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Abstract: In recent years, an instrumentation circular profile tests has been specified to assess the contouring accuracy
of CNC machine tools. Such an instrumentation type test is the Double Ball Bar (DBB) test. In this paper, the influence of
the position loop gain and mismatch of position loop gains for different machine axes are effectively studied. This work
outlines a practical procedure for determining the position loop gain of the control system in order to minimize the

resulting contouring errors.
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INTRODUCTION

The contouring performance of CNC machine tool
can be established by assessing its ability to move
along a specified profile by the simultaneous
movement of two or more axes.

When CNC machine tools are used for contouring
applications, especially where high feed rates are
used, significant dynamic errors can be introduced by
the characteristics of the CNC controller and servo
feed drive system. The assessment of such dynamic
errors in CNC machines has traditionally been
undertaken by machining a standard circular test
piece. Such a test piece is outlined in some of the
national machine tool standards American [1], British
[2], where the circular profile is produced by the
simultaneous motion of two linear axes.

An alternative approach to the machining test,
specified in British and US machine tool standards, is
emulation by instrumentation techniques of the circle
test ISO 230-4 [3].

Such an instrument type test is Double Ball Bar (DBB)
test. Bryan [4] first developed the Double Ball Bar
(DBB) method to inspect CNC machines contouring
behavior.

Although instrumentation techniques generally check
the machine in no-load condition, they offer certain
advantages over cutting conditions. In particular,
tools and test specimens are not consumed and the
time consumed in metrologising the test piece after
machining is eliminated.

THE CONTISURE DOUBLE BALL BAR (DBB)
HARDWARE AND SOFTWARE SYSTEM

On the market there are several commercially
available Double Ball Bar (DBB) systems. The
CONTISURE Double Ball Bar (DBB) system is
developed by Burdekin [5,6].

The CONTISURE Double Ball Bar (DBB) system is
shown schematically in figurel.

Figure 1. CONTISURE Double Ball Bar (DBB) system
hardware set-up on CNC milling machine

The system comprises two high precision reference
spheres, rigidly mounted at the spindle and table
positions. A transducer link of carbon fiber
construction and containing two  precision
transducers is located kinematically between the two
reference spheres.

These two transducers contact directly onto the two
spheres, and the summation of their outputs
represents the change in distance of the two reference
spheres, as the machine performs a circular
contouring operation. The absolute distance between
the two spheres can be established by setting the
transducer link against a calibrated setting block. This
feature, which is unique to the CONTISURE Double
Ball Bar (DBB) system, ensures the complete
traceability of data to be maintained.

The data acquisition and analysis software offer the
user a complete flexibility. The number of sampled
data points can be selected, up to a maximum of
12000 per 360 degrees scan. An analysis in the form
of least squares best fit circles, can also be perform on
data obtained for 360 degrees scans as well as for
partial arcs. This feature eliminates the need for
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precise set-up of the sphere datum with respect to the
programmed circle.

It is also essential that the start and end points of the
circular contour should be selected, so that these do
not coincide with the axis reversal points. The reason
for this is that significant lost motion errors may occur
at these points, and additional transients errors,
resulting from the servo control system, may not be
detected. In this respect the software is completely
flexible and enables the start and end points to be
freely selected. A start position of 22 degrees from the
X-axis was therefore used for all tests.

The approach to the start point of the circular profile
should, if possible, be representative of that used
under practical machining conditions. The software
therefore assumes a tangential approach to the start
and exit points on the profile.

INFLUENCE OF THE POSITION LOOP GAIN AND
MISMATCH OF THE POSITION LOOP GAINS FOR
DIFFERENT MACHINE AXES ON OPTIMIZING THE
CONTOURING ACCURACY OF CNC MILLING
MACHINE

One of the most important factors which influences
the dynamical behavior of the feed drives for CNC
machine tools is position loop gain or Kv factor.
Tracking or following error depends on the
magnitude of the Kv-factor. In multi-axis contouring
the following errors along the different axes may
cause form deviations of the machined contours.
Generally, position loop gain Kv should be high for
faster system response and higher accuracy, but the
maximum allowable gains are limited due to
undesirable oscillatory responses at high gains and
low damping factor which produce significant
transient errors and accuracy started to decrease
again. Usually Kv factor is set up by the machine tool
manufacturer

But the question is whether the set-up value of the Kv-
factor is always optimal? Generally, contouring error
of circular contour, according [7-12], could be
analytically approximately calculated with following
equations:

1 vy 1 60-a-R-Kv 3
I _ . 1
ec R{l \/1+2 [60-R-va {H(I—a)z P H 10°l pum (1)

where: ec-maximal contouring error from the
nominal radius um, R-radius of the circle mm, v-feed
rate mm/min, Kv-position loop gain s, a~-mismatch
of position loop gains for different machine axes
(a=(Kvx-Kvy)/Kvx and Kvx=Kv, Kvx-X axis position
loop gain s, Kvy-Y axis position loop gain s™).

If Kvx=Kvy, a=0 and equation (1) is transformed in:

2
ec=R-[1\/l+(+J ].103 nm )
60-R-Kv

Similar equations are given in [13,14]. These
equations do not take into consideration the influence
of nonlinear phenomena, such as lost motion, stick
motion and stick-slip, etc. on the magnitude of the
contouring errors [15,16,17,18,19,20], which can
cause a significant difference between theoretically
calculated and experimentally obtained results (see
table 1 and table 2).

Experimental contouring measurements  with
CONTISURE Double Ball Bar (DBB) test equipment
have been undertaken on a FGS32 CNC milling
machine with HEIDEHANN 355 TNC controller, in
order to illustrate a methodology which could
generally be applied to any CNC machine. Only two
sets of axes have been considered (X and Y). The same
procedure can be repeated for other axes. A relatively
short link of 150 mm was used for all tests.

In the tests the feedrate was constant v=600 mm/min,
radius of the circle was R=150 mm, mismatch of
position loop gains for different machine axes was
a=0 and the Kv factor in the controller was changed
in the range of 4s7* to 130s™ . The tests were done in
two directions clockwise (CW) and counterclockwise
(anticlockwise) (CCW). The results of tests are given
in table 1.

From Table 1 it is obvious that optimal experimental
value for Kv factor is 100s™. Kv factor set up by the

machine manufacturer, was 28.3s7.
We can see that increasing position loop gain Kv in

the range of 4 to 100s™ decreases maximal contour
deviation from nominal radius. Also we can see that

the values for Kv in the range of 110 to 130s™*
increase contouring error. This can be explained by
the fact that transient errors become dominant.
Further analyses shows that with increasing the

position loop gain from 28.3 to 100s™ the maximal
contouring deviation decreases from 19.6 (CW)/22.2

(CCW) um to 10.2 (CW)/10.2 (CCW) um. Figures 2-
5 show graphically some results of the experiments.
In reference [21-23] an analytical equation for
estimating position loop gain Kv is given:

Kv= ! (3)

4D2. 2De +%+I
0) [0 2

e m

where D-position loop damping, o, ~nominal angular
frequency of the feed drive electrical parts s™, D, -
damping of the feed drive electrical parts, o~
nominal angular frequency of the mechanical
transmission elements s™, D,,~damping of the
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mechanical transmission elements and T-sampling
iod CONTISURE : LEAST SQUARES CENTRE DATA PLOT YU2B__C. Xv1
period s. Lsy. Radius ]
Identity : KU2B_ XY — L8, + )
Table 1. Influence of the position loop gain Kv on the Machine & FESI2-CHC | Clockuise
magnitude of maximal contouring error from the Serial Ho.: 6 £
nominal radius Test late : 23-83-2020 3
Kv st 4 6 8 10 Feedrate :  GAB mn/nin .
ec um (CW) Ho. Scans : 1 Clockwise =
experimentauy 46.8 39.5 58.3 52.2 Hngles. Stt : 22 End : -338
eccpm (CCW) | 567 | 455 | 375 | 352 Rosults at 28 deg. €
experimentally
ec um Eccentricity :-
analytically with | 20.8 | 9.26 | 5.21 | 3.33 K- -89 d- 2T
eq. (2) Hom,  Rad. : 149.9988 mn
Kv s—l 20 28.3 30 40 L.Sqr. Rad. @ 149.9998 mn
Error Band : 27,4  um
ec um (CW) - .
experimentally 20.7 19.6 16.5 14.7 Min. Rad. : 149.9982 mn ( -7.8 un)
Max, Rad. : 1588176 mm ( +19.6 un) T[T
gpig;égrim’y 252 | 222 | 203 | 1738 Hicrons SRR
[DIunp [Pllotter [ESCI
ec um
analytic:lly with | 0.83 | 0.42 | 0.37 | 0.21 Figure 2. Polar diagram of the results of a measured
eq. (2) circular test (feedrate v=600 mm/min, radius of the
Kv st 50 60 70 80 circle R=150 mm, position loop gain Kv=28.3 s, a=0,
W) clockwise direction).
ce pm 136 | 12.1 | 11.1 | 10.8
experimentall ) ' ' )
N cpu m (CCW)y CONTISURE : LEAST SQUARES CENTRE DATA PLOT KU188_C. 41
experimentally 183 124 108 107 dentity - HOLE0_ 4¥ - e " Clockuise
ec um Machine i FGS32-CHC E
analytically with | 0.13 | 0.09 | 0.07 | 0.05 Serial Ho.: 14 3
eq. 2) Test Date : 23-83-2028 £
Ky st 90 100 110 120 Feedrate : GO0 nn/min ;_
No. Scans @ 1 Clockwise =
eg;ep;rirrln (eclf:lgl)ly 105 | 102 | 103 | 104 fngles. Stt : 22 End : -33
ec },lm (CCW) 10.4 10.2 10.4 10.5 Results at 20 dey.C
experimentally Eccentricity :-
ytically with | 0.04 | 0033 | 0.028 | 0.023 booLTEe b
ana yet(lfa@})' wit ' ' ' : Nom.  Rad. : 149.9%8 mn
- L.Sqr. Red. : 149,999 mn
-1 1
Kv s 50 Error Band : 17.8  un
ce pum (CYVI)I 10.5 Min,  Rad, : 149994 n ( 7.6 wn)
experimentally Mar. Bad. : 1500082 mn ( +10.2 un) WU
ec um (CCV\I’I) 10.6 Microns 1858510 +
experimentally [N Tuan [Pllotter [FSL1
I cc “ﬁn i | 0.02 Figure 3. Polar diagram of the results of a measured
ana y;uca( 23)7 wit : circular test (feedrate v=600 mm/min, radius of the
9. circle R=150 mm, position loop gain Kv=100 s, a=0,
Position loop damping of D=0.707 is preferable clockwise direction)
ace o_rdmg [24“3.1]' That is the value, W hich gives The experimentally tuned value of Kv-factor on the
minimal contouring errors. Other numerical values of ; _ .
the examined svstem are: o.=1000s-. b. =0.7. o examined machine tool axis was Kv=100s". The
. Y Coe >ooe T o difference between  analytically  calculated  and
=663s™, D,=0.17, and T=0.006 s. With the | experimentally obtained value of Kv-factor is around
substitution in the equation (3) the position loop gain | 6.35%, which is acceptable for practical application.
value Kv=106.35 s is calculated.
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CONTISURE LEAST SQUARES CEHTRE DATA Kuzs__C.x¢1
Tdentity : Kuzd__ XY Scans & 1 Clockwise Microns
Machine : FGS32-CHC Start Ang: 22 Error Band @ 27.4
Serial Ho: 6 End fing, : -338 Upper Lim ¢ +9.6
Test Date: 23-83-2020 Feedrate : 600.8 wm/min  Lower Lim. : -7.8
_ Microns Clockwise ¢---- ---=3 Mnticlockuise
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[Slcale [Rlange [Clursor ~ [DIump [P1lotter [ESCT - Exit

Figure 4. Linear diagram of the results of a measured
circular test (feedrate v=600 mm/min, radius of the
circle R=150 mm, position loop gain Kv=28.3 s, a=0,
clockwise direction)

The results of the experiments with mismatching
. . Kvx —Kvy . .
position loop gains a:K—-IOO % are given in
VX

table 2. (Kvx=30s?, R=150 mm and v=600
mm/min are constant.)

Table 2. Influence of the mismatching of the position loop
gains on the magnitude of maximal contouring error
from the nominal radius ec

a% 0 1 2 3
ec pum (CW) 145 | 17.8 | 179 | 183
experimentally
ccum (CEW) =1 455 | 197 | 19.9 | 20.3
experimentally

ec um analytically 0 047 | 132 | 2.19

with eq. (1)
a% 4 5 6 7
ec pm (CW) 189 | 19.1 | 19.3 | 19.7
experimentally

ec pm (CCW) 209 | 225 | 23.1 | 23.3
experimentally

CONTTSURE LEAST SOUARES CENTRE DATA xu1ea_C. xv1
Tdentity : KU180__ XY Scans 1 1 Clockuise Microns
Machine : FG532-CHC Start fng: 22 Error Band @ 17.8
Serial Ho: 14 End fing. : -338 Upper Lim @ +8.2
Test Date: 23-83-2820 Feedrate : 60RO mn/min  Lower Lim. @ -7.6
_Microns Clockwise ¢---- ----> fnticlockwise
M —— - - - - - - ==

-6 -2ve 225 18 -1 -9 -45 a
[SIcale [Rlange [Clursor [Dlump [P1lotter [ESCT = Exit

Figure 5. Linear diagram of the results of a measured
circular test (feedrate v=600 mm/min, radius of the
circle R=150 mm, position loop gain Kv=100 s, a=0,
clockwise direction)

Another parameter, which influences the contouring
accuracy is the mismatch of position loop, gains for
different machine axes. This will result in an elliptical
contour path with the major axes lying +/-45
degrees, depending upon the direction of the scan,
and increasing the contouring errors.

ec um analytically 3.08 3.99 4.92 5.87

with eq. (1)
a% 8 9 10 20
cc pm (CW) 202 | 207 | 22.1 | 38.7
experimentally

ec pm (CCW) 254 | 275 | 294 | 52.9
experimentally

cc pm analytically | g o4 | 783 | 884 | 20.34

with eq. (1)
a% 30 40 50
ec pm (CW) 69.5 | 113.2 | 170.9
experimentally

ec pm (CCW) 85.6 | 128.4 | 186.2
experimentally

ec pm analytically | g5 15 | 5481 | 82.35
with eq. (1)

It is obvious that with increasing the mismatch of
position loop gains of the axes, the contouring error
rises up. The best case is when the position loop gains
are identical (a=0). Figures 6 and 7 show the results
of circular test when the difference between position
loop gains for X and Y axes is a=20%.
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COHTISURE :

Identity : AZA___ XY
Machine : F@532-CHC
Serial Ho.: 2@

Test Date : 23-B3-20820
608 rin/nin
Ho. Scans : 1 Clockuise
fingles, Stt : 22 End : -338

LEAST SOUARES CENTRE DATA PLOT
_ Lsq. Radius H

AzA___C.xH

Clockwise

Feedrate

Results at 20 deg.C

Eccentricity :- X

¥= -11 Y= -43un
Hom.  Rad. : 149,9980 mn
L.Sqr, Rad. : 1499997 mm

Error Band : 776 unm

Min.  Rad. : 1499591 mn ( -38.9 um)
Max. Rad. @ 1568367 mn ( +36.7 un) T[T
Microns - 4070 B 248 +
D lumn [P1lotter [ESCT

Figure 6. Polar diagram of the results of the measured
circular tests with gains mismatched a=20% (clockwise
direction, feedrate v=600 mm/min, radius of the circle

R=150 mm, position loop gains Kvx=30 s and

Kvy=24 s1)

CONTISURE :

Identity : A2A__ XY
Machine @ FGS32-CHC
Serial Ho.: 2@

Test Date : 23-83-2028
608 mn/nin
Ho. Scans : 1 Anticlockwise
fingles. Stt : 22 End @ -338

LEAST SOUARES CENTRE DATA PLOT
_ Lsq. Radius

fied___fxm
4 fnticlock

Feedrate :

Results at 20 dey.C

TTTT ‘ TT
Eccentricity :- H
= -7 Y= -0.Bun
Hom.  Rad. : 149.9980 nn
L.Sgr. Rad, @ 1499998 v
Error Band : 1041 unm
Min. Rad. : 1499468 mm ( -51.2 um)
Max. Rad. : 150.8589 mm ( 452.9 um) TTTTTT I
Microns - 5 50+

[DJump [P1lotter [ESC]

Figure 7. Polar diagram of the results of the measured
circular tests with gains mismatched a=20%
(anticlockwise direction, federate v=600 mm/min, radius

of the circle R=150 mm, position loop gains Kvx=30 s
and Kvy=24 s™1)

CONCLUSION

The work has shown that the contouring errors in

CNC machine tool can be minimized by appropriate

selection of position loop gain in the controller.

Criteria used in establishing the optimum Kv value

was minimization of maximal contouring deviation

from nominal radius.

The test methodology with CONTISURE Double Ball

Bar (DBB) system, demonstrated on FGS32 CNC

milling machine with HEIDEHANN controller, offers

a general approach for experimental determining of a

position loop gain.

It was shown that the best results in contouring

accuracy are provided when the position loop gains

for the two axes are identical.
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