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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-goverpmental, in liaison with ISO, also take part in the work. ISO collaborates closely with

Internation
Internation
The main

adopted b

Internation

In exceptig

bl Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

bl Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
fask of technical committees is to prepare International Standards. Draft International Stand3
y the technical committees are circulated to the member bodies for voting. Publication as

Al Standard requires approval by at least 75 % of the member bodies casting\a‘vote.

nal circumstances, when a technical committee has collected data.ef)a different kind from

which is n

simple maijority vote of its participating members to publish a Technical Report: A Technical Report is enti

informativ
longer vali

Attention ig
rights. ISO

ISO/TR 23
conditions

I1ISO 230 cg
Part 1
Part 2
Part 3
Part 4
Part 5

Part 6

rmally published as an International Standard (“state of the art”, for.example), it may decide b

in nature and does not have to be reviewed until the datacit\provides are considered to be
or useful.

shall not be held responsible for identifying any or alksuch patent rights.

D-9 was prepared by Technical Committee ISO/TC 39, Machine tools, Subcommittee SC 2, T
for metal cutting machine tools.

nsists of the following parts, under thegeneral title Test code for machine tools:
Geometric accuracy of machines'‘operating under no-load or finishing conditions
Determination of accuracyand repeatability of positioning of numerically controlled axes
Determination of thenmal effects

Circular tests for-numerically controlled machine tools

Determinatien of the noise emissions

Determination of positioning accuracy on body and face diagonals (Diagonal displacement tests

the

rds
an

hat
y a
rely
no

drawn to the possibility that some of the elements of this document may be the subject of pafent

lest

Part 7

Geometric accuracy of axes of rotation

equations [Technical Report]

The followi

ng parts are under preparation:

Part 8: Determination of vibration levels [Technical Report]

Part 9: Estimation of measurement uncertainty for machine tool tests according to series ISO 230, basic
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Introduction

In this part of ISO 230 equations for the estimation of the measurement uncertainty are presented.

Annex C is the special annex for the estimation of the measurement uncertainty for ISO 230-2.
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Test code for machine tools —

Part 9:
Estimation of measurement uncertainty for machine tool tests
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The methods described here are aimed for practical use; therefare, standard uncertainties
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ThI following referenced documents are indispensable for the application of this document.
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 COTUITIY LU SCTICO 10UV 20U, DadsiIC cQualiVlls

Scope
5 part of ISO 230 provides information on a possible estimation of-measurement uncer
asurements according to 1ISO 230.
luated by type B evaluation (see Clause 4 and GUM).

er methods complying with GUM may be used.

Normative references

rences, only the edition cited applies. For undated references, the latest edition of the
ument (including any amendments) applies.

230-2:—1), Test code for machihe tools — Part 2: Determination of accuracy and repd
itioning numerically controlled axes

asurement uncertainty-of length measurement due to thermal influences
/TS 14253-2, Geometrical Product Specifications (GPS) — Inspection by measurement of work
asuring equipment — Part 2: Guide to the estimation of uncertainty in GPS measurement, in ca

asuring equiprient and in product verification

de to thesexpression of certainty in measurement, (GUM). BIPM, IEC, IFCC, ISO, IUPAC, IUR
edition,;" 1993, corrected and reprinted in 1995

ainties for

are mainly

For dated
referenced

atability of

/TR 16015:2003, Geometrical product specifications (GPS) — Systematic errors and contfibutions to

pieces and
libration of

AP, OIML,

3

Terms, definitions and symbols

For the purposes of this part of ISO 230, the terms, definitions and symbols given in ISO 230-2 and GUM
apply.

1)

To be published. (Revision of ISO 230-2:1997)
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4 Estimation of measurement uncertainty U
The estimation of the measurement uncertainty, U, follows GUM, ISO/TS 14253-2 and ISO/TR 16015.

The individual contributors to the measurement uncertainty have to be identified (for examples, see Annex C)
and expressed as standard uncertainties, u;.

The combined standard uncertainty, uc, is calculated according to Equation (1):

ug = uf > (1)
where
uc is|the combined standard uncertainty, in micrometres (um);

ur is|the sum of strongly positive correlated contributors, see Equation (2), in micrometres (um);

u; is|the standard uncertainty of uncorrelated contributor, i, in micrometres (up;

‘_‘
Ur = 4.U) (2)

where|u; is the standard uncertainty of strongly positive correlated contributor, j, in micrometres (um).

The measyrement uncertainty U is calculated according to Equation(3), where the coverage factor & is set to

U=klu, (3)

U is|the measurement uncertainty, in micrometres (um);
k  is|the coverage factor,
kF2
uc is|the combined standard uncertainty, in micrometres (um);

A standard uncertainty u; is-Obtained by statistical analysis of experimental data (type A evaluation) or by other
means, su¢h as knowledge,/experience and scientific guess (type B evaluation).

If an estimption givés a possible range of +a or (¢™—a~) of a contributor, then the standard uncertainty 4; is
given according to\Equation (4), assuming a rectangular distribution.

u,:i (4)

i 2\/5

where

uj is the standard uncertainty;
a* is the upper limit of rectangular distribution;

a~ is the lower limit of rectangular distribution.
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Estimation of the uncertainty of parameters, basic equations

In Clause 4, the black box method of the uncertainty estimation is used. For the parameters that are
calculated from individual measurement runs, from mean values, from multiples of the standard deviation,
and/or sums of those, the uncertainty estimates are obtained using transparent box method. Positioning

accuracy, repeatability and reversal value are such parameters. This can be written generally as

Y= f(X;)

where

Y s the parameter (e.g. repeatability, reversal value, positioning accuracy);

X; is the measured value i.

Thé¢ combined standard uncertainty u. is then calculated according Equation (6):

wh

2
2 oY
Ucg = \/”r +Z(ﬁ'”Xi]
1

bre
uc is the combined standard uncertainty;
ur is the sum of strongly positive correlated components, see Equation (7);

uy; is the standard uncertainty of uncorrelated component ;.

oY
"= Ly,

where uy;is the standard uneertainty of strongly positive correlated component ;.

© 1SO 2005 - All rights reserved

(®)

(6)

(7)


https://standardsiso.com/api/?name=a89a81db9e826bb594e56f20f6c45c5d

ISO/TR 230-9:2005(E)

Annex A
(informative)

Measurement uncertainty of mean value

A.1 General
The mean palue is defined by

=1 ix[ (A1)

n i

where

x is|the mean value;

x; Iis|the measured value i;

n  is|the number of measurements.
If the mean value is calculated from measurements x;, having a measurement uncertainty «,;, then the mean
value has also an uncertainty.
A.2 Calgulation of the measurement uncertainty of the mean value, u(x)
A.2.1 Geperal
The measyrement uncertainty of the mean value u(x) depends on the correlation between the uncertainjies
of the single measurements u,;.
A.2.2 Ungertainty of the mean'value u(x) for strongly positive correlated uncertainties u,;
If the uncgrtainties of the singte’ measurements u,; are strongly positive correlated, their influences on |the
uncertainty of the mean value u(x) are simple summed, according to Equation (7).
NOTE A possible misalignment of a measuring instrument does not change in a series of measurements. Then [this
uncertainty ¢ontributofdoes not change between repeated measurements, and is regarded as strongly positive correlated.
If Equationp (6).and (7) are applied to Equation (A.1) for strongly positive correlated contributors, the result fis

u(x) = z%-uxj (A.2)
where

u(x) is uncertainty of the mean value for strongly positive correlated contributors;

X is the mean value;

X; is the single measurement value;

uy; Is the strongly positive correlated measurement uncertainty contributor for measured value ;.
4 © ISO 2005 — All rights reserved
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The partial derivation of the mean value x to the single measurement value x; is the following:

ox
ox

1
j n

It is assumed that the measurement uncertainty for the single measurement does not change, i.e.

Uyt TUxD =T Uy, S UL

(A.3)

(A.4)

Equations(A.-3)}and(A.4) are setinto Equation (A2} resulting-in

wh
u(x) is the uncertainty of the mean value for strongly positive correlated contributors;
is the strongly positive correlated measurement uncertainty contributor for measured val

Uy

Eq
if th

hation (A.5) tells us that the uncertainty of the mean value\i(x) is the uncertainty of the measure
e uncertainty contributors are strongly positive correlated.

A.2.3 Uncertainty of mean value u(x) for uncorrelated uncertainties u,;

If the uncertainties of the individual measurements u,; are not correlated, the square root of the sq
is gpplied according to Equation (6), with u; ="0.

NO‘I‘TE The influence of an environmental thermal variation error, ETVE, in general will change from m
vallie to measurement value. Therefore; this influence is regarded as uncorrelated.

If Bquation (6) is applied to Equation (A.1) for uncorrelated contributors, the results is

)2.14

is the uncertainty of the mean value for non-correlated contributors;

o
5)(1'

2

xi

u(x)

3|

(A.5)

es.

d value u,,

uared sum

easurement

(A.6)

IS the mean value;
is the single measurement value;

is the non-correlated measurement uncertainty contributor for measured value i.

© 1SO 2005 - All rights reserved
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Equations (A.3) and (A.4) are set into Equation (A.6), resulting in

u(x) =

u(x) =

u(x) =

[ ()22

1
. [n_zjn (A7)
A
\/; X

The meas|

measurem

urement uncertainty of the mean value is reduced by i if n is the number of (repegted
n
bnts, and if the uncertainties of the repeated measurements are uncorrelated.
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Annex B
(informative)

Measurement uncertainty of estimator of standard deviation

General

The¢ estimator of the standard deviation is defined by

wh

If 1
ung
shd

B.1

Theé contributors to the measurement uncertainty are uncorrelated, otherwise there will be n

de

Itis

Ap

s is the estimator of the standard deviation;
x is the mean value as defined in Equation (A.1);
x; is the measured value j;
n is the number of measurements.
he estimator of the standard deviation is calculated from measurements x; having a mq

ertainty u,;, then the estimator also has an ungértainty. Therefore, any parameter defined as a f
ws a measurement uncertainty.

.1 Calculation of measurement.uncertainty of estimator of standard deviation u(s

iation in repeated measurements.
assumed that the measurement uncertainty for the individual measurement does not change, i.
Uyt S Uy = - Uy = Uy

blying Equation (6) with «, = 0 and Equation (B.2) to Equation (B.1) results in the following:

2
ol = Z[f—] ul

© 1SO 2005 - All rights reserved
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The partial derivations of s are calculated as, assuming s = 0,

os 1.1 1 1 1 1
—_ = e— .| 2. X)) 1=-=1+2- —x)| - |+...+2- —x)| ==
ox1 2 s n-1 { (x1 x)[ nj (x2 x)( nj (xn x)( nﬂ
ﬁ:l. 1 . X1_)_C_ﬂ+£_x_2+£_‘.._x_"+£:|
oxq1 s n—=1[ n o n n n non
o 1] -_x —)_c+n~z—l«(x +X9 4.+ X )
oxq s n-1 _1 non 2T
s r—+—t ——1 5
_ . —_ =+ —_—— .
oxq |s n-1 _x1 e nleJ
os |1 1 _
= J_. -(x1—x)
oxq |s n-1
os |1 1 _
F— '()CZ—)C)
oxo | s n—1
9 11 1 (x,-%)
ox s n=1 "

2
Os 1 1 —\2
] e

{55 11 (e2-5)?
oxzf 5% (n-1)? (B.4)

2
os 1 1 —\2
] e

Equations [B.4) and (B.1) are set into equation (B.2):

1 1 2 —\2 —\2
M(S)=ux'\/s—2'm'[(x1—x) +(x2-X)" +..4+(x, -X) }
o L AN S _5)2
v \/s2 a1 2l (8.5)
o 2
u(s) =lu, A s

assuming s = 0.

The measurement uncertainty of the estimator of the standard deviation u(s) is the uncertainty of the single

measurement reduced by 1 7 if n is the number of repeated measurements and s = 0.

n—

8 © ISO 2005 — All rights reserved
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(informative)
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Measurement uncertainty estimation for linear positioning measurement

according to ISO 230-2

C.

In
I1SQ

Introduction

is annex a possible estimation of the measurement uncertainty of the parameters evaluated a
230-2 is presented.

The equations of this annex are used for Annex A of ISO 230-2:—, which includes|simplified equ

eay
Corj

C.

C.1

y-to-read-and-use tables for the estimation of the measurement uncertainty for-industrial appliq
ditions.

p Contributors to the measurement uncertainty

.1 Overview

The main contributors to the measurement uncertainty for.Jinear positioning measurements are

the uncertainty of the calibration of the measutement device, i.e. the laser interferometer o
scale,

the alignment of the measurement device:to the machine axis under test,

the compensation of the machinetool temperature when measuring at temperatures other than
the environmental variationwerror (EVE or drift) during the time of measurement, e.g. the i
temperature variation and air density variation to the measurement device and/or the maching

test, and

the repeatability of.the set-up of the measurement device.

The following assumptions are made:

the measurement device is used correctly according to the guidelines of the
manufacturer/supplier,

ccording to

ations and
ations and

I the linear

20 °C,

fluence of
tool under

equipment

all necessary r‘nmppnqminnq (p g calibration values r‘nmppnqa’rinn for temperature influend

es) for the

measurement equipment and the machine tool are carried out,

all additional sensors (e.g. for machine temperature) are mounted correctly,

the measurement equipment is mounted statically and dynamically stiff and without any backlash, and

the machine components holding the equipment behave as rigid bodies.

If these assumptions are not fulfilled, additional contributors to the measurement uncertainty have to be taken
into account.

© 1SO 2005 - All rights reserved
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C.2.2 Uncertainty due to the measurement device, upgyce

The measurement device should be calibrated. The uncertainty of the calibration ucaiisraTiON Should be
given in the calibration certificate and is used to calculate upgy|cg according to equation (C.1). For a laser-
interferometer, the dead-path error is assumed to be zero.

U CALIBRATION
UDEVICE = (C.1)
where
UDEVIAE is the standard uncertainty due to the measurement device in micrometres (um);

UcaLisraTION IS the uncertainty of the calibration according to the calibration certificate in-micfomefres
(um);

k is the coverage factor for UcaL1sraTION @ccording to the calibration certificate.

Often, the pincertainty of the calibration is given in micrometres per metre (um/m) orin\parts per million (ppm).
In these cgses the uncertainty of the device is calculated according to Equation (C22):

UcaLiBrATION - L S
upEVIpE = —HHET TS (@.2)
where
UDEVIQE is the standard uncertainty due to the measurément device in micrometres (um);

UcaLisraTION IS the uncertainty of the calibration according to the calibration certificate in micromefres
per metre (um/m) or in parts per million (ppm);

L is the measuring length in metres;
k is the coverage factor for(UgaL1sraTION @ccording to the calibration certificate.
If no calibration is available, one has to rely on the data given by the equipment manufacturer.

For a laser|interferometer, the accuraey is given by the manufacturer, e.g. by an uncertainty value or by a gpm
value, depending on the type-of compensation of the air parameters and the temperature range of |the
environment, in which the instrument is used. Another contributor is the wavelength stability, e.g. given| by
another uncertainty value.or ppm value. These ppm values have to be multiplied by the length measured to
obtain the| range of pg@ssible deviation. This range can be used to calculate the standard uncerta|nty
UDEVICE,ESNIMATE according to Equations (1) and (4). The dead-path error is assumed to be zero.

The accuracy statement of the equipment manufacturer is based on assumptions related to the environment.

is without any delay. On the other hand, a temperature sensor may respond to changes while the laser beam
may not, especially if the temperature sensor is far from the laser beam. If such conditions are suspected, an
additional drift check (see C.2.5) for the equipment is needed to estimate that additional influence on the
measurement uncertainty, which might reach a range of 2 ym on a length of 1 000 mm.

For a linear scale, the accuracy is given, e.g., by an uncertainty value or by a maximum deviation for the
length of the scale. The maximum deviation is taken as a range and transferred to the standard uncertainty
UDEVICE,ESTIMATE according to Equation (4). It is assumed that the output of the linear scale is compensated
to measurement values at 20 °C. If this compensation is not part of the uncertainty statement, additional
contributors have to be calculated for the temperature measurement and the expansion coefficient of the scale,
as described in C.2.4 for the compensation of the machine temperature.

10 © IS0 2005 — All rights reserved
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If no calibration is available, the uncertainty due to the resolution upgyice ResoLuTION Of the measurement
device has to be estimated according to Equations (4) and (C.3). This uncertainty due to resolution has to be
added to the uncertainty statement of the device manufacturer according to Equations (1) and (C.4).

.
UDEVICE,RESOLUTION =
23

where

(C.3)

UDEVICE,RESOLUTION is the standard uncertainty due to the resolution of the measurement device in

wh

C.:
um

Wit

micrometres (um);

r is the resolution of the measurement device in micrometres (um).

2 2
UDEVICE = \/”DEVICE,ESTIMATE + UDEVICE,RESOLUTION
bre
UDEVICE is the standard uncertainty due to the measurementdevice in micrometre

UDEVICE,ESTIMATE  Standard uncertainty due to the measurement device according to st
device manufacturer, in micrometres (um);

UDEVICE,RESOLUTION Standard uncertainty due to thelresolution of the measurement
micrometres (um);

.3 Uncertainty due to misalignment of-measurement device to machine axis unds
SALIGNMENT

h a laser interferometer, the laser beam should be parallel to the machine axis under test. A m

is generally observed only in the change of the intensity of the return beam. Many systems allo

cha
the
car

Lin
sur

nge of up to £ 4 mm, which would cause a range of maximum misalignment of 4 mm. The misa
beam can also be seen framythe stability of the position of the reflected beam. By manual adjug
be brought down to £ 1 mm, which means that the parallelism is within 1 mm.

bar scales are oftenZequipped with reference surfaces to align the scale. The accuracy of the
faces and the accuracy of the alignment determine the maximum misalignment.

Thé¢ misalignment is an influence of second order, according to Equation (C.5):

ALyysaLIGNMENT = L -(1-cosy)-1000

wh

5 (Mm);

atement of

device in

br test,

salignment
w a lateral
ignment of
stment, this

2 reference

(C.5)

Ere

ALMiSALIGNMENT i the difference between measured and actual length due to misalignment, in

micrometres (um);
L measurement length in millimetres (mm);

Y angle of misalignment, siny = misalignment (mm)/L

© 1SO 2005 - All rights reserved
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The misalignment can be on the order of millimetres, therefore this contribution might be significant on short

distances. The difference between measured and actual length ALa| i|gNMENT IS used to calculate the standard
ALMISALIGNMENT

2.3

C.2.4 Uncertainty due to compensation of machine tool temperature, uTeMPERATURE

Uncertainty aCCOfding to Equation (4), UMISALIGNMENT =

If the measurements are taken at temperatures other than 20 °C, the temperature of the machine tool (or
workpiece) has to be compensated (see 3.1 of ISO 230-2:—). With this compensation, uncertainties are
introduced due to the uncertainty of the temperature measurement and due to the uncertainty of the
expansion [coefficient of the machine tool or the workpiece.

The most [important influence on the uncertainty of the temperature measurement is the pointcwhere [the
temperature measurements are taken, i.e. the question of whether or not the measured temperatures jare
representative for the machine tool (or workpiece). The positions of the temperature sensors need sgme
attention apd shall be stated in the test report.

The tempdrature sensors should be calibrated. The calibration certificate should state\the uncertainty of the
calibration jand the coverage factor.

If uncalibrated sensors are used, one has to rely on the statement of theequipment manufacturer. The
uncertainty of the temperature measurement u(®) is given by the manufacturer of the equipment, e.g. by a
standard uncertainty of the device, which is the preferred method, or ags a*maximum deviation. A maximum
deviation is taken as a range and transferred to a standard unceftainty according to Equation (4). The
uncertainty due to the temperature measurement ), is calculated ac¢ording to Equation (C.6).

If a mechapical device, e.g. a linear scale, is used for the length~measurement and is set on the machine tgble,
the measurement device adopts the temperature of the machine table. In this case, just the temperafure
difference petween the measurement device and the workpiece holding part of the machine tool is relevan{ for
the uncertginty due to the temperature measurement up.

UM MACHINE_TooL =« - L -u(®) (C.6)
where

upmMACHINE TooL  is the uncertainty due to temperature measurement of machine tool, in micromefres
- (um);

a is the expansion coefficient of machine tool, or of axis under test, in micrometres [per
millimetre degrees Celsius (um/mm °C);

L is the measuring length in millimetres (mm);

u(O) is the uncertainty of the temperature measurement device (standard uncertaipty)
and uncertainty due to the point of measurement, or uncertainty due to [the
temperature difference hetween the (mpr‘hnnir‘nl) measurement device and lthe

workpiece holding part of the machine tool, in degrees Celsius (°C).

If the uncertainty statement for the measurement device does not include the uncertainty of the temperature
measurement of the device, or if the measurement device does not adopt the temperature of the workholding
part of the machine tool, the uncertainty due to the temperature measurement, uy pevice, has to be calculated
for the measurement device as well. uy pgyice is calculated using Equation (C.6), replacing the uncertainty of
the temperature measurement and the expansion coefficient of the machine tool (or workpiece) by that of the
measurement device instead. If the uncertainty statement for the measurement device includes the
uncertainty of the temperature measurement of the device, or if the measurement device adopts the
temperature of the workholding part of the machine tool, upm pevice can be set to zero.
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The uncertainty of the expansion coefficient u(a) of the machine tool or the workpiece can be estimated in

most cases. A minimum range of 10 % of the nominal value of ¢, but not smaller than 0,002 ym/mm °C

(=2 um/m °C) is suggested. This range is transferred according to Equation (4) to a standard deviation. With

this assumption, u(a) =———=0,000 6 um/mm°C. The uncertainty due to the expansion coefficient ug is

calculated according to Equation (C.7).

UE, MACHINE TooL = AT - L-u(a)

where

(C.7)

UE,MACHINE TOOL

AT
T

L

u(a)

If the statement of the uncertainty of the measurement device does not include the uncertainty of
ansion coefficient of the device, the uncertainty due tolthe expansion coefficient ug pevice
culated for the measurement device as well. ug pey|ce-is calculated using equation (C.7) re
temperature and the uncertainty of the expansion coefficient of the machine tool (or workpiece) by
mepsurement device instead. If the uncertainty statement for the device does include this
hEVICE can be set to zero.

exf
cal

I/lE‘

is the uncertainty due to the thermal expansion coefficient of machi
micrometres (um)

is the difference to 20 °C in degrees Celsius (°C), AT =T - 20¢°C;
is the temperature of the machine tool or workpiece in degreés Celsius (°C
is the measuring length in millimetres (mm);

is the uncertainty of expansion coefficient of<machine tool or workpiece
uncertainty) in micrometres per millimetre degrees Celsius (um/mm °C)

he tool, in

(standard

he thermal
has to be
blacing the
that of the
ncertainty,

The uncertainties of the temperature measurement and the expansion coefficient are assumed to be

ung

where

UM,MACHINE_TOOL

UM,DEVICE

orrelated. According to Equation (1) thig.results in Equation (C.8):

2 2 2 2
UTEMPERATURE = \/uM,MACHINE_TOOL +UMDEVICE T ¥EMACHINE_TOOL + “EDEVICE

is-the uncertainty due to temperature measurement of machine tool or wg
Uncertainty due to temperature difference between measurement d
workholding part of machine tool, in micrometres (um);

is the uncertainty due to temperature measurement of the device in nj
(um); can be set to zero, if the uncertainty statement for the device in
uncertainty of the temperature measurement of the device (or if the uncert
compensation of measurements at temperatures other than 20 °C is incl

(C.8)

rkpiece, or
evice and

icrometres
cludes the
hinty of the
uded); can

UE,MACHINE TOOL

UE,DEVICE

hae-sat to zaraoif tha (mechanical)l device-adonts-the temnerature of tha
PE-S68+t0Z£6+0—HtRe-{Hecatica)-Ge\HeeaaoptSHetempeattire-—-orHe-Y

part of the machine tool;

jorkholding

is the uncertainty due to the thermal expansion coefficient of the machine tool or

workpiece, in micrometres (um);

is the uncertainty due to the thermal expansion coefficient of the measurem
in micrometres (um); can be set to zero, if the uncertainty statement for
includes the uncertainty of the expansion coefficient of the device
uncertainty of the compensation of measurements at temperatures other
is included).
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than 20 °C
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C.2.5 Uncertainty due to environmental variation error (Eyg, or drift), ugye

During the time of measurement, the environment, the instrument and/or the machine tool might drift or
change, influencing the readout of the measuring system. This environmental variation error can be checked
by a drift test: By setting up the measurement equipment on the machine tool under test and looking at the
change of readout in the extreme position during the time necessary to do the positioning test, the magnitude

of this influ

ence, Eyg, can be obtained.

This drift value Eyg is preferably evaluated by calculating the standard deviation, ugyg, from the data taken or

is taken as a range and transferred to a standard uncertainty according to Equation (C.9) — in
correspondenee-with-Equation{4)-
This drift value does not include the repeatability of the machine axis, as the axis should not be moved-duting
the drift tegt.
EVE N
u = —= (¢.9)
EVE 23
where
upvge | is the uncertainty due to the environmental variation, not influenced by the repeatability of the
moved axis;
Evyg | is the drift value.
The drift value ETyg does not contain pure drift, as drift shall be minimized for the measurements according to
3.3 of ISQ 230-2:—, i.e. an ordered progression of deviations between successive approaches to any
particular target position shall not be obtained. Therefore, this contributor is regarded as uncorrelated betwgen
the five copsecutive measurement runs.
The environmental variation error Eyg always increases the standard deviation calculated for the unidirectignal
repeatabilify RT, Rl and for the bi-directional répeatability R. Therefore the repeatability values can|be
corrected for the environmental influences according to Equation (C.10), if the largest standard deviatipns
from the repeated positioning measurements”appear at longer measuring lengths. If the largest standard
deviations |appear at shorter measuring lengths, additional drift tests should be carried out at the relevant
measuring|lengths.
[ a2 2
Sicorrgcted T= Si T “UEVE
[ 2 _@
Si,corrdcted V= Si ‘L TUMEVE
Ri,corr bcted T= 4'Si,corrected T
Ri,corr bcted 1= 4'Si,corrected ‘L (C 10)
R; corrgcted = max-[z'si,corrected T +2'Si,corrected ‘L +|Bi|;Ri,corrected T;Ri,corrected ‘L]
R Do [ p 2
corrected ' oA corrected |
Reorrected 1= max-[Ri,corrected ‘LJ
Rcorrected = max-[Ri,corrected]

where

Si,correctedTﬂl’

Sj

14

influences;

is the corrected unidirectional standard uncertainty s;, correction due to environmental

is the estimator of the unidirectional standard uncertainty of positioning, see 2.15 of

ISO 230-2:—;
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URVE is the uncertainty due to environmental variations;

Ri,correctedTy‘L ! ]
environmental influences;

Ri,corrected ! -
environmental influences;

Rcorrectedei’ !
influences;

C.j

The linear positioning accuracy and repeatability varies between different lines of-measurement, if

axi

dermnanded in Clause 6 of ISO 230-2:—. If the data of accuracy of positioning-according to this test

cor
is 4
cof
Thi
Ab

me
asy

wh

In general casess the Abbe offset between two measurement set-ups will be about 50 mm; when

fixt
eith
pitd

is the corrected bi-directional repeatability of positioning, correction due to_én
influences.

Reorrected

.6 Uncertainty due to the repeatability of the measurement set-up, usegFyp

5 has pitch and/or yaw movements. Therefore, the line of measurementchas to be stated
npensation purposes or for calculating a volumetric accuracy, the exactposition of the line of me
ssential. In practice it is not possible to state the position of the line of measurement exactly; thg
tributor to the measurement uncertainty has to be included.

s influence depends on the size of the angular deviations pitechvand yaw of the axis under test
pe-offset between the measurement lines of two set-ups: The offset is measured square to

uming in the first estimate, that pitch and yaw have thezsame contribution to the change in lengt

2 -Opgpe - DANGLE

ALsgTup = 1000
bre
ALsgTup is the change in measured length due to repeatability of measurement set-up in n
(Hm);
OABBE is the Abbe affset between two possible lines of measurement in millimetres (mm);
DancgLE  is the angular deviation (pitch/yaw) of axis under test in micrometres per metre (um

ires are used;, this can be reduced to 1 mm or less. The angular deviation of the axis under {

h and yaw for machine tools are of the order of 50 yum/m.

The influence due to the repeatability of the set-up on the length measured ALgg7yp is used to c3

is the corrected unidirectional repeatability of positioning at a position i, correction due to

is the corrected bi-directional repeatability of positioning at a position i, correction due to

is the corrected unidirectional repeatability of positioning, correction due to environmental

ironmental

the moving
exactly, as
is used for
asurement
refore, this

and on the
the line of

asurement. The resulting influence to the length measured is calculated according to Equation (C.11),

n.

(C.11)

icrometres

m).

customized
est can be

er measdred, or the ISO tolerances for pitch and yaw taken as a first estimate. The ISO tolg¢rances for

Iculate the

standard uncertainty according to Equation (4), ugetyp =

ALseTyp

223

C.3 Uncertainty of measured point, uponT

The uncertainty of a single measured point is influenced by the device, the alignment, the temperature
compensation, the environmental variation error, and by the repeatability of the measurement set-up. These
contributors are uncorrelated; therefore u, of Equation (1) can be set to zero, and upgNT calculated — using
Equation (1) — according to Equation (C.12).

© 1SO 2005 - All rights reserved
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2 2 2 2 2
UPQINT = \/M DEVICE T ¥ ALIGNMENT + ¥ TEMPERATURE t ¥ EVE T USETUP (C.12)
where upg)NT IS the measuring point uncertainty.

Most contributors depend on the length measured, so upginT is different at each measuring point along the
machine axis. For a first uncertainty estimate, the largest length should be taken for all contributors.

C.4 Estimation of the uncertainty of parameters

C.4.1 Geperat

In ISO 230-2, the parameters repeatability, reversal value, systematic deviation and accuracy of p@sitionjing
are defined and shall be presented as results of the measurements. The uncertainties of these-parameteérs,
based on the measurement uncertainty, are estimated in C.4.2 to C.4.5.

C.4.2 Ungertainty estimation for unidirectional repeatability U(RT, R1)

This subclluse is applicable for axes up to 2 000 mm only.

The unidirgctional repeatability is the maximum of four times the standard deviation of the five measurement
runs at each measuring point (see 2.17 of 1ISO 230-2:—). Only the differences at the same positions fare
contributing factors for this parameter. Thus, the uncertainty of the unidirectional repeatability RT, R{ does|not
depend on|the calibration of the measurement device, alignment of the{tneasurement device or compensation
of the maghine temperature. For the unidirectional repeatability, small changes in the set-up location fare
regarded ajs non-critical.

Therefore,|the only remaining contributor is the environmental variation error ugye. The five measurement
runs can Qe regarded as uncorrelated in respect to theselcontributors; therefore u,. of Equation (6) is zgro.
Using 2.10], 2.15, 2.16 of ISO 230-2:— and Equations (3);(6) and (B.5) of this part of ISO 230, the following
result is obtained:

u(RTJR)=4- 11.uEVE URMNRVY=Z - u(RT,R) (ch13)
o

where
URT,RL) is the uncertaintyof unidirectional repeatability, & = 2;

n is the numbér-of measurement runs, n = 5.

C.4.3 Unctertainty éstimation for reversal value, U(B)

The reverdal value.is the maximum difference between two mean values (see 2.13 of ISO 230-2:—). Only
differenceq between moving upwards and downwards at the same positions are contributing factors for this
parameter] Thus, as for the unidirectional repeatability, the uncertainty for reversal value does not depend on
the calibration of measurement device, the alignment of the measurement device, and the compensation of
the machine tool temperature.

Therefore, the only remaining contributors are ugyg and uggtyp. The contributor ugyg can be regarded as
uncorrelated between the five measurement runs. The contributor uggTyp does not change between the five
measurements, therefore it is regarded as correlated. In a first estimate, the mean values from moving
upwards and downwards are regarded as correlated, because values at the same measuring point are looked
at. Using 2.10, 2.12 and 2.13 of ISO 230-2:—, and Equations (3), (6), (7), (A.5) and (A.7) of this part of
ISO 230, the following result is obtained:
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UEVE

u(B)=2- +udgtup  U(B)=2-u(B)
where
U(B) is the uncertainty of reversal value, k = 2;

n is the number of measurement runs,

n=5 foraxes upto2 000 mm,

9:2005(E)

(C.14)

n=1 for axes exceeding 2 000 mm.

C.4.4 Uncertainty of bi-directional repeatability, U(R)

This subclause is applicable for axes up to 2 000 mm only.

The bi-directional repeatability (see 2.17 of 1SO 230-2:—) is in principlethe sum of the un
repeatability and the reversal value. As the repeatability is evaluated from'the standard deviation
runs and as the reversal value is evaluated from the mean value, the two components are re
ungorrelated. Using Equations (6), (C.13) and (C.14), the following resulinis obtained:

u(R) = Ju(B)2 +u® LR )% UR)=2-u(R)
where U(R) is the uncertainty of bi-directional repeatability, &= 2.

C.4.5 Uncertainty of systematic deviations, U(/7, E, ET, El)

All |systematic deviations of ISO 230-2 rely on* mean values calculated from the five measure
(sep 2.19 to 2.21 of ISO 230-2:—). For these'values, the absolute accuracy of the device, the alig
compensation of the machine tool temperature and the repeatability of the set-up are of main i
These four contributors remain the same-for the five measurement runs; therefore, they have to bg
correlated between the five runs. Only the environmental variation error can be regarded as u
between the five runs.

Th
ma
in ¢
Us

systematic deviations afe the difference between a maximum and a minimum value along the {
chine axis. As the single)contributors are estimated for the total axis travel and minimum and ma
eneral located near-the ends of the travel, the estimate with just the end point is in most case
ng Equations (3),46), (A.5) and (A.7) of this part of ISO 230 the result is

2
UEVE

2 2 2 2
uM,EETEL)= \/”DEVICE +UMISALIGNMENT + % TEMPERATURE + #SETUP +

idirectional
of the five
garded as

(C.15)

ment runs
nment, the
mportance.
treated as
hcorrelated

ravel of the
ximum are
5 sufficient.

UM,E,ET,E\)=2-u(M,E,ETE)

(C.16)

where
UM, E, ET, EL) is the uncertainty of systematic deviations, & = 2;
n is the number of measurement runs,
for axes up to 2 000 mm:
n=5 forE, ET, E\,

n=10 for M,

© 1SO 2005 - All rights reserved
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for axes exceeding 2 000 mm:

n=1

n=2

for E, ET, E{,

for M.

C.4.6 Uncertainty of accuracy of positioning, U(4, AT, 4{)

This subclause is applicable for axes up to 2 000 mm only.

The accura

(see 2.22
These two

u(A,A4

where U(4

C.5 Exa

C.5.1 Un
Average in
— theing

— the al
recom

— the temperature in the workshop is around 25-2C,

— the temperature sensors are not calibrated,

— there
and

— theen

In this cas
length of 1

C.5.2 Un

hnd 2.23 of 1ISO 230-2:—), i.e. the sum of a mean value and a multiple of the standard deviat
components are regarded as not correlated, leading to the Equation (C.17).

Nal)= \/u(E)z +u(RTRL)? U,4aN4d)=2-u(4,41,41) (C

47T,44) is the uncertainty of accuracy of positioning, & = 2.

mple uncertainty estimation

certainty estimation for laser interferometer under average industrial conditions
dustrial conditions are defined as

trument is not calibrated, the uncertainty values given.by the equipment manufacturer are taken

gnment is done in order to obtain a suffigient intensity of the return beam, instead of
mended alignment via the return beam (see €.5.2),

peatability of the set-up is within 50 mm, the pitch and yaw movements are 50 pym/m as maxim

vironmental variatioferror Eyg taken from a drift test, is assumed to be 1,7 pm.

p, the uncertainty for the bi-directional accuracy of positioning U(4) is 14 ym (k=2) for a measu
750 mm (see-Table C.1).

certainty estimation for laser interferometer under improved industrial conditions

Les
on.

17)

the

red

Improved conditions-are-defined-as

— acalibrated instrument is used,

— the instrument is aligned within 1 mm to the axis under test by aligning the return beam,

— the temperature in the workshop is stable and within 20°C + 1 °C,

— the temperature sensors are improved,

— the measurement set-up is made with special fixtures in order to keep the repeatability at 1 mm maximum,
the pitch and yaw movements are at 50 ym/m maximum, and

18
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the environmental variation error Eyg, taken from a drift test, is assumed to be 1,7 ym (although a better

environment will cause — in general — a smaller Eyg).

Then, the uncertainty for the bi-directional accuracy of positioning U(4) is 4 um (k=2) for a measured length of
1 750 mm (see Table C.2).

C.5.3 Uncertainty estimation for linear scale under average industrial conditions

Average industrial conditions are defined as

In

the Instrument 1S not callbrated, the Uncertamty vaiues given by the equipment manutacturer,a
the alignment is done on the side of the linear scale on the machine table within 0,5 mm;
the temperature in the workshop is around 25 °C,

the linear scale has adopted the temperature of the workpiece holding device; where it is clam|
a maximum difference of 0,1 °C,

the repeatability of the set-up is within 50 mm, the pitch and yaw mevéments are 50 ym/m as
and

the environmental variation error Eyg, taken from a drift test, 4S"@assumed to be 1,7 ym.

his case, the uncertainty for the bi-directional accuracy, of\positioning U(4) is 15 ym (k=2) for 4

length of 1 750 mm (see Table C.3).

C.5.4 Uncertainty estimation for linear scale.under improved industrial conditions

Im

roved conditions are defined as

a calibrated instrument is used,

the instrument is aligned (e.g, with a dial gauge) on its side within 0,5 mm to the axis under tes
the temperature in the werkshop is stable and within 20 °C + 1 °C,

the linear scale has-adopted the temperature of the workpiece holding device, to which it is clg
a maximum difference of 0,05 °C,

e taken,

bed to, with

maximum,

measured

mped, with

the measurement set-up is made with special fixtures in order to keep the repeatability at 1 mnj maximum,

the pitch-and yaw movements are at 50 ym/m maximum, and

the environmental variation error Eyg, taken from a drift test, is assumed as 1,7 ym (althou
environment will cause — in general — a smaller Eyg).

gh a better

Then the uncertainty for the bi-directional accuracy of positioning U(4) is 4 um (k=2) for a measured length of
1 750 mm (see Table C.4).
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