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Abstract Process monitoring technology has been studied in
order to realize higher efficiencies and greater automation of
the machining process. The cutting force is widely regarded as
being the most valuable physical quantity to be gathered when
monitoring a metal-cutting process. However, a practical,
wideband, and indirect means of measuring the cutting force
has not yet been attained for ball-screw-driven machine tools.
In recent years, full-closed ball-screw-driven stages mounting
linear encoder have been widely used for high-end machine
tools. Considering indirect cutting force estimation using ser-
vo information from a full-closed controlled ball-screw-driven
stage, three pieces of information are available as servo signals
of the feed drive: the motor current command, the rotation
angle of the motor, and the displacement of the stage. In this
study, a high-precision and wideband sensorless cutting force
estimation method was proposed for full-closed controlled
ball-screw-driven stages using a multi-encoder-based distur-
bance observer (MEDOB). The MEDOB was originally pro-
posed for estimating the external force on the load side of
flexible robots, and was used for resonance ratio control,
which was intended to suppress low-frequency vibration.
This study aimed to develop an estimation technique for
high-frequency cutting forces that exceed the bandwidth of
current control loops for the highly stiff ball-screw-driven
stage. The influence of extra phase lag on the control signals
was considered in order to apply MEDOB to an actual ball-
screw-driven stage. The validity of the proposed method was
verified using both an analytical simulation and cutting
experiments.

>4 Yuki Yamada
yamada@ams.sd.keio.ac.jp

Department of System Design Engineering, Keio University, 3-14-1
Hiyoshi, Kohoku-ku, Yokohama 223-8522, Japan

Keywords Process monitoring - Ball-screw-driven stage -
Cutting force - Disturbance observer - Multi-encoder-based
disturbance observer

1 Introduction

With the ongoing development of CNC machine tools, a need
has arisen for an effective scheme for monitoring the cutting
process [1, 2]. In particular, the cutting force is directly related
to the dynamics of the cutting process; hence, monitoring of
the cutting force would provide a means of investigating the
process behavior and detecting abnormal states, such as tool
wear or tool breakage [3—5]. In addition, chatter has long been
one of the major problems in the field of machining [6-8].
While tool wear can be detected by monitoring the mean com-
ponent of the cutting forces, chatter often occurs near the
resonance point at higher frequencies. Therefore, wideband
cutting force measurement techniques are required to detect
the entire unknown abnormal state. In general, cutting forces
are measured using a dynamometer. However, dynamometers
greatly increase initial costs and decrease loop stiffness from
the tool to the workpiece. Thus, numerous previous studies of
indirect cutting force measuring techniques have been done.
In the sensor-based techniques, displacement sensors such as
capacitive [9], inductive [10] and eddy-current type [11] are often
attached to a spindle, and cutting force is estimated by position
variation induced by cutting force. Although the use of additional
displacement sensors improves the accuracy of the cutting force
estimation, a decrease in reliability is inevitable, and the reduc-
tion in maintainability is noteworthy when sensors are embedded
inside the spindle. Calibration of the thermal influence and of the
spindle stiffness is also required. On the other hand, cutting force
measurement using internal sensors has also been the subject of
studies. Monitoring the armature current of the feed drive or of
the spindle motor is a typical example [ 12—15]. Altintas et al. [12]
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established a cutting force monitoring methodology for a DC
servo motor, and Lee et al. [13] extended to an AC servo drive.
Kim et al. [14] estimated the cross-feed directional cutting force
which is normal to machined surfaces, and estimation bandwidth
was expanded to 130 Hz. Sato et al. [15] extracted cutting force
components included in motor torque of feed drive by time-
frequency analysis. Although the monitoring of the armature
current is practical, the measurement bandwidth is narrow. This
happens because the dynamics of the movable mass are not
directly considered. Cutting force measurement based on the
disturbance observer (DOB) theory [16] was proposed as a
means of taking the dynamics of the moving mass into account
[17-19]. Shinno et al. [17] showed that the cutting force can be
estimated independent of temperature, in contrast to measure-
ments with a dynamometer. Ibaraki et al. [18] proposed a method
of estimating the cutting force by geometrically combining the
cutting force vectors acquired from the feed drive and the spindle.
Takei et al. [19] showed that estimation bandwidth can be ex-
panded by using multi-rate sampling in the linear motor-driven
stage. Although current signals cannot follow cutting force var-
iations, which have higher frequency components, enhanced re-
sponsiveness (through consideration of the dynamics of the mov-
able mass) and wideband estimation were accomplished.

Cutting force estimation with DOB is effective for linear
motor-driven stages; however, accurate cutting force estimation
has not been achievable in the case of ball-screw-driven stages.
Since a ball-screw-driven system is composed of many mechan-
ical elements, which transform rotational motion to translational
motion, there are multiple resonance points. In addition, the fric-
tion forces between the nut, balls, and lead screw are large and
are position- and angle-dependent. Furthermore, the nonlinear
spring characteristic between the screw and the nut makes esti-
mation of the even more difficult. These factors limit both esti-
mation accuracy and bandwidth.

In recent years, full-closed ball-screw-driven stages mounting
linear encoder have been widely used for high-end machine
tools. Considering indirect cutting force estimation using servo
information from a full-closed controlled ball-screw-driven stage,
three pieces of information are available as servo signals of the
feed drive: the motor current command, the rotation angle of the
motor, and the displacement of the stage. However, the conven-
tional DOB-based cutting force estimation method was intended
for semi-closed control systems, and only a few studies have
been conducted on in-process cutting force measurement
methods integrating the three aforementioned signals. In this
paper, a high-precision and wideband sensorless cutting force
estimation method was proposed for full-closed controlled ball-
screw-driven stages applying a multi-encoder-based disturbance
observer (MEDOB) [20]. The MEDOB was originally proposed
for estimating the external force on the load side of flexible robots
and used for resonance ratio control [21], which aimed to sup-
press low-frequency vibration and to enhance control bandwidth.
The concept of the MEDOB is applicable as a cutting force
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estimation method in a full-closed controlled ball-screw-driven
stage when used with two encoders. However, this method is not
directly adopted without any modification, because there are sev-
eral sources of error in actual ball-screw-driven machine tools.
Lag elements in the control system are non-negligible when es-
timating cutting forces at higher frequencies. In addition, unnec-
essary vibration excited by the motor current reference negatively
influenced the estimation. In this paper, a methodology is pre-
sented for introducing wideband cutting force estimation with
MEDOB, which includes phase compensation, to an actual
full-closed controlled ball-screw-driven stage. Considering the
influence of the lag elements and the vibration sources, it is
shown that the MEDOB performed effectively as a wideband
cutting force estimation method. Ultimately, the estimation meth-
od is applicable to the detection, avoidance, and suppression of
tool wear, breakage, and chatter.

Nomenclature

aq, Acceleration of table [m/s*]

C; Viscous friction coefficient of translational element [N - s/m]

D, Viscous friction coefficient of rotational element
[N-m-s/rad]

F.. Cutting force [N]

Fie Friction force [N]

F Load force [N]

Gewt Cutoff frequency of low-pass filter [rad/s]

I, Motor current [A]

e Compensation current for disturbance force [A]

J, Total inertia of motor, coupling, and ball-screw [kg-m |

K, Total rigidity of feed screw system [N/pum]

K, Torque coefficient [N - m/A]

4 Lead [mm)]

M, Movable mass [kg]

R Transform coefficient for rotational motion to
translational motion (= £/27) [mm/rad]

T, Motor torque [N -m]

Tjic Friction torque [N - m]

T, T, Identified dead time [s]

T, T, T. Dead time for phase lag compensation [s]

v, Velocity of table [m/s]

X; Displacement of table [m]

QA Angular acceleration of motor [rad/sz]

0, Angle of motor [rad]

Wele Electrical delay of motor [rad/s]

Wiy Angular velocity of motor [rad/s]

Weomp Cutoff frequency of compensation filter [rad/s]

Caret Estimated value

(Subscript),, Nominal value

(Superscript)™?  Command value
(Superscript)®  Reference value

res

(Superscript) Response value
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2 Methodology
2.1 Modeling of ball-screw-driven stage [22]

The structure of a typical ball-screw-driven stage is shown in
Fig. 1. The ball screw is connected, via a coupling, to a ser-
vomotor. This assembly drives the table carrying the work-
piece by transforming the rotary motion of the motor into
linear motion. In this study, a dual-inertia model was applied
to describe the dynamic behavior of the ball-screw-driven
stage. The model is shown in Fig. 2a. The dynamic equations
are as follows:

J 10y = Tpy=T fic=Drw =K, (RO—x:)R (1)

M[a[ == Kr(Rem_xt)_Ctvt_F] (2)

A block diagram of the dual-inertia system is shown in
Fig. 2b. When the bandwidth of the current loop was high
enough, the current reference, Iaref, and response current,
1%, were regarded as equivalent. The motor torque, 7}, and

load force, F}, in Egs. (1) and (2) were rewritten as follows:

T, =K1 (3)

Fl:Fcut+Fﬁic (4)

To make the frequency analysis simpler, Egs. (1) and (2)
were rearranged in the Laplace domain, as follows:

]

5
1 Ms? + Cis + K, RK, T, (3)
M, J,.E(s) RK, J,s>+Dys + R°K, | | —F;
where

E(s) = s* +2(a, + ¢ )wis® + (4al,(, + a + 1)wis?
+ 20‘((1‘ + Cz)wfs

K, ¢ D, ¢ C, N M,R?
W = e = s = R =
! T 2w MRY T 2w M, Iom

Workp\ie\ce - Tool

Stage .

Motor Coupling

Ball screw Bearing

Rotary
encoder

Linear encoder

Fig. 1 Typical structure of ball-screw-driven stage

2.2 Cutting force estimation method using MEDOB based
on dual-inertia model

In the conventional DOB-based method, the equation to esti-
mate cutting force was introduced based on a single-inertia
(i.e., rigid body) model of the ball-screw-driven stage [23].
However, estimation bandwidth is limited owing to the natural
modes, because dynamic behavior between translational and
rotational elements was not considered. For higher precision
and a wider band, a cutting force estimation method consid-
ering the mechanical dynamics (i.e., expansion to a multi-
inertia system) needed to be presented. By making use of the
characteristics of the full-closed controlled system, the DOB
was expanded for application to a dual-inertia system by using
the MEDOB. The estimation principle will be introduced in
this section.

Based on the dual-inertia model, the cutting force, F.,,, was
obtained by combining Egs. (1), (2), (3), and (4), so that the
reaction force, K,(R6,,—x,), could be erased. The cutting
force, F,,;, was expressed as follows:

Fau = 5 (Kl ~J 0Dy Tse)-MuaiCovFic (6)

When cutting force is calculated from Egs. (2) and (4), the
stiffness, K, needs to be used, which varies depending on the
displacement of the stage. On the other hand, the cutting force
is expressed without using the stiffness, K,, in Eq. (6). Thus,
identification of stiffness is not required in the cutting force
calculation based on the dual-inertia model. An equation for
estimating the cutting force was introduced, as follows:

N g 1 . ~ N
Fc‘ut = P +Cg(w {E (Ktnlrlef7Jrnam7Drnwmirﬁ'ic> *Mtnat7Cyth7Fﬁ'i(‘}
(7)
FCut
............ Cts Fric
P —
Tfric
Tm | 1 1 X
J-s? + D,s M,s? + C;s

(b) Block diagram of dual-inertia system
Fig. 2 Model of ball-screw-driven stage
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Cutting Force Observer

FC‘U.E
Fig. 3 Block diagram of cutting force observer based on MEDOB

A first-order low-pass filter was implemented to eliminate
higher-frequency noise, which arises when differentiating the
position signal to calculate the acceleration or velocity signal.
Since /7, 6,,, and x, are available as servo signals in the full-
closed controlled ball-screw-driven stage, the cutting force can
be estimated with adequate identification of the friction torque,
T, and the friction force, F;.. Based on Eq. (7), block diagram
of the cutting force observer was introduced as shown in Fig. 3.
In this study, the rectangular portion surrounded by the dashed
line is called the cutting force observer.

As described above, cutting force was estimated on the basis
of feed drive model, which means cutting mechanics is unnec-
essary. On the other hand, the proposed method has a possibility
to incorporate cutting mechanics. For example, cutting force
would be theoretically predictable under stable cutting condition
by using an instantaneous cutting force model if cutting force
constant [24] was known in advance. In that case, it is possible to
compare the estimated cutting force by the observer with the
predicted one from the cutting mechanics model and to detect
tool wear from the comparison.

3 Simulation

Numerical simulations were conducted to demonstrate how the
estimation accuracy was influenced by the motion of each mass in
dual-inertia model. In the simulations, sinusoidal load forces that

had no DC components were applied for each frequency. The
amplitude of the load force, F}, was set to 10 N. To evaluate the
estimation accuracy of both the DOB and the MEDOB, we cal-
culated the ratio of the amplitude of the applied force to the
estimated force. The ratio for each method was compared by
increasing frequencies of the sinusoidal load forces. In the cutting
force observer, a second-order low-pass filter, {g.,/(s+ gcut)}2
was used as the LPF denoted in Fig. 3. The parameters used in
this simulation are listed in Table 1. Parameters were set so that
the resonant frequency of the driven system came close to
400 Hz. In order to focus on evaluating the estimation character-
istics under ideal conditions, several sources of error in the esti-
mation were not considered, such as friction forces, resolution of
position signals, phase lag elements, and parameter identification
errors.

Figure 4 illustrates the frequency characteristics of each
estimated cutting force. Independent of whether the DOB or
the MEDOB were used, the amplitudes of the estimated forces
were nearly equal to those of the applied forces at frequencies
from 10 to 50 Hz. However, both the amplitude and the phase
vary widely and rapidly around the resonant frequency when
the DOB was adopted as the estimation method. With the use
of the MEDOB, the estimated results follow the second-order
low-pass filter, {g.,./(s+ gcu,)}z, from 10 to 1000 Hz, includ-
ing the resonant frequency. Therefore, we found that the esti-
mation bandwidth expanded considerably as a result of apply-
ing the MEDOB under ideal conditions. The estimation meth-
od itself needs to be expanded for a multi-inertia model when
the control object is modeled as a multi-inertia system.
Estimation performance was substantially improved by mak-
ing use of all control signals available in the full-closed con-
trolled system, which was impossible with the use of the con-
ventional DOB in a semi-closed control system.

4 Experimental setup
4.1 Experimental setup and control system configuration

To demonstrate the validity of the proposed method, several
experiments to measure the cutting force were performed with

Table 1 Simulation parameters

J, Total inertia of motor, coupling, and ball screw [kg - m*] 3.7%107°
M, Total movable mass [kg] 7.0

C, Viscous friction coefficient of translational element [N - s/m] 55%x10°
D, Viscous friction coefficient of rotational element [N - m - s/rad] 37%x107
K, Total rigidity of feed screw system [N/pum] 42.5

L Lead [mm] 5.0

T; Sampling time [ps] 20

K; Motor torque coefficient [N - m/A] 0.2

Geur Cutoff frequency of cutting force observer [rad/s] 4000
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Fig. 4 Frequency characteristics of cutting force estimation

a single-axis ball-screw-driven stage. A schematic diagram of
the experimental setup is shown in Fig. 5. The system
consisted of a synchronous AC servomotor, a coupling, a ball
screw (lead length 5 mm), two linear ball guides, and a dyna-
mometer. The motor angle, 6,,, was obtained from the rotary
encoder (resolution 17 bit) built into the motor (NA80-20,
from Nikki Denso). The table displacement, x,, was measured
using a linear encoder attached to the table (LIF471R, resolu-
tion 20 nm, from HEIDENHAIN). The motor angle and the

Motor, Rotary encoder

Linear
encoder

Coupling ——i
PC
Ball-screw

=R
Workpiece ﬁ'
Dynamometer
Table A/D board

Charge amplifier
(a) System configuration
Fig. 5 Experimental setup

Estimated
value

Measured
value

table displacement were fed back to the controller through the
counter board. The controller generated a current reference
from this feedback data, and the control program ran under
the RT-AI real-time operating system. The bandwidth of the
motor’s current control loop was designed to be 4000 rad/s. A
dynamometer (Type 9129A, from Kistler) was mounted on
the table to accurately measure the cutting forces.

4.2 Friction compensation

To estimate the cutting force using Eq. (7), the friction torque,

f fiic, and friction force, F fiic, Must be accurately identified,
because the identification accuracy of the friction force greatly
affects the estimation accuracy of the cutting force. In this
research, the friction torque and force were determined by
performing an idling test. The output of the cutting force ob-
server in Eq. (7) must be zero when a cutting force is not
applied. Thus, the summation of the friction torque and fric-
tion force can be identified by moving the ball-screw-driven
stage at a constant feed rate for eliminating the inertial force.
Figure 6 shows an example of the friction characteristics iden-
tified through a single experiment. As shown in this figure, the
estimated friction force varied depending on the position of
the stage. In addition, the friction force fluctuated at a low
frequency with a period of 5 mm. The amplitude of these
fluctuations was about 10 N, for which compensation had to
be applied to enable accurate estimation. On the other hand, it
was confirmed that the summation of the friction force and
friction torque had repeatability. The first and second results
from the idling test were lower than the other results. Position-
dependent friction force is almost similar after third idling test
as shown in Fig. 7. Although friction force was high, standard
variation was less than 10 N. For example, standard deviations
for third-fifth results with respect to mean value of third-fifth
results were 4.32, 3.85, and 4.14 N, respectively. The per-5-
mm fluctuations were observed for a range of feed rates as

Linear encoder

(b) Experimental apparatus for cutting test
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Fig. 6 Friction characteristics (feed rate 1 mm/s)

shown in Fig. 8, which suggests that the fluctuations are re-
peatable but cannot be ignored for high-precision monitoring.
Thus, in this research, friction forces were compensated by
idling tests. The idling test was conducted five times before
the cutting test was performed. Then, the first and second
results from the idling test were discarded and the remaining
three results were averaged to ensure accuracy. From this step,
the total friction force, f fric/ R + F #ic Was identified. Only if
the total friction force has repeatability, friction compensation
by idling test is applicable for attenuating friction fluctuations.
In order to exploit position-dependency, position trajectory
and velocity in the idling test and those in the cutting tests

200

Force [N]

Force [N]

| — 3rd-5th — 6th-8th — 9th—10th|

50

0 50 100 150 200
Position [mm]

Fig. 7 Repeatability of friction force (feed rate 5 mm/s)
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Fig. 8 Friction characteristics for different feed rates (test conducted 10
times; /ines shown are averages)

need to be correspondent as much as possible. The end milling
tests showed that cutting force which was sufficiently smaller
than friction force could be monitored as long as position
dependency of friction force was sufficiently high.

Many researchers have investigated the friction characteristics
of ball-screw-driven systems, especially at a microscopic level
[25-27]. In addition to the idling test, implementation of these
methods on a microscopic level could improve compensation
accuracy. In future work, we plan to integrate these methods with
the idling test for highly accurate friction compensation.

5 Experiment

5.1 Experimental conditions for cutting force monitoring
test

A milling test was performed to verify the validity of the
cutting force observer, based on the MEDOB. The single-
axis ball-screw-driven stage in which the cutting force observ-
er was installed is shown in Fig. 5. The cutting tool was rotat-
ed by a brushless spindle motor (EMS-3056, from Nakanishi)
installed vertically. A table-type dynamometer (Type 9129A,
from Kistler), attached between the table and workpiece, was

Table 2 Experimental conditions

Spindle speed [min '] 1000-12,000
Cutoff frequency of low-pass 400
filter [Hz]
Type of low-pass filter Butterworth (8th order)

Cutting tool Square end mill (¢ 6.0 mm, 2 flute)
Helical angle [deg] 30
Al alloy (A5052)

Full immersion

Workpiece material
Immersion type

Axial depth of cut [um] 180
Feed per tooth [um /tooth] 30
Sampling time [us] 50
Control interval [us] 200
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Fig. 9 Block diagram of cutting
force estimation system with
phase lag compensation

used for measuring the actual cutting force. In the cutting test,
the spindle speeds were varied between 1000 min~' and 12,
000 min"' in order to evaluate the estimation accuracy as a
function of the frequency of the applied cutting forces. Slots
were machined without any lubricant, and feed rate was kept
constant during cutting. The parameters applied to the cutting
test are listed in Table 2. A tiny axial depth of cut was applied
in order to show that smaller cutting force was observable.
The cutoff frequency of the low-pass filter was set to 400 Hz
so that the dominant resonant frequency was included within
the pass-band. In addition, the low-pass filter was changed to a
Butterworth type (8th order) to enhance the noise-cancelation
ability. Note that not only the estimated cutting force, but also
the force measured by the dynamometer, were filtered for fair
comparison. The total friction force was identified according
to the procedure in Section 4.2. Because friction compensa-
tion was conducted by idling test at the same velocity as cut-
ting test, the damping force excluding the component of the
velocity variation due to cutting force is included in the com-
pensated friction force. Thus, DC component of the estimated
velocity was almost diminished. In addition, velocity variation

res

Tps|i

zres

1 Ken

+ a a
Q= Ffric + Tfric/Rn

Cutting Force Observer

induced by cutting force was sufficiently suppressed owing to
servo control. Thus, viscous coefficients, C,, and D,, were not
considered in the cutting force observer. Mechanical parame-
ters were identified experimentally by swept sine excitation,
and specific values will be shown in the next section.

5.2 Identification and compensation of phase lag

As mentioned in chapter 3, wideband cutting force estimation
was feasible with the use of the MEDOB under ideal condi-
tions. However, the original MEDOB was not directly appli-
cable for the actual equipment because of synchronization
errors between control signals. When estimating high-
frequency cutting forces, the effects of the phase lag elements
are non-negligible.

Figure 9 shows the cutting force observer with a phase lag
compensation function. Position control was performed by the
combination of the conventional position-P velocity-P con-
troller and the DOB. Before generating a current command,
1, a band-stop filter (BSF) was applied to the summation

of the motor current reference, Ia”ff . and the compensation

Fig. 1.0 Frequency response A — R4y /Fn = = * Ry@m/Fy = * = (RyQum/Ep) - H(s) =eeeeess (Rn@m/Fp) - H(s) - e~ Tas
?HCUOHS Of Ryct/Fyy and Rycn/ Experiment Identified fitting curve
" 0.03 90,
=0.025
Y 0
< 0.02 =
E § -90
§ 0.015 o
g T -180
=
% 0.01 o
< 0.005 -270
% 200 400 600 800 360, 200 400 600 800

Frequency [Hz]
(a) Gain characteristics (green dotted-dashed

Frequency [Hz]
(b) Phase characteristics

line overlaps with red dotted line)
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current, 7,”"”. The BSF was used to avoid an oscillatory
position response due to the resonance. A stop-band was set
to 300-500 Hz so that dominant resonant frequencies were
included.

Two types of phase lag elements were considered, and the
phase lag compensation was conducted inside the cutting
force observer. First, the phase lag from the motor current
command, 7, to the actual output of the motor current,
1, was considered. It was denoted as H(s), and written as
follows:

wCC . w(‘(]lﬂp ( 8 )

H(s) =
S+ Wee S + Weomp

H(s) was represented by two serially connected first-order
LPFs. Although it was known that the bandwidth of the current
control loop, w,. was designed to be 4000 rad/s, a phase delay
adjuster was introduced to compensate for the actual phase delay
from the dynamic characteristics of the motor. Thus, another first-
order LPF, Wepp/(S +Weomp), Was multiplied by w. /(s +w,.) so
that the accuracy of the dynamics between the motor current
command, 7", and the acceleration signals (a,, Ray,) could be
enhanced as much as possible. The value of wy,,,, was deter-
mined by swept excitation as discussed later. Second, the dead
time, e =, during data acquisition was also considered. It was
known that there were some dead time elements in our experi-
mental setup. For example, a communication delay of 250 ps

occurred while transferring the signal from the servo driver to
the controller, and it took 60 ps to transform the signal at the
DA board. Thus, it was preferable describe the available position
and angle as X, and 9,,,. However, it was difficult to accurately
identify all of the dead time elements from the equipment catalog
values, and was more preferable to identify the actual phase lag.
The amount of these two phase lags was identified experimental-
ly, also by swept sine excitation. After this identification process,
the phase lag between each control signal which was used in the
estimation (i.e., L™, %,, and 9,,1 ) was set for the ideal condition
by the phase lag compensation indicated in Fig. 9. For the swept
sine excitation, a sinusoidally varying velocity command, whose
frequency varied from 10 to 1000 Hz, was supplied. At that time,
the position feedback loop was eliminated, to ensure stability

while the DOB was in effect. ", %,, and @m were acquired as
time domain data from the control system. The acceleration sig-
nals d, and «,, were calculated from the backward difference of

X; and ém. By conducting fast Fourier transformation (FFT), two
transfer functions, d/F,, and R,d,,/F,,, were experimentally iden-
tified, where F,(=K,,.""¥R,) was the motor thrust force com-
mand. Swept excitation results are shown in Figures 10 and 11
as solid blue lines. In addition, three calculated fitting curves
from Eq. (5) are also presented in the figures. Curve fitting
was conducted by following three steps. First, the mechanical
parameters were determined by trial and error so that the anti-
resonant frequency of R,«,,/F,,, and the resonant frequency of

Table 3 Parameters identified by

swept sine excitation J, Total inertia of motor, coupling, and ball screw [kg - m?*] 3.7x107°
M, Total movable mass [kg] 10.0
C, Viscous friction coefficient of translational element [N - s/m] 43x10°
D, Viscous friction coefficient of rotational element [N - m - s/rad] 25%x107
K, Total rigidity of feed screw system [N/um] 39.0
Weomp Cutoff frequency of compensation filter [rad/s] 6000.0
1, T, Dead time [ms] 0.7,0.3
Ty, T, Ts Dead time for phase lag compensation [ms] 0.7,0.0,0.4
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Fig. 12 Experimental results (spindle speed 2000 min ')

a/F,,, would fit experimental results. Four resonance points are
observed at 321, 355, 376, and 432 Hz in Fig. 11. Since the ball-
screw-driven stage was modeled as a dual-inertia system, it was
impossible to consider all of the resonant modes. In this study, a
fitting curve was determined so as to capture the first two modes,
which showed greater magnitudes. Second, the cutoff frequency,
Weomp» Was determined so that the magnitude of the calculated
result shown in Fig. 10a would fit that of the experimental re-
sults. Finally, the remaining phase lag was modeled by dead time
elements so as to fit the calculated results to the experimental
results. The identified dead times were 7,=0.7 ms and
T,=0.3 ms. As a result, the red dotted lines were obtained.
After the phase lag compensation, the calculated results were
in close agreement with the experimental results up to 400 Hz,
monitoring the bandwidth of the cutting tests. Please note that
there is the inevitable identification error in the higher frequency
range, especially around 432 Hz, due to the use of the dual-
inertia model.

The parameters identified by swept sine excitation are listed in
Table 3. From the swept sine excitation results, it was found that
0,, was the most-delayed signal of "™, %,, and 0,,. Therefore, 6,,
was set as the standard of the lag compensation. 75, 75, and T3
were determined so that all three signals were delayed 0.7 ms. The
identified parameters shown in Table 3 were used as nominal
values in the end milling tests.

5.3 Experimental results with phase lag compensation

For each cutting condition, cutting forces were estimated by
three methods, the MEDOB, the DOB, and motor thrust force.

Note that phase lag compensation was performed for all esti-
mation methods for the sake of fair comparison. In addition,
the friction force and torque were compensated for by the
results of the idling test in time domain.

Figure 12 shows estimated cutting forces as time domain
data for a spindle speed of 2000 min~'. As seen from the
figure, the cutting force was overestimated when monitoring
only the motor thrust force. This occurred because the dynam-
ics of the moving mass (i.e., inertia forces) were not consid-
ered in that method. Comparing the estimated cutting force
from the DOB with that of the MEDOB, it was found that the
former had a slightly noisier waveform. Figure 13 shows the
FFT results for the cutting force from each method, using the
same axis range for each graph. Although the height of the
spectrum for the DOB and the MEDOB are close in value at
64 Hz, the higher harmonic components of the DOB were
estimated as larger than those of the MEDOB and the mea-
sured cutting force. That suggested that the DOB was inferior
to the MEDOB in estimating higher frequency components.

When the tooth-pass frequency of the cutting force was
increased by setting the spindle speed to 7000 min™', another
result was observed. As can be seen from Fig. 14a, not only
was the force estimated by the motor thrust force
overestimated, but also the temporal variations were unable
to be captured. This happened because an extra frequency
component, which resulted from runout in the spindle (at
119 Hz), was included, as shown in Fig. 15a. The values
estimated using the DOB were also overestimated, as shown
in Fig. 14b, which resulted from an estimation error of the
tooth-pass frequency component as indicated in Fig. 15b.

Fig. 13 FFT results of estimated 4 4 4 4
and measured cutting forces = \ = = Z Tooth-pass
. . =) Z = Z
(spindle speed 2000 min ) 92 Peak: 6.31 92 92 92 frequency: 64 Hz
S ] S s
w I L = * [ /
ke 0 Ll

0 100 200 300 400 500
Frequency [Hz]

(a) Motor thrust force

0 100 200 300 400 500
Frequency [Hz]
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0 100 200 300 400 500
Frequency [Hz]

(d) Measured
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Fig. 14 Experimental results (spindle speed 7000 min™")

On the other hand, the cutting force was estimated accurately
with the use of the MEDOB.

Figures 16 and 17 show the results for a spindle speed of
10,000 min". In this cutting condition, the tooth-pass fre-
quency (337 Hz) of the cutting force came closest to the dom-
inant resonant frequencies (321 and 355 Hz) of all the cutting
conditions. As seen from Fig. 16a, b, the estimations using
motor thrust force and the DOB were not valid. The motor
current could not follow the high-frequency cutting force var-
iations, and the amplitude of the motor thrust force was low.
With regard to the DOB, the estimation was influenced by
resonance, and the cutting force was overestimated. In con-
trast, the temporal variations of the cutting force were

successfully monitored with high accuracy by using the
MEDOB, even though its calculated frequency surpassed the
bandwidth of the motor’s current loop.

When the spindle speed was increased further to 12,
000 min ", the cutting forces were overestimated even when
the MEDOB was applied, as shown in Fig. 18. The tooth-pass
frequency of the cutting force approached 400 Hz for this
spindle speed. During the identification process for the me-
chanical parameters, higher resonance modes at 376 and
432 Hz were not considered. Thus, the identification error
increased around 400 Hz, as shown in Fig. 11, which resulted
in a reduction of the estimation accuracy. After arranging the
sensors to monitor the dynamic behavior of each mechanical
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Fig. 16 Experimental results (spindle speed 10,000 min ")
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element of the ball-screw-driven stage, the application of the
multi-inertia model on behalf of the dual-inertia model was
possible and lead to a more accurate cutting force estimation.

The standard deviation of the estimation error was also
calculated, and the results are shown in Fig. 19. At lower
spindle speeds, the discrepancy of the standard deviation be-
tween the DOB and the MEDOB was comparatively small, as
depicted in Fig. 19a. However, the estimation accuracy falls
for the DOB-based estimation at higher spindle speeds. With
the use of the MEDOB, the standard deviation of the estima-
tion errors was less than 5 N up to 10,000 min ', which is the
range where the dual-inertia model was applicable. Validity of
the phase lag compensation was also confirmed, and the re-
sults are shown in Fig. 19b. As seen from the figure, the phase
lag compensation increased estimation accuracy up to 10,
000 min . Thus, it was confirmed that these were important
in order to realize high precision and a wide band for cutting
force estimation.

| - = - Measured —— MEDOB
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z
g 0 i i
8 Y ;
10
20 3005  3.01 3015 3.02
Time [s]

Fig. 18 Estimation results using MEDOB (spindle speed 12,000 min ')
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For further wideband cutting force estimation, two factors
are worth consideration. First, to estimate the inertia forces
more accurately, the accuracy of the velocity measurement
should be increased. Since the velocity and acceleration sig-
nals are calculated from the position signals from the en-
coders, the accurate calculation of acceleration is difficult at
higher frequencies. By increasing the resolution of the en-
coders, the accuracy of the velocity measurement would also
be enhanced. Second, the application of the multi-inertia mod-
el would also be helpful to increase the modeling accuracy of
the ball-screw-driven stage.

6 Conclusion

In this study, we developed a novel observer-based cutting
force monitoring technology for full-closed controlled ball-
screw-driven stages, which have been primarily employed in
high-end machine tools in recent years. The feasibility of the
proposed cutting force estimation method was experimentally
evaluated by end milling tests. The following conclusions can
be drawn from the study:

Considering that not only a rotary encoder but also a linear
encoder was mounted to the full-closed controlled ball-screw-
driven stage, a high-precision and wideband sensorless cutting
force estimation method was proposed by applying a
MEDORB. In this method, the cutting force was estimated by
using three pieces of servo information: motor current com-
mand, motor angle, and displacement of the stage. The simu-
lation results revealed that a cutting force estimation whose
bandwidth exceeded the resonant frequency was theoretically
possible with the use of the MEDOB. With the use of the
conventional DOB in semi-closed controlled systems, it was

-
N

Fig. 19 Comparison of standard
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-
o
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impossible to estimate the cutting force for a wider frequency
range owing to the resonance of the driven system. A practical
methodology was presented to apply the MEDOB to an actual
ball-screw-driven stage as a wideband cutting force estimation
method. The extra phase lags of the control signals that were
used in the estimation were identified and compensated for by
dead time and a low-pass filter. Consequently, it was found
that the high-precision cutting force estimation whose band-
width exceeded the current control loop was accomplished in
actual end milling tests by the proposed method.
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