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ABSTRACT

Vibrational instability in machining processes such as turning and milling, is
commonly referred to as chatter. This involves self-excitation of flexible structure
vibration within the machine and/or the workpiece. The occurrence of chatter places
practical limits on material removal rate. This thesis presents an active control approach
for suppression of vibrational instability in machining processes. The promise of the
approach is that active control force can be applied to the machine structure and that a

set of vibration measurement are available for real-time control feedback.

To analyse stability, the cutting dynamics is treated as a time-delay system. In this
thesis, a robust control approach is developing based on Lypuanov-Krasovskii
functionals for time-delay systems. Robust stability criteria are formulated where model
error associated with high frequency structural dynamics is accounted for by a
frequency domain uncertainty representation via augmented dynamics. This leads to a
synthesis problem for feedback controllers that can be formulated in terms of matrix
inequality constraints. By using a transformation of optimization variables this problem
is converted to a Linear Matrix Inequality form that can be solved by numerical routines
for convex optimization. Various versions of the controller design problem are
considered encompassing different feedback control laws, including full state feedback,
delayed state feedback, dynamic output feedback and dynamic output feedback with
delayed feedback variables.
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To evaluate the proposed controller designs, a hardware-in-the-loop test facility
was developed. The structure of the test system was designed to exhibit two main
resonances and is dynamically similar to an AMB-supported milling spindle that
exhibits significant cutting tool flexibility. The system has two actuators. One actuator
Is an auxiliary actuator used to apply the simulated cutting force that is computed in
real-time using a cutting force model implemented within the control hardware. The
other actuator is used to apply stabilizing vibration control forces. Displacement of the
structure can be measured by non-contact (eddy current) sensors positioned close to the
actuators. Additional vibration measurements were obtained using strain gauges
attached to the structure. Mathematical models of the test rig structure were obtained by
(1) using finite element methods (FEM) and (2) using system identification methods.
The suitability of these models for controller design was assessed by comparison with

measured frequency response data to quantify errors.

The assessment and comparison of the controller designs covered the following

main aspects and findings:
1. Robust stability properties under model error

Similar levels of robustness to model error could be achieved for all the designed
controllers by applying the same frequency dependent bound on the
complementary sensitivity function within the controller synthesis. However, the
controllers showed significant differences in terms of stability limits for cutting

operation, as evaluated from measured stability boundaries.
2. Stability lobe diagrams

Stability lobe diagrams show stable and unstable operating zones in terms of
depth-of-cut versus spindle speed. These were obtained for the test system with
the various controllers by direct measurement of stability limits under cutting
force emulation. These results showed significant improvement could be obtained
by LKF controller synthesis (based on time delay-system models) in comparison
with designs based on standard robust control methods that do not explicitly
account for time-delay effects. The best improvement in stability was obtained
with a state feedback control involving with both current and time-delayed

feedback components.



3. Cutting emulations

The emulation of cutting through direct implementation of a standard cutting
force model allowed transient response behaviours to be measured. Tests
involving sequential increases in depth-of-cut allowed comparison of vibration
levels. The controllers showed similar levels of vibration during stable cutting.
However, for the dynamic output feedback controllers, the peak control forces
were significantly lower compared with the state feedback controllers. This is
attributed to better noise attenuation properties achievable with dynamic
compensators. This was confirmed by assessment of residual noise levels without

cutting.

The proposed controller design approach based on time-delay system models has
been shown to be effective for the problem of chatter control, based on the considered
case-study involving emulation of an actuated milling spindle. As a general approach,
the method can be applied to other machining processes where active control elements
can be used to suppress regenerative cutting force vibration through feedback of

measured structural vibration.



