:

Root tendency:

Jordan form:

Poincar®-Lyapunovconstant:

Stability and Hopf bifurcation

subcritical Hopf bifurcation

unstable limit cycle for 

Unstable and stable limit cycle

Amplitude r of  

unstable limit cycle

Stable limit cycle ~

non-uniqueness 

Phase plane

Bifurcation diagram
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Bifurcation diagram Bifurcation diagram

Bifurcation diagram Stick-slip at low speed

Stick-slip at low speed Stick-slip at low speed
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Hardware-in-the-loop experiment

Stribeckforce emulated by computer code & control:

Modeling the sampling effect

The equilibrium remains the same in the digital case

New damping ratios are introduced:

Dimensionless time:

Frequency ratio:

natural frequency (undamped)

sampling frequency

Modeling the sampling effect

With the help of the piece-wise closed form solution:

For negligible system damping 

Stability of the equilibrium

Critical parameters and characteristic multipliers: 

,     the same as before!!!

???

Stability chart

belt speed ~ frequency ratio


