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Abstract 
In the end milling process, it is very important to prevent the occurrence of chatter vibrations because they can cause problems 
such as the reduction of tool life, tool fracture, and deterioration of the machined surface quality. The aim of this study was to 
theoretically investigate a hybrid spindle system with a ball bearing at one end and an electromagnetic bearing at the other for the 
suppression of chatter. The equation of state for the proposed spindle control system was derived under the assumptions that the 
silicon steel cylinder was subjected to an electromagnetic controlling force and the end mill was subjected an external force at its 
lower end. It was demonstrated that the stability limit for regenerative chatter with state feedback was approximately three times 
that without state feedback when the feedback coefficient was determined by the pole assignment of the control system under the 
assumption that the real part of the roots calculated from the characteristic equation for the system increased by three times. 
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1. Introduction

In the end milling process, it is very important to prevent the 
occurrence of chatter vibrations because they can cause 
problems such as the reduction of tool life, tool fracture, and 
deterioration of the machined surface quality. Consequently, 
numerous studies on the suppression of chatter vibrations have 
been carried out [1] [2]. Spindles with electromagnetic bearings 
may enable the suppression of chatter with suitable magnetic 
force control; however, it is difficult to control electromagnetic 
bearing systems, and the allowance of the cutting force is very 
small [3] [4]. This study theoretically considers a hybrid spindle 
system with a ball bearing at one end and an electromagnetic 
bearing at the other for the suppression of chatter during end 
milling. The proposed system is more easily controlled, and 
could allow a larger cutting force than a spindle system 
supported by only electromagnetic bearings.  

2. Hybrid spindle system

Figure 1 shows a schematic of the proposed hybrid spindle 
system for use with an end mill. At the upper end, the spindle is 
supported only by ball bearings without any electromagnetic 
bearings. Consequently, the end mill can be deflected by the 
force generated by the electromagnetic bearing. Figure 2 
shows the dummy spindle system with a silicon steel cylinder 
subjected to an electromagnetic force and an end mill in a 
spindle head, corresponding to the area indicated by the 
dashed line in Fig. 1. 

3. Dynamic model of spindle with end mill

   Table 1 lists the modal parameters for the silicon steel 
cylinder and the lower end of the end mill shown in Fig. 2 
obtained by impact testing. In the impact test of the silicon 
steel cylinder, a micro-accelerometer was attached to the 
cylinder, and the cylinder was impacted by a hammer. In the 
impact test of the end mill, the micro-accelerometer was 
attached to the lower end of the end mill. Table 2 lists the free 
vibration characteristics calculated from the modal parameters 
given in Table 1. Figure 3 shows a dynamic model of the spindle 
with the end mill. The equations of motion for the hybrid 
spindle with the end mill are 

Table 1 Modal parameters for the tool holder with the end mill

Table 2 Free vibration characteristics of the tool holder with the end 
mill 

Ball bearing

Electromagnetic
bearing

Spindle motor

Spindle head

Spindle

Silicon steel
cylinder

Silicon steel cylinder
Natural frequency 590  Hz

Damping ratio 15 %

End-mill at bottom end
Natural frequency 625  Hz

Damping ratio 0.7 %

Silicon steel cylinder

Mass 1.4

Spring constant

Damping coefficient 155.7

End-mill at bottom end

Mass 0.01

Spring constant

Damping coefficient 155.7

Figure 1. Schematic of proposed 
hybrid spindle system with ball and 
electromagnetic bearings

Figure 2. Tool holder with 
end mill as dummy spindle 
system in spindle head
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where m1 is the mass of the silicon steel cylinder, m2 is the 
mass of the end mill concentrated at the lower end, x1 and x2

are the respective displacements of m1 and m2, k1 and k2 are 
their respective spring constants, c1 and c2 are their respective 
damping coefficients, f2 is the external force applied to the 
lower end of the end mill, and fa is the electromagnetic force 
shown in Fig. 3. The equation of state for the spindle with the 
end mill can be derived from Eq. (1) as 
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The characteristic roots si of Eq. (2) can be calculated from |sI – 
A| = 0, where s is the Laplace operator and I is the identity 
matrix, as
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When the state feedback expressed by Eq. (3) is applied to the 
spindle system, the equation of state can be expressed by Eq. (4). 

[ ]TKKKKttu 4321),()( =−= KKz                                     (3) 

KBAPBPz
z

12 ),()(
)(

−=+= twt
dt

td                                         (4) 

[ ]Tttx 0100),()(2 == CCz .                                                          (5) 

The frequency response function with an external force f2 as 
the input and the displacement of the end mill x2 as the output 
is derived by taking the Fourier transform of Eqs. (4) and (5). 

The response function G(jω), which is defined as the ratio of 

the Fourier transforms X2(jω) and F2(jω) of x2 and f2, where ω
is the angular frequency, is expressed as 
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Figure 3. Dynamic model of spindle with end mill 

4. Pole assignment of control system

The characteristic roots λi of Eq. (4) can be calculated from |sI 
– (A–B1K)| = 0. Consequently, if the real parts of the 

characteristic roots λ1 and λ2 are assumed to be three times the 
real parts of the characteristic roots s1 and s2 for the end mill 
vibration, the state feedback coefficient K can be expressed as
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5. Dynamic characteristics of end mill with magnetic control

Figure 4 shows the compliance at the lower end of the end mill 
with state feedback calculated from Eq. (6). The compliance 
without state feedback, |Gc|, is represented by the black curve. 
The compliance with state feedback, |Ga|, is represented by the 
red curve and is one third of that with state feedback at the peak 
around 640 Hz. When only the state of the lower end of the end 
mill was used for feedback control, the compliance in this case, 
|Gb| (blue curve), was about 20% less than that (|Gc|) without 
state feedback at the peak around 640 Hz. Figure 6 shows the 
real part of the frequency response function given in Eq. (6), 
Re[G]. The stability limit of regenerative chatter is inversely 
proportional to the local minimum of the real part of the 
frequency response function, Re[G]min. Consequently, Fig. 5 
indicates that the stability limit for regenerative chatter with 
state feedback, which is proportional to 1/Re[Ga], at a frequency 
of approximately 640 Hz, is approximately three times that 
without state feedback, which is proportional to 1/Re[Gc].
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Figure 4. Compliance of lower end of end mill with state feedback 
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Figure 5. Real part of frequency transfer function with state feedback 

6. Conclusions

In this study, it was theoretically demonstrated that the 
stability limit for regenerative chatter with state feedback 
could be increased approximately threefold relative to that 
without state feedback when the feedback coefficient was 
determined based on the pole assignment of the control 
system under the assumption that the real parts of the roots 
calculated from the characteristic equation for the system 
increased by three times.
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