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Abstract

It is difficult to separate those of NC controller from the error of machine tools because the conventional
testing methods to inspect the performance are including the errors of moving system, therefore it has been
used as the methods that compare the other controllers. Also, it is hard to predict the machine itself errors
with the methods assembling the NC controller and moving system on machine because of the variable load
conditions. In this study, the performance inspecting system was developed by analyse the axis rotating
properties of servo system finally outputting from NC controller. The axis torque was controlled by motor

dynamometer and the rotating position accuracy was measured by this developed system.
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1. Introduction

Generally, errors of machine tools are classified by
static and dynamic error. The static errors are divided into
three types: geometric error, thermal deformation error
and other errors resulting from NC and moving system
responsible for position control of cutter. The dynamic

errors result from the oscillation of machine, chatter and
vibration of spindle units. The position of cutter is deter-
mined by three(X, Y, Z) axis and the position and velocity
of each axis is controlled by the NC.

However, path error between actual data(design) and
trajectory by NC-controller is unavoidable and this error
is largely influenced by the type of ac and deceleration
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and control method of servo-control system. The existing
evaluation system, in which the performance of machine
is evaluated by installing NC-controller and servo system
on the reference transportation system such as machine
tool or X-Y.table, should include the error of machine
tool or reference transportation system, and makes it
difficult to predict the error of machine itself due to the
load since defining quantitative measures of load is difficult.

This study tried to examine the whole performance of
NC-controller including S/W(G-code) of CNC by moving
the NC-controller with various operation orders and
measuring encoder signals in real time in order to examine
and evaluate the error of NC-controller per second and
to contribute for the improvement of performance of the
NC machine.

2. Method of Performance Evaluation
using Motor Encoder

2.1 Structure of Rotary Encoder

Generally, an optical encoder installed at servo motor
of the NC controller detects the quantity of positional
transportation, and rotary encoders are divided into incre-
mental and absolute one by its function. Optical encoder
is composed of the luminous source, induction element,
and rotary disk with slit. The rotary disk between the
luminous source and the induction element gives out pulse
generating power proportional to rotary angle.

Figure 1 and 2 shows an optical encoder with a fixed
slit, in which an LED is used as the luminous source in
order to project the light through rotary disk perpendicu-
larly to the induction element. Light(infrared) beamed from
LED is detected by the induction element, after passing
the slit of rotary disk and the slit of fixed slit plate.

Figure 3 shows the structure of an A, B generating
power type incremental encoder with Z-phase signal.
Light beamed from LED is detected by the induction
element A, B, Z, after passing the slit of rotary disk and
each slit corresponding to A, B and Z on the fixed slit
plate. The slits A and B on the fixed slit plate are pos-
itioned to have an phase difference of 90 degree, and the
electrical signal output that is fitted in terms of wave
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form becomes a rectangular.

The incremental encoder has a simple structure, it is
cheap, and the signal transmission is simple because of
the small number of output lines. The output pulse of
encoder does not correspond to the absolute value of the
rotating position of axis but the rotation angle of axis.
In the case of performance with absolute measures, the
output pulse is represented as accumulated counter.

Sufficient measures to prevent noise should be done,
since noise is accumulated at the counter in the process
of signal transmission. Moreover, special attention to the
power supply should be paid, as it is impossible to mark
the original position after power shut-down.

Since the incremental encoder generates pulse temper-
ature from itself, the number of output pulse of encoder
should be transformed from F/V converter into analog signal
that is proportional to the pulse frequency in order to attain
the analog signal for detection of the rotational velocity.
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In order to measure velocity using rotary encoder, this
study measured the pulse frequency of encoder signal
instead of F/V converter.

2.2 Measurement of Position and Velocity
using Motor Encoder
In this study, the encoder signal of motor was read and
processed in order to evaluate the performance of NC
transformation control equipment. In order to analyze the
performance according to various criteria, CNC gives
performance order with the shaft of motor attached at
dynamometer. The transportation displacement and velocity
were calculated by measuring and conversing the volume

of motor rotation transportation as for X, Y, and Z axis.

Measurement of displacement by encoder
We calculated the transportation displacement by reading
pulse increment of rectangular wave emitted from enco-
der through the encoder board with four-time multiplic-
ation. The transportation displacement is determined by
the number of motor encoder pulse per rotation and the
pitch value of ball screw of the transportation axis. In this
study, this value was pre-set on the encoder board setting
window before the beginning of experiment. An example
of setting is as follows:
- number of motor encoder pulse per rotation :
5,000pulse/rev.
- after four-time multiplication 20,000pulse/rev.
- screw pitch : 2 mm
= transportation displacement per one encoder pulse :
0.1 #m

Measurement of transportation velocity by encoder

The transportation velocity of each servo axis may be
predicted by observing the number of pulse emitted from
encoder for every pre-set sampling time. However, this
method cannot be used because of the problem of velocity
resolution, as the number of encoder pulse per one rotation
is restricted.

For example, at least 10 pulse should appear for the
measurement of servo axis with 5,000pulse/rev. by the

sampling frequency of 2ms, so the measurable number of
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encoder pulse is 20,000 pulse after four-time multiplication.
In this case, the minimum measurable rotation frequency
is calculated with equation (1):

In this case, the minimum measurable transportation
velocity becomes 15rpm, and more resolution power is
needed for the measurement of velocity control precision

of transportation axis.

corttent of count
sampling period
no of encoder

< 60

15rpm 1)

Against this background, this study obtained the trans-
portation velocity by measuring the frequency of observed
motor encoder. After the number of encoder pulse during
the measuring sampling frequency was read, the trans-
portation velocity was calculated by reading the number
of clock pulse with the help of an external counter
installed at encoder board. Encoder and clock pulse is
counted by the counter with leading edge of encoder
pulse at respective starting point. The counting is stopped
at the first leading edge after the measurement frequency
T. In this case, the transportation velocity N is obtained

in the following way:

@

Where, Pe is the number of encoder pulse counted
during the sampling frequency, Pc is the number of clock
pulse, and K is transformation constant. In order words,
the transportation velocity of each axis was calculated by
using the frequency of encoder pulse during one measure-
ment frequency, which was obtained by reading both
encoder and clock pulse simultaneously.

2.3 The Construction of Performance Evalu-
ation System
The measuring and analyzing system used in this study
was an PC-based overall performance evaluation system
for the performance measurement of NC-controller before
the installation of machine, which consists of hardware
(CNC, PC, servo motor, dynamometer, interface board
etc.) and windows-based user software installed at PC.
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The NC-controller was moved with motor and driver, and
each servo motor was installed at dynamometer to make

the axis torque control possible.

3. Measurement of Precision according
to Load

3.1 Position Control Precision

The experiment of position control precision evaluated
the performance of position control by comparing the
position order by NC-controller with the actual transpor-
tation position of servo axis.

Figure 5 shows the result of five-time iterative
experiments in the case of an independently moving
servo transportation axis. The position control in the both
positive and negative direction was performed at the
same time, and the results of position control were

measured and simultaneously analyzed.
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Fig. 4 The equipment for experimenting and analyzing
the control precision with motor encoder
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Fig. S Results of both-direction experiments & analyses

3.2 Contouring Control Precision

Linear Interpolation Transportation Precision

The examination of linear interpolation precision tested
the degree with which the actual path of tool movement
coincides with the standard linear path, if two or more
axis of the NC-controller are moving in the same
direction at the same time.

We conducted experiments on two servo axis with
varying control parameters of NC-controller and experiment
conditions. We performed linear interpolation control with
varying test conditions, analyzed the data from motor
encoder, and summarized the contouring and maximum

error in the normal state.

Circular interpolation transportation precision

At the experiment on the circular interpolation precision,
mutual movement of two axes was measured, which
includes the case in which the velocity of one of the two
linear axes decreases to 0 and the moving direction is
changed. We conducted experiments with varying control
parameters of NC-controller and experimental conditions.
Table | summarizes the final experimental results with
various conditions. The considered conditions were the
radius of circular interpolation, the gain of position cont-
roller, time-constant of ac- and deceleration, feed rate, etc.

Free-curved surface precision

The examination of free-curved surface precision was
destined to evaluate the characteristics of dynamic move-
ment of NC-machine by measuring two-dimensional random

contour. For this purpose, the experiment path and tran-
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Fig. 6 Results of the experiments on linear interpol-
ation control precision



sportation velocity were defined as a combination of
linear and circular interpolation on a two-dimensional plane,
and maximum and average contour error were evaluated.

Figure 9 shows the results of contour control experi-
ments for two types of free-curved paths. First of all,
contour control error for a path with the combination of
circular and linear interpolation. At first, contour control
error on the path with combination of circular and linear
interpolation is shown. The measured coordination value
of transportation and the calculated contour error at this
point are listed in table. Moreover, Figure 9 describes the
maximum and average error and standard deviation at the
all points on the path. »

Table 1 Change of radius by experimental conditions

Time-co
t i i e of
Exp. . Feedrate | Positio nstant at| Leas Radial Circular Changu o
T Radius (mmemin) | 0 Gain ac- and { Square Dev. Dev. Radius
e decelerat| R(mm) {um) {um) (um)
ion
250 25.0000 6.9, -11.4 183 0.0
500 24.9965 1.1, -103 11.4 =35
750 249904 | -44, 218 174 -9.6
Change Xy=
of feed | 25mm 1000 2;00 50 249817 | -122, -342 221 -18.3
rate
1250 . 249707 -21.2, -46.9 25.7 -29.3
1500 249570 | -31.6, -63.2 316 -43.0
£750 24.9409 | 6.1, -78.9 329 -59.1
1000 249856 | -6.7, -26.4 19.8 -14.4
1500 249930 -09, -17.7 16.7 =10
2000 24.9955 08, -126 13.4 -4.5
Change
of P | 25mm 500 2500 ” 249965 1.3, -133 146 =35
gain
3000 24.9970 1.9, -133 152 -3.0
3500 24.9974 6.2, -139 202 -2.6
4000 249975 | 27.-125 152 25
25 249990 | 4.5, -123 168 -1.0
50 24.9965 11, -103 114 35
Change
of 75 249923 | 28, -172 144 17
time-co
nstant 25mm 500 XY= 100 24,9861 -6.5, -26.0 195 -13.9
at ac- 2500 2
and 125 249783 | -15.6, -33.6 18.0 <217
deceler 150 | 249687 | -240, 410 | 170 313
ation
175 249575 | -37.3, -52.7 155 -42.5
200 249446 | 485, -66.6 18.1 -55.4
10 9.9888 -5.6, -19.8 141 -112
25 24.9965 1.1, -103 11.4 =35
35 349981 4.1, -108 149 -19
Change XY=
of 50 500 K 50 49.9999 77,12 149 0.1
N 2500
radius
60 60.0006 57, -89 14.6 0.6
75 75.0017 84, -80 164 1.7
100 100.0032 105, -6.8 172 32
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4. Comparing Measurement with Grid
Encoder

4.1 Structure of Grid Encoder

Grid encoder is an non-contact type measuring
equipment, which is appropriate for measuring dynamic
precision of very small circles with high axis acceleration.

In this study, the actual performance of a system with
NC-controller and transportation system was evaluated
by using grid encoder, and the results were compared
with the results obtained by using motor encoder, with
the aim of improving system performance by isolating
the error of controller per se from the error of tran-
sportation system. KGM182 grid encoder by Heidenhain
Co., which was used in this study, consists of a lattice
circular plate with waffle-form scales(diameter 230mm)
fixed at mounting base and a non-contact scanning head,

whose structure is shown in Figure 10. This equipment
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can measure the radius from minimum 140 to maximum
115mm at the maximum velocity of 80,000mm/min.

This grid encoder is a kind of ultra-precision lattice
interferometers using single LED, which are known to
enable more precise measurement because they are less
sensitive to the changes of temperature or humidity
compared to laser interferometer and more resistant to
noise compared to electro-magnetic scale.

When the grid encoder is installed at the machine tool,
an installation error is unavoidable, which means that two

axes of encoder do not coincide with two axes of mea-
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Fig. 10 Structure of Grid Encoder
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sured machine. In this case, the installation error can be
compensated by transforming the coordinate of present
position P(z,y) read from the sensor into(s.y ) for

machine coordinate by rotation.
Yo

4.2 Construction of Comparing System

Figure 11 shows the construction of control precision

cosf sinf

Zy
—sinf cosf

Yo

3)

test equipment using motor and grid encoder, and Figure
12 shows the grid encoder and experiment equipment
installed on'the X-Y table with NC-controller and

transportation system.

4.3 Measuring Experiment and Results

Figure 13 and 14 show the results of circular inter-
polation transportation precision test with a radius of
50mm and velocity of 1000mm/min and the error data and
the results of error diagnostics in the developed system.

Figure 15 is an on-line measurement screen by the
developed system for the measurement of corner-cutting
precision. display screen and shows the results of

analyses of the contour error at corner transportation.

- stvasurement
phrstartia

Fig. 11 Construction of control precision test equip-
ment using motor and grid encoder
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Fig. 12 Schematic diagram of Grid Encoder System
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4, Conclusion

In this study, we controled the axis torque precisely by
using motor dynamometer in order to analyze the charac-
teristics of shaft rotation of servo system finally produced
from the servo system of NC-controller, and we developed
an performance test equipment that covers the overall
performance of NC-controller including moving S/W(G-code)
by measuring the degree of precision of rotation position.

Using the developed system, the pure error of NC-
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controller was evaluated by measuring motor encoder
signals according to load conditions before the installation
of servo system. Moreover, we tried to contribute to
improving the performance of controller as well as tran-
sportation system by comparing the results of grid enco-
der measurement, in which the final precision is measured
by attaching NC-controller and servo system at machine
tool or standard transportation system, as currently used.
with the aim of distinguishing the error of NC-controller
per se from the error of transportation system.

Finally, this study aims to increase reliability of NC-
controller, which still makes out a weak point in domestic
machine tool industry, and to enhance technological

competitiveness.
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