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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.

degcribed in the ISO/IEC Directives, Part 1. In particular the different approval criterianeed

Ti:t procedures used to develop this document and those intended for its further mairte

diffferent types of ISO documents should be noted. This document was drafted in accordanc
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an explanation on the meaning of ISO specific termis“and expressions related to c
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Introduction

This Technical Report provides information associated with numerical compensation of geometric
errors of machine tools.

Numerical compensation of geometric errors has the potential to
— increase the accuracy of parts produced on machine tools,

— reduce the costs for production of machine tools and assembly, and

— redude the maintenance cost during the life cycle of the machine tool by adding or replacing
mechfpnical re-fitting.

The information provided in this Technical Report might be useful to the machine tpol
manufactpirer/supplier, the user, the metrology service provider, and the metrolegy instrument
manufactfirer.

Valuable general information on numerical compensation of geometric errorss\may be gathered|in
Schwenkgq, et all12].

vi © ISO 2015 - All rights reserved
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Machine tools — Numerical compensation of geometric

errors
1 Scope
T. R OVIEE ssaviwes 16 e e e G vy P

npensatio of gmeric errors fr numerically conrolled achietools inludin:
terminology associated with numerical compensation;

representation of error functions output from different measuring methods;
identification and classification of compensation methods as currently applied by differe

information for the understanding and application of different numerical compensations

Thiis Technical Report does not provide a detailed description, 0f~geometric errors meg
tedhniques that are specified in ISO 230 (all parts) and in machinetool specific performance ¢
stgndards and it is not meant to provide comprehensive theorétical and practical backgrou

ex

sting technologies.

Thiis Technical Report focuses on geometric errors of machine tools operating under no-loag
stdtic conditions. Errors resulting from the applicatien of dynamic forces as well as other e

mi

De|

2

ght affect the finished part quality (e.g. tool weaid are not considered in this Technical Rep

formations due to changing static load by moyving axes are considered in 7.4.2.

Normative references

numerical

nt CNCs;

surement
rvaluation
nd on the

or quasi-
rrors that
prt.

Thie following documents, in whole or in part, are normatively referenced in this document and are
indispensable for its application. For dated references, only the edition cited applies. Fof undated
references, the latest editionrofithe referenced document (including any amendments) applieg.

ISQ 230-1:2012, Test code for machine tools — Part 1: Geometric accuracy of machines operating under
notload or quasi-staticieonditions

ISO 841:2001, Industrial automation systems and integration — Numerical control of mdchines —
Coprdinate system and motion nomenclature

3 | Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 841:2001,1SO 230-1:2012 and
the following apply.

31

machine tool coordinate system

machine tool reference coordinate system
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

[SOURCE: ISO 841:2001, 4.1, modified]

Note 1 to entry: ISO 230-1:2012, Annex A provides useful information on machine tool coordinate system and
position and orientation errors.

©lI
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3.2

functional point

cutting tool centre point or point associated with a component on the machine tool where the cutting
tool would contact the part for the purposes of material removal

[SOURCE: ISO 230-1:2012, 3.4.2]

3.3
functional orientation

relative orientation between the component of the machine tool that carries the cutting tool and the
Componerf ofthemachine taglthat carriesthe mrnrlzpinr‘n

3.4
motion upcompensated for geometric errors
linear or gngular motion of machine tool axes resulting from commanded motion and the etrotr motigns
caused by|component imperfections, components alignment errors, and/or positioning system errorfs

3.5
motion compensated for geometric errors
linear or gngular motion of machine tool axes resulting from the commanded motion and the application
of (numerjfcal) compensation of error motions

Note 1 to [entry: Compensation might apply to all geometric errors or to just some geometric errors. If is
recommenfed that the type of compensation (see.8.2) is specified.

Note 2 to eptry: Residual errors may still exist after motion compensatedfor geometric errors. See 3.19.

3.6
structurgl loop
assembly pf components, which maintains the relative position between two specified objects

[SOURCE:|ISO 230-7:—, 3.1.13]

Note 1 to eptry: A typical pair of specified objects (fer-a milling machine) is a cutting tool and a workpiece, in whiich
case the sffructural loop would include the spindle, bearings and spindle housing, the machine head stock, fhe
machine sljdeways and machine frame, and thefixtures for holding the tool and workpiece. For large machirfes,
the foundakion can also be part of the strugtural loop

Note 2 to etry: When geometric errer\measurements are being performed, the structural loop also includes the
measuring|instrument components, including the reference artefacts (if any).

3.7
volumetrjic error model
geometrid model that deseribes the errors of the machine tool functional point and functional orientatjon
within the machine tool working volume caused by individual error motions as well as position gnd
orientation errors.of machine tool axes, including axis positions and other structural loop variables ljke
tool length anditeol offset

Note 1 to eptty: Volumetric error model may be a kinematic error model or a spatial error grid.

Note 2 to entry: Other models describing the errors due to machine tool thermal effects and structural stiffness
as well as dynamic models can be combined with the volumetric error model.

3.8

volumetric compensation of functional point only

numerical compensation for the errors in the position of the functional point within the machine tool
working volume based on the volumetric error model, not including the compensation for the errors in
the functional orientation

Note 1 to entry: Errors in the functional orientation are compensated at the functional point. For cutting tools

with spherical tips, the “volumetric compensation of the functional point only” represents a full compensation, as
orientation errors of a spherical tip do not affect the geometry of machined workpieces.

2 © IS0 2015 - All rights reserved
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3.9

volumetric compensation of functional point and of functional orientation

numerical compensation for the errors in the position of the functional point and the functional
orientation within the machine tool working volume based on the volumetric error model

3.10

kinematic error model

mathematical model that describes the structural loop of a machine tool as a kinematic chain and
describes the errors that are included/considered

a specific
funpctional point, are independent from the position of other axes and are not influenced by njechanical
lodds like tool mass and/or workpiece mass

Nofe 1 to entry: Rigid body model may include effects of errors due to elastic defermation of compongnts (called
quasi-rigid body behaviour); for example, see 7.4.2.

3.12
rigid body kinematic compensation
compensation for the errors based on the rigid body kinematie€rror model

Nofe 1 to entry: It is recommended to provide a statement thatdescribes what errors are included in the applied
rigfd body kinematic error model.

3.13

ertor table
error file
dicrete numerical representation of geometric error parameters of each linear or rotary axiis, as well
position and orientation errors of its ‘reference line, for a given set of linear or angular command
pogpitions for each axis

o5}
wn

Nofe 1 to entry: For linear axes, error tables typically describe translational error motions (i.e. posiffioning and
strpightness error motions) as welhas angular error motions (i.e. roll, pitch, and yaw).

Nofe 2 to entry: For rotary(@xes, error tables may include translational error motions (axial and rpdial error
mdtions) and angular errerymotions (tilt error motion and angular positioning error motions).

Nofe 3 to entry: Position and orientation errors between axes reference lines (i.e. zero position prrors and
sqyareness errors) can be included in error tables.

meters of
| given set

of linear or angular command positions for each axis

Note 1 to entry: Compensation tables are error tables with reversed sign.

3.15

spatial error grid

multi-dimensional error table that contains the numerical representation of translational errors, and/or
functional orientation errors, atthe given sampled set of the position of the linearand rotary axes concerned

Note 1 to entry: While error tables represent the geometric errors of each axis, the spatial error grid represents
the superposition of the effects of geometric errors of multiple axes at each sampling (grid) point.

© IS0 2015 - All rights reserved 3
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Note 2 to entry: 9.3 provides information on the representation of errors in spatial error grids and spatial
compensation grids.

3.16

spatial compensation grid
multi-dimensional compensation table that contains the numerical representation of the compensation
values of the translational errors, and/or the compensation values of functional orientation errors, at
the given sampled set of the position of the linear and rotary axes concerned

Note 1 to entry: Spatial compensation grids are spatial error grids with reversed sign.

3.17

sampling
<numeric
of associa
grid or in

3.18

interpolated error value

error valy
represent

3.19
residual |
error in t
numerica

Note 1 to
orientatioj

point

hl compensation> discrete position of one or more axes for which numerical representat
fed geometric error(s) is provided in an error table, in a compensation table, in a $patial er
h spatial compensation grid

e at points not equal to the sampling points resulting from the interpolation of numeri
htion of error(s) at neighbouring sampling points

machine tool geometric error
he position of the functional point and the functional(orientation after the application
compensation of machine tool geometric errors

entry: Residual machine tool geometric errors can bezdefined for X, Y, Z directions and for A, H
s.

a) Com
and t

b) By r
main
mach
fully

ement step

ensation reduces-the effect of geometric errors of the machine tool on the manufactured p
erefore leads€ojhigher quality of manufactured workpieces.

-verification~and subsequent adaptation of compensation, the machine tool accuracy
ained during its life cycle. Geometric changes from aging, wear, collisions, repositioning of 1
ne tool; changes of the thermal environment, or stabilization of the foundation are partly]
ompensated.

on
for

cal

of

art

is
he
or

c¢) When part measurements are performed on the machine tool, compensation can reduce the
measurement uncertainty. However, the metrological traceability of such measurements has to be
ensured (see ISO 10360- series).

d) By relaxing the geometric requirements for guideways, positioning systems, and/or physical
alignment of machine tool components, it may reduce the overall cost of the machine tool production.

On the other hand, the limits of numerical compensation are the following.

a) Long term stability of the machine tool will not be improved.

b) Thermo-elastic deformations may remain an important source of geometric changes.

c) Repeatability of the motion remains the limit for the achievable accuracy.

4
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If model based compensations are used, it has to be ensured that the used machine tool model is

consistent with the real machine tool behaviour.

An active compensation may drive additional axes during the cutting that would be static in an
uncompensated machine tool. This may introduce additional errors, especially if the axes have

significant reversal error, limited least increment step, or positioning accuracy character
vary with the direction of motion.

istics that

The compensation for the errors in the functional orientation (FOR, L-VOL+, R-VOL+, see 8.2) ideally
requires three orthogonal rotational axes, which only very few machine tools offer. On a typical five

axis machine taal certain axis orientations exist where gne rotarv axisis nominally na
7 Y A

allel with

g)

Th
an

5

5.

1

the spindle axis. Those rotary axis orientations are referred to as kinematic poles. [rit}
of these kinematic poles, the required motions to compensate for the errors in(the

orientation may not be directly available to the CNC and therefore may result in,highly a
motions of other axes. This could put high demands on the dynamic stiffness,and the
the machine and may result in, for example, poor surface quality on the workpiece. Thes

deformation of the machine tool structure. Therefore, compensation fof.the errors in the
orientation should be handled with great care and only be used whenthe vicinity to these
poles can be avoided by the programmed tool path or by other means.

The geometrical requirements for the machine tool components and assembly ma
important for the stiffness, the repeatability, and the durability of the machine tool. Fot
relaxed tolerances in the guideways may decrease stiffiiess, repeatability, and/or misali
the spindle may increase tool wear. Therefore, lowerihg such geometrical requirement
error compensation may result in higher life cycle costs of machine tools.

1 the users to make best benefit of its implementation.

Kinematic representation of miachine tool structure

Machine tool configuration‘and designation

Thie geometric representation.of the machine tool provides a general overview of the ma

st

ucture and the identification of its axes of motion (see Figure 1).

Thie configuration of thé machine tool is identified by sequentially listing the components tha

thg

As
CH
wd
thg
I1S(

t machine tool structural loop between the workpiece and the cutting tool.

an example, thestructural code of the machine tool shown in Figure 1 can be described as
(C) t] by connecting the motion axes from the workpiece side to the tool side. In this descr
rkpieceside and the tool side are distinguished by naming the workpiece by “w”, the tool

10791-6).

le vicinity
functional
Ccelerated
control of
e motions

may also increase the power consumption of the drive systems and increase the thermo-elastic

functional
kinematic

y also be
example,
bnment of
s through

e understanding of the benefits and limits of numierical compensations will help the manyfacturers

rhine tool

[ compose

[WX'bYZ
ption, the
by “t”, and

 bed by “b”; (C) stands for the spindle axis without numerical control for angular positioning. (See
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Key
Z 1 table (X’-axis)
- & 2 bed
4 5
6— | 3 column
7— 4 cross beam
3

- oA | — N ram saddle (Y-axis)
o /_,% 6 ram (Z-axis)

7 yoke (C-axis)

8 ivel spindle head (B-axi

L swivel spindle head (B-axis)
12 9 spindle (C)
Figure 1 — Example of geometrical representation of a vertical five-axis machining centre [wj

bYZCB (C) ]

5.2 Kirl:amatic representation of the machine tool

The kinefnatic representation of the machine tool struetural loop describes the motion of (rig

componer

the followjing:

— order
— the aj

— the z4

— the (rominal) position of the rotary axes average line.

The mach
by the ma

6 Geometric errors of the machine tool

6.1 Soy

xl

id)

ts and the joints thatlink them and specificallyyfor each individual moving component, defines

in the kinematic sequence;
es travel;

ro position (homing) of individual axes;

ne tool kinematic representation is typically defined in CNC-specific files that are configuj
chine tool manufacturer.

rcesiof geometric errors

ed

Geometri

L errors of machine tools mainly derive from the following:

— component imperfections;

— alignment errors;

— elastic deformations of components;

— thermo-mechanical errors;

— loads

and load variations;

— interpolation errors;

— motion control and control software;

© ISO 2015 - All rights reserved
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errors in compensation.

6.2 Geometric errors of axes of linear motion

Ideal axes of linear motion provide for nominal straight-line motion. Their position along suc
straight lines is typically numerically controlled.

NOTE

:2015(E)

h nominal

The linear axis to be compensated is not necessarily numerically controlled. A bridge-type machine

tool with moveable cross-rail may numerically compensate geometric errors of the cross-rail movement, R, even

if the cross-rail movement R is not numerically controlled.

igid object in a three-dimensional space has six degrees of freedom: three translatiofrs
axes of an orthogonal coordinate system and three rotations around these axes. Straight-li
allpws one coordinate to vary while deviations in all other five degrees of freedom'are co
Repl machine tool axes of linear motion are affected by unwanted error motions thatresultin
erfors along each one of the six degrees of freedom.

Deffinitions for geometric errors of axes of linear motion are given in ISO 230-1:2012, 3.4.

Definitions for positioning errors of axes of linear motion are given in IS0'\230-2:2014, Clause

Erfor motions and associated measured deviations are identified by the letter E followed by 4

where the first letter is the name of the axis corresponding to the'direction of the error moti
se¢ond letter is the name of the axis of motion (see Figure 2),

Geometric errors of axes of rotation

Id¢al axes of rotation provide angular motiolt’ conforming to the numerically ¢

(instantaneous) position.

NOTE1 The rotary axis to be compensated.\is not necessarily numerically controlled. A non-

rotfary table may be numerically compensated even if the positioning of the non-continuous rotary {

nufnerically controlled.

Repl axes of rotation are affected by translational error motions that can (instantaneously or

ee angular error motions areund these axes (see Figure 3).

230-7 provides comprehensive information, definitions, and procedures for the asse
bmetrical accuracy-of axes of rotation. ISO 230-2 specifies tests for the determination

popitioning errors.
NOTE 2  Errormotions of rotary axes may not repeat each 360°, e.g. due to gears for positioning or d
bedrings (see 1§0:230-7:—, A.7.5)

along the
he motion
hstrained.
peometric

3.

subscript
n and the

ontrolled

Continuous
able is not

ocally) be

resented by their components‘along the axes of an orthogonal coordinate system and are affected by

ssment of
f angular

ue to roller
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Key
1 X-axis commanded linear motion
Eax angular error motion +Y
around X-axis (Roll)
EBx angular error motion
around Y-axis (Yaw)
Ecx angular error motion
arfjound Z-axis (Pitch)
Exx lihear positioning error motion
of|X-axis; positioning deviations
offX-axis
Eyx stiraightness error motion in
Y-pxis direction
E7x stiraightness error motion in
Z-axis direction
Figur¢ 2 — Angular and linear error motions of a component.commanded to move along a
(nominal|) straight-line trajectory parallel to the X-axis (Adaptation of ISO 230-1:2012, Figure|3)
Key
C C-axis commanded rotation
Exc radial error motion of C in X direction
Evyc radial error motion of C in Y direction
Ezc  axial error motion of C
Eac  tilt error motion of C around X-axis
Egc  tilt error motion of C around Y-axis
Ecc  angular positioning error motion of C;
measured angular positioning deviations|of
C-axis
a Reference axis

Figure 3 — Error motions of a C-axis of rotation (ISO 230-1:2012, Figure 12)

6.4 Position and orientation errors between axes of motion

Axes of linear motion may be represented by their reference straight lines that are characterized by
two orientations (angles) in a three-dimensional coordinate system. For a numerically controlled linear

© ISO 2015 - All rights reserved
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positioning axis, the error of zero position of the axis (e.g. Ezoz) is also included in the total number of

error terms representing the axis as shown in Figure 4.

Key
2y XN nominal X-axis
| I
f B YN nominal Y-axis
: - . . .
. ZN nominal Z-axis
’-_II Eaprz
41 7ZA actual reference straight line.of{the
Eoxz I;' component along Z-directioh
oy =0 sy
EZ'J?‘ i - E707 zero position error of Z
M
X Ea(oy)z squareness error ofZtoY
EB(ox)z squareness efror of Z to X
NOTE In general,errors of the zero positions

Figure A.1)

of linear axes (e.g.Ezoz) can be set to zerq when
checking geonietric accuracy of a maching tool. Any
change of EZpz may cause errors in the wgrkpiece.

Figure 4 — Position and orientation errors of a linear axis, Z (Adaption of ISO 230-1}2012,

Axes ofrotation may be represented by their axisaverage lines that are characterized by four pgrameters:
twp position coordinates and two orientations\(angles) in the machine tool reference coordingte system
(sde Figure 5). For a numerically controlledrotary positioning axis, the error of the zero posifion of the

axls (e.g. Ecoc) is also included in the totial number of error terms.
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Ke
c y
l Exoc error of the position of C in X-axis direc-
Q_) tion
|
| Evoc error of the position of C in Y-axis direc-
I tion
i E Eacovic _error of the orientation of C in the
Eaporc | te(ox)c/( Tok A-axis direction; squareness of C to Y:
QIO ye
> < v Eg(ox)c error of the orientation of C in the
B-axis direction; squareness of\C to X
a
Z‘ E Ecoc zero position error of C-axis
xoC
a Reference axis

NOTE - In general, errors.ofthe zero angular pogi-
tions of rotary axes (e«g.'Ecoc) can be set to zero
when checking geometric accuracy of a machine
tool. Any changeefEcoc may cause errors in the
workpiece.

X

Figure § — Position and orientation errors.of C-axis (Adaptation of ISO 230-1:2012, Figure 13)

6.5 Other relationship between axis of motion and axis average lines

The relatiye position and orientationrbetween axis of motion and axis average lines may be also affected
by offset, parallelism error, coaxiality errors, equidistance errors, and errors of intersection. Relevant
definitionfs and methods for, their determination are specified in ISO 230-1.

7 Determination<of geometric errors

7.1 General

Geometri¢ errors affect the relative motion between the component of the machine tool that carries the
cutting tool and the component that carries the workpiece. These errors are defined and measured at
the position or trajectory of the functional point.

The functional pointis the tool centre point or the point where the cutting tool will contact the workpiece.
This single point can move within the machine tool working volume. ISO 230-1 and machine tool specific
standards, typically recommend applying test setups to determine errors between a (moving) tool of
estimated average length and the hypothetical (straight) line of a (moving) workpiece assumed to be
located near the centre travel of the machine tool axes.
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7.2 Consideration on determination of geometric errors

When determining geometric errors to be used for numerical compensation, the functional point
or trajectory should be carefully chosen keeping in mind the CNC configuration of the machine tool

kinematic chain as well as the CNC compensation logic.

The first step for designing the measurement procedure is to choose the machine tool linear axis (or
rotary axis) that will be considered as primary axis [thus aligning its reference straight line (or axis
average line) to one of the machine tool reference coordinate system axes]. The second step should be to

choose the linear (or rotary) axis that will be considered as the secondary axis. The third step

alao oo oo Q aa aardinata axed a \Y

Selection of the machine tool coordinate system

e selection of the primary axis of the machine tool coordinate system should;€ensider inte
the¢ kinematic chain, and the available CNC compensation functions of the machine tool.

ISQ 230-1, Annex A provides useful information on machine tool coordinate system and po
orjentation errors.

Thie definition of primary and secondary axis, as well as origin position, may be performed by si
trgnsformation of the compensation data, ideally supported<by the software that has be¢
geperate the compensation files.

7.4 Superposition of individual errors

7.4.1 Rigid body behaviour

For a rigid body, angular errors of linear-motion of machine components are not affect

should be
kinematic

nded use,

sition and

ibsequent
n used to

ed by the

relative position of other machine tool cefaponents; whereas, the determination of positioning errors,

strjaightness errors, and squareness eftors would yield different results depending on the
th¢ measurement line within the machine tool working volume.

In the example depicted in Figure-6 (adapted from ISO 230-1:2012, Figure 10), the pitch err
(E¢x) directly affects Exx deviations measured attwo lines that have relative offsetin the Y-axis

Sirpilarly, the determinatioirofthe X-axis referenceline slope and the determination of X-axis stt
deyiations in the XY plane will be directly affected by the roll error motion (Eax).

osition of

or motion
direction.

aightness
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Key

1 X-axyis motion FP2  functional point 2

2 mealsured Ecx deviations d Y-axis coordinate difference between
FP2 and FP1 (1 000 mm, for the depicted
diagrams)

3 Exx|deviations measured at FP1 Ecx angular error motion (pitch) [prad]

4 Exx|deviations at FP2 (assuined to be affected FExx positioning error motion [pm]
by 3and Ecx only)

FP1 fundtional point 1 X X-axis coordinates [mm]

Figure 6 —Example of Ecx effect on Exx (Adaptation of ISO 230-1:2012, Figure 10)

7.4.2 Npn-rigid body behaviour

For some machine tool configurations, the rigid body assumption is not necessarily applicable. Certain
machinetool types (e.g. machine tools with cross-table configuration) may exhibitnon-rigid body behaviour.

For the example depicted in Figure 7, angular error motions of cross tables of large machine tools (Keys
4 and 5) will possibly be affected by the relative position between them, due to finite stiffness of the
table saddle and of the bed, the connections between the bed and the foundation and the foundation
itself, including its bearing on the sub-soil.

In the example of Figure 7, the Z’-axis pitch and roll error motions may be affected by the X’-axis position.
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For the example depicted in Figure 8, due to the finite stiffness of the column, its connections to the
machine tool bed, the bed itself and its connection to the foundation, the Epy error motion of the spindle-
head slide may vary as a function of the position of the Z-axis (ram).

Key

1 bed

2 column

3 spindle head
4 table saddle
5 table

bed

column

spindle head (ram)
spindle-head slide
table

Figure 8 — Example of possible non-rigid body behaviour of a Y-axis carrying a heavy Z-axis ram

The cross-effect of error motions can be commonly observed also on rotary axes.

For example, in the tilting rotary table configuration depicted in Figure 9, the angular positioning error
of a rotary table (C-axis) may be influenced by the angular position of the tilting cradle A’-axis. Its
typical cause is the gravity-induced displacement or deformation of the rotary table. When the table is
vertical (A’ = 90° or -90°), the vertical displacement of the table may introduce the measurement error
of its angular position by a rotary encoder (when a rotary encoder is attached to the rotating axis), and
consequently, cause larger angular positioning error.
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The radial error motion or the tilt error motion of the rotary table (C’-axis) may also change with the
angular position of the tilting cradle (A-axis), typically due to the gravity-induced deformation of the
bearing of the rotary table.

Key
rotary table (C’-axis)
tilting cradle (A™-axis)

trunnion

Figure 9

In cases W
careful ev
on the CN

7.5 Dir

Measurenpent of geometricerrorsis conducted according to existing test codes, particularly the followi

— For dg
— For g¢
— For g¢

— For 4
ISO 2

— Ford
linear

Machine t
of geomet
number o

table saddle (Y -axIs)
spindle head (Z-axis)
column (X-axis)

bed

N O U N W N

here the CNC does not allow for (partial) compensation-0f hon-rigid body geometric errd
aluation should be made to compute, for relevant errors, the single error compensation bas
C’s rigid body model that would minimize the residual machine tool geometric errors.

pct measurement of geometric errors

finitions for machine tool geometric errors, see [SO 230-1:2012, Clause 3.
ometric accuracy tests for axesoflinear motions see ISO 230-1:2012, Clause 8.
ometric accuracy of axes of fiotation, see ISO 230-7.

lignment of axes of maotion (parallelism, squareness, coaxiality and intersection), §
80-1:2012, Clause 10,

etermination of the positioning accuracy and repeatability of numerically controlled axes
and rotary mation, see ISO 230-2.

pol specificdnternational Standards typically also specify test methods for the determinat
ric errers-These International Standards typically only specify requirements for the minimy
 sampling points that are deemed to be adequate for the purpose of error assessment.

) — Example of a typical vertical five-axis machining centre:with a tilting rotary table

rs,
ed

ee

of

on

When me

asvrements are nerformed for subseauent geometric error compensation. good pract
r 1 (=] Ir 7O r

ice

would recommend careful definition of the spatial frequency (steps) to be applied to properly sample
the corresponding error function.

Examples

of direct measurement of geometric errors are the following:

— determination of positioning error using a laser interferometer;

— determination of straightness error using a reference straightness artefact and a linear
displacement sensor.

14
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7.6 Indirect measurement of geometric errors

Indirect measurements include simple measurements like the determination of angular error motion by
performing linear positioning error measurements at two (or more) parallel measurement lines, where
the distance between measurement lines is known.

Indirect measurement of machine tool geometric errors is considered in ISO 230-1:2012, 11.7 where
measurements of multiple distances in the machine tool working volume using 1-D, 2-D, and 3-D
reference artefact or distance measuring instruments (multilateration) are described. The distance
measuring instrument used for multilateration is, meter that

rrerth ; -th e cutting
g multiple
ated with

todl and records the linear displacements for the programmed set of measurement points alg
stijaight lines in the machine tool working volume and, possibly, the spherical angles associ
those lines. Sometimes long-range ball bars are used for the length measurement.

In¢
a)
b)
‘)

lirect measurement of machine tool geometric errors also includes
circular tests addressed in [SO 230-4,
diagonal displacement test addressed in ISO 230-6, and

onsidered
191-6).

testsperformed using 1-D, 2-D, or 3-D artefacts in combination with'sensor nests (R-tests) ¢
in [SO 230-1:2012, 11.3.5.3 and addressed in machine tool spécific standards (e.g. ISO 107

8 | Compensation of geometric errors

8.1 General

Th

its

e main prerequisite for numerical compensation of a machine tool is the quantified kng
errors. This knowledge is generated by measurements of the machine tool error motions

co

pensation requires repeatability of thé machine tool errors and that the errors are time

wledge of
Effective
invariant.

Depending on the capabilities of the comipensation system, the CNC and the machine tool configuration,
the compensation algorithm aims to.bring the actual machine tool motion as close as possible to the
nominal motion by modifying the programmed path in real time; the computational power nedded in the
CNC depends on the complexity.of the compensation algorithm. An active compensation may result in
snjall motions of axes that wotild not be active in an uncompensated machine tool, e.g. the Z-axispnd Y-axis
mdy move during commanded motion nominally along the X-axis to compensate for straightnegs errors.

8.2

Types of geometrical compensation

8.2.1 General

are also
Xes.

Dif
de

ferent<CNCs provide different capabilities of compensation. Compensation capabilities
bending on the kinematic design of the machine tool, especially on the presence of rotary a

Thiis-€lause containsa classification of co on-geometrical compensations-Thisclassificatian is based
on conventional machine tools with two or three linear axes and up to three rotary axes. It provides an
overview of different compensation types and their features and contains requirements, considerations
for testing, and limits associated with their application.

8.2.2 Compensation for positioning errors of linear axes along specific lines, L-POS

This compensation will only compensate positioning error motions along the specific line. Angular
errors (pitch and yaw) impair the positioning error on other lines parallel to this line. It will not reduce
straightness error of axes. Furthermore, the effects of angular error motions are not compensated
except on those specific lines.
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The compensation (and measurement) is typically performed in the centre of travel of the other axes or
the most frequently used machine tool volume.

8.2.3 Compensation for straightness errors of linear axes along specific lines, L-STR

This compensation will only compensate straightness error motions along the specific line segments.
Angular errors (roll) affect the straightness error on other lines parallel to this line. It will not reduce
positioning errors of axes. Furthermore, the effects of angular error motions are not compensated
except on those specific lines.

The compﬁmmmwmmmmm or
the most firequently used machine tool volume.

8.2.4 C¢mpensation for squareness error between axes of linear motion at specific lines, L-SQU

This compensation will only compensate squareness errors at the specific lines. Angular éryors (roll, pitch,
yaw) affedt the squareness error at other measurement lines. It will not reduce positioning error of axes.

The complensation (and measurement) is typically performed in the centre of the machine tool volume
most freqpently used.

Astraighthess compensation option ofa CNCmay also be used for the compeiisation for a squareness erfor
in a specifiic plane by adding a linear content (slope) to the straightnesscompensation values, calculated
from the pon-squareness (e.g. 50 pm/m) multiplied by the travelled\distance of the compensated afis
(e.g. 0,3 m) from the zero position.

8.2.5 Ce¢mpensation for the angular error motions of linear axes on 3-D position of functional
point in the working volume, L-ANG

The prop¢r application of this compensation will result in homogenous positioning and straightngss
errors of the functional point in the working volume. It will not affect functional orientation. Machining
operationf using cutting tools with spherical tips‘can be compensated entirely. Manufacturing of parts
using cutfing tools with a large contact area{e.g. fly cutters, large milling tools, drills) will still revpal
the effect$ of angular error motions.

Effective fool length and offset mustbesspecified for machining and testing. Measurement of positioning
errors maly be performed anywhere.in the working volume.

The testing of machine tools applying L-ANG compensation requires special attention (see 11.3).

8.2.6 Physical compensation for errors in functional orientation, FOR

Errors in functionakgrientation are physically compensated by rotary axes motion. This compensatjon
requires ghree numeérically controlled linear axes and at least two numerically controlled rotary axes
that are npt parallel to the cutting tool axis of rotation.

NOTE FOR includes rnmppncnfinn of error motions from linear and rotarv axes

Measurementoforientation error maybe performed anywhereinthe working volume. Direct measurement
of relative angular errors between tool and workpiece will show the compensated angular motion.

The application of this compensation is typically implemented in combination with compensation L-ANG
and R-ANG. If L-ANG and/or R-ANG are not applied, then unintended X, Y, Z movements introduced by
the compensation of functional orientations should be compensated by other means. The application
of this compensation will also improve residual errors resulting from large contact areas between tool
and workpiece. However, working in the vicinity of kinematic poles (see Clause 4, item f) may result in
problematic control behaviour.
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8.2.7 Volumetric compensation of linear axes, L-VOL

This compensation includes L-POS, L-STR, L-SQU, and L-ANG compensations. The applicati
compensation will result in minimized positioning and straightness errors in the working volu

2015(E)

on of this
me. [t will

not affect functional orientation. However, when using cutting tools with spherical tips, such functional
orientation errors do not affect the quality of the workpiece. The use of tools with large contact area (e.g.

fly cutters, large milling tools, drills) will reveal the effect of angular error motions.

Tool length and offset should be input in the CNC for testing. Measurement of positioning errors may
be performed anywhere in the working Volume Angular errors of axes and tool are not phy51cally

indirect methods will not reveal uncompensated angular motlon

e testing of machine tools applying L-VOL compensation requires special attention (see 11.

8.2.8 Volumetric compensation of linear axes including functional orientation, L-VOL+

T
ax

s compensation includes L-VOL and FOR compensations and requires threefiumerically contra
s and at least two numerically controlled rotary axes that are not parallel'to the tool axis of r

To

pe
Di
an

bl length and offset should be input in the CNC for testing. Measureiment of positioning err
rformed anywhere in the working volume. Angular errors of axes:and tool are physically com
ect measurement of relative angular errors between tool&nd workpiece will show con
bular motion.

Thie proper application of this compensation will result ihreduced positioning and straightn
in [the entire working volume. Angular error motions\of axes and functional orientation ¢
co
wd
co

rkpiece. Working in the vicinity of kinematic poles (see Clause 4, item f) may result in py
ntrol behaviour.

8.2.9 Compensation for positioning errors of rotary axes, R-POS

Thiis compensation will compensatefor the angular positioning error of the rotary axis. Detern|
angular positioning error performed by indirect methods (e.g. multilateration, R-Test) might b
by|radial and tilt error motions.\This compensation will not improve radial, tilt, and face erro

8.2.10 Compensation forradial and axial error motion of rotary axes, R-RAX

Thlis compensation-wil only compensate for the effects of radial error motions at a specifig
over the table (inccase of a rotating table) or at a specific tool length (in case of a rotating tool)
mdtions affectthe’radial error motions in other elevations or other tool length respectively.
mgtions affectface error motion even if axial error motion is compensated. The application|
will not redixCe positioning errors of rotary axes.

8.2.11 Compensation for position and orientation errors of rotary axes, R-POR

This compensation will correct for position and orientation errors of rotary axes. Measur
position and orientation can be affected by positioning error motions and radial error motio

lled linear
btation.

or may be
pensated.
hpensated

£SS errors
Lrrors are

mpensated. It will also reduce residual errors resulting from large contact area between tool and

oblematic

lination of
e affected
I motions.

elevation
Tilt error
Tilt error
of R-RAX

ement of
ns of the

rotary axes. Typically, an axis average line of the rotation is specified. The measurement of position
and orientation errors of rotary axes should be performed after the compensation of the linear axes is

applied and activated.
NOTE Position and orientation errors describe the location of the axis average line in the coordin

of the machine tool (see 6.4). This should not be confused with the angular positioning error of the r
which is the error function of the CNC axis positioning covered by R-POS.
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8.2.12 Compensation for the tilt error motions of rotary axes on 3-D position of functional point
in the working volume, R-ANG

The application of this compensation will result in the minimization of the effects of the rotary axis tilt
error motions on the position of the functional point in the working volume. It will not affect functional
orientation. However, when using cutting tools with spherical tips, such functional orientation errors
do not affect the quality of the workpiece. Manufacturing of parts using tools with a large contact area
(e.g. fly cutters, large milling tools, drills) will reveal the effects of angular error motion as long as the
functional orientation errors are not physically compensated.

P
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D
o
D

ttantion (caa 11 ':)
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56+ e Wit cope RS

8.2.13 VIlumetric compensation for rotary axis errors, R-VOL

This comjpensation requires the CNC to make available volumetric compensation of rotary motion} It
includes R-POS, R-RAX, R-POR, and R-ANG.

This compensation will not affect functional orientation. However, when using’cutting tools wijith
spherical fips, such functional orientation errors do not affect the quality of the workpiece. The usg of
large tool$ with large contact area (e.g. fly cutters, large milling tools, drills) will reveal the effect of the
rotational errors.

The testing of machine tools equipped with R-VOL compensation requires special attention (see 11.3)).

8.2.14 VIlumetric compensation for rotary axis errors including functional orientation, R-VOI}+

This compensation requires the CNC to make available volumetric compensation of rotary motion} It
includes R-POS, R-RAX, R-POR, R-ANG, and FOR.

Angular grrors of axes and tool are physically compensated. It will also minimize residual errors
resulting from large contact area. Working in the vieinity of kinematic poles (see Clause 4, item f) njay
result in groblematic control behaviour.

8.2.15 Machine tool-specific geometry compensation for linear axes, L-SPEC

Some madhine tool manufacturers might apply specific error compensation strategies for linear axes.
Relevant fequirements, consideration for testing, and limits should be specified by the machine tpol
manufactprer.

8.2.16 Machine tool-specific geometry compensation for rotary axes, R-SPEC

Some madhine tool manufacturers might apply specific error compensation strategies for rotary axes.
Relevant fequiremenfs, consideration for testing, and limits should be specified by the machine tpol
manufactprer.

8.3 Rolge‘of temperature

Temperature and temperature variations will affect both the determination of machine tool geometric
errors, and the machine tool geometric performances.

Good practice suggests conducting the tests prescribed in ISO 230-3 prior to the execution of machine
tool geometric error assessment tests and subsequent validation of numerical compensation of
geometric errors. These thermal tests may quantify the machine tool’s stability as this constraints the
improvement level that can be obtained with geometrical compensation techniques.

Ifcompensationsforthermally-induced errorsareimplemented inamachinetool, they should be activated
for the measurement of geometric errors. Such compensation can, for example, be a compensation for
thermal spindle growth or compensation of thermal scale expansion. Some machine tools may also have
more complex thermal compensations.
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Valuable information could also be gathered from ISO/TR 16015.[10]

8.4 Role of repeatability

Machine tool repeatability errors over time can have a number of causes including the following:

— reversal error, caused by mechanical play, friction or wear;
— thermo-elastic effects of machine tool components;

— pl;\q‘rir‘ deformation of machine tool components or foundations aver time

Mdchine tool repeatability limits the part accuracy which can be achieved on a machine\to
th¢ measurement of geometric errors, the influence of the short-term repeatability can be r
averaging over a number of measurements, typically at least over different motion directions
anfl/or analyse reversal error.

Repersal errors can potentially be observed in all geometric errors. If backlash compensation
(sde 9.2.2), great care has to be taken that it is modelled correctly.

8.5 Role of machine tool least increment step

Thie least increment step of individual machine tool axes/determines the minimum 3
compensation that can be applied. The least increment steps<oritribute to the unsystematic g
cahnot be compensated and potentially contribute to poor workpiece surface finish.

[SQ 230-2:2014, Annex E provides considerations on least increment step.

8.6 Role of workpiece mass and tool mass

On some machine tool configurations, workpiece mass and tool mass (e.g. large grinding w
inflluence the geometric performance ofiindividual linear and rotary axes. Although the
ac¢uracy of machine tools is typically determined with the machine tool operating under no-

p

=

9 [ Representation of geometric errors for compensation

9.1 General

Mdthods for determining the geometric accuracy of machine tools are described in ISO 230-1:2
ar¢ used in sevieral machine-tool specific standards where the main objective is the assessm
mdgnitude of the errors.

When geometric errors are determined with the specific purpose of applying numerical com]
adglitional information is required to correctly input the measured data in the CNC. Th

ictice would suggest that due consideration be given to the intended use of the machine togl.

pl. During
bduced by
0 average

is applied

mount of
rrors that

rheel) can
peometric
oad, good

012. They
ent of the

bensation,
b detailed

conventions for the format mustbe specified by the machine tool or CNC manufacturer. Specia

emphasis

should be given to the following issues.

a) Use of compensation or error values (sign convention): A physical test using significant v
clarify this in case of doubt.

b) Use of absolute or incremental values: Absolute values are recommended since they
intuitive to the user as, with incremental values, the error (or compensation) values to be
individual sampling points need to be derived from the integration of preceding values.

c) Compliance with the CNC-specific representation of the machine tool kinematic chain

alues may

are more
applied at

: The axis

order has to be known and respected for all model-based compensations that involve angular

compensations.
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d) Compliance to datum and sign conventions: It is recommended to apply conventions of ISO 841 and
ISO 230-1:2012.

e) Clarification on whether, for the compensation of angular error motions of rotary axes, the error
values (or compensation values) are referred to the machine tool coordinate system or are referred
to the axis of rotation itself.

Furtherm

ore, it is good practice to document the following:

— themachine tool conditions prior to measurements (including the description of any warm-up cycles);

— lineat

— theto

or angular position of all linear and rotary axes within the working volume;

ol length represented by the instrumentation setup;

— tool offfset (if any);

— load d
— feed d

— ambid

onditions (if any);
peeds and accelerations applied during testing of the machine tool;

nt temperature conditions;

— thernjal conditions of relevant machine tool components;

— activg
9.2 Rey

9.21 G

Numerica

compensations.
)resentation in look-up tables for individual éxrors

bneral

| error values (or compensation values)-are often input in the CNC in the format of o

dimensional look-up tables. Historically, numetical compensations of positioning errors (L-P

R-POS) hg

ve been the first to be widely appliéd-on numerically controlled machine tools. Straightn

compensdtions (L-STR) came immediatelyafter and are now present on virtually all CNCs availal

Modern C

NCs have extended these possibilities to cover all kinematic errors.

9.2.2 C¢mmon error tables or.compensation tables

Common

— the id
(somg

— twoc
repre

Typically,

error tables (files) orlcompensation tables (files) typically contain:

entification of the nominal position and of the direction of the motion to be compensat
times identified’by CNC-specific G-codes), and

blumns where the first one represents the axis of motion coordinate value and the second
sents theerror to be compensated (or the compensation to be applied) along a specified directi

the,CNC would apply compensations that result from linear interpolation of discrete error

he-
DS,
bSS
le.

ed

ne

(or

compens
filtering o

tionj vatues containmed i tire error {or compernsation) tabtets)-Some CNCsTmay appty additio
r smoothing to avoid discontinuity in the machine tool velocity.

9.2.3 Compensation of reversal errors

1al

Two different approaches are applied by different CNC manufacturers to express and compensate for a

reversal e

I'ror.

— Assingle value that is added or subtracted depending on the direction of axis motion.

— Two individual compensation functions depending on the direction of axis motion (in separate tables
or columns, see example in Table 1). Sometimes the second table or column represents only the reversal

error

20

(or compensation) and is added to the error (or compensation) value for negative motion.
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Table 1 — Example of L-POS error table including compensation of reversal error

Sampling positions (mm) Error values (mm)
X Exx(+) Exx(-)
0 0 0,000 8
50 0,0015 0,002 2
100 0,0019 0,002 5

Co

9.4

It

m4
p
It

ex
sh

~

f)
g)

h)
i)

j)
k)

mpensation for reversal errors can generally be applied to all kinematic errors.

.4 Discussions and suggestions

s recognized that the approach for the compensation for geometric errors.is)Specific t

pblems with systems that are already in use in the market.

s nevertheless considered that, on one hand, when designing and)implementing add
bansions to existing numerical compensation for machine tool geereétric errors, CNC man
uld give due consideration to the following.

Identification of geometric errors as specified in ISO 230132012.

Sign convention conforming to ISO 841 and ISO 230-3:2012 prescriptions.

Error representation as the difference between measured values and nominal values.
Compensation representation as error valuesiwith reversed signs.

Clarification of geometric error represéntation/compensation: distinguishing if the CN
error values or compensation values:

Use of absolute values instead ef\incremental values.

Providing a pre-processor to convert files containing error functions conforming to IS
[SO 230-1:2012 conventions to the specific format that is interpreted by the CNC.

Origin of representation of error or compensation values, especially the axis positig
angular error/compensation values are set to zero.

File structur€ and method employed for compensation of reversal errors.
Limitationsdue to memory constraints to the spatial resolution of the error/compensatiq

Facilities for simple activation/deactivation of individual geometric compensation.

b the CNC

nufacturers and that variations to these approaches could generate significant conppatibility

tions and
facturers

[ requires

D 841 and

ns where

n tables.

D)

Use of higher resolution on rotary axes where large tool or workpiece offsets are present

On the other hand, measuring instruments and measuring systems manufacturers should consider
providing a post processor to convert files formatted according to their standard representation to
conform to ISO 841 and ISO 230-1:2012 conventions.

9.3 Representation as a spatial error grid

9.3.1 General

When error tables (or compensation tables) are given as described in 9.2, the CNC calculates an error value (or
compensation value) in the functional point position (or orientation) by superposing the effects of individual
geometric errors of each axis based on the kinematic model (see Clause 3) programmed in the CNC.
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For the spatial error grid, a user is required to input the translational (or orientation) error value (or
compensation value) at all the grid points (sampling points) of linear or angular position of each axis.
To perform a model-based compensation by using the spatial error grid, a user must have knowledge,
and/or software, to calculate the spatial error grid from the machine tool model. It is, on the other hand,
possible to apply the spatial error grid to compensate any unmodelled error motion of the machine tool,
i.e. even errors that cannot be modelled by the kinematic model assumed in the CNC, if several spatial
error grids can be processed correctly.

9.3.2 Common spatial error grid tables and spatial compensation grid tables

It is typicpl to separate spatial error grids (or spatial compensation grids) for linear axes (e.g. X-,|Y-,
Z-axes) arld rotary axes (e.g. A- and C-axes).

Spatial erfor grids and spatial compensation grids for linear axes (see example in Table 2) typieally’contin
— aset ¢f discrete sampling points for each linear axis,
— threefdimensional positioning errors (Ex xyz, Eyxyz Ezxyz in X-, Y-, and Z<directions), or their
comppnsation values (AX, AY, and AZ to compensate Ex xyz, Ey,xyz, and Ezx¥z), at each sampling
point|(X,Y,Z) of each axis, and

— threefdimensional angular errors (Ea xyz, EBxyz, Ec,xyz around X-, ¥, and Z-directions), or thieir
compensation values (AA, AB, and AC to compensate Ea xyz, EB,xgz, and Ec xyz), at each sampling
point|(X,Y,Z) of each axis.

For example, if a set of Ny positions of X-axis, a set of Ny positions of Y-axis, and a set of N positiong of

Z-axis, ar¢ given, the three-dimensional positioning error (or compensation) will be specified at total of
Ny- Ny- Ny|grid points.

Table 2 — Example of spatial compensation grid for linear axes

# Sampling points Compensation values
X Y 7 AX AY AZ AA AB AC
(mm) (mm) (mm) (mm) (mm) (mm) ) ) )
1 0 0 0 0 0 0 0 0 0
2 50 0 0 0,001 0,001 0 0,001 0,002 0
3 100 0 0 0,002 -0,002 -0,001 -0,003 -0,003 -0,002
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Figure 10 illustrates an example of spatial error grid for linear axes. At each sampling (grid) point,
translational and orientation errors are given.

Sp

Key
X 7 1 spatial error grid
2 sampling points

worKk table

g , 3
P di I

Figure 10 — Example of a spatial error gridor linear axes

htial error grids and spatial compensation grids for rotary axes (see example in Table 3) typica

a set of discrete sampling positions for each rotary.axis,

ly contain

—| three-dimensional linear errors (Exac, Evac, Ezac in X-, Y-, and Z-directions),| or their
compensation values (AX, AY, and AC to cempensate Ex ac, Ey,ac, and Ez ac), at each|sampling
point (A, C) of each axis, and

—| three-dimensional angular errors (Eaac, EB,ac, Ec,ac around X-, Y-, and Z-directions), or their
compensation values (AA, AB, and A€ to compensate Ex ac, EB,ac, and E¢,ac), at each sampling point
(A, C) of each axis.

Table 3 — Example of spatial compensation grid for rotary axes
# Sampling points Compensation value

A (or B) C AX AY AZ AA AB AC
) ) (mm) (mm) (mm) ) ) @)
0 0 0 0 0 0 0 0
0 5 0,001 -0,001 0,001 0 0 0,001
0 10 0,002 -0,002 0 0,002 -0,001 0,002

Figure 1T (for a vertical five-axis machining centre with a tilting rotary table) and Figure 12 (for a five-

axis machining centre with two rotary axes on the spindle head) illustrate examples of spatial error
grids for rotary axes. At each sampling point (grid point) of angular positions of the two rotary axes, an
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error (or a compensation value) for the translation and orientation of the rotary table (in Figure 11) or
the tool (in Figure 12) is given.

Ke
+Z y
1 spatial error grid
= ; +C +Y
2 sampling points
P *A X 2

L Ko

NOTE 1 [For the machine tool shown in Figure 11 angular positioning Ecc, radial erforymotion Eyc and tilt erfor
motion Ep¢ of C-axis might change with the angular position of A-axis if rigid bed$ behaviour assumption [for
C-axis is nqt fulfilled.

NOTE 2 [Some CNCs define the angular positioning of a rotary table onlyswithin single full rotation (i.e. 0 to
360°). Oth¢rs define it in the range exceeding the full rotation. In such a easey/sampling points for the spatial erfor
grid can bg set over the specified angular range of the rotary axis.

o

Figure [l1 — Example of a spatial error grid for rotary-axes for a vertical five-axis machining
centre with a tilting rotary table

Key
+Z
$ 1  spatial error grid
+Y N _+X
+B 2 sampling points

=
-

Figure 12 — Example of a spatial error grid for rotary axes for a five-axis machining centre
with two rotary axes on the spindle head
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