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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Test code for machine tools —

Part 4:

Circular tests for numerically controlled machine tools
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The basic principle of these tests is to coordinate the multiple axes of motion (co
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31
nominal path
<circular interpolation> numerically controlled and programmed circular path defined by

its diameter

(or radius), the position of its centre and its orientation in the working zone of the machine tool and

which may be either a full circle or a partial circle of at least 90°

Note 1 to entry: Linear interpolation (GO1) or circular interpolation (G02 or GO3) or other types of
may be used to generate nominal circular path.

© IS0 2022 - All rights reserved
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3.2
actual path
path produced by the machine tool when programmed to move on the nominal path (3.1)

3.3

bi-directional circular error

bi-directional circular deviation

G(b)

minimum radial separation of two concentric circles (minimum zone circles) enveloping two actual
paths (3.2), where one path is carried out by a clockwise contouring motion and the other one by an
anticlockwise (counter-clockwise) contouring motion

Note 1 to entily: See Figure 1, where bi-directional circular error G(b)yy = 0,015 mm. The indices identify‘the¢ axes
moved during the circular test (see 3.7).

0,020 mm
—

centre of least squares circle 6ftlie two actual paths according to Note 2 to entry
starting points

actual pdth, clockwise

actual pdth, anticlockWise (counter-clockwise)

Ul s W N =

concenttific circlésenveloping the actual paths

Note 2 to entry: The bi-directional circular error G(b) can be evaluated as the maximum radial range of deviations
around the least squares circle. The least squares circle is calculated from two paths, i.e. the clockwise and the
anticlockwise (counter-clockwise) paths.

Note 3 to entry: Bi-directional circular error G(b) does not include set-up errors, i.e. centring errors of the
measuring instrument.

Note 4 to entry: Bi-directional circular error G(b) measurement requires the use of test equipment only with
calibrated displacement measurements (no need for calibrated length measurements for path diameter). The
measurements of radial error F (3.5) and mean bi-directional radial error value D (3.6) require test equipment
with both calibrated length and calibrated displacement (see Annex A).

2 © IS0 2022 - All rights reserved
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Note 5 to entry: A line situated in a plane is said to be circular when all its points are contained between two
concentric circles whose radial separation does not exceed a given value (see Figure 2).

Note 6 to entry: Designation G(b) is for measurements with external measurement equipment only, for example
as described in ISO 230-1:2012, 11.3.4. Results from circular tests using a feedback signal are designated as “bi-
directional circular error using feedback signal G(b);” (see Annex E).

34

circular error
circular deviation
G

minimum radial separation of two concentric circles enveloping the actual path (3.2) (minimum zone
circlgs) of a clockwise or anticlockwise (counter-clockwise) contoured path

Note | to entry: See Figure 2, where circular error Gyy = 0,012 mm. The sequence of indices denoteqthe direction
of corjtouring (see 3.8).

1 0,020 mm
—
G
3
4
Y
2
X
Key
1  dentre of least squares circle of'the actual path according to Note 2 to entry
2 dtarting point
3 doncentric circles envelgping the actual path
4 {ctual path

Figure 2 — Evaluation of circular error G using least squares circle

Note P to entry: Note 2 to entry to Note 6 to entry for bi-directional circular error G(b) (3.3) apply for circular
error|G,.For differences between the circular error G and the radial error F (3.5), see Annex A, TablglA.1.

Note 3 to entry: Designation G is for measurements with external measurement equipment, for example as
described in ISO 230-1:2012, 11.3.4, only. Results from circular tests using feedback signal shall be designated
circular error using feedback signal G, see Annex E.

3.5

radial error

radial deviation

F

deviation between the actual path (3.2) and the nominal path (3.1), where the centre of the nominal
path is obtained either a) from the centring of the measuring instruments on the machine tool or b)
from the least squares centring analysis for a full circle only

Note 1 to entry: See Figure 3, where radial error Fzy .., = +0,008 mm and radial error Fyy ,,;, = -0,006 mm. The
sequence of indices denotes the direction of contouring (see 3.8).

©1S0 2022 - All rights reserved 3
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Z
Key
1  centre of
2 starting
3 nominal
4 actual pq

Note 2 to ent
the centre of

value, F ;.

Note 3 to ent]
nominal path|
definition].

Note 4 to ent

3.6

mean bi-dix
mean bi-dirg
D

difference b

nominal circle
boint

path

th

Figure 3 — Evaluation'of radial error F

the circle (see Figure 3). The radial error is given by the maximum value, F,,,

y: Set-up errors can be incldded in the radial error F; this is applicable only where the centre
is obtained from the centring of the measuring instrument on the machine tool [option a)

'y: Positive deviations are measured away from the centre of the circle and negative ones toy
and the min

y: For differences’between the radial error F and the circular error G (3.4), see Annex A, Table

vards
fmum

of the
pf the

Al

ectionalxadial error
ctionalradial deviation

btween the radius of the least squares circle of two full circle actual paths (3 2) wher

£ one

path is carr
clockwise) c
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ontouring motion, and the radius of the nominal path (3.1)

nter-

Note 1 to entry: For differences between mean bi-directional radial error D and bi-directional circular error G(b)
(3.3), see Annex A, Table A.1.

3.7

identification of axes

designation

of the axes which are moved to produce the actual path (3.2)

© IS0 2022 - All rights reserved
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3.8

sense of contouring for circular tests with linear axes

<clockwise/anticlockwise (counter-clockwise) contouring> sequence of indices denoting the direction
of contouring

Note 1 to entry: The order of the indices matches the order in which the circular arc crosses the positive extreme
of each axis. For example, Gyy denotes the anticlockwise (counter-clockwise) circular error (3.4), because an
anticlockwise (counter-clockwise) arc in the XY plane crosses the X+ axis immediately followed by the Y+ axis.
Similarly, Gyy denotes the clockwise circular error (3.4), because a clockwise arc in the XY plane crosses the
Y+ axis immediately followed by the X+ axis. In the case of a bi-directional result, the indices denote the direction
of the firstarc.

39

contg
contd
E int

rangg
syste
moti
work

Note
descr

Note
displd

attached to the rotary axis, i.e. in radial, tangential and/er axial direction. This is specified

Eint,ta
Note

displd
the m

Note 1
with

three
ISO 2

Note
is just
defin
by CV]
and C

Note

3.10

puring interpolation error
uring interpolation deviation

p of deviations of the tool centre point trajectory from the fixed point in.the workpied
m (3.11), when a rotary axis (or axes) is (are) driven, synchronouslywith interpols
n with linear axes, such that the tool centre point nominally stays at this fixed
biece coordinate system (3.11)

| to entry: Typical test methods are described in ISO 230-1:2012, 11.3.5. Typical measuring ing
bed in ISO/TR 230-11:2018, 12.2.1,12.3.3 and 12.3.4.

2 to entry: If the length-measuring device (ball bar, linear, displacement sensor or nest o
cement sensors) is rotated with a rotary axis, the measurements are taken in the coord
E;

hgential and nt,axial*

B to entry: If the length-measuring device (ball,bar, linear displacement sensor or nest o
cement sensors) is not rotated with a rotary-axis, the measurements are taken in X, Y and 7
pchine coordinate system (3.10). This is specified by E;, x, Ejn,y and Ej 7.

| to entry: The axes moved are specifiedby giving the nomenclature of the axes. For example, a
inear axes X and Y and rotary axi§ Oin radial direction is specified by E;; 1aqial xyc- A meas
linear axes X, Y, Z and two rotary axes A, C in radial direction corresponds to a spherical tes
B0-1:2012, 11.5 and is specifiedby Ej;; ragial xyzAc.

b to entry: Clockwise or anticlockwise (counter-clockwise) movement is defined by the rotary
one rotary axis moved. If two rotary axes are moved, clockwise and anticlockwise (counter-g
bd by the axis that moves over a larger range, generally the axis that moves over 360°. Clockwi
, anticlockwise (counter-clockwise) is specified by CCW. For a clockwise measurement with
in radial direetion the specification is Ej,¢ raqial xvccw):

mac
MCS

lrine coordinate system

b to entrys Brecautions for test set-ups for circular tests with rotary axes are given in Annex

e coordinate
ted circular
point in the

truments are

[ three linear
inate system
by E;

int,radial’

[ three linear
directions of

measurement
irement with
F according to

 axes if there
lockwise) are
se is specified
the axes X, Y

right-hand rectangular system with the three principal axes labelled X, Y and Z, with rotary axes about

each

of these axes labelled A, B and C, respectively

Note 1 to entry: The machine coordinate system is prescribed by ISO 841 for many machine tools.

[SOURCE: ISO 230-1:2012, 3.2.1, modified — figure deleted and Note 1 to entry added.]

3.11

workpiece coordinate system

WCS

Cartesian coordinates fixed on the workpiece

Note 1 to entry: When a machine tool has the rotary axis (axes) on the workpiece side, the workpiece coordinate
system is rotated with the rotary axis (axes).

©ISO
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[SOURCE: ISO 2806:1994, 2.7.3, modified — Note 1 to entry added.]

4 Test conditions

4.1 Test environment

Where the temperature of the environment can be controlled, it shall be set at 20 °C or at the specified
reference temperature. If the environment is at a temperature other than 20 °C or other than the
specified reference temperature, nominal differential thermal expansion (NDE) correction between
the measurement system and the measured object (machine tool) shall be made to correct the results

to correspoifd to Z0 °C or to the specified reference temperature (for radial error measurements dnly).

The maching and, if relevant, the measuring instrument shall have been in the test environmeént long

enough to have reached a thermally stable condition before testing. They shall be protected |[from

draughts angd external radiation, such as sunlight and overhead heaters.

4.2 Machjne to be tested

The maching shall be completely assembled and fully operational. All necéssary levelling operdtions

and functiorjal checks shall be completed before starting the tests.

Unless othertwise agreed between the manufacturer or supplier andthe-user, the circular tests shpll be

carried out yith the machine in the unloaded condition, i.e. withouta Workpiece.

4.3 Machjne warm-up

The tests shall be preceded by an appropriate warm-up procedure, as specified by the manufactufer of

the machine{and/or agreed between the supplier or manufacturer and the user.

If no other |conditions are specified, the preliminary movements shall be restricted to only those

necessary td set up the measuring instrument:.

4.4 Test parameters

The parameters of the test are:

a) diameter (or radius) of thenominal path and - for tests with rotary axis (axes) - radial offfet(s)
from rotary axis(axes);

b) contour|ng speed (ihformation on adjustment of diameter and contouring speed for circular|tests
to keep the axes’zac€eleration constant, see Annex D);

c) sense of coriteuring for circular tests with linear axes, and with rotary axes clockwife or
anticlockwise (counter-clockwise) according to 3.8 and 3.9;

d) identification of axes, i.e. machine axes moved to produce the actual path;

e) location of the measuring instrument in the machine tool working zone;

f) temperature (environment temperature, measuring instrument temperature, machine
temperature) and expansion coefficient (of machine tool, of measuring instrument) used for
compensation for mean bi-directional radial error D and radial error F measurement only;

g) data acquisition method (data capture range if different from 360°, starting and stop points of the
actual movement, number of measuring points taken for digital data acquisition and information
about filtering, as applicable);

h) any machine compensation routines used during the test cycle;

6 © IS0 2022 - All rights reserved
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i) positions of slides or moving elements on the axes which are not being tested.
4.5 Testinstrument calibration

For the checking of the mean bi-directional radial error D and the radial error F, the reference dimension
of the test instrument (e.g. reference length Ly of the ball bar) shall be known.

NOTE For circular tests using a feedback signal, see Annex E.

4.6 Measurement uncertainty

The main contributors to the measurement uncertainty for the bi-directional circular er

circutlr error G and the contouring interpolation error E; are:

ror G(b), the

rheasurement uncertainty of the test equipment;

—

epeatability of measurement;

hfluence of temperature on the machine tool and/or the test equipment, checked, for
n environmental temperature variation (ETV) test according to ISO/TR 16015.

example, by

nain contributors to the measurement uncertainty for the mean bi-directional radiall error D and

hdial error F are:
ontributors for the errors G(b) and G (see first list in 4:6);

ncertainty of the temperature measurement of thiéymachine tool and the test equipn
y the uncertainty of the temperature sensor(s)and the uncertainty due to the log
emperature sensor(s)];

hent [caused
ation of the

(o

—

ncertainty of the thermal expansion coefficients of the machine tool and the test equipment (used
br the compensation to 20 °C or to the specified reference temperature).

-

5 1
To déf

‘est procedure

be m
(cour

To de
shall
ClocK
the 1
contq

termine bi-directional circular error G(b), mean bi-directional radial error D, two actu
pasured consecutively: ‘orie in a clockwise sense of contouring and the other in an a
ter-clockwise) sensé.of contouring.

termine circular®rror G, radial error F and contouring interpolation error Ej;,
be once forclockwise contouring and once for anticlockwise (counter-clockwise)
wise and anticlockwise (counter-clockwise) for contouring interpolation error are
ptary axis! If two rotary axes are moved, clockwise and anticlockwise (counter-cl

uring.interpolation error are defined by the rotary axes with the larger range o

1l paths shall
nticlockwise

the njeasurement

contouring.
> defined by
bckwise) for
[ movement,

generallyrthe rotary axis moving over 360° (see 3.9, Note 5 to entry).

All measured data corresponding to the actual path (including any peaks at reversal points) shall be
used in the evaluation.

For radial error, F, of a partial circle, set-up errors should be minimized.

Typical measuring methods for circular test with two linear axes are rotating one-dimensional linear
displacement sensor, circular master and two-dimensional displacement sensor, telescoping ball bar,
two-dimensional digital scale and two linear displacement sensors and a reference square artefact (as
described in ISO 230-1:2012, 11.3.4). Measuring instruments are described in ISO/TR 230-11:2018,
12.2.1 (telescoping ball bar) and 12.3.1 (two-dimensional digital scale).

Typical measuring methods for circular tests with rotary axis(axes) are linear displacement sensor and
spherical artefact, three linear displacement sensors and spherical artefact (radial test), telescoping
ball bar (as described in ISO 230-1:2012, 11.3.5 and 11.5). Measuring instruments are described in

© IS0 2022 - All rights reserved
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ISO/TR 230-11:2018, 12.2.1 (telescoping ball bar), 12.3.3 (3D-probe for spheres, contact type), and

12.3.4 (3D-p

robe head, non-contact type).

For influences of typical machine errors on circular paths executed with two linear axes, see Annex B
and References [7] to [12].

Annex C summarizes precautions for test set-ups for circular tests with rotary axes.

6 Presentation of results

A graphical method of presenting results is recommended with the following test result data specified

numerically

a) for circy

1) bi-directional circular error G(b);

lar tests with linear axes

2) medn bi-directional radial error D, corrected to 20 °C or to the specified refefence temperdture;
3) circplar errors G, for clockwise and/or anticlockwise (counter-clockwise) contouring;
4) radfal errors, F, ., and F;,, for clockwise and anticlockwise (counter-clockwise) contoyring,
cortected to 20 °C or to the specified reference temperature;
b) for circylar tests including rotary axes
contourfng interpolation error E;,, for clockwise andcfor anticlockwise (counter-clockwise)
movemegnts.
Typical exaiqples of presentation of test results are shown in Table 1, Table 2 and Table 3, which
also apply for contouring interpolation error E;,, (see Figure C.5). When a polar plot is not avajlable
for contourihg interpolation error, an X-Y plot with-the nominal angular position of the rotary akis of
interest is a¢ceptable (see Figure C.6).
NOTE Fofr better clarity, the presentation of résults is shown in three tables (Table 1, Table 2 and Tabl¢ 3) in

this documen
The test rep
— date of't
— name off
— measurl

— testpar

t. In a test report, the three tables can be combined into one table.
brt shall include the following:

est;

machine tool;

ng equipment;

hmeters. (see 4.4).

Magnificatig

n-seale of the graphical presentation shall be stated.

The test uncertainty shall be stated.

7 Points

to be agreed between supplier or manufacturer and user

The points to be agreed between the supplier or manufacturer and the user are as follows:

a) warm-up procedure prior to testing the machine (see 4.3);

b) testparameters (see 4.4);

c) for circular tests with linear axes, which test result data for the bi-directional circular error G(b),
the mean bi-directional radial error D, the circular error G, the radial error F [from 6 a) 1) to 6 a) 4)]

© IS0 2022 - All rights reserved
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are required and to be presented; and for circular tests with rotary axis (axes), which contouring
interpolation errors E; are required and are to be presented.

Table 1 — Example of data presentation for bi-directional circular error G(b) and mean bi-
directional radial error D

|xyz

Date of test yy/mm/dd Name of machine

Measuring instrument |abc Location of measuring instrument

Test parameters centre of circle (X/Y/Z) 250 mm/250 mm/100 mm
diameter of nominal path (40 mm offset to tool reference 0 mm/0 mm/-80 mm

TAVAAVE Ly AY

\ A/ 4]

contquring speed

500 mm/min

offset to workpiece
reference (X/Y/Z)

0 mm/0 mm /3P mm

contquring direction

macHine axes under test | XY

(X,Y\|Z)

Datajacquisition method

starting point 0°

stop point 0°

numlber of measuring 1500
points (digital only)

data pmoothing process  |none
Compensation used none
Positions of axes not Z~=150 mm

unddr test

NOTE

bi-difectional circylarerror G(b)yy = 0,028 mm

mear) bi-directional radial error Dyy = -0,001 mm

1 centre of least squares circle of the two aftual paths

2 nominal path

3 least squares circle of two actual paths

4 actual path, anticlockwise (counter-cloclwise)

5 actual path, clockwise

6 starting point

© IS0 2022 - All rights reserved
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Table 2 — Example of data presentation for circular error G

Date of test yy/mm/dd Name of machine |xyz

Measuring instrument |abc Location of measuring instrument

Test parameters centre of circle (X/Y/Z) |250 mm/250 mm/300 mm
diameter of nominal path {250 mm offset to tool reference 0 mm/0 mm/-80 mm

(X/Y/7)

contouring speed

1000 mm/min

offset to workpiece 0 mm/0 mm/230 mm

Teference (X/Y/Z)

contouring djrection

+Y to +X

machine axes$ under test
(X,Y,2)

XY

Data acquis]tion method

starting poirft 0°

stop point 0°

number of mpasuring 1800
points (digital only)

data smoothing process |none
Compensatipn used none
Positions offaxes not Z =350 mm
under test

NOTE

circular errof Gyy = 0,018 mm

0,020 mpm

—-

Key
1 centre of least squares circle
2 starting point

3 actual path, clockwise

10
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Table 3 — Example of data presentation for radial error F

Date of test yy/mm/dd Name of machine |xyz

Measuring instrument |abc Location of measuring instrument

Test parameters centre of circle (X/Y/Z) |250 mm/250 mm/100 mm
diameter of nominal path {150 mm offset to tool reference 0 mm/0 mm/-80 mm

(X/Y/Z)

contouring speed

300 mm/min

offset to workpiece

0 mm/0 mm/30 mm

Teference (X/Y/Z)

contquring direction +Y to +X Temperature
machine axes under test | XY environment temperature |22 °C
(X, Y|2)
Datalacquisition method temperature of the meas- 2226
uring instrument
starting point 0° machine temperature 22°C
stop point 0°
number of measuring 1800
points (digital only)
data pmoothing process |none
L
X
Compensation used none Key
Positions of axes not Z =150 mm 1 centre of least squares circle

unddr test

NOTE

radidl error:

By max = 0,005 mm

FYX,min =-0,013 mm

2 starting point
3 nominal path

4 actual path, clockwise

© IS0 2022 - All rights reserved
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Annex A
(informative)

Differences between circular errors ¢ and G(b) and radial errors F
and D

Table[A.T— Differences between circular errors ¢ and G(bJandradial errors F and L)

Influences Circular errors G and G(b) Radial error F.andD
Deviation of form? Included Included
Deviation of fliameter? N(.)t }ncluded, as t.he diameters of the Included
minimum zone circles are not evaluated
Not included, as the position of the Included.it F for a partial cir¢le,
Deviation of position¢ minimum zone circles is defined by the |notincludeéd in F for a full cirfle
actual path only and not included in D

a  Deviation|between the shape of the actual path (e.g. elliptical form deviation) and acircle.
b Deviation|between the diameter of the actual path and the diameter of the nomfijnal path.

¢ Deviation|between the position of the centre of the actual path and the centre of the nominal path (e.g. errors in|the X
and Y positions).

12 © IS0 2022 - All rights reserved
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Influences of typical machine errors on circular paths executed

with two linear axes

B.1

This
these
anne
circu

Circy
by g

B.2

B.2.1

When the X-axis movement is long, for example, due'to a scale error, the actual path i

an el
diam|
[see]

[ar measurements is described in References [10] and [11].

General

individual errors show a combined influence on actual paths. Therefore, the: inform
k alone is not sufficient for a detailed analysis of circular measurements. Detailed

lar paths that are produced by two linear axes on numerically controlled machines ar

Influence of geometric errors

Influence of a progressive linear positioningerror

ipse with its major diameter parallel to the;X-axis. If the Y-axis is assumed to be er
eter of the path parallel to Y-axis is not changed, i.e. the diameter is equal to the nomi

Figure B.1 a)].

Whe
is ch

Figui
the n|
meas

n
nom{{lal diameter [see Figure B.1 b)]:

pminal path (e.g. 2D grid“scale, telescoping ball bar calibrated for radius). If the meas

the X-axis movement is short and-the Y-axis is still assumed to be without errors, the
ged to an ellipse with its major /diameter parallel to Y-axis. That diameter is again

e B.1 can be evaluated as‘described if a measuring system is used that measures dev

ures changes of thexradius only (e.g. telescoping ball bar not calibrated for radius), the

hnnex points to the principal influences of typical machine errors on circular‘motion. In general,

ation in this
analysis of

e influenced

ometric errors of the two axes and by errors caused by the numerical control and its drives.

changed to
ror free, the
nal diameter

e actual path
equal to the

iations from
uring device
scales of the

two machine tool axes-hoved cannot be evaluated, only any mismatch between the two nachine tool

axes,

generally statédas “scale mismatch”.

Influence of squareness error of axes

path
(+13
XY pl

axes’X and Y are not square and the angle between the two axes is larger than 90

° the actual
seis at-45°

sCchanged to an ellipse with its principal axes at + 45°. The major diameter of the ellif

ane.

error in the

When the angle between the two axes is smaller than 90°, the actual path is again changed to an ellipse
with its principal axes at +45°, but with the major diameter at +45° (+225°) [see Figure B.2 b)].

©ISO
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Y Y
2 1
1 2
X X
a) X-axis movement long b) X-axis movement short
Key
1 nomingl path
2 actual path
Figure B.1 — Influence of short and long movements of an axis on actual paths
Y 3
1 2
2
1
X
X
a) Angle larger than 90° b) Angle less than 90°
Key
1 nominal path
2 actual path
3 nominal Y-axis (square to X-axis)

Figure B.2 — Influence of squareness error of axes on actual paths
B.2.3 Influence of periodic errors

Periodic errors also influence actual paths. The deviation from the circular path is non-elliptic.
Figure B.3 shows changes to the path if a periodic positioning error of Z-axis is assumed.

14 © IS0 2022 - All rights reserved
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Other periodic errors (e.g. straightness error and angular error motion) can produce non-elliptic
deviations from the circular path.

Key
Ezz 1

B.3

B.3.1

A cir
theb
with

B.3.7

When axial reversal erroris present, “steps” occur at the points of reversal. Figure B.4 s}

revel|
diffe
antic

ositioning error of Z

Figure B.3 — Influence of periodic positigning errors of Z-axis

Influence of the numerical control and its drives

General

! Influence of reversal-error

sal error occurring at the four quadrature points (from both axes) giving four qug

ockwise (counter-clockwise) contouring.

Yt

—

>

Figure B.4 — Quadrature reversal steps

cular path that is produced by two.linear and numerically controlled axes gives infprmation on
chaviour of the numerical control.ahd its drives. The movement for each axis is quite fomplicated,
travel, velocity and acceleration'of each axis changing, according to a sine or to a cosife if the feed
speedl on the circular path is keptconstant.

hows typical

drants with

ent centres. For)uncompensated reversal error, the figure shows the typical shape produced by

When recovery of the reversal error occurs [whether by the use of scales for the feedback or by use of
reversal compensation in the computerized numerical control (CNC)], time delay effects cause peaks

©ISO

2022 - All rights reserved

15


https://standardsiso.com/api/?name=3f894d086a7599c1105b1c2ff0829f9d

ISO 230-4:2022(E)

or “spikes” at the reversal points (see Figure B.5). The magnitude of these “spikes” will depend on the
mechanical backlash, elastic deformation due to friction and the time delay.

Y

Note that th
machined ci
of linear axi
movement h|

In practice,
error compe

~

Figure B.5 — Quadrature reversal spikes

e “steps” and “spikes” at reversal points are actually distorted\*flats” and show up on
Fcles, but do not appear on standard checks of the accuracy andrepeatability of positipning
b (e.g. according to ISO 230-2), because the measurements are taken only after the maghine
as stopped, in accordance with these standard checks.

both “spikes” and “steps” can occur together by different amounts. If, in addition, reyersal
nsation and/or friction compensation is applied that does not exactly match the existing

error, then quite complex shapes can occur at quadratureyiticluding “negative spikes” and “negative

steps.”

B.3.3 Infly

If the feed s
The drive of]
frequency a

1ence of acceleration of axes

beed for the circular path is increased, the acceleration of the axes increases accordjngly.
an axis can behave in such a waythat the amplitude of the movement decreases at a }ﬁgher
higher feed speeds. This results in paths that are smaller in diameter than the noinal

circular path (see Figure B.6). A smoothing filter, applied to positional command to the axis, behayes in

the same wa

y as the response delay of.the drive.

16
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Key

BwWw N R

Speci
comp]
effec

B.3.4

If the
one.

Depe]
diam

When the feed speedds\increased, the elliptical error from the circle increases accordingly.

The principal axes of the ellipse are at £45°.

actual path of circular movements with low contouring speed
actual path of circular movements with medium contouring speed
actual path of circular movements with high contouring speed
starting and stop points

Figure B.6 — Influence of acceleration of axes

al control algorithms in the numerical control\of the machine tool (e.g. feed forward
ensate the influence of the acceleration ofwgspective axes. A smoothing filter can
s to the actual path.

| Influence of different following errors (mismatch of position loop gain)

following errors of the two axes-involved are different, the actual path is changed to

nding on the contouring,direction [clockwise or anticlockwise (counter-clockwise]
eter is at +45° or —45°(see Figure B.7).

control) can
have similar

an elliptical

], the major

©ISO
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actual
actual
actual
actual

nomin

paths with low contouring speed clockwise

paths with low contouring speed anticlockwise (counter-clockwise)
paths with high contouring speed clockwise

paths with high contouring speed anticlockwise (counter-clockwise)
h] path

Figure B.7 — Influence of different following errors
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C.1 General

Test fresults for circular tests on metal-cutting machine tools using either a ball barya s
test mandrel and flat-ended linear displacement sensor(s); or three linear displacenient s
spherical artefact (radial test) can be affected by the set-up of measuring instruments: Thisg
precautions for test procedures to minimize the influence of set-up errors.

C.2 | Tests with ball bar

C.2.1 Alignment of precision spheres

In geheral, the precision sphere of the ball bar on the spindlesside is aligned to the axis ay
the spindle. Any misalignment can influence the test result:

This plignment can be done by using a fixture attached to the spindle to minutely adjus
positjon. See Figure C.1 for an example of such a fixture:

ISO 230

Annex C
(informative)

-4:2022(E)

Precautions for test set-ups for circular tests with rotary axes

In some cases, for example when the rotary axis under test is not on the spindle side,

of th
mach
by m

The

is dir

XY

in th
sphel
test

Key

Bw N R

ine coordinate system is shifted to caneel it. The position of the sphere centre can

Qrecision sphere of the ball bar not'on the spindle side is located at a position such tha

qr Z. For example, when a fotary axis is on the workpiece side and the measured dire

e workpiece coordinaté. system, i.e. in radial, tangential and axial directions, then t|

esult (effect of second order).

1

e sphere centre relative to the axis average line of the spindle can be measured, 3

ected to the measurement’s Sensitive direction specified in each test, i.e. radial, tang

re of the ball bar on the)workpiece side is not required to be precisely located. It does 1

bhere-ended
ensors and a
annex gives

erage line of

t the sphere

the position
nd then the
measured

e
basuring the run-out in the radial dirgction of spindle rotation using a linear displaceiient sensor.

' the ball bar
ential, axial,
rtion is fixed
he precision
1ot affect the

U

magnetic socket
magnet holder
screw

stem to chuck

Figure C.1 — Example of a fixture to align the sphere in the spindle side
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a) Measurement of X and Y positions b) Measurement of Z position
+7 L l
+X
6
c) Alternative way to measure X and Z positions‘using a ball bar
Key
1 precision sphere not on spindle side
2 linear digplacement sensor
3 table
4 tool length setting system
5 spindle-gide precision sphere
6  ball bar
Figure|C.2 — Procedure to measure the location of precision sphere not on spindle side

When the influence is not of second order, the precision sphere of the ball bar not on the sp

side is align
system. Wh
coordinate g

Figure C.2 a]

For example
follows [Fig]

ed at the centre of\the circular path of the spindle-side sphere in the machine coord
en the precision-sphere not on the spindle side is placed, its position in the ma

and b) for @machining centre] or a ball bar [see Figure C.2 c)].

, thesZ=position of the precision sphere not on the spindle side is typically measur
ire”€.2 b) for a machining centre]: first, the Z-direction distance of the precision sj

centre to th

indle
inate
chine

ystem is medsured using a linear displacement sensor and a tool length setting system [see

ed as
bhere

table surface is measured using a linear displacement sensor attached to the spindle

Then

the spindle-side sphere is installed on the spindle and its Z-position is measured using a tool length
setting system installed on the table. Assuming that the height of the tool length setting system (the
distance of the spindle-side sphere to the table surface) is known, the Z-position of the table-side sphere
relative to the spindle-side sphere can be calculated.

C.2.2 Programming

The rotary axis (axes) is (are) driven as specified in each test. The motion of linear axes is programmed
such that the ball bar is directed as specified in each test throughout the test cycle.

20
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+Z|_

+X

+B ; E © )
—
[
Figure C.3 — Ball bar test for circular test of X, Z and B axes in X-direction

+7 |—
+X

=l
+B

N

=)

+B

o

\L+B

Figure C.4 — Ball bar test for circular test of X, Z-and B axes in tangential diregtion

en such that
r linear axes
ensor(s). An

For e
the b
is exad
exam

kample, for a circular test of X, Z and B axes in X*direction, X and Z trajectories are giy
all bar is always directed approximately in the' X-axis direction. The nominal path fo
ctly the same as in the case with the sphere-ended mandrel and linear displacement §
ple of ball bar test set-up for this test is Shown in Figure C.3.

For ekample, for a circular test of X, Z anid) B axes in tangential direction (see Figure C.4), the precision

sphel
averd
away
the s
Figun

For t
funct]
rotar

Cont
to th

'e not on the spindle side is loCated at the centre of the circular path (i.e. on the
ge line). A fixture, such as the one depicted in Figure C.4, is needed to put the spindle
from the spindle axis average line. This set-up measures the error tangential to th
wivel axis (B-axis) at the peosition of the precision sphere not on the spindle side. The|
es C.3 and C.4 can be-thus seen as kinematically equivalent.

he convenience of programming, set the tool centre point (TCP) control function to
ion enables adtpmatic coordination of linear axes with respect to the programme
y axis (axegs):

uring speeds and travels of linear axes in the machine coordinate system are chang
e distance of the sphere centre to the rotary axis. Sensitivity to angular error mo

spindle axis
-side sphere
e rotation of
two tests in

DN. The TCP
d motion of

ed according
tions and to

'ror motions

orientation errors of the axis of rotation increases (as well as the sensitivity to linear axes e

and driefhtation nrrnrc) ifthis distance becomes ]:\rgnr

C.2.3 Test procedure

The reference length Ly of the ball bar should be known, and the offset of the precision sphere centre on
the spindle side to the spindle nose (spindle gauge line) shall be calibrated. The offset of the precision
sphere to the spindle nose (spindle gauge line) can be typically calibrated by using a tool length setting
system. For a machining centre, first a reference tool of the pre-calibrated length [the distance from
the spindle nose (spindle gauge line) to the tool tip] is attached to the spindle and its Z-position at the
tool tip is calibrated by using a tool length setting system installed on the table. Then, the precision
sphere is attached to the spindle and its Z-position is measured by using the same set-up. The offset
of the precision sphere to the spindle nose (spindle gauge line) can be calculated from the measured
Z-position difference, the pre-calibrated length of the reference tool and the pre-calibrated radius of
the precision sphere.
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