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reverse direction

X

Fig.1.1 Quadrant glitch caused by z-axis turning to reverse direction

B-axis is turn to
reverse direction

Quadrant
glitches

Fig.1.2 Quadrant glitch caused by B-axis turning to reverse direction
during simultaneous 5-axis machining
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Fig.1.3 Mechanism of generation of quadrant glitch
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Fig.1.4 Quadrant glitch
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(Delay caused by
friction is almost

R=10mm, . . nothing.)
F=1000mm/min Direction of motion %7
Over shoot caused Delay caused
by lost motion by friction
—_—
<~
ACtual pOSitiOﬂ Over shoot caused
(Scale’s position) - by lost motion

Motor’s position Enlarged view
of each quadrant

Fig.1.5 Measured chart of circularity of actual position and motor
position during full-closed loop in case of machine tool with
feed-axis of box guide

(Over shoot caused
by lost motion is
almost nothing.)

R=10mm,
F=1000mm/min

Delay caused

by friction '
- Delay caused
by friction

Direction of motion

Actual position ———
(Scale’s pOSitiOl‘l) Over shoot caused

by lost motion

i "
Motor’s position Finfarged s

of each quadrant

Fig.1.6 Measured chart of circularity of actual position and motor
position during full-closed loop in case of machine tool
with feed-axis of rolling guide
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Fig.1.7 Model of end milling process with regenerative chatter vibration

Vibration marks
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Table 1-1 Advantages and disadvantages of compensations for a quadrant glitches

Related study Compensation Method Accuracy o_f Robustness of
and patent compensation compensation
(3), ®),
(10), (D), Compensation of torque using a model of friction © X
(12), (14)
@ To impress a curve of compensation at reversed A y
position
®) To impress a calculated curve of compensation by o A
learning control at reversed position
6), (10),
Compensation of torque using a friction observer A O
(12)
(M, © High disturbance suppression using high gain servo X ~ O X ~ O
© : Very good O : Good A :Medium X :Bad
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Hybrid spindle system

Spindle motor

Ball bearing__

Spindle\

/U/
[O)

Active magnetic| [
bearing
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Table
(coarse move)

End mill
(fine move)

Ball screw Servo motor

Fig. 2.1 Conceptual diagram of proposed compensation method of
quadrant glitch
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(as rolling bearing)
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(as spindle)
=== N I — Active magnetic bearing
ﬂﬂ Silicon steel cylinder i
! - Coil i
i = — Gap sensor '

End mill

Fig. 2.2 Model experiment device for hybrid spindle system
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Fig. 2.3 Frequency response function of silicon steel cylinder of quadrant glitch system
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Fig. 2.4 Stiffness of spindle at silicon steel cylinder
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Fig. 2.5 Arrangement of electromagnetic coils

Ti

—| Current
AMP

T End mill

AN\
SN

Fig. 2.6 Conceptual diagram of electromagnet device
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Fig. 2.7 Step response current of magnetic coil

31-



€_

;

Switch circuit

T

e

XO : XO
l_ ! '
Current |- I FF
AMP— - 'ﬁl‘ ,\""_ nﬁ r
/i/& End-mill
77
2

ti.
Current €4
— AMP+

Switch circuit

T

e

Fig. 2.8 Conceptual diagram of active magnetic bearing with half wave pass circuit

Spindle head

Current sensor

Bias

Current AMP+ ‘—(JE'_

LFPF . FC for Function
(500HzZ ) measurement | | generator
Laser displacement sensor | Switch
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Fig. 2.9 Experimental apparatus for the measurement of the relationship between the

electromagnetic force and the current
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Fig. 2.11 Quadrant glitch that occurred on the X-axis with the X—Y

table moving in a circular motion
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Table 2.1 Gains of PID controller

Type of Ky K, K,
controller [V/m] [V/(m-s)] [V:s/m]
PID 2.79 190 0.0013

Spindle head
X Bias
Current < J(
+  |€
AMP — Current AMP
* LPF | | Shift circuit PID control
(500Hz) (Amp) circuit
Gap sensor | Switch
| Laser displacement sensor PC for circuit
ianal i
. S PC for signal generation Bias
measurement

Fig. 2.12 Experimental control system of the active magnetic bearing
with PID control
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r f X
— K. . C > K; > Ky - G
— K, < LPF «— 4
(500Hz)
AMP Sensor
Fig. 2.13 Block diagram of the controller of the active magnetic bearing with PID
control
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Fig. 2.14 Rising step response of the silicon steel cylinder
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Fig. 2.16 Falling step response of the lower end of the end mill
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Fig. 2.17 Response of the hybrid spindle system with PID control to an input signal of

a quadrant glitch
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Fig. 3.1 Schematic of proposed hybrid spindle system with ball and active magnetic bearings
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Fig.3.2 Schematic of model experiment device for hybrid spindle system
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Table 3.1 Modal parameters of end mill system

Silicon steel cylinder

End-mill at bottom end

Natural frequency 590 Hz
Damping ratio 1.5%
Natural frequency 625 Hz
Damping ratio 0.7 %

Table 3.2 Free vibration parameters of end mill system

Mass 1.4 kg

Silicon steel cylinder Spring constant 19.24 x 10° N/m
Damping coefficient 155.7N-s/m
Mass 0.01 kg

End-mill at bottom end | Spring constant 0.15 x 10° N/m
Damping coefficient 0.55 "N-s/m

10
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Fig. 3.3 Frequency response function of spindle at silicon steel cylinder
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Fig. 3.4 Schematic of active magnetic bearing and end mill system
function (Simulation)

T4 L.

my

—
. k, % I_J'_I ¢,
/I N e

Fig. 3.5 Dynamic model of spindle with magnetic bearing and end mill
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Fig. 3.6 Dynamic model of hybrid spindle with end-mill
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Fig. 3.8 Real part of frequency transfer function of end mill at lower end
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