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Chucking Compliance Compensation by Using Linear Motor
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Abstract

This paper introduces a compensating system for machining error, which is resulted from chucking with
separated jaws. In machining the chucked cylindrical workpiece, the deterioration of machining accuracy,
such as out-of-roundness is inevitable due to the variation of the radial compliance of the chuck workpiece
system which is caused by the position of jaws with respect to the direction of the applied force. To
compensate the chucking compliance induced error, firstly roundness profile of workpiece due to chucking
compliance after machining needs to be predicted. Then using this predicted profile, the compensated tool
feed trajectory can be generated. And by synchronizing the cutting tool feed system with workpiece rotation,
the chucking compliance induced error can be compensated. To satisfy the condition that the cutting tool feed
system must provide high speed and high position accuracy, brushless linear DC motor is used. In this study,
firstly through the force-deflection experiment in workpiece chucked lathe, the variation of radial compliance
of chuck workpiece system is obtained. Secondly using the mathematical equation and cutting experiment
result, the predicted profile of workpiece and its compensation tool trajectory are generated. Thirdly the
configuration of compensation system using linear motor is introduced, and to improve the system
performance, PID controller is designed. Finally the tracking performance of system is examined by
experiment. Through the real cutting experiment, roundness is significantly improved.
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Fig. 1 Cutting of cylindrical workpiece with 3 jaw chuck
and out-of-roundness due to 3 jaw chuck
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Fig. 2 Schematic diagram of the experimental set up
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Fig. 4 Deflection variation of solid testpiece (workpiece
material : steel, diameter : 35mm, loading point :
125mm from the jaw face, radial force : 150N,
chucking force : 3077N)
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(a) Effect of workpiece diameter on the variation of
deflection (workpiece material : steel, loading point :
125mm from the jaw face, radial force : 200N, 400N,
600N, chucking force : 6593N)
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(b) Effect of loading point on the variation of
deflection(workpiece material : steel, diameter :
68mm,radial force : 700N, chucking force : 6593N)

Fig. 5 Effect of workpiece configuration on the variation
of deflection

(a) 2 jaw chuck (b) 3 jaw chuck

(c) 4 jaw chuck
Fig. 6 Roundness profiles of a workpiece chucked by
various types
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Table 1 Identification of parameters Computer(iacindiag
BerPMAC-PO)
Symbols | Description Power supply
Ax(t) Real depth of cut
N Number of jaw
R Diameter of workpiece
r Radial distance inside workpiece
M Mass involved in dynamic compliance of
chucking system
B Damping involved in dynamic compliance
of chucking system
K Stiffness involved in dynamic compliance
of chucking system Fig. 8 Tool feeder system using linear motor
® Angular velocity of workpiece
o, Resonating spindle speed A4 ©F 2ol verd 5 Ut
ag, a;, b, | Fourier coefficients of reaction force

Fig. 7 Schematic diagram of compensated machining
using linear motor
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Fig. 9 Overall shape of cutting tool feed system

Table 2 Specification of motor

Spec. of motor unit Value
Max./Continuous force N 2000/400
Max./Continuous power w 6700/226
Mass of moving coil Kg 295
Thrust constant (Kt) N/A 54.5
Back emf (Kb) V-s/m 47.2
Coil resistance (R) Q 3.8
Coil inductance (L) mH 5
Max. coil current (Ip) A 36.8

Table 3 Specification of linear encoder

Accuracy +3um
Resolution 0.2um
Max. allowable velocity 480m/min
Max. allowable acceleration 250m/s”
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Fig. 10 Closed loop block diagram of servo system

Table 4 Identification of parameters
M B Kt Ka
474Kg | 201.6Ns/m | S545N/A | 1145A/NV

Bode Diagrams

Phase (deg); Magnitude (dB)

Frequency (radfsec)

Fig. 11 Closed loop frequency response using PID
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Fig. 12 Tracking performance of compensation trajectory

Table 5 Tracking error on each frequency Table 6 Compensation experiment conditions

10Hz | 30Hz | 50Hz | 70Hz Experiment 1 Experiment 2

Amplitude error(pm) 2.7 8.6 5.8 6.3 Material Al Al

Phase error (rad) 0 | 012602410275 Rpm of workpiece 1000 1000

Diameter(mm) 52 35

Thickness(mm) 2.5 1.5

Depth of cut(mm) 0.1 0.06

Overhang length 30 30

)73

3

Fi.A13 Overall shape of compensation system >

F3A &3, Fig. 12 & 2 ARE 7z F4 (a) Experiment 1(55um)  (b) Experiment 2(33um)
2 e oot o)A AAn ANe 7z Fig. 14 Roundness of workpiece without compensation
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Prog. 1 Program for synchronization

XFTOIEH, yTHAENEH
P100=1000 ;1000rpm set
P200=2500 ;Rotary encoder pulse
P300=10000/6 ;146 313
P400=1/(2* 10°*50) 150Hz Y2} x & move time
P500= 275 ;55um SAA x & 0ISEH

;(55um*0.2=275)

; &8 29 ERE= P500=165
close
OPEN PROG 1
CLEAR
INC
M26=0
tal0 ts10 50000
X500 A4k o]l 0.1mm(500count*0.2um)

; Ad 29 A9E x300
WHILE(M?26=0)
P1=((P100*P200)/60*4) F(P1) Y(P300) tm(P400) X(P500)
F7 18 AA, FAE 16 3A
P1=((P100*P200)/60*4) F(P1) Y(P300) tm(P400) X(-P500)
37138 %8, 328 v6 A
ENDW
al0 ts10 50000 x10000
CLOSE
tool

Fig. 15 Initialization align for synchronization
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