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Abstract Cutting force monitoring is an important technolo-
gy for tool condition monitoring. However, a high precision
and wideband cutting force estimation, including cross-feed
components, with a sensorless approach of the ball-screw-
driven stage, is still challenging because of its multiple struc-
tural modes and non-linear friction. This study proposes a
process monitoring technique that independently estimates
the cutting force components in rigid body and in vibration
mode coordinate systems, based on multi-encoder signals. In
the rigid body mode, the cutting force components were esti-
mated by extracting the static rigid-body motion. In the vibra-
tion mode, the cutting force was estimated by using the rela-
tive displacement, velocity, and acceleration between the mo-
tor and the table. The estimation accuracy of the cutting force
in feed and cross-feed directions was evaluated through sev-
eral end milling tests. In the rigid body mode, a temporal
variation of the feed force components was observed.
However, high-frequency variations irrelevant to the cutting
force were included because of variations in motor current,
which had position/rotation-dependent characteristics. On
the other hand, in the vibration mode, it was possible to esti-
mate both feed and cross-feed components with less than
maximum static friction force, including high harmonics.
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Nomenclature

a; Acceleration of table

a,(=Ra,,,)  Equivalent value of «,, in translational motion

C, Viscous friction coefficient of transl. element

Cy Damping coefficient of structure

C.(=D,/R% Equivalent value of D, in translational motion

D, Viscous friction coefficient of rotational
element

Fou Cutting force

Fgie Friction force

1, Motor current

5eme Compensation current for disturbance force

J, Total inertia of motor, coupling, and ball-screw

K, Total rigidity of feed screw system

K, Torque coefficient

4 Pitch length

M, Movable mass

MJ(=J,/R?) Equivalent value of J. in transl. motion

R Transform coefficient for rotational to
translational motion (=£/27)

Thic Friction torque

T,, Ty Identified dead time

Teomp Dead time for phase lag compensation

X; Displacement of table

X,,(=R0,,) Equivalent value of 6,, in translational motion

v Velocity of table

Vu(=Rw,,)  Equivalent value of w,, in translational
motion

a(=M,/M,) Inertia ratio

A Angular acceleration

e, B Constant for proportional damping

0., Angle of motor

Wy Angular velocity of motor

Wee Bandwidth of current loop

"(hat) Estimated value
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Matrix and vector

xX,v,a Displacement, velocity, and acceleration vector
M,C,K Mass, damping, stiffness matrix

F Force vector

o} Modal matrix

Subscript

modal Value in modal coordinate system

n Nominal value

rigid  Value in rigid body mode

vib Value in vibration mode

Superscript

cmd Command value
ref  Reference value
res  Response value

1 Introduction

In the manufacturing field, an intelligent technique for en-
hancing productivity has been developed based on the
sensor-based condition monitoring. Tool condition monitor-
ing has drawn attention, because it is closely related to the
dynamics of the cutting process [1]. In particular, the cutting
force is one of the most valuable cutting process-related indi-
cators [2]; therefore, a condition monitoring technique fo-
cused on the cutting force has been developed.
Measurements of a cutting force could be broadly classified
into two categories, namely, direct and indirect measurements.
The direct cutting force measurement, using a piezoelectric
quartz dynamometer, is well established as the de-facto stan-
dard. However, the use of dynamometers significantly in-
creases initial costs, has a limitation regarding installation size,
and decreases the loop stiffness from tool to workpiece. Thus,
in most situations, dynamometers are restricted to research
applications.

Indirect cutting force measuring techniques could be cate-
gorized into two types, sensor-based and sensorless. In the
sensor-based techniques, displacement sensors are often at-
tached to the spindle, and the cutting force is estimated by
the variation of position that it causes. Because the sensors
are attached to the spindle, the measurements are not influ-
enced by the mass variation of the workpiece, in contrast with
measurements using the dynamometer. Albrecht et al. [3]
compensated the dynamics between tool and sensors using
the Kalman filter and enhanced the estimation bandwidth to
approximately 1 kHz. Sarhan and Matsubara et al. [4] consid-
ered the change in thermal deformation and stiffness resulting
from the high-speed rotation of the spindle. Albertelli et al. [5]
estimated the cutting force as well as tool tip vibration in
relation to the surface-quality of the machined workpiece.
Although the cutting force could be estimated accurately by
using additional sensors, a decrease in reliability and increase
in the maintenance cost are inevitable with the increasing
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number of sensors employed. The reduction in maintainability
is noteworthy when sensors are embedded inside the spindle.

Sensorless cutting force monitoring using inner informa-
tion of the machine tools has drawn attention because of its
sustainability. Altintas et al. [6] established a cutting force
monitoring methodology for a DC servo motor, and Lee
et al. [7] extended it to an AC servo drive. Based on this
methodology, current signals of the feed drive could be used
for sensing the cutting force in the feed direction within the
bandwidth of the current control loop. For example, band-
width of the current sensor in [6] and [7] is approximately
20 and 62 Hz, respectively. If an observer is established using
position/angle in addition to current signal, the estimation
bandwidth and accuracy could be enhanced. Shinno et al.
[8] successfully monitored the cutting force without the influ-
ence of variation in temperature, unlike the case with the dy-
namometer. Takei and Kakinuma et al. [9] showed that cutting
force monitoring surpassing the current control bandwidth
was feasible in a linear motor-driven stage. In the ball-
screw-driven stage, however, high precision and wideband
cutting force estimation is more difficult because of the
existing multiple structural modes and non-linear friction.
The friction force/torque changed significantly according to
the feed rate, table position, workpiece mass, and the use of
chip cover [10], while the position-dependent fluctuation of
friction was highly repeatable [11]. Particularly in milling,
cutting force monitoring, including not only the fundamental
frequency component but also its harmonics, is required, be-
cause they could result in the development of chatter. In many
studies, monitoring performance of cutting forces was
discussed at slotting. A few studies dealt with monitoring
performance at a low radial immersion, where cutting process-
es became more intermittent.

A sensorless estimation technique for the cross-feed (i.e.,
stationary feed) direction components of the cutting force is
also important, because they directly affect the quality of the
machined surface. However, the following error factors distort
the current signal and make it difficult to estimate the cutting
force in cross-feed direction [12]: the stick-slip friction, lower
encoder resolution, and arbitrary property of the stationary
feed motor current. Jeong and Cho [12] asserted that the sta-
tionary feed motor current was influenced by the magnitude
and frequency of the cutting force. In addition, they mentioned
that the cutting force could be estimated if the stick-slip fric-
tion is assumed as a constant influence. Ibaraki et al. [13]
proposed an estimation scheme by geometrically combining
the force vectors given by the servo motor and spindle motor
currents. The armature current in a spindle motor, which is less
affected by the non-linearity of friction, was used for estimat-
ing only the tangential component of cutting force. The valid-
ity of the proposed method was evaluated through end milling
tests with vertical machining centers, with both sliding and
rolling guideways. However, the cutting force estimation
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was quasi-static due to the rigid body-based formulation. Sato
et al. [14] extracted the cutting force components included in
motor current by an inverse transformation from frequency to
time domain. The cutting force components in cross-feed di-
rection were successively estimated when the cutting force
became larger than the static friction force.

In our previous study [15], we developed a sensorless cut-
ting force estimation method based on the multi-encoder-
based disturbance observer (MEDOB) [16]. In the method,
the feed force components were estimated by using the servo
signals of a full-closed controlled ball-screw-driven stage: the
motor current reference, the rotation angle of the motor, and
the displacement of the stage. The effect of the position-
dependent friction on force estimation was reduced by identi-
fying the friction force/torque under the same position trajec-
tory and velocity as cutting. By integrating a linear encoder
signal into the observer, which was close to the cutting point,
more wideband cutting force estimation was possible than
current reference monitoring.

In this study, a process monitoring technique is proposed
by independently estimating the cutting force components in
the rigid body mode and in the vibration mode coordinate
systems, based on multi-encoder signals. The cutting force
was estimated from the servo signals of a full-closed con-
trolled ball-screw-driven stage. By conducting an experimen-
tal modal analysis, the two mutually orthogonal modes were
introduced from the dual-inertia model of the ball-screw-
driven stage. By extracting the static rigid body motion, it is
feasible to estimate the cutting force component independent-
ly from the non-linear stiffness variation that corresponds to
the machine’s configuration in the rigid body mode. In addi-
tion, cutting force monitoring in the rigid body mode is theo-
retically identical to MEDOB-based cutting force monitoring.
In the vibration mode, the dynamic variation of cutting force
could be monitored in the dynamic coordinate system based
on relative displacement, velocity, and acceleration. The pro-
portion of motor current reference in the estimated force can
be lowered when the inertia ratio is less than 1, which contrib-
utes to highly accurate cutting force estimation in cross-feed
direction. Furthermore, the monitoring accuracy of a dynam-
ically abnormal state, such as chatter or tool fracture, could be
enhanced. This study focused on estimating variable compo-
nents of the cutting force rather than DC component. As for
the friction force/torque, DC component was more dominant
than variable components, while they had position-dependent
and repeatable characteristics. In order to keep conciseness of
this paper, the influence of the friction terms on the cutting
force estimation was eliminated by conducting idling test in-
stead of developing a dynamic model. The validity of the
proposed monitoring method was experimentally evaluated
through several end milling tests where feed rate and direction
were constant. Phase lag in the control system and friction
force/torque were identified and compensated in a similar

manner to our past study [15]. Estimation performance under
reciprocal motions with changing direction of friction was not
evaluated in this study, while estimation accuracy of the static
component could be influenced by the motions. Because the
cutting force was monitored in the equivalent single-degree-
of-freedom (SDOF) system, the proposed method is applica-
ble to existing process monitoring techniques established for
the SDOF system. In addition, the basic idea of the proposed
method is also applicable to sensor-based cutting force
monitoring.

2 Methodology
2.1 Experimental setup

Figure 1 shows the prototype of a three-axis ball-screw-driven
machine tool. AC servomotors are used as actuators, and shaft
and screws are directly connected by couplings. The ball-
screws are doubly anchored with support bearings. The pitch
length of the screw is 5 mm, and the stage is supported by
rolling guideways. Although the proposed estimation tech-
nique can be implemented in the control system of all axes,
in this study, the estimation performance was verified in the X-
axis direction, at the workpiece side, which can be compared
with the result of a dynamometer. The system configuration of
the cutting force estimation is shown in Fig. 2. Feedback sig-
nals for the position/velocity controller are provided by a lin-
ear encoder attached to the table (LIF481R, from
HEIDENHAIN) and a rotary encoder (resolution: 23 bit) built
into the motor. The rotary encoder had a 512 (=2°) count/rev
signal period and the signal was interpolated 16,384 (=2'%)

Fig. 1 Experimental setup

@ Springer
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Fig. 2 System configuration for cutting force estimation

times. The linear encoder had a 4-pum signal period and pro-
vided a resolution of 244 pm by interpolating 16,384 times.
High-resolution encoders were used in order to reduce mea-
surement errors of velocity and acceleration, which were used
in the cutting force estimation. The current control loop was
implemented in servo driver. At the counter-motor side, an-
other rotary encoder (resolution: 17 bit) was mounted, which
was not used for cutting force estimation but for generating the
electrical angle of the servomotors.

Current reference signals were generated from a motion
controller (Power PMAC, from Delta Tau). Both the sampling
frequency of data acquisition and the updating frequency of
the current reference were set at 10 kHz. For comparison, a
dynamometer (type 9129A, from Kistler) was mounted on the
table to measure the cutting forces.

2.2 Mode decoupled cutting force estimation method
based on dual-inertia model

A cutting force estimating equation is introduced based
on the dual-inertia model of the ball-screw-driven stage
shown in Fig. 3. This model is simpler and more intu-
itive than high-order model, which is beneficial in terms
of actual use. In addition, the number of degree of free-
dom coincides with that of sensors in the ball-screw-

Fig. 3 Dual-inertia model of ball-screw-driven stage
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driven stage with full-closed controlled. The dynamic

equations are as follows:
Jro 01 fan D+ CiR? —CiR | [ wa
0 M, a —CR C + Cy Vi

K.R* -K,R|[6,
-K,R K, X;

— { Ktlzef_Tfric } (1)

+

7Ffrichcut

Here, current reference, I;"f, and current response, /5",

were regarded as equivalent for simplification. By
transforming the dynamic equation in rotational motion to
translational motion, Eq. (1) is rewritten as follows:

M]{a} + [C|{v} + [K[{x} = {F} (2)
where

M, 0 C. +C -C
[M]:[O Mt:|7[C]:|: —Ckk Cx—I—kCJ’

K= o @={rhm={r

= {7 r1 = {Kf’?f/ R T R }

—Fic—Feu

In this study, proportional damping (i.e., [C] = o [M]+
BJAK], a.=C,/M,.=C/M,, B.= Ci/K,) was considered. To de-
couple the dual-inertia model, the following modal transfor-
mation was conducted:

{x} = [@]{Xmoda } (3)

where

=1 1]t = {5} - {255

The modal transformation is applicable to {v} and {a}. By
multiplying [¢]” on the left side of Eq. (2), a decoupled dy-
namic equation is introduced as follows:

[Mmudal}{amodal} + [Cmodal]{vmodal} + [Kmudal}{xmodal} = [¢]T{F} (4)

where

M, + M,

o (14 10/04>Mr]

M notal] = (6] [M][] =

Miga O
0 My
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[Cmodal] = [qb}T[C] [(,b] = Oéc[Mmodal] + 50 [Kmodal] = |:Cr(i)gid C(\)/ib]

(K modal] = [‘MT[K”(M = {8 (1 + l;oz)zKr} - {8 K(iib:|

After modal transformation, the non-diagonal elements of
[M 0421, [Crodatls and [Koga1] became zero. Because first
row, first column of [K,0qa1] is zero, the first row of Eq. (4)
indicates the dynamic equation in the rigid body mode, while
the second row does that in the vibration mode. By solving
Eq. (4), the estimating equations of cutting force in the rigid
body and vibration modes could be denoted as follows:

£
F eutrigiay = Kily / R=Thic / R=Fiic—M rigiq@rigia—Crigid Viigid
(5)
Feugviv) = —0[K ™ /R=Tic/R + Fiic/a—(M iy + CuipVyib + KyivXviv)]

(6)

In practice, a low pass filter is implemented to eliminate
higher frequency noise. Because Viigid » @rigid » @vib » Vvib > Xvib
are derived from 6, and x,, the cutting force could be estimat-
ed based on Egs. (5) and (6) with adequate identification of
friction terms.

As mentioned before, the authors had developed a MEDOB-
based cutting force estimation method [15]. In that method, the
cutting force could be estimated without using the stiffness value,
K,. On the other hand, the MEDOB-based estimation is essen-
tially the same as the estimation in the rigid body mode. In other
words, the stiffness independent estimation was possible in
MEDOB, because the rigid body motion of the ball-screw-
driven stage was extracted by applying MEDOB. In the
Appendix, the equivalence is analytically proved.

As can be seen in Eq. (3), the modal displacement in the
vibration mode is calculated from the relative displacement
between the stage and the motor. Similarly, the modal velocity
and acceleration in the vibration mode are calculated. Thus,
the cutting force estimation in vibration mode is based on
relative displacement, velocity, and acceleration. Mode
decoupling is applicable to analyze the damping property of
the relative velocity feedback control system [17].

It is possible to extend the basic idea of the proposed meth-
od to a multi-inertia system. Displacement (or acceleration)
sensors are then required, corresponding to the number of
degrees of freedom to extract eigenmode.

2.3 Identification and compensation of phase lag

In the last section, the basic formulation of mode-decoupled
cutting force monitoring is presented. For high-precision and
wideband cutting force monitoring, the phase shift between

the signals, I;ef, 0,,, and x, needs to be identified and

compensated. Simultaneously, the accurate identification of
modal parameters is also required. Figure 4 shows a schematic
block diagram of the cutting force monitoring system with
phase lag compensation. In the figure, two types of phase
lag elements are considered. First, the bandwidth of the cur-
rent control loop (5000 rad/s) was taken into account, and it
was modeled as H(s)(=w./(s + w..)). Second, the dead times
in the control system were considered. Specifically, ¢ 7« de-
noted the dead time of the servo driver, and the summation of
delay in numerical differential and transmission of the encoder
75, Considering that ).~ and x,
were delayed signals against / Zmd, the phase lag was compen-

signal was modeled as e

sated by delaying / gmd so that the total amount of dead time
became equal. Finally, a cutting force observer was constitut-
ed in each mode based on the compensated signals.

The measured and identified frequency response function
(FRF) is shown in Fig. 5, and the identified parameters are listed
in Table 1. Bandwidth of the current control loop (w,.) and dead
time of servo driver (7;) were determined from catalog value
from manufactures. Dead time at encoder side (7},) was experi-
mentally determined so as to follow phase characteristics.
Mechanical parameters were identified by applying differential
iteration method [18], which was a sort of least square method in
frequency domain. Non-linear terms of measured FRF were lin-
earized by performing Taylor expansion around initial value.
Modal parameters were iteratively calculated, while w,., 7, and

Fcutr Ffric: Tfric

Ball screw
driven stage

Current i
control loop

Ktn/Rn

()

i
i e~ Tom*| Phase lag compensation
L

Modal
B T transformation
fric: L fric
R : 9rigid
Cutting force observer 2
in rigid body mode Tigid
1
Fcut(rigid)
Ffric: Tfric
- Ryin
Cutting force observer Dyin
in vibration mode Qyin
pcut(vib)

Fig.4 Schematic block diagram of the cutting force estimation system in
modal space with phase lag compensation
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Fig. 5 Frequency response functions between motor thrust force and
accelerations,[szn/Kmlzmd, and &,R,,/Kmlflmd (solid line: model,
dashed line: experimental)

T, were excluded for iterative calculation. These parameters were
used for the following simulation and experimental verifications.

3 Theoretical evaluation of monitoring performance

The estimated cutting forces were constituted from four forces
(i.e., motor thrust, inertia, damping, and restoring forces).
Assuming no modeling error, high precision and wideband
cutting force monitoring was feasible, whichever estimating
equations were applied. On the other hand, the proportion of
the four forces used in estimating the cutting force varies
responding to frequency, and it was different depending on
the type of estimating equations. Thus, the estimation accura-
cy of the cutting force was influenced by the most dominant
force. In this chapter, the proportion of each force was evalu-
ated by a time domain simulation. In the simulation, a sinu-
soidal load force was applied as a command value. The FRF
between the load force and each of the remaining forces was
investigated by continuously varying the frequency of the ap-
plied force. The monitoring system was constructed based on
Fig. 4. Note that, for the sake of simplification, the dead time
elements, friction force, friction torque, and resolution of en-
coders were not considered. In order to attenuate higher

Table 1  Parameters for simulation and experiments

Total inertia of motor, coupling, and ball screw J, [kgm?]  5.18x107°
Total movable mass M, [kg] 6.55
Inertia ratio o [] 0.080
Viscous coefficient of translational element C, [N-s/m] 8.21x10?
Damping coefficient of the mechanism C; [N-s/m] 1.76x10°
Viscous coefficient of rotational element D,. [N-m-s/rad] 6.50 x10°3
Total rigidity of feed screw system K. [N/pum] 40.5

Dead time 7, T, [ms] 0.2,0.2
Dead time for phase lag compensation 7o, [ms] 0.4

@ Springer

frequency noise, a 4th order low pass filter (LPF) was imple-
mented in the cutting force observer. The cutoff frequency of
the LPF was set to 1000 Hz.

Figure 6 shows the gain characteristics between the applied
load force and each of the remaining forces. In rigid body
mode, the motor thrust force, K,/ flmd /R, consisted mostly of
the estimated cutting force in lower frequencies. In higher
frequencies, the contribution by the inertia force, M rigiddﬂgid,
increased, and therefore an accurate identification of inertia
and the measurement of acceleration became important. The
friction force and torque mostly consist of DC and low fre-
quency components, and the motor thrust force (i.e., the cur-
rent signal) is strongly affected by friction. Therefore, the
motor thrust force component in the rigid body mode was
subjected to friction as well as the conventional sensorless
estimation technique using current signal. In the vibration
mode, the proportion of motor thrust force, aK t[;“‘d /R, was
lower because of the low inertia ratio («: 0.080). Thus, the
variation of the motor thrust force caused by friction affected
less the estimation accuracy. On the other hand, the restoring
force, &K yipXyi,, Was proportionally high in a wide frequency
range. Accurate identification of stiffness was important in the
vibration mode. When the frequency components close to the
resonance frequency were monitored, the damping force,
o Clip Vyib, WaS non-negligible in the vibration mode.

4 Friction characteristics

To estimate the cutting force using Egs. (5) and (6), the friction
torque, T, and friction force,F'g;c, must be accurately identi-
fied and eliminated. As mentioned in the last chapter, the
proportion of motor thrust force,K, Iff /R, became larger in
lower frequencies in the rigid body mode. When the stage was
moved at constant feed rate without additional load, such as
the cutting force, the motor thrust force was assumed equal to

(a) 5 Mrigidar‘igid
Ktloclmd/R Fcut(rigid) \".
E‘1 \ .
© ~
o Crigidvrigid
0 -
10’
®) .
s aMyip8yip 3
. i’ il
S4r cut{(pih) aCyipVyip \J i
c P DAY
5,0 a K JEm™ /R aKyin®pip\_ i
0] \ o —x X \
0 N o

10’ 102
Frequency [Hz]
Fig. 6 Gain characteristics of each force a in rigid body mode and b in
vibration mode
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Fig.7 Position-dependent and repeatable characteristics of friction force/
torque at 20 mm/s a overall view and b expanded view

the summation of the friction force and friction torque, as
could be noted from Eq. (5). Here, inertia and viscous terms
were ignored. Figure 7 shows the friction characteristics iden-
tified by using the motor thrust force reference through the
three experiments. The summation of the friction terms varied
depending on the table position and fluctuated periodically at
the same phase in each motion. The position-dependent fluc-
tuation had high repeatability. The effect of the position-
dependent friction on the cutting force estimation could be
reduced by making use of the repeatability.

The frequency analysis results of the frictions were divided by
feed rate in order to analyze the periodical fluctuation in
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Fig. 8 Friction characteristics in wavelength domain at a 1 mm/s, b
5 mm/s, and ¢ 20 mm/s
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Fig. 9 Frequency analysis results of the motor thrust force at different
feed rates

wavelength domain, and the results are presented in Fig. 8.
Although the dominant components were different, multiple
fluctuation components with the same wavelength were ob-
served at different feed rates. The wavelength of the fluctuations
ranged from the micrometer to millimeter regions. Disturbances
in the mechanical system and in the control system including the
servo motor could induce these fluctuations [11]. When the fre-
quency of the fluctuation came close to that of the cutting force,
the estimated cutting force might be distorted because of thrust
force fluctuation. As shown in Fig. 9, the dominant frequencies
in each feed rate linearly increased and were likely to approach
the frequency of the cutting force. At the same time, the intensity
of the spectrum was high with a higher feed rate. These results
suggested that the feed rate could influence the estimation accu-
racy of the cutting force in the rigid body mode as well as the
position-dependent fluctuations. In this study, however, the in-
fluence of the feed rate was not discussed.

On the other hand, as suggested by the simulation results in
the vibration mode, the relative motion between rotation and
translation had a larger influence on the estimation
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80 -60 -40 20 O 20 40 60 80
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Relative displacement [um]

(b)

' ' ' ' ' '
© 2] ~ (o] [9)] =

5 10 15
Position of table [mm)]

Relative displacement [um]
o

Fig. 10 Position-dependent and repeatable characteristics of relative
displacement between motor angle and table response at 20 mm/s a
overall view and b expanded view
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Fig. 11 Characteristics of relative displacement between motor angle and
table response in wavelength domain at a 1 mm/s, b 5 mm/s, and ¢
20 mm/s

performance of the cutting force than the motor thrust force.
Thus, the position-dependent characteristics of the friction
terms were reflected in the relative displacement rather than
in the motor thrust force. As shown in Fig. 10, the relative
displacement has both position dependency and high repeat-
ability, as in the case of the motor thrust force. On the other
hand, the dominant wavelength of the relative displacement
differed from that of the motor thrust force. The dominant
fluctuation was in the millimeter region, as presented in
Fig. 11, which suggested that lower frequency fluctuations
were induced in the vibration mode. The fluctuation with a
period of 5 mm presented the highest amplitude, which
corresponded to the lead length of the screw.

Table 2  Experimental conditions

Spindle speed [min'] 1000, 4000, 10,000
Axial depth of cut [mm] 0.3
Radial depth of cut [mm] 6.0, 1.5

Type of immersion Full immersion, quarter
immersion down milling

Feed per tooth [pum/tooth] 30

Cutting tool Square end mill

Tool diameter [mm] ¢ 6.0

Number of flutes 2

Workpiece material Al alloy (A5052)
Sampling frequency [kHz] 10

Cutoff frequency of LPF [Hz] 500

Type of LPF Butterworse (4th order)
Cutoff frequency of MEDOB [Hz] 160
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Fig. 12 Estimated cutting forces in feed direction (spindle speed
1000 min™", radial depth 6 mm)

Based on the position-dependent and repeatable character-
istics, friction terms in each modal space were determined by
idling (air cutting) tests in this study. Idling tests were per-
formed three times before the cutting test in each cutting con-
dition. In order to exploit position dependency, the position
trajectory, and velocity in the idling test need to correspond as
much as possible with those in the cutting tests. Stage weight
including workpiece is also influencing factor on friction char-
acteristics as well as stage position. In addition, mass variation
of the workpiece can lead to estimation error of the cutting
force especially in high frequencies, because frequency re-
sponse of the feed drive is subjected to influence of the mass
variation. On the other hand, the experimental setup is desktop
size, and available mass is limited because of the table size.
Therefore, discussion about stage weight is not included in
experimental verification.

5 Experimental verification
5.1 Experimental conditions

For evaluating the monitoring performance of the mode-
decoupled method, end milling tests were carried out using
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Fig. 13 Frequency analysis result of estimated cutting forces in feed
direction (spindle speed 1000 min "', radial depth 6 mm)
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Fig. 14 Overall view of estimated cutting forces in feed direction and velocity response of table (spindle speed 1000 min~', radial depth 6 mm)

the prototype ball-screw-driven machine tool shown in Fig. 1.
The cutting force monitoring system was installed in the con-
trol system of the X-axis ball-screw-driven stage. Table 2 sum-
marizes the experimental conditions. In the end milling tests,
the workpiece was machined at a constant feed rate and depth
of cut. At first, the X-stage was moved, and the cutting force
component in X-direction was monitored in order to evaluate
the estimation performance in feed direction. Secondly, the Y-
stage was moved, while the cutting force component in X-axis
direction was monitored for evaluating the performance in
cross-feed direction. As for load condition, we selected small
axial depth of cut condition for the cutting force to become
less than kinetic friction. This is because we aimed to show
that smaller cutting force generated with a small depth of cut
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Fig. 15 Comparison of estimated cutting forces in feed direction with
respect to radial depth and spindle speed. a »= 1.5 mm, S = 1000 min . b
7= 1.5mm, $=4000min . ¢ 7=6.0mm, S= 1000 min ' d = 1.5 mm,
§'=10,000 min". e 7= 6.0 mm, S = 10,000 min "'

was observable. For fair comparison, both the estimated cut-
ting force and the force measured by the dynamometer were
filtered.

5.2 Experimental results and discussion

Figure 12 shows the experimental result at full immersion
milling and 1000 min~" spindle speed. Both of the estimated
values could follow temporal variations during cutting. In the
rigid body mode, however, the waveform was noisy, while the
cutting force could be accurately estimated in the vibration
mode. This is because high-frequency components, irrelevant
to the cutting force, were included in the current reference
(i.e., the motor thrust force reference). As shown in Fig. 13,
four additional frequency components were included in both
motor thrust force and estimated value in the rigid body mode:
100, 205, 307, and 410 Hz. Because the feed rate was 1 mm/s
in this cutting condition, these frequency components
corresponded to 10.0, 4.88, 3.28, and 2.44 fluctuations in
the wavelength domain, respectively. These fluctuations were
observed during the idling motion as presented in Fig. 8a.
Because the signal period of the rotary encoder was 512
count/rev (i.e., 9.77 um wavelength), these fluctuations were
supposed to result from the angular measurement. On the
other hand, longer-wavelength components, such as the per-
83-um variation (i.e., 12 Hz) were not observed in the rigid
body mode. Similarly, longer-wavelength components were
not induced in the vibration mode, while they were included
in the relative displacement as shown in Fig. 11. The presented
friction force/torque compensation method was particularly
effective for eliminating longer-wavelength (i.e., low frequen-
cy) components, but was not necessarily valid for eliminating

20
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Fig. 16 Estimated cutting forces in cross-feed direction (spindle speed
1000 min ', radial depth 6 mm)
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Fig. 17 Frequency analysis result of estimated cutting forces in cross-
feed direction (spindle speed 1000 min™", radial depth 6 mm)

shorter-wavelength (i.e., high frequency) components. The
fluctuation with shorter wavelengths needs to be eliminated
by a suitable signal processing. When high repeatability
existed, the cutting force components in the feed direction
could be accurately estimated all the time, as shown in Fig. 14.

The monitoring performance of the cutting force was eval-
uated at different immersion and spindle speeds, and the re-
sults are presented in Fig. 15. As in the case of full immersion
milling with 1000 min~" spindle speed, higher frequency
noises were included in the estimated value in the rigid body
mode owing to angular measurement. Because the cutting
process was more intermittent at quarter immersion milling
(i.e., » = 1.5 mm), there were higher harmonics in the fast
Fourier transform (FFT) result of the cutting forces, as shown
in Fig. 15a. By estimating the cutting force components in the
vibration mode, wideband cutting force monitoring including
higher harmonics was possible. In the vibration mode, there-
fore, the cutting force could be accurately monitored, includ-
ing that in the air-cutting region. The temporal variation of the
cutting force could be accurately captured in the vibration
mode at higher spindle speeds, as shown in Fig. 15b—e. In this
regard, the estimation error in DC might happen because of
the compensation error of friction terms, as shown in Fig. 15d.

In the next step, the monitoring performance of the cross-
feed direction component of the cutting force was evaluated.
The results in time domain and in frequency domain are pre-
sented in Figs. 16 and 17, respectively. In the rigid body mode,
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Fig. 18 Overall view of estimated cutting forces in cross-feed direction (X-axis) and velocity response of table (spindle speed 1000 min

6 mm)

@ Springer

the DC component of the estimated value was far from that of
the measured cutting force. The difference of the DC compo-
nent was induced after the beginning of the cutting, as shown
in Fig. 18. In addition, a temporal variation of the cutting force
caused by tooth-pass was not reflected in the estimated value.
On the other hand, by estimating the cutting force component
in vibration mode, the cross-feed force components could be
accurately estimated, as well as the feed force components.

The large estimation error in rigid body mode was attributed
to the response of the motor thrust force. Because there was
high repeatability and position dependency under constant feed
motion, the motor thrust forces in cutting and in idling were
partially overlapping, as shown in Fig. 19a. In this case, a motor
thrust force of around 120 N was supplied in order to keep feed
motion without stopping. Thus, the kinetic friction force of the
X-stage was assumed to reach approximately 120 N.
Figure 19b shows the cross-feed component of the motor thrust
force, which was massed around —50 N during cutting and was
smaller than the static friction force of the X-stage. Therefore,
the presented motor thrust force corresponded to the static fric-
tion force of the X-stage. In this case, not the kinematic friction
but the summation of the static friction and cutting forces ap-
proximately balanced the motor thrust force. However, the stat-
ic friction force could not be acquired by the presented idling
test as shown in Fig. 19b. Thus, it is difficult to estimate the
cross-feed component of the cutting force in rigid body mode.
When the cross-feed component of the cutting force is larger
than the static friction force, it is possible to estimate the cutting
force through frequency analysis of the motor thrust force [14].
However, the measured cutting force in cross-feed direction
was less than the static friction force. In the rigid body mode,
therefore, high precision cutting force monitoring in cross-feed
direction was difficult.

Figure 20 shows the position response in cross-feed direction
from the rotary and linear encoders. The waveform of the angle
response in Fig. 20a was similar to that of the motor thrust force
during cutting as shown in Fig. 19b. While the variation of the
motor angle was comparatively small, a large position variation
was observed at the table near the cutting point. In addition, the
waveform of the table response was similar to the cutting force
shown in Fig. 16, which indicates that the table response
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Fig. 19 Comparison of motor thrust force a in feed direction (1 mm/s)
and b in cross-feed direction (stopped axis)

captured the dynamic variation of the cutting force. The DC
component of the cutting force could not be extracted by only
using the table response. By combining table and angle re-
sponses, an accurate cutting force monitoring, including the
DC component, was accomplished in the vibration mode, even
if the cutting force was less than the static friction force.

Figure 21 shows the estimation results of the cross-feed
components with respect to radial depth of cut and spindle
speeds. As in the case of feed force component, the dynamic
variation of the cutting force could be accurately estimated in
vibration mode. As mentioned before, the motor thrust force
and the relative displacement fluctuated periodically, depending
on the rotation/position when the feed motion was applied to
the stage. However, the periodical fluctuation did not influence
the estimation performance in cross-feed direction, because the
stage was commanded to fix. Cutting force monitoring in vi-
bration mode can offer higher estimation accuracy in cross-feed
direction than in feed direction. When monitoring only cross-
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Fig. 20 Position response in cross-feed direction during cutting test at
1000 min~" and 6.0 mm radial depth a overall view b expanded view
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feed components of the cutting force, it was not necessary to
perform idling tests before the cutting test, which we experi-
mentally confirmed.

6 Conclusion

This study proposed a sensorless process monitoring technique by
independently estimating the cutting force components in the rig-
id body and vibration mode coordinate systems, based on multi-
encoder signals. The validity of the proposed cutting force mon-
itoring technique was experimentally evaluated by end milling
tests. The following conclusions can be drawn from the study:

1. The two mutually orthogonal modes were introduced
from a dual-inertia model of the ball-screw-driven stage.
In this method, the cutting force was estimated by using
three pieces of servo information: motor current refer-
ence, motor angle, and displacement of the stage.

2. In the rigid body mode, the cutting force components
were estimated by extracting the static rigid body motion,
which was theoretically equivalent to cutting force mon-
itoring applying the multi-encoder based disturbance ob-
server. In the vibration mode, the cutting force was
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estimated by using the relative displacement, velocity, and
acceleration between the motor and the table.

3. Experimental results indicated that both estimation methods
could extract temporal variation of the cutting force compo-
nents in feed direction. In the rigid body mode, however,
higher frequency variations irrelevant to the cutting force
were included because of the periodical variation of the
motor thrust force. In the vibration mode, an accurate and
wideband estimation as sensorless approach was possible,
including higher harmonics induced by intermittent cutting.

4. Cross-feed components of the cutting force less than the
maximum static friction force were successfully estimated
in the vibration mode. The relative motion-based estima-
tion in the vibration modal space was more effective for
monitoring cross-feed components than the motor thrust
force-based estimation.

The proposed method is applicable to the Y-axis ball-screw-
driven stage, which equips the spindle and the Z-stage. We
experimentally confirmed that the cutting force components,
both in feed and in cross-feed directions, were observable with
low spindle speed. However, the estimation accuracy de-
creased with higher spindle speed, because the presented
dual-inertia model did not consider the dynamics between
the tool and the stage. The extension to a multi-inertia model,
using additional displacement/acceleration sensors, is one of
the solutions. In addition, the damping property of the guide-
way might be an important factor, which affected the position
and angular response, especially in cross-feed direction. These

factors are noteworthy for further accurate cutting force mon-
itoring. In future work, we plan to evaluate estimation accu-
racy under pocketing operation with reciprocal motions. In
addition, we also plan to apply the mode-decoupled cutting
force monitoring method to the monitoring of chatter.
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Appendix

Modal displacement in the rigid body mode is introduced by
referring to Eq. (3) as follows:

1
Xrigid = —1 (xm + axt) (7)

o+

Modal mass and damping in the rigid body mode are denot-
ed by using parameters of the dual-inertia model as follows:

Mrigid:M,-FM,:(l-Fa)Mr (8)

Crigit = ®eMigia = (1 4+ )M,

The equation for cutting force in the rigid body mode
(Eq. (5)) is rearranged by using Eqgs. (7) and (8) as follows:

K I a, +aa Vi + vy T
Fcut(rigid) = lRa _(1 + Ol)Mr'Tlt_Oéc(l + Ck)Mr'Tlt_ ;;C_Ffric
K Tfiic
= Ta - M,a,— Ma—~ aMyv,— aMyv— R — Fhic
Klref Tﬁ-j
= % - M,a,— M~ Cv,— Cy— R - Fhic
where The estimating equation in the rigid body mode is the same
C M as that applying MEDOB, Eq. (6) in [15].
r = QeVly,
Ci = a.M,;

The parameters for rotational elements written as translational
terms (i.e., M,, C,, a,, ,v,,) were rearranged to rotational terms
(.e.,J.,D,, a,, ,w,), and the estimating equation was as follows:

F cut(rigia)
Kt Iref

J, D,
—Ro,—M ,a,—Fme—C Vi

1 .
= 2 (Kd§" = rn=Dywn=Trwe) "Miai=C v~ Fise
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