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Abstract

In this paper, a 4-electrode cylindrical capacitance displacement sensor (CCDS) is presented as an indirect force sen-
sor for a high speed milling spindle. A rotor-bar system for the magnetic exciter is designed to investigate the tool de-
flection with respect to the applied cutting force. To extract the deflection signal from the CCDS, the dynamic orbital
motion at each rotating speed of spindle is predetermined and then subtracted from the CCDS signal. The CCDS signal
is also used as a reference sync signal. The rotor-bar system is designed so that the rotor affects the tool-spindle dynam-
ics only as an added mass but does not contribute to the bending property. The additional effect of the rotor mass in the
exciter setup is compensated for by an experimental modeling. The cutting force can be estimated by using modified
CCDS signals and FRF. Cutting experiments are conducted to show reliable performances of the proposed approach by
high speed machining applications.

Keywords: Cutting force online measurement; 4-electrode cylindrical capacitive displacement sensor (CCDS); High speed milling

spindle

1. Introduction

The monitoring of machining conditions has been
an attractive research object for many decades. How-
ever, providing practical and reliable monitoring solu-
tions is still a demanding task for milling machines
with high speed spindles. The sensors for vibrations
and cutting forces have to be reasonably sensitive
over a broad bandwidth of cutting dynamics, because
the amplitudes of cutting force changes according to
cutting condition variations are quite small under the
conditions of high cutting speeds and small depths of
cut. And the deflection of the tool-spindle system has
to be investigated if the indirect displacement meas-
urement at the spindle is to be used.

Table type dynamometers have been standards for
long time; however, they are not adequate for high
speed machining. With the additional mass of the
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workpiece, the lowered natural frequency of the dy-
namometer setup could distort the cutting dynamics
[1, 2]. Tounsi and Otho [3] proposed an accelerome-
ter-based method to compensate for the responses of
the dynamometer at high frequencies. Six acceler-
ometers were installed to model the dynamics of the
dynamometer at which the workpiece was directly
attached. Their scheme exhibited accurate measure-
ments up to 2kHz. Indirect cutting force measurement
methods were also proposed using various signals
such as motor currents or acoustic emissions of cut-
ting conditions, and other devices like strain gauge
type dynamometers, etc. [4-6]. But the signal band-
widths of these methods are usually too low or lim-
ited to cover the conditions of high speed machining.
Recently, Albrecht et al. [7] proposed a cutting force
measurement scheme using a probe type gap sensor at
a spindle, in which the cutting dynamics up to 1 kHz
could be measured with a modified FRF with Kalman
filter.

In this study, a 4-electrode CCDS mounted at the
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spindle is proposed as an indirect cutting force sensor
via sensing the spindle displacements by high speed
milling. Previously, the displacement measurement
by the CCDS has been applied successfully for an in-
process monitoring of various machining conditions
such as tool wear, cutting vibration, and surface
roughness [8-10]. To build an indirect force measur-
ing system using the CCDS at the spindle, a reason-
able method for extraction of the pure spindle deflec-
tion signals due to cutting forces is investigated. To
acquire the tool point FRF of the tool-spindle system
under cutting force excitation with frequencies up to 2
kHz, a non-contact type magnetic exciter and a rotor-
bar system is manufactured and applied. To calibrate
the relation between the spindle deflection and the
cutting forces, a reliable tool dynamometer is in-
stalled beneath the exciter setup, and the signals for
various rotating speeds and exciting forces are com-
pared.

2. Cutting force estimation and validation
system configuration

If the dynamic characteristics of a tool-spindle sys-
tem were invariant for various operating conditions,
the cutting force could be simply obtained by identi-
fying the deflection and the stiffness of the system.
For high-speed operation, however, both the spindle
error motion and the tool point FRF of the tool-
spindle system depend on the rotating speed. To build
an accurate cutting force estimation system, the vary-
ing properties with rotating speed should be identified
at each speed range. Fig. 1 illustrates all the necessary
devices for the FRF identification and the cutting
force estimation system. It has been previously dem-
onstrated that the CCDS is better at eliminating geo-
metric error components of a rotor than other probe
type sensors [10, 11]. The CCDS has an inner diame-
ter of 63.8 mm, nominal gap of 150xm, and sensitiv-
ity of 3.35um/V at working ranges of +30um in x-
and y-directions. The sensor output is monitored on a
personal computer for further signal processing. Once
the tool-spindle dynamics is identified, only the
CCDS at the spindle is required as hardware to esti-
mate the cutting force.

The magnetic exciter equipped with another CCDS
is for generating the cutting force to the tool-spindle
system in non-contact condition over the whole oper-
ating speed range. Rantatalo et al. [12] proposed a
similar configuration using non-contact spindle exci-
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Fig. 1. Overall system configuration for cutting force estima-
tion and validation.

tations with inductive displacement measurements at
exciter position to identify the spindle dynamics up to
2kHz. The configuration in Fig. 1 is the same one
used in [13] except for the tool holder and the rotor-
bar system which interacts with the magnetic exciter.
The exciter has 8 poles and 84 coil turns for each pole.
The bias current is 0.4A and the force it can generates
is 150N in RMS. The maximum exciting frequency is
2kHz. The force output was verified by using the test
rig in [14]. In previous research, a cylindrical part was
directly attached to the spindle and the spindle dy-
namics up to 1kHz was measured. In this paper, the
rotor-bar system is adopted to represent the actual
tool-spindle configuration for machining operation
during the FRF identification procedure. The bar is
designed to have the same dynamic properties of the
end mills used in the cutting experiments. The applied
force is also measured by the 9257B Kistler dyna-
mometer installed beneath the exciter.

3. Identification of the spindle deflection due
to the cutting force

The displacement by the CCDS contains not only
the pure deflection by the cutting force but also the
spindle error motion. This spindle error motion is the
dynamic additional motion according to the spindle
characteristics. The thermal and mechanical behavior
of high-speed spindles is difficult to predict because
of the complicated nature of the heat generation and
heat transfer in a motorized spindle system [15]. The
bearing configuration, the centrifugal force of the
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spindle shaft, and thermally induced preloads are
affecting the system response while increasing the
operating speed [15, 16]. Fig. 2 shows the typical
additional dynamic motions of a high-speed spindle
itself measured by the CCDS.

The trace at top left corner represents a spindle er-
ror motion during a single revolution. Other traces
show the movement of this spindle error motion. The
size of the spindle error motion increased with in-
creasing spindle speed. However, the shapes and sizes
stayed unchanged if the rotating speed was kept un-
changed. Hence, the spindle error motion due to the
characteristics of the spindle can be predetermined at
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Fig. 2. Intrinsic dynamic motion of a spindle itself from stop
to steady state condition: (a) 12,500rpm (b) 15,000rpm.

each rotating speed. The center of the spindle error
motion wandered for some periods after the spindle
started to rotate, but soon came to steady state. It took
about 40 seconds at 12,500rpm and 90 seconds at
15,000rpm. Programmed delay is recommended be-
fore the tool is engaged with the workpiece. The spin-
dle error motions are stored after this transient period
and when the spindle becomes thermally balanced.
This motion will be referred as an intrinsic spindle
error motion.

The deflections induced by cutting forces can be
obtained by subtracting the superposed intrinsic spin-
dle error motions from the measured displacements
data. For the subtraction, the two signals should be
synchronized. The CCDS signal itself is used as a
reference for the synchronization. If any slight mis-
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Fig. 3. Displacement signals before and after intrinsic spindle
error motion compensation; two spindle revolutions are
shown: (a) free run (air cutting) (b) cutting.
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alignment of the tool is negligible, the first harmonic
component in cutting force signal, which corresponds
to the rotating speed, would be small. Then, the cut-
ting force would have little effect on the first har-

monic component of the intrinsic spindle error motion.

Those first harmonic components of the measured
and the stored data are synchronized to cancel out the
phase difference. The deflection related only to the
cutting force is now obtained as in Eq. (1).

X ()= X (@)= X (@)exp[ j(9" - 9w/ ] (1)

Here, X, (w) and X; (w) are the discrete Fourier
transform (DFT) of the uncompensated spindle error
motion during cutting process and the pre-acquired
intrinsic spindle error motion. ¢ and ¢ are the

phases of the first harmonic component of each signal.

" is the frequency of the first harmonics. Fig. 3
shows the spindle displacement data before and after
the intrinsic spindle error motion compensation.

4. Identification of the tool point frequency
response function (FRF) between the deflec-
tion and the applied force

4.1 Rotor-bar system for experimental modeling of a
cutting tool

Fig. 4 shows the rotor-bar system which is used for
the tool point FRF identification procedure. It is de-
signed so that the rotor plays only as an added mass
and not to contribute to the bending property of the
tool-spindle system. The bending diameter will have
the same value as the tool used in experiments, so the
deflection characteristics of the tool-spindle due to the
applied cutting force can be investigated. It will show
the same dynamic characteristics if we can remove
the added mass effect of the rotor. The relation be-
tween the exerted force at the cutting point and the
measured displacement at the CCDS is investigated
during the magnetic excitation experiments. Re-
sponses at the rotor-CCDS are also investigated along
with the responses at the spindle-CCDS.

To minimize the mass of the rotor, the body of the
rotor is made of duralumin, and then silicon steel
sheets of thickness 0.5mm are stacked around the
body. It is secured by a power lock to a bar of diame-
ter 10mm which is made of the same material and
size as the tool. The rotor is balanced to less than 0.1
g-mm. This setup is attached to the spindle by the

(2)

(b)

Fig. 4. Rotor-bar system for magnetic excitation: (a) sche-
matic of the rotor-bar (b) photo of installed rotor-bar system
at spindle.

)
)
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Fig. 5. Configurations for exciting tests using the magnetic
exciter and an impulse hammer.

collet chuck in the same way that the tool is installed.
Except the rotor at the cutting point, the rotor-bar
system can represent the actual tool-spindle dynamics
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Fig. 7. Frequency responses of spindle and rotor at various
spindle speeds: (a) stationary spindle (b) 5,000rpm (c)
10,000rpm (d) 15,000rpm.

including the shear deformation of the cutting tool.

4.2 Measurement of the FRF

Excitation experiments were performed with fre-
quencies from 0 to 2kHz by 4Hz increment. First, the
excitation response of the stationary spindle is com-
pared with the one by a typical impact test. In this
paper, the spindle at 200 rpm is referred to as the sta-
tionary spindle. As an excitation input, a single fre-
quency sinusoidal waveform is applied as shown in
Fig. 5.

Fig. 6 shows the normalized FRFs of the spindle
displacement by dividing the measured response with
a static response. Because of the additional mass ef-
fect of the rotor, the first mode at 328Hz dominates in
the response. This effect has to be compensated for to
get the correct tool point FRF.

Displacement responses at the rotor and the spindle
are shown in Fig. 7. It can be observed that the re-
sponse of the rotor remains nearly invariant while that
of the spindle shows different characteristics as the
spindle speed increases. However, the displacement
responses at the rotor and the spindle agree quite well
in the range below 400Hz.

Fig. 8 shows more detailed views of the results.
The noticeable difference in the response of the rotor
is the split-up of the first natural frequency. This can
be explained by the increasing gyroscopic moment of
the rotor at high spindle speed. Similar results were
reported in other researches [12, 16-18].
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From the results of Figs. 6-8, we can conclude that
the mode around 320 Hz is caused not by the spindle
characteristics but by the additional rotor mass effects.
A second order single degree-of-freedom system is
assumed to model these phenomena. The FRF of the
tool-spindle system with the rotor H, (s) can be
described as a multiplication of the approximated
rotor function H,, and the tool-spindle system
function without the rotor H(s) asin Eq. (2).

ZbIS;sz(s)
s“+tas+a, (2)

=H,,, (s)H(s)

H (s)=

ms

Asboth H(s) and H, (s) arenormalized by the
static  responses, H(0)=H, (0)=H, =1 if
s = jw=0, which makes b, =a, . Then, coefficients
a,,a,,b,b, can be determined by fitting this with
the experimental FRF of the rotor-spindle system as
in Eq. (3). The fitted coefficients are listed in Table 1.
The fitted model for compensating the mass of the
exciter rotor is plotted and compared with measured

data in Fig. 9.

Jjbw+b,

H,(0) = —————"—
-0’ + jaw+a,

ms

H(w), b,=a, (€)

Then, the FRF of the spindle is compensated for as
in Eq. (4). At is the time delay of 0.1287ms between

Table 1. First modal parameters of the FRF of the rotor.

Parameter X-directional Y-directional
a 55.33 523
a,,b, 4.40%10° 4.28%10°
b, 122.02 76.55
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Fig. 9. FRF of rotor fitted into a 1-DOF vibration system.

the two responses and @, =400Hz = 2,513rad/s . As
can be seen in Fig. 8, the rotor also shows complex
responses due to the gyroscopic moment at high rotat-
ing speed. These responses will not appear in an ac-
tual cutting experiment configuration. Hence, an em-
pirical approach is taken to compensate for these re-
sponses of the rotor. Through extensive investigation
of the experimental result, it is assumed that the
nonlinear responses of the rotor appear mainly in
frequency range below 400 Hz. So the FRF of the
spindle in range below 400 Hz is compensated for
with empirically obtained data. The reconstructed
FRF through this procedure is demonstrated with the
FRF before compensation and the result by impulse
test in Fig. 10.

|Igmzor (Cl))| Al oA
T Hoe (@) H,(0)-", 0< 0,
H(C()) = |Hmzor (a))l
H,,,(0)-H, () ™ wzo,
Q)

After the compensation of the attached rotor-bar
system in the exciting experiments, the FRF of the
tool-spindle system becomes similar in level to that of
the impulse test. Conducting an impulse test is a sim-
ple procedure, but obtaining an accurate result at high
frequency region is a demanding job. To identify the
FRF of the high-speed spindle, non-contact magnetic
exciting experiments are conducted on the rotating
spindle.

4.3 Measurement of dynamic characteristics of the
spindle

Excitation experiments were conducted by apply-
ing dynamic forces to the spindle with sinusoidal

X-directional normalized FRI®

10 e mgpsured FRF by exciter
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Magmitude
.
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Fig. 10. Compensated FRF and FRF by impulse test at sta-
tionary state.
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Fig. 11. Compliances of the spindle for various rotating speed
and exciting frequencies: (a) x-directional compliance and (b)
y-directional compliance.

excitation frequencies from 0 to 2kHz by 4Hz incre-
ment at each spindle speed from 2,500 to 15,000rpm
by 2,500rpm incremental step. Fig. 11 shows the ob-
tained FRFs (compliances) of the spindle. The magni-
tude of the driving force is kept constant at 10N so as
to provide consistent driving amplitude over the
whole range of driving frequencies. The spindle com-
pliance above 800Hz is calculated from the input
force, because the measured force signal can be erro-
neous due to the dynamic coupling between the ex-
citer and the dynamometer. As mentioned earlier, the
dynamic characteristics of a high-speed spindle are
complex and the results can be regarded as character-
istics of the given spindle under test.

The noise at very high frequency region can be ex-
plained by the small displacement response. As can
be identified in Fig. 10, the measured raw FRF by the
exciter is quite small in the high frequency region.
The noise from the CCDS is also amplified during the
FRF compensation and appears in the result. A smaller

Spindle error motion
by CCDS
v
FFT
/ Storeddata "\
non-cutting i

cutting

l A4

Intrinsic error motion

( Intrinsic error f

motion \ compensation
v
Tool-spindle f Calculating force
stiffoess | Hl(@)X(w)
v
\—/ Inverse FFT
v

Cutting force

Fig. 12. Diagram of cutting force estimation system.

workpiece

/Kist]cr

dynamometef

Fig. 13. Photo of the cutting force on-line estimation system.

rotor for excitation target may help reduce this noise
level. Increasing the amplitude of the exciting force is
difficult because of the excessive response at reso-
nance frequencies.

A cutting force estimation scheme is shown in Fig.
12. First, the CCDS signal is FFT-transformed and
then the intrinsic error motion is compensated. This
cutting related signal is multiplied by the spindle
stiffness to get the cutting force in frequency domain.
Finally, the cutting force is obtained by inverse FFT.

5. Cutting test

5.1 Cutting test results

Cutting tests were conducted and the results from
the CCDS and the dynamometer were compared. The
workpiece material was NAK80 mold steel with
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hardness of 42 in Rockwell C scale. A two-fluted, 10
mm in diameter, TiAIN coated, tungsten carbide ball
end mill with 30 degree of helix angle was used. Feed
was set at 0.2mm/rev and depth of cut was set to 2
mm for radial and to 0.3mm for axial direction. Only
the rotating speed was varied from 2,500 to 15,000
rpm because the dynamics change due to the rotating
speed is of interest. The experimental setup for this
cutting test is shown in Fig. 13.

Fig. 14 shows the comparison results of the dyna-
mometer and the CCDS system. The cutting force
estimated by the CCDS agrees well with the meas-
ured force by the dynamometer at slow rotating speed.
However, fluctuation of high frequency components
becomes bigger in dynamometer data as the rotating
speed increases. This is obviously due to the low

bandwidth of the dynamometer setup. An impact test
on this setup identifies that the first resonances occur
at 500Hz in x- and 450Hz in y-direction.

Side cutting experiments were also conducted with
SM45C in up-milling mode. A two-fluted, 10mm in
diameter, TiAIN coated, tungsten carbide flat end
mill with 30 degree of helix angle was used. Feed was
set at 0.2mm/rev and depth of cut was set to 0.3mm
for radial and to 10mm for axial direction. Fig. 15
shows the sample data at 5,000rpm and 10,000rpm.

High frequency vibration can be monitored in data
by the CCDS as shown in Fig. 14 (a). With the tool
passing frequency of 166.67Hz, small chattering with
frequency of 3.3kHz can be detected by the CCDS.
This frequency corresponds to the 6th mode of the
tool-spindle system.
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In Figs. 14 and 15, other cutting parameters were
kept the same, which means the amount of material
removed was the same. At higher machining speed,
the cutting force usually decreases because of thermal
softening [19]. As can be seen in Fig. 16 (c), the esti-
mated cutting force agrees well with this statement,
but the signal from the dynamometer does not due to
resonance between the dominant cutting frequency
and the first natural frequency of the dynamometer
setup.

5.2 Remarks on performance

The resolution and the range of cutting force by this
method rely on the displacement sensor. The CCDS
usually shows a noise level about 3mV. To include
the effect from other error sources, such as an error in
the FRF measurement at high frequency, a bigger
noise level is assumed. If a noise level is assumed to
be 10mV, the displacement resolution becomes
33.5nm as the sensor gain is 3.35um/V. The ap-
proximate value of the static compliance between
displacement and force is measured to be 0.015xm/N.
Thus, a 10mV resolution in the displacement be-
comes 2.23N resolution in cutting force. Likewise,
the measurable range of cutting force is +2kN in
+30um range of the CCDS, which is beyond feasible
limits. Next, the size error of the target due to thermal
deformation can cause a gain error. If there is a tem-
perature difference of 8.8°C between the target and
the CCDS, the sensor gap will change by 3um and
the displacement sensor will have 4 percent gain error,
which is calculated in a similar way as in [7] with the
specifications of the 4-electrode CCDS in this paper.

6. Conclusion

An on-line cutting force estimation system for a
milling with a high-speed spindle is developed and
experimentally validated, which uses a 4-electrode
CCDS at the spindle and a rotor-bar system in the tool
point FRF identification procedure. An empirical
method to compensate for the complex nature of the
spindle error motion and the tool-spindle dynamics is
proposed. To extract displacement signals related
only to the cutting force, the intrinsic spindle error
motions at each rotating speed are pre-acquired and
then compensated for by using its own signal as a
sync trigger. As the dynamics of a high-speed spindle
is complex and an analytic solution is hard to get, the

dynamic characteristics of the spindle-tool system are
experimentally identified up to 2kHz with a non-
contact magnetic exciter with a built-in CCDS. The
dynamics of this setup differs from that of the cutting
setup because a rotor for the magnetic exciter is inevi-
table. So the additional mass effect of this rotor is
compensated for by modeling it as a single degree-of-
freedom system of second order. The estimated force
was compared with the cutting force measured by the
dynamometer. The results demonstrate the effective-
ness of the proposed method. The cutting dynamics
over a wide bandwidth can be monitored successfully
by using the CCDS which is built into the spindle
housing.
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