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Summary of Doctoral Dissertation

Title of Doctoral Dissertation:
Study on hybrid spindle system for milling with small end mill

Name: Mitsunari Oda

This thesis mainly proposes an novel hybrid spindle system with a ball bearing at one end an active
magnetic bearing at the other to reduce the quadrant glitch and the occurrence of chatter vibrations
during high precision machining with a small end mill, and gives theoretical and experimental results to
verify effects of electromagnetic controlling force of the hybrid spindle system on reduction of the
quadrant glitch and the occurrence of chatter vibrations on a model experiment device for the hybrid
spindle system.

Chapter 1 gives investigation results of spindles machine tools and problems about quadrant glitch
and chatter vibrations during milling with a small end mill. Rolling bearings, particularly ball bearings,
are widely adopted for spindle of machine tool because of their fine cost performance and high reliability
but it is difficult for the rolling bearings to correspond to higher spindle speed and rotational accuracy.
Consequently, hydrostatic bearings, hydrodynamic bearings or active magnetic bearings are used as
bearings of spindle with higher spindle speed and rotational accuracy to correspond to application of
spindle. The active magnetic bearings have superior function beyond other type of bearings that spindle
supported with the active magnetic bearings could control the offset of rotary axis and the stiffness and
damping of spindle system. However, active magnetic bearings have some demerits like as smaller load
capacity compared to rolling bearings, limits of performance improved by control system, and high price.

Quadrant glitches are machining error caused by the motion error when a feed axis of machine tool
turns to reverse direction. There are numerous studies and patents about compensation for the quadrant
glitches. However, robustness of compensation of motion error of a feed axis is important problem since
backrush and friction of a feed axis will change with environmental change and passage of time.

Chatter vibrations are serious problem in metal cutting process since they are likely to occur during
milling with a small end mill and they can cause reduction of machining accuracy, production efficiency,
and tool lives. Consequently, some methods for suppression of chatter vibration such as applying
dynamic vibration absorber, adaptive control for rotary speed of spindle and so on are proposed. However,
it 1s difficult to install dynamic vibration absorber on machine tools in practical use since there is not
suitable position and enough space for dynamic vibration absorbers. And effectiveness of adaptive control
of rotational speed of spindle for suppression of chatter is limited within high rotational speed of spindle.

Chapter 2 describes a hybrid spindle system proposed for reduction of quadrant glitches during milling
with a small end mill. The proposed hybrid spindle system has some merits like as fine cost performance
and high reliability of rolling bearing spindle, and the ability to control the offset of rotary axis and the
stiffness and damping of spindle system of the active magnetic bearing spindle because the spindle of the
hybrid spindle system is supported with a ball bearing at one end and active magnetic bearing at other.
Capability of the hybrid spindle system to reduce the quadrant glitches is verified by simulation and
experiments of trace of a shape of quadrant glitch with the end mill controlled by electromagnetic
controlling force of active magnetic bearing including a PID controller on a model experiment device for
the hybrid spindle system. As a result, it is demonstrated through the simulations and experiments that
the proposed hybrid spindle system could reduce one-third of the quadrant glitch by electromagnetic
controlling force of active magnetic bearing.

Chapter 3 describes state feedback control system of the hybrid spindle system to control
characteristics of compliance of an end mill at cutting point for suppression of chatter vibrations. The
state equation of the hybrid spindle system is derived on the assumption that the spindle has
2-degree-of-freedom having concentrated masses at a silicon steel cylinder subjected to an
electromagnetic force of an active magnetic bearing. Ability of the proposed state feedback control system
for the hybrid spindle system, which the state feedback coefficients are determined by the pole
assignment of the control system, it verified by the theoretical compliance controlled by electromagnetic
controlling force of active magnetic bearing with state feedback compared to the compliance without the
state feedback control. Furthermore, ability of the proposed state feedback control system for the hybrid
spindle system was verified by impact test of end mill at cutting point with electromagnetic force of
active magnetic bearing compared to the impact test without the state feedback control. The results of
this study indicated that hybrid spindle system with electromagnetic controlling force controlled by the
state feedback could fairly suppress occurrence of chatter during milling with small end mill.

Chapter 4 summarizes results of thesis that capability of the proposed novel hybrid spindle system on
reducing quadrant glitch and occurrence of chatter vibrations during milling with a small end mill and
problems about them in the future.



