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Quadrant glitches are caused by friction and motion
loss on the feed axis of machine tools. A previously de-
veloped method of compensating for quadrant glitches
using the feed axis in which the friction model and
time series data are not consistent with the actual fric-
tion behavior has some problems, making it difficult
to construct a feedback system with a high response
problems such as a feed axis with a large lost mo-
tion. The ultimate goal of this study is to develop an
innovative method of compensating for the quadrant
glitches caused by the motion of the feed axis of the
machine tool using a newly proposed hybrid spindle
system with an active magnetic bearing at the end near
the end mill and a ball bearing at the other end in com-
bination with a proportional-integral-derivative con-
troller. This study aims to verify the effectiveness of
the proposed quadrant glitch compensation method
through experiments on the motion of the end mill us-
ing a model experimental device for the hybrid spindle
system. Through experiments, a quadrant glitch with
a peak of 7 um without compensation is decreased
to 1 um by applying the proposed method using the
hybrid spindle system. The undercut error is also de-
creased by applying the proposed method.

Keywords: end milling, quadrant glitch compensation,
hybrid spindle system, active magnetic bearing, ball bear-
ing

1. Introduction

Machine tools used at production sites must have high
accuracy and productivity. However, the machining error,
called quadrant glitch, reduces the accuracy of product
machining. Quadrant glitches are caused by friction and
motion loss on the feed axis. Numerous studies have been
conducted regarding compensating for quadrant glitches
and patents for compensation methods [1-9]. A rigorous
model of the friction [2—4] and stored time series fric-
tion data obtained by repeat control [5] could compen-
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sate for quadrant glitches; however, these methods are not
effective when the friction model or time series data are
not consistent with the actual friction. A high-sensitivity
feedback system could lower the friction to reduce the oc-
currence of quadrant glitches, but the capability of such
a compensation is not sufficient in cases where construct-
ing a feedback system with a high response (e.g., for a
feed axis with a large lost motion) is difficult [6, 7]. Ma-
chined parts are fabricated by the relative motion between
a workpiece and a tool during machining. Consequently,
in principle, quadrant glitches could be compensated for
by the motion of an end mill instead of a table. How-
ever, using the motion of an end mill to compensate for
the quadrant glitches has not been tried in previous stud-
ies.

As an alternative, rolling bearings, particularly ball
bearings, have been widely adopted as machine tool
spindles because of their performance and high reliabil-
ity [10,11]. Active magnetic bearing spindles, which
are supported by active magnetic bearings, are superior
to other types of bearing spindle systems in terms of
functionality. They can control the offset of the rotary
axis and the stiffness and damping of the spindle sys-
tem [12-19]. However, active magnetic bearing spindle
systems have some disadvantages, including a load ca-
pacity smaller than that of the rolling bearings, limited ca-
pacity for performance improvement by control systems,
and high price [20]. Consequently, the active magnetic
bearing spindle system is not suitable for the compensa-
tion of quadrant glitches, although it could compensate
for a quadrant glitch. A spindle system with a simpler
and inexpensive control system, that can compensate for
quadrant glitches, is expected to be functional for a larger
cutting force.

The ultimate goal of this study is to develop an innova-
tive method of compensating for quadrant glitches that is
effective, regardless of the modeling accuracy and the lost
motion of the feed axis. In the proposed method, a hybrid
spindle system with an active magnetic bearing at the end
near the end mill and a ball bearing at the other end is
newly proposed to compensate for the quadrant glitches
caused by the motion of the feed axis of the machine tool
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Fig. 1. Conceptual diagram of the proposed quadrant glitch
compensation method.

table [21]. The end mill could be driven by the electro-
magnetic force of the active magnetic bearing. This ma-
chining system consists of the hybrid spindle system as a
fine motion device and the machine tool table as a coarse
motion device. The hybrid spindle system can compen-
sate for the quadrant glitches caused by the motion error
of the machine tool table. This study aims to verify the ef-
fectiveness of the proposed quadrant glitch compensation
method through experiments on the motion of the end mill
using a model experimental device for the hybrid spindle
system.

2. Quadrant Glitch Compensation Method
Using the Proposed System

Figure 1 shows a conceptual diagram of the proposed
compensation method of the quadrant glitch using the
proposed hybrid spindle system with an active magnetic
bearing near the end mill and a ball bearing at the other
end. The proposed hybrid spindle system enables fine
motion control, as shown in Fig. 1. The hybrid spindle
system consisting of a spindle, an active magnetic bear-
ing, and a rolling bearing can compensate for the quadrant
glitches caused by the friction and lost motion on the feed
axis of the table, which is a coarse motion device.

3. Model Experimental Device for the Hybrid
Spindle System

Figure 2 shows the model experimental device for the
proposed hybrid spindle system used herein. The model
device consisted of a spindle head as the rolling bearing,
a tool holder as the spindle, an active magnetic bearing,
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Fig. 3. Frequency response function of the silicon steel cylinder.

and an end mill. The active magnetic bearing consisted
of a silicon steel cylinder subjected to an electromagnetic
force, an aluminum ring, and electromagnetic coils. The
electromagnetic coils were fixed with a jig to the spindle
head to maintain a constant clearance between the elec-
tromagnetic coils and the silicon steel cylinder.

First, the free vibration parameters of a dummy spin-
dle were measured through impact tests, in which the sil-
icon steel cylinder was impacted by an impulse hummer.
The frequency response function was calculated from the
measured impact force and acceleration signals of the sil-
icon steel cylinder using the fast Fourier transform (FFT).
Fig. 3 shows the frequency response function of the cylin-
der. The compliance and the phase are plotted against the
frequency in the upper and lower parts of Fig. 3, respec-
tively. Three peaks were found in the compliance at fre-
quencies of 590, 625, and 1240 Hz. Consequently, the
silicon steel cylinder vibrated in the same phase with the
end mill at the first-order natural frequency of 590 Hz.
Moreover, the end mill vibrated in the reverse phase with
the silicon steel cylinder at the second-order natural fre-
quency of 625 Hz.

Figure 4 shows the relationship between the load and
the deflection of the spindle at the silicon steel cylin-
der shown in Fig. 2 when the deflection was gradually
increased and then decreased. Note that Fig. 4 only
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Fig. 4. Stiffness of the spindle at the silicon steel cylinder.
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shows the relationship of the X-axis’ direction because
the Y-axis’ direction features the same relationship. The
load was measured using a dynamometer with a jig. The
deflection was measured using a laser displacement sen-
sor. The load measured for the increasing deflection was
somewhat larger than that measured for the decreasing de-
flection at all deflection values. The slope of the linear
load-deflection relationship obtained using the method of
least squares, which was also plotted in Fig. 4, was the
spring constant of the spindle at the silicon steel cylinder
that was 3.503 N/um.

Figure 5 shows the circular arrangement of the eight
poles of the electromagnetic coils in the active magnetic
bearing. Each coil was numbered from (1) to (8). Each
pair of coils (e.g., 2) and (3)) was connected as one set
in a series, such that the position of coils 2) and (3) co-
incided with the positive X-direction of the machine tool
table and that of coils (¢) and (7) coincided with the nega-
tive X-direction.

Figure 6 illustrates a conceptual diagram of the elec-
tromagnetic device in the case where the electromagnet
magnetized by the electromagnetic coils carrying an elec-
tric current to the north pole moves the silicon steel cylin-
der to the right-hand side. In Fig. 6, i denotes the current
along the right-hand electromagnetic coil, while e stands
for the input voltage of the switching circuit. If the elec-
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Fig. 7. Step response current of the magnetic coil.

tromagnet is magnetized such that the north pole is on
its right, the silicon steel cylinder is magnetized with the
south pole on its right, generating an attractive electro-
magnetic force that displaces the end mill to the right.
The voltage e applied to the electromagnetic coil by the
linear amplifier is expressed as
d

i
=L.—+Rci, . . . . . . ... ... (
e dt+ i (H

where L. and R, are the inductance measured at the instal-
lation location and the resistance of the electromagnetic
coil, respectively. The following equation can be derived
by solving Eq. (1) under the assumption that the voltage e
is a step function of magnitude E;:

. E :

z—RC<1 eT) @)
where T is defined as L./R,. This model has a first-order
lag. The R, and T values can be determined by measuring
the step response of the current.

Figure 7 shows the experimental results for the step
response of the current passing through the magnetic coil
with an input voltage E; of 2.4 V. The equation shown in
Fig. 7 was derived from the measured response using the
nonlinear least squares method and is given as:

i=279(1—e). . ... L0003
A comparison of Eqgs. (2) and (3) reveled that the R,
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T, and L values were 0.86 Q, 0.4 ms, and 0.34 mH,
respectively.

Figure 8 shows a conceptual diagram of the active
magnetic device with bias currents. In Fig. 8, i, and i_
are the currents passing through the electromagnetic coils
on the right and left sides of the cylinder, respectively;
Xy is the clearance between the electromagnetic coils and
the outer surface of the silicon steel cylinder; e is the in-
put voltage of the switch circuit; ey and e_ are the output
voltages from the right and left switch circuits, respec-
tively; and x is the end mill displacement. If an electro-
magnet to the right of the silicon steel cylinder is magne-
tized such that the north pole is facing the cylinder, the
cylinder is magnetized such that the south pole is facing
the electromagnet, and the resulting attractive electromag-
netic force causes the end mill to move to the right. This
active magnetic bearing has a switch circuit to switch the
attractive force producing this motion from side to side.

The electromagnetic force fg)s is expressed as:

X 2 iZ A
Jem = EM{<XO_X>2 <X0+x>2}, e @
where Kgyy is the electromagnetic force coefficient. The
sensitivity of the electromagnetic force was low when the
input voltages e, and e_ of the current amplifiers, which
were proportional to the input currents iy and i_ of the
coils, were near zero because the electromagnetic force
increased with the square of the currents, as shown in
Eq. (4). The relationship between the electromagnetic
force fry and the input current was linearized by adding
a bias current such that the sensitivity of the electromag-
netic force to the changes in the current was higher for the
input currents near zero. The linearized electromagnetic
force is given by:

I+iy)*  (h—i)?
fEN—KEM{i;O+_;))2_<(;20+x))2}7 R &)

where I is the bias current.

Figure 9 shows the experimental apparatus for the
measurement of the relationship between the electromag-
netic force and the current of the active magnetic bear-
ing. The spindle displacement was measured using a laser
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Fig. 10. Relationship between the tool displacement and the
pulsed input current amplitude.

displacement sensor. The coil current was measured us-
ing a current sensor. In this experiment, the pulsed input
voltage e from the function generator was applied to the
switch circuit. Fig. 10 depicts the experimental results
of the relationship between the spindle deflection and the
amplitude of the pulsed current without the bias current /.
As shown in Fig. 10, the obtained relationship between
the spindle deflection and the coil current was linearized
around the origin with the addition of the bias current Ij.
The spindle deflection between —22 and 22 yum was pro-
portional to the current between —4.8 and 4.8 A.

4. Design and Evaluation of the Control
System for the Active Magnetic Bearing

4.1. Control System Requirements

The X-Y table was moved along a circular path 20 mm
in diameter with a high acceleration (1.78 m/s?) at a speed
of 8000 mm/min to generate a quadrant glitch along the
X-axis (Fig. 1). Fig. 11 shows the shape of the resulting
quadrant glitch. The shape of the quadrant glitch was ob-
tained as the difference between the measured position of
the table in the X-direction by the grid encoder equipment
and the target position at the moment when the X-axis
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Fig. 11. Quadrant glitch occurring on the X-axis with the
X-Y table moving in a circular motion.
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Fig. 13. Block diagram of the controller of the active mag-
netic bearing with PID control.

rotation reversed. As shown in Fig. 11, the rise time of
the quadrant glitch from 10% to 90% of the local maxi-
mum value was approximately 12 ms, while the fall time
of the quadrant glitch from 90% to 10% was approxi-
mately 25 ms.

4.2. Control System with PID Control

Figure 12 shows the control system for the active
magnetic bearing with an analog proportional-integral-
derivative (PID) control circuit composed of operational
amplifiers. A low-pass filter of 500 Hz was inserted in the
feedback loop of the displacement sensor for the silicon
steel cylinder shown in Figs. 12 and 13 to make tuning
the PID control system easier. An input signal was gen-
erated by a personal computer (PC). The displacement of
the lower end of the end mill was measured using a laser
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Table 1. Gains of the PID controller.

Type of controller | Kp [V/m] | K; [V/(m:s)] | Kp [V-s/m]
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Fig. 14. Rising step response of the silicon steel cylinder.

displacement sensor. Fig. 13 shows a block diagram of
the control system in Fig. 12. In Fig. 13, r is the displace-
ment input into the control system; e is the voltage input
into the current amplifier; and x is the aluminum ring dis-
placement proportional to that of the silicon steel cylinder.
The block labeled C shows the PID circuit described as:

K
C:ﬁ+f+@&......”.. (6)

where Kp, K;, and Kp are the proportional, integral, and
differential gains, respectively. The values of the Kp, Kj,
and Kp coefficients in the PID controller were determined
by trial and error while referring to the limit sensitivity
method (Table 1). In Fig. 13, G is the frequency response
function of the spindle at the silicon steel cylinder, while
Ki, Kgy, K, and H are the gains. K, is a coefficient used
to convert displacement to voltage. An LPF of 500 Hz
was inserted into the feedback loop to avoid the spillover
at the natural frequencies discussed earlier and given in
Fig. 3.

Figure 14 shows the experimental rising step response
of the silicon steel cylinder to the step input voltage plot-
ted as a red line in the figure. The experiments were per-
formed without spindle rotation to measure the end mill
displacement at the lower end with high precision. The
step response to the input of the control circuit was gener-
ated by the PC used for signal generation in Fig. 12. The
obtained input voltage of the current amplifier plotted as a
blue line in Fig. 14 rapidly reached the target value of the
rising step, although the response showed a few oscilla-
tions at the beginning. The obtained silicon steel cylinder
response exhibited oscillations at the moment the input
increased. The frequency of the vibration coincided ap-
proximately with the first-order natural frequency given
in Fig. 3 because the vibrations at the second-order nat-
ural frequency were suppressed by the magnetic force of
the active magnetic bearing. The rise time of the obtained
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Fig. 16. Falling step response of the lower end of the end mill.

step response shown in Fig. 14 was approximately 1 ms,
although the response showed oscillations.

Figure 15 shows the experimental rising step response
of the lower end of the end mill to the step input voltage
plotted as a red line in Fig. 15. The obtained response
showed severe oscillations at the moment when the input
increased. The frequency of the vibration approximately
coincided with the first-order natural frequency given in
Fig. 3. Consequently, the free vibrations at the first-order
natural frequency could have been induced by the step
motion of the silicon steel cylinder driven by the step in-
put because the end of the end mill was not restrained.
The rise time of the obtained step response shown in
Fig. 15 was approximately 2 ms; thus, although the re-
sponse showed a severe oscillation, it was less than half
of the rise time (12 ms) of the quadrant glitch shown in
Fig. 11. This result demonstrated that the proposed hybrid
spindle system with PID control is capable of achieving a
sufficiently rapid response to compensate for the machin-
ing error caused by the quadrant glitches like that shown
in Fig. 11.

Figure 16 shows the falling experimental step response
of the lower end of the end mill to the step input voltage
plotted as a red line in the figure. The obtained response
showed severe oscillations at the moment when the input
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Fig. 17. Response of the hybrid spindle system with PID
control to an input signal of a quadrant glitch.

decreased. The fall time of the obtained step response
shown in Fig. 16 was approximately 3 ms; thus, although
the response showed severe oscillations, the response time
was sufficiently less than the fall time (25 ms) of the quad-
rant glitch shown in Fig. 11. However, it was longer than
the rise time of the step response to the rising input volt-
age shown in Fig. 15. The response of the system at an
input voltage near 0 V may be considered to contain a
nonlinearity caused by the switch circuits.

Figure 17 shows the experimental response of the
lower end of the end mill shown in Fig. 12 to the in-
put quadrant glitch signal plotted as a black line in the
case where the hybrid spindle system with the PID con-
troller was implemented. The input quadrant glitch sig-
nal was also generated from the PC for signal genera-
tion, where the height of the quadrant glitch in Fig. 11
was converted to the voltage through the use of K, iden-
tified by the relationship between the input voltage of
the step and the displacement shown in Figs. 14 and 15.
The obtained response at the lower end of the end mill,
which was plotted as a red line, approximately traced the
shape of the input quadrant glitch signal, but with a lag
of approximately 2 ms. The final machined surface with
compensation by the proposed system, which is repre-
sented by the blue line, was estimated as the difference
between the input quadrant glitch signal and the response
in Fig. 17. The maximum machining error with compen-
sation by the hybrid spindle system with the PID con-
troller was 1 um, which was substantially smaller than
the maximum quadrant glitch of 7 ym. The maximum
undercut error with the compensation, which occurred at
approximately 0.19 s, was also smaller than the maximum
undercut caused by the quadrant glitch, which occurred at
approximately 0.24 s.

5. Conclusion

This study proposed the concept of an innovative
method of compensating for the quadrant glitches caused
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by the motion of the feed axis of a machine tool. A hy-
brid spindle system with an active magnetic bearing at the
end near the end mill and a ball bearing at the other end,
including a PID controller, was newly proposed to com-
pensate for the quadrant glitches. The experiments con-
ducted to demonstrate the compensation performance of
the proposed hybrid spindle system showed that the max-
imum machining error from a quadrant glitch of 7 um
was decreased to 1 um when the hybrid spindle system
was applied. The undercut error was also decreased by
applying the proposed hybrid spindle system.
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