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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-governm

ental, in_liaison _with ISO, also take part in_the work. ISO collaborates closely wit

h the
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Part 2: D
Part 3: D
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Part 7: @

Part 9: B
equation

Flectrotechnical Commission (IEC) on all matters of electrotechnical standardization.
Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

k of technical committees is to prepare International Standards. Draft Interdational Stan

dards

he technical committees are circulated to the member bodies for voting, ‘Publication &s an

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

all not be held responsible for identifying any or all such patent rights.

as prepared by Technical Committee ISO/TC 39, Maching tools, Subcommittee SC 2,
metal cutting machine tools.

ists of the following parts, under the general title Test'code for machine tools:

eometric accuracy of machines operating undefr:no-load or quasi-static conditions
etermination of accuracy and repeatability Of positioning numerically controlled axes
etermination of thermal effects

ircular tests for numerically cohtrolled machine tools

etermination of the noiselemission

etermination of positioning accuracy on body and face diagonals (Diagonal displacement te
eometric accuracy of axes of rotation

Estimation, of measurement uncertainty for machine tool tests according to series 230,
s [Technical Report]

rawn to the possibility that some of the elements of this document may be the subject of patent

Test

Sts)

basic

The followin

part is under preparation:

Part 8: Determination of vibration levels [Technical Report]
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Test code for machine tools —

Part 7:

Ge

1 $cope

This
axes
tools

errors.

This

— gpeed-induced axis shifts.

The

temperature variation-induced axis shifts, are dealtwith in ISO 230-3.

This

ometric accuracy of axes of rotation

constitute axes of rotation, all having unintended motions in space as & result of multip

part of ISO 230 covers the following properties of spindles:

gxis of rotation error motion;

bther important properties of spindles, such-as thermally induced axis shifts and e

part of ISO 230 does not cover the following properties of spindles:
gngular positioning accuracy (see 1ISQ"230-1 and I1SO 230-2);
runout of surfaces and compenents (see ISO 230-1);

tpol holder interface spgeifications;

inertial vibration meéasurements (see ISO 230-8);

rloise measurements (see ISO 230-5);

rptationalspeed range and accuracy (see ISO 10791-6 and ISO 13041-6);

part of ISO 230 is aimed at standardizing methods of specification and test of ‘the geometrig accuracy of
of rotation used in machine tools. Spindles, rotary heads and rotary and, swivelling tables of machine

e sources of

nvironmental

halamcing measurements or methods (see ISO 1940-1 and ISO 6103);

idle run loss (power loss);

thermal drift (see 1ISO 230-3).
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2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 230-1:1996, Test code for machine tools — Part 1: Geometric accuracy of machines operating under
no-load or finishing conditions

ISO 230-2:2006, Test code for machine tools — Part 2: Determination of accuracy and repeatability of
positioning numerically controlled axes

ISO 230-3:—{"), Test code for machine tools — Part 3: Determination of thermal effects

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

3 Terms|and definitions

For the purpdses of this document, the following terms and definitions apply.

NOTE Thiey are presented in this sequence to help the user develop an understanding of the terminology of gxes of
rotation. The alphabetical cross-references for these definitions are given in Annex(G.

3.1 Genenal concepts

311
spindle unit
device which|provides an axis of rotation

NOTE Other devices such as rotary tables, trunnions‘and live centres are included within this definition.

3.1.2
spindle
rotor
rotating elemgnt of a spindle unit

313
spindle housing
stator
stationary elgment of a spindle unit

314
bearing
element of a|spindle unit that supports the spindle (rotor) and enables rotation between the spindle and the
spindle housing

3.1.5
axis of rotation
line segment about which rotation occurs

See Figure 1 a).

NOTE In general, during rotation this line segment translates (in radial and axial directions) and tilts within the
reference coordinate frame due to inaccuracies in the bearings and bearing seats, structural motion or axis shifts, as
shown in Figure 1 a) and b).

1) To be published. (Revision of ISO 230-3:2001)

2 © I1SO 2006 — All rights reserved
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3.1.6
reference coordinate axes
mutually perpendicular X, Y, and Z-axes, fixed with respect to a specified object

See Figure 1 a).
NOTE The specified object can be fixed or rotating.

317

positive direction

in accordance with ISO 841, the direction of a movement that causes an increasing positive dimension of the
workpiece

3.1.8
perfect spindle
spind|e having no error motion of its axis of rotation relative to its axis average line

3.1.9
perfeict workpiece
rigid hody having a perfect surface of revolution about a centreline

3.141

axis average line
straight line segment located with respect to the reference coordinate axes representing the megn location of
the axis of rotation

See Rigure 1 a).

NOTH1 The axis average line is a useful term to describe changes in location of an axis of rotation in regponse to load,
tempdrature or speed changes.

NOTH2  Unless otherwise specified, the axis average-line should be determined by calculating the least-squares centre
of two|data sets of radial error motion taken at axially. separated locations (see 3.4).

NOTH3 ISO 841 defines the Z axis of asmachine as being “parallel to the principal spindle of the achine”. This
impliep that the machine Z axis is parallel to_the axis average line of the principal spindle. However, sincg axis average
line definition applies to other spindlesyand rotary axes as well, in general not all axes of rotation are|parallel to the
machihe Z axis. An axis average line;should be parallel to the machine Z axis only if it is associated with the principal
spindle of the machine.

311
axis shift
quasitstatic relative displacement, between the tool and the workpiece, of the axis average |ine due to a
change in conditions

See Higure 1 €)

NOTE Causes of axis shift include thermal drift, load changes, and speed changes.

3.1.12
displacement sensor
device that measures displacement between two specified objects

EXAMPLE Capacitance gage, linear variable differential transformer (LVDTs), eddy current probe, laser
interferometer, dial indicator.

3.1.13
structural loop
assembly of components which maintains the relative position between two specified objects

NOTE A typical pair of specified objects is a cutting tool and a workpiece: the structural loop would include the

spindle, bearings and spindle housing, the machine head stock, the machine slideways and frame, and the tool and work
holding fixtures.

© I1SO 2006 — All rights reserved 3
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Xa
Key
1 spindle (rdtor) 4  axis of rotation (at angle C)
2 error motign of axis of rotation (prior to angle C) 5 spindle housing (stator)

3 axis averape line

a) Refetence coordinate axes, axis of rotation, axis average line, and error motion of a spindle

C C

' T
|

aoc |Boc _YOC

Key Key
EXC radial motion in X direction XOC X position of C
EYC radial motion in Y direction YOC Y position of C
EZC axial motion AOC squarenessof CtoY
EAC tilt motion around X BOC squareness of C to X
EBC tilt motion around Y axis
ECC angular positioning error
a  Reference axis.
b) Error motions of axis of rotation c) Location errors (axis shift) of axis average line

Figure 1 — Reference coordinate axes, axis of rotation, axis average line and error motion
of a spindle shown for a C spindle or a C rotary axis
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3.1.14

sensitive direction

direction perpendicular to the perfect workpiece surface through the instantaneous point of machining or
measurement

See Figure 2.

NOTE For a fixed sensitive direction, the results of the measurement of the relative displacement between the tool
and the workpiece correspond to the shape error of the manufactured surface of a workpiece.

1 2

\ \
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) 1

—
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A
Y

4 6

a) General case of errormotion

 J
A
 J
A

o0

P
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N

b) Axial error motion c) Face error motion

7

|
A

|
[
{:_:::

1]

d) Radial error motion e) Tilt error motion

Key

1 spindle 6 sensitive direction
2 perfect workpiece 7 axial location

3 axis average line 8 radial location

4  displacement sensor 9 direction angle

5 error motion

Figure 2 — General case of error motion and axial, face, radial and tilt error motions
for fixed sensitive direction

© I1SO 2006 — All rights reserved 5
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3.1.15

non-sensitive direction

any direction

3.1.16

perpendicular to the sensitive direction

fixed sensitive direction
sensitive direction where the workpiece is rotated by the spindle and the point of machining or measurement

is fixed

3.1.17

rotating sensitive direction

sensitive dir

spindle
NOTE A

3.1.18
runout

total displacq
respect to af]

NOTE 1 Fo
NOTE2 Th
3.1.19

stationary p

total displacg

xed surface

I runout of a component at a given section, see 1ISO 230-1:1996, 5.611 4,

bint runout

athe has a fixed sensitive direction, a jig borer has a rotating sensitive direction.

e terms “TIR” (total indicator reading) and “FIM” (full indicator movément) are equivalent to runout.

tion-where the \I\Iﬁl"l{piﬂ(‘ﬂ is fixed and the pnin’r of manhining or- measurement rotates with the

ment measured by a displacement sensor sensing against a moving(surface or moved with

ment measured by a displacement sensor sensing-against a point on a rotating surface which

has negligibl¢ lateral motion with respect to the sensor when-both the sensor and the surface rotate together

See Figure 3

Figure 3 — Schematics of sample applications for use of stationary point runout
(radial test for concentricity and face test for parallelism)

© I1SO 2006 — All rights reserved
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3.1.20

squareness

perpendicularity

angular relationship between two planes, two straight lines, or a straight line and a plane in which the angular
deviation from 90 degrees does not exceed a given value

NOTE A plane surface is “square” to an axis of rotation if coincident polar profile centres are obtained for an axial and
a face motion polar plot or for two face motion polar plots at different radii. Perpendicularity of motion refers, for machine
tools, to the successive positions on the trajectory of a functional point on a moving part of the machine in relation to a
plane (support or slideway), a straight line (axis or intersection of two planes) or the trajectory of a functional point on
another moving part. See 1ISO 230-1:1996, 5.5.

3.1.2
play
condition of zero stiffness over a limited range of displacement due to clearance between dlements of a
strucfural loop

3.1.22
hystgresis
linear| (or angular) displacement between two objects resulting from the sequential application apd removal of
equallforces (or moments) in opposite directions.

NOTH  Hysteresis is caused by mechanisms, such as drive train clearance, guideway clearance, mechanical
deformations, friction and loose joints.

3.1.221
setup hysteresis
hystefesis of various components in a test setup, normally due to loose mechanical connections

3.1.22.2
machjine hysteresis
hystefesis of the machine structure when subjected to specific loads

3.2 |Error motion

(axis |of rotation) unintended relative displacement in the sensitive direction between the fool and the
workpiece

NOTH Error motions are specified as location and direction as shown in Figure 2 a) and do not include motions due
to axig shifts associated withiehanges in temperature, load or rotational speed.

3.21
axis of rotation error motion
changes in position and orientation of axis of rotation relative to its axis average line as a functipn of angle of
rotatipn of the-spindle

NOTH This error motion may be measured as motions of the surface of a perfect cylindrical or spherig¢al test artefact
with ité_centreline caoincident with the axis of rotation

3.2.2

structural error motion

error motion due to internal or external excitation and affected by elasticity, mass and damping of the
structural loop

See 3.6
3.23
bearing error motion

error motion due to imperfect bearing

NOTE See Annex A.

© I1SO 2006 — All rights reserved 7
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3.24

total error motion

complete error motion as recorded, composed of the synchronous and asynchronous components of the
spindle and structural error motions

3.25

static error motion

special case of error motion in which error motion is sampled with the spindle at rest at a series of discrete
rotational positions

NOTE This is used to measure error motion exclusive of any dynamic influences.

3.26
synchronous$ error motion
portion of the|total error motion that occurs at integer multiples of the rotation frequency

NOTE It is the mean contour of the total error motion polar plot averaged over the number of revolutions.

3.2.7
fundamental error motion
portion of the|total error motion that occurs at the rotational frequency of the spindle

3.28
residual synchronous error motion
portion of thg synchronous error motion that occurs at integer multiples, of the rotation frequency othef than
the fundamenntal

3.29
asynchronoys error motion
portion of the total error motion that occurs at frequencieés other than integer multiples of the rgtation
frequency
NOTE 1 Asynchronous error motion is the deviations of the total error motion from the synchronous error motion.
NOTE 2  Aslynchronous error motion comprises those components of error motion that are

a) not periodic,
b) periodic biit occur at frequencies other‘than the spindle rotational frequency and its integer multiples, and

c) periodic af frequencies that are’subharmonics of the spindle rotational frequency.

3.210
radial error inotion
error motion in a diréction perpendicular to the axis average line and at a specified axial location

See Figure 2|d):

NOTE 1 This error motion may be measured as the motions, in the radial direction, of the surface of a perfect
cylindrical or spherical test artefact with its centreline coincident with the axis of rotation.

NOTE 2 The term “radial runout” has an accepted meaning, which includes errors due to centring and workpiece
out-of-roundness, and hence is not equivalent to radial error motion.

3.2.11

pure radial error motion

error motion in which the axis of rotation remains parallel to the axis average line and moves perpendicular to
it in the sensitive direction

NOTE Pure radial error motion is just the concept of radial error motion in the absence of tilt error motion. There
should be no attempt to measure it.

8 © I1SO 2006 — All rights reserved
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3.212

tilt error motion

error motion in an angular direction relative to the axis average line
See Figure 2 e).

NOTE 1 This motion may be evaluated by simultaneous measurements of the radial error motion in two radial planes
separated by a distance along the axis average line.

NOTE 2 “Coning,” “wobble,” “swash”, “tumbling” and “towering” errors are non-preferred terms for tilt error motion.

NOTE 3 The term “tilt error motion” rather than “angular motion” was chosen to avoid confusion with rotation about the
axis of with angular positioning error of devices such as rotary tables.

3.21
axial lerror motion
error motion coaxial with the axis average line

See Higure 2 b).

NOTH1 This error motion may be measured as the motions, in the axial direction along the axis avergge line, of the
surfage of a perfect flat disk or spherical test artefact with its centreline coincident with the axis of rotation.

» o«

NOTH2  “Axial slip®, “end-camming”, “pistoning” and “drunkenness” are non-preferred terms for axial errgr motion.

3.21
face error motion
error motion parallel to the axis average line at a specified\radial location

See Higure 2 c).

NOTH Face error motion is a combination of “axial and tilt error motions. The term “face runout” has an accepted
meaning analogous to “radial runout” and hence isnot equivalent to face error motion.

3.21%
error/motion measurement
measjurement record of error (motion, which includes all pertinent information regarding {he machine,
instrumentation and test conditions

3.3 |Error motion polar plot

repregentation of €rrof motions of axes of rotation generated by plotting displacement versus|the angle of
rotatipn of the spindle

See Rigure4.

3.31
total error motion polar plot
polar plot of the complete error motion as recorded

3.3.2

synchronous error motion polar plot

polar plot of the error motion components having frequencies that are integer multiples of the rotation
frequency

NOTE It is acceptable to create the synchronous error polar plot by averaging the total error motion polar plot.

© I1SO 2006 — All rights reserved 9
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a) Total error motion :\ ’
‘bQ

d) Inner error motion e) Outer error motion

Figure 4 — Error motion polar plots

10 © 1SO 2006 — All rights reserved
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3.3.3

asynchronous error motion polar plot
polar plot of that portion of the total error motion that occurs at frequencies that are not integer multiples of the
rotational frequency

3.34

fundamental error motion polar plot
best-fit circle passed through the synchronous axial or face error motion polar plot about a specified polar
profile centre

3.3.5
axial
polar
error

3.3.6
resid
polar

NOTH
and fg
occury

3.3.7

error motion polar plot
P

ISO 230-7:2006(E)

motions

inner error motion polar plot

conto

3.3.8

outer| error motion polar plot

conto

3.4

Error motion centre

plot of the axial error motion, including the fundamental, synchronous residual and asyne

pal synchronous error motion polar plot
plot of the portion of the synchronous error motion that occurs at frequencies)other than the

ur of the inner boundary of the total error motion polar plot

Lur of the outer boundary of the total error motion’polar plot

centr¢ defined for the assessment of errer motion polar plots

See Rigure 5.

NOTH

the pr

Table 1 provides the preferred centres for the assessment of error motion values. If the centre i
pferred centre is to be @ssumed.

hronous axial

fundamental

The division of synchronous error motion into fundamental and residualcomponents is only applicable to axial
ce error motions. In the radial and tilt directions, fundamental error motion dees' not exist — the meas|
at the fundamental frequency is not a characteristic of the axis of rotation.

Lired value that

5 not specified,

2  Error motion polar plot.

b Error motion value for LSC centre.

Figure 5 — Error motion polar plot, PC (polar chart) centre and LSC (least-square circle) centre

©I1SO

2006 — All rights reserved
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3.41

polar chart

PC centre
centre of the

3.4.2
polar profile
centre derive

3.4.3

Table 1 — Error motion type preferred centre

Motion type Preferred centre
Radial error motion LSC centre
Tilt error motion LSC centre
Axial error motion PC centre
Face error motion PC centre

entre

polar chart

centre
d from the polar profile by a mathematical or graphical technique

least-squares circle centre

LSC centre
centre of a
deviations m

3.44
minimum ra
MRS centre
centre that
concentric ci

3.4.5

ircle that minimizes the sum of the squares of a sufficiefit number of equally spaced
pasured from it to the error motion polar plot
Hial separation centre

inimizes the radial difference required containing the error motion polar plot betwee
les

maximum inscribed circle centre

MIC centre
the centre of

3.4.6

the largest circle that can be-inscribed within the error motion polar plot

minimum cifcumscribed circle centre

MCC centre
centre of the

NOTE 1 Ur
plot.
NOTE2 A

profile centre.

3.5 Errorm

smallest circle that-will just contain the error motion polar plot

less otherwise ‘specified, the polar profile centre is determined using the synchronous error motior

vorkpiece is centred with zero centring error when the polar chart centre coincides with the choser

radial

h two

polar

polar

otion value

magnitude assessment of an error motion component over a specified number of revolutions

NOTE

In most cases, an error motion value is equal to the difference in radii of two concentric circles that will just

enclose the corresponding error motion polar plot, and the value obtained depends upon the location of the common
centre of these two circles. Definitions 3.5.1 to 3.5.7 are presented in terms of polar plots to aid in understanding the
phenomena and the computations. Mathematical analysis allows values to be calculated without constructing polar plots.

12
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3.5.1

total error motion value

scaled difference in radii of two concentric circles from a specified error motion centre just sufficient to contain
the total error motion polar plot

NOTE Four total error motion values are defined: total radial error motion, total tilt error motion, total axial error
motion and total face error motion.

3.5.2

synchronous error motion value

scaled difference in radii of two concentric circles from a specified error motion centre just sufficient to contain
the synchronous error motion polar plot

See Rigure 6.

a  Asybehtonous error motion value.
b Synchronous error motion value.
¢ Synchronous error motion plot.

Figure 6 — Error motion polar plot, asynchronous error motion and synchronous error motion values

© 1SO 2006 — All rights reserved 13
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3.53
asynchrono

us error motion value

maximum scaled width of the asynchronous error motion polar plot, measured along a radial line through a
specified polar profile centre

See Figure 6

NOTE

Asynchronous error motion value is found from the total error motion polar plot as the maximum radial width of

the “cloud band” at any angular position around the circumference. It is the only measurement that does not employ
concentric circles, since it involves the radial variation at a particular angle rather than the radial variation around the full
circumference. To be strictly correct, the asynchronous error motion value should be measured along a radial line from the

p0|ar chart (PC) centre rather than from a bast fit r\nnl‘rn, even-thot |gh this-is ﬁnnl‘rnry towhat seems-intt |i|‘i\ln|\Jl corre

Figure 6.)

3.5.4
fundamenta

value equival

synchronous
NOTE 1 Alf
NOTE2 Th

t (see

axial error motion value
ent to twice the scaled distance between the PC centre and a specified polar profile centre
error motion polar plot

ernatively, it is the amplitude of the rotational frequency component.

frequency is cdused by an off-centre reference artefact and is not a property of the aXis of rotation.

3.5.5

residual synichronous error motion value

scaled differd
the residual {

3.5.6

nce in radii of two concentric circles from a specified.grror motion centre just sufficient to ¢
ynchronous error motion polar plot

inner error motion value

scaled differd
the inner errd

3.5.7

outer error n

the scaled d
contain the o

nce in radii of two concentric circles from a specified error motion centre just sufficient to ¢
r motion polar plot.

hotion value
fference in radii of two coneentric circles from a specified error motion centre just suffici
Liter error motion polar plot:

3.6 Structural error motion

error motion
structural loo
NOTE Stru

3.6.1

D

tural error motion can be reaction to the rotation of the spindle that can influence the measurements.

of the

ere is no fundamental radial error motion value — in the radial direction; motion that occurs at the rotgational

bntain

bntain

bnt to

due to internal or external excitation and affected by elasticity, mass and damping ¢f the

structural error motion with rotating spindle
motion of one element of a structural loop relative another element, measured while the spindle is rotating

NOTE In

3.6.2

some machines the spindle drive system may transmit large deflections to the structure.

structural error motion with non-rotating spindle
motion of one or more elements of a structural loop relative to the axis of rotation, measured while the spindle
is not rotating

NOTE

hydraulic pumps, or excitation caused by floor vibration.

14

In many applications it is important to isolate sources of structural motion to external sources, i.e. coolant or
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structural error motion plot
time-based rectilinear displacement plot is the most common method of recording structural motion

NOTE

3.6.4

However, a polar plot may be desired in order to resolve structural error motion, which is synchronous to
spindle rotation.

structural motion value
range (max. — min.) of displacement measured over a defined time and specified operating conditions

3.7

3.71

radial shift

axis g

3.7.2
tilt sh
axis g

3.7.3

axial |shift

axis g

3.74

face $hift

comb

3.7.5
spee
rectili

3.7.6
spee
differ

(or a
spee(

4

4.1

In thig

'h‘i?Sh‘iﬂ'Cﬂ‘US&d‘bY‘Speed change

hift in the direction perpendicular to the axis average line

ift
hift in an angular direction relative to the axis average line

hift in the direction parallel to the axis average line

nation of axial and tilt shifts in the axis of rotation.measured at a specified radial location

j-induced axis shift plot
hear graph of the shift in the axis of rotation as rotational speed is varied

H-induced axis shift value
ence between the maximunm and minimum displacement measurements of a single displac

S

’reliminary remarks

Measuring units

bment sensor

combination of displacement sensors for tilt and face measurements) at various specifjed rotational

rror motions)

part of ISO 230, all linear dimensions are expressed in millimetres, all linear deviations (e

are e

ol 4 | IS 4 Y L 1 PUH : ol ol
PIToSSTU T TITUTUITITUTS. T UTUHITTTITIUTT,  all artguidl UllTicTiolulns alf'® TAPITOoSTU TIT UTYUITTOS d

deviations (error motions) in microradians or arcseconds.

4.2

Reference to I1ISO 230-1

d all angular

To apply this part of ISO 230, reference should be made to ISO 230-1, especially for the installation of the
machine before testing, warming up of moving parts and recommended accuracy of testing equipment.

©I1SO

2006 — All rights reserved
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4.3 Recommended instrumentation and test equipment

The measuring instruments recommended here are only examples. Other instruments capable of measuring
the same quantities and having the same or greater accuracy may be used.

a) Non-contact displacement (proximity) measuring system insensitive to metallographic variations of the
test artefact with adequate range, resolution, thermal stability, accuracy and bandwidth. The required
bandwidth depends upon the number of undulations per revolution it is desired to resolve, and the speed
range of the spindle. For most machine tools a bandwidth of 10 kHz is acceptable for rotational speeds of
up to 6 000 r/min. Proportionally higher bandwidths are required for higher spindle speeds.

b) Data acquisitterequipment—sueh-asa-computer-based-systemtosample-and-stere-displacementdata for

subsequent analysis.

c) Test-mapdrel, with the design to be specified in machine-specific standards or agreed befween
supplier/manufacturer and the user, see ISO 230-1:1996, A.3;

d) Fixture im which to mount the displacement sensors.
Long-term adcuracy of the measuring equipment shall be verified, for example, by transducer drift tests.

The measuring instruments shall be thermally stabilized before starting the tests.

4.4 Envirgnment
The machineland, if relevant, the measuring instrument, shall have’been in the test environment long ew:ugh

(preferably opernight) to have reached a thermally stable condition before testing. They shall be profected
from draught$ and external radiation such as sunlight, overhead heaters.

4.5 Axis df rotation to be tested

The axis of rptation shall be completely assembled:and fully operational. Axis of rotation tests shall be cprried
out in the unlpaded condition.

NOTE This is not a type test for the spindle unit. Tests of the same spindle unit in different machines might geperate
different results due to mounting, thermal effeets and vibration conditions.

4.6 Axis df rotation warm-up

The tests shall be preceded\by an appropriate warm-up procedure as specified by the manufacturer gnd/or
agreed betwegen the suppliér/manufacturer and the user.

If no other cqnditions-are specified, the preliminary movements shall be restricted to only those necesspry to
set up the measuring instrument for rotary heads, rotary and swivelling tables. A spindle should be tested after
it has been alléewed to warm-up at half of its maximum rotational speed for a minimum of 10 min.

5 Error motion test methods

5.1 General

Error motions in the sensitive direction cause one-for-one form and finish errors to be cut into the work piece
and thus are most significant for machine tool performance characterization. Error motions perpendicular to
the sensitive direction are considered to be in the non-sensitive direction and are not evaluated. However,
there could be second order effects that are significant in some cases (such as turning very small parts.)

16 © IS0 2006 — All rights reserved


https://standardsiso.com/api/?name=012680e77e45baa807014d69c83d8c43

5.2

ISO 23

Test parameters and specifications

The following should be addressed for each measurement taken:

a) the radial, axial or face locations at which the measurements are made;

b) identification of all artefacts, targets and fixtures used;

c) the location of the measurement setup;

0-7:2006(E)

d) the position of any linear or rotary positioning stages that are connected to the device under test.

e) f

@)

-~
~
= @)

L

3

=}
~
Q

5.3

5.3.1

Thesg

by th¢ machiné itself and the environment.

ne direction angle of the sensitive direction, e.g. axial, radial, or intermediate angles as appr

resentation of the measurement result, e.g. error motion value, polar plot, timesbased pl
ontent plot;

he rotational speed of the spindle (zero for static error motion);
ne time duration in seconds or number of spindle revolutions;
ppropriate warm up or break-in procedure;

ne frequency response of the instrumentation, given as hertz or cycles per revolution, ing
haracteristics of any electronic filters, and, in the caseyof digital instrumentation, the
psolution and sampling rate;

ne structural loop, including the position and orientation of sensors relative to the spindle
ference coordinate axis are located, and theelements connecting these objects;

me and date the measurement was taken;

ne type and calibration status of all' instrumentation used for testing;

Structural motion, spindle off

General

b tests are designed to point out relative motion between the spindle and the workpiece, wh

bpriate;

pt, frequency

luding roll-off
displacement

housing from

hich the error motion is reported, specified.@bjects with respect to which the spindle @xes and the

ther operating conditions which may influence the measurement such as ambient temperatire.

ich is caused

5.3.2

Test procedure

The test setup is the same as for the ETVE test as described in ISO 230-3:—, 5.2.

First, measure structural motion with the machine’s power and auxiliary systems on, but with the machine
drives off, that is, the emergency stop position.

Then measure the structural motion with the machine’s power and auxiliary systems on, such as hydraulics,
turned on, and with the machine drives on, that is, with the machine in the feed-hold mode.

5.3.3

Analysis of results

The structural motion value is the peak-to-valley displacement observed over a relatively short time period
(e.g. 15s).

©I1SO

2006 — All rights reserved
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5.4 Spindle tests — Rotating sensitive direction

5.41 General

These tests are applicable to the machining operations with rotating sensitive direction, for example, boring,
milling, drilling and contour grinding.

5.4.2 Radial error motion

5421 Te

st setup

Figure 7 schg¢matically represents a test setup for the measurement. In this setup, a precision test ball(or
suitable artefpct such as a cylinder, is mounted in the machine spindle. Displacement sensors are moun|
the table of the machine in orthogonal orientations. The ball is centred on the axis of rotation 6" min

eccentricity.
rotary encod

Instead of us
slightly ecce
superimpose
sinusoidal sig

5.4.2.2 Test procedure

Radial error 1f

a) rotate sq
readings

b) rotate sq
of spindl

c) rotate sp
of spindl

he angular position of the spindle is measured using an angle-measuring device such
r mounted on the spindle.

ng a rotary encoder, angular position of the spindle can also be determined by mounting th
htric. This eccentricity generates one per revolution 90° phase Shifted sinusoidal s
i on the displacement sensor outputs. Angular position can thus be calculated using
nals necessary for a polar plot. The setup for this latter case is shown in Figure 8.

notion measurements shall be carried out at three spindle speeds 2):

indle at 10 % of maximum speed or at minimum\speed and record both displacement se
as a function of spindle angular position;

indle at 50 % of maximum speed and record both displacement sensors readings as a fu
b angular position;

indle at 100 % of maximum speed“and record both displacement sensors readings as a fu
b angular position.

other
ted to
imize
as a

e ball
gnals
such

NSors

nction

nction

2) Itis recommended that the machine user simply observe the output of the error-indicating system while changing the
spindle speed slowly throughout its total speed range. Speeds could be observed where excessive error motion results
due to structural error motion. Where such speeds exist, they should be avoided when machining.

18
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— I/
2
5
Key
1 rgference artefact (test ball)
2 taple
3 s;lindle
4 anpgular position measuring device
5 displacement sensor

Figure 7 — Schematic of test setup for radial error motion with rotating sensitive direct

on using

angular position measuring device and centred reference artefact (ball) (Vanherck/Peters method)

Y X
_>_

| gy

—
Key
1 wobble plate
2 vertical sensor
3 horizontal sensor
4 master ball offset in direction of tool

Figure 8 — Test method for radial motion with rotating sensitive direction and ball mounted eccentric

to the spindle (Tlusty method)

© I1SO 2006 — All rights reserved
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5.4.2.3

Data analysis

The radial error motion is determined by recording the radial displacements of the spindle (rotor) as functions
of spindle angular position with respect to the stationary reference measured by two displacement sensors
located perpendicular to each other and by computing and displaying the error motion polar plot according to

the following

formula:

r(8) =rg + 4X(8) cos 6+ AY(0)sin6

where

0
()
4X(0)
AY (9)
o
At each spee
typical plot fq

two error-mo
shall be the

Is the angular position ot the spindle;

is the radial error motion at angular position 6,

is the output of the displacement sensor oriented with the X axis;

is the output of the displacement sensor oriented with the Y axis;

is the value of the radius set by the alignment of the displacement sénsors and the test arte
d a polar plot of the spindle error motion shall be made for a sufficient number of revolution
r a single spindle speed is shown in Figure 4 a). For the parposes of this part of ISO 230

tion values will be computed from the error motion plot.>Fhe asynchronous error motion
maximum scaled width of the total error motion polar plot'(before averaging) measured al

radial line thiough the polar chart centre, as shown in Figure 4 ¢)‘@nd Figure 6. Next, the synchronous

motion polar
of revolution
Figure 6. Thg
centred at th
motion valug
synchronous
shall be repo

5.43 Tilte

plot shall be computed by averaging the total error\motion polar plot results for the total ny
5. A typical synchronous error motion polar plet'is shown as the dark line in Figure 4 b
synchronous radial error motion value is the'scaled difference in radii of two concentric ¢
e LSC centre just sufficient to contain thessynchronous error motion polar plot. The radial
s shall be specified with the axial. location at which the measurements are taken

ted.

ror motion

5431 T

t setup

Measurement of the tilt error“motion requires measurements of the radial error motion at two sp|
separated pgints, as shownin Figure 9. A test artefact with two balls spaced some distance apart

cylindrical ndrel may-be attached to the spindle and aligned to the axis of spindle rotation
recommended minimum)distances between the balls/displacement sensors for different sizes of spindle
given in Tablg 2.

fact.

5 3). A
, only
value
bng a
error
mber
) and
ircles
error
The

and asynchronous radial error motion_values corresponding to each of the three spindle speeds

btially
or a
The
s are

Two methods ‘are discussed for measuring tilt error motion. Method 1 describes the use of two sensor

5 and

Method 2 descCribes using four Sensors for measuring tilt. Both procedures are acceptable.

3) For spindles the minimum is 20 revolutions, for rotary tables the minimum is four revolutions in the clockwise and four
in the anticlockwise (counter-clockwise) direction; for rotary heads and swivelling tables the minimum is two rotations in
the clockwise and two in the anticlockwise (counter-clockwise) direction.

20
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Key

A sensors (110 5)

B anpgular measuring device
C s;[indle

D test mandrel

E fifture

F taple

Figure 9 — Five-sensor test.system for measurement of rotating sensitive direction gpindle
error motions

Table 2 — Reecommended minimum axial separation between balls/displacement sensors
for tilt error motion measurements

Nominal diameter of spindle at front bearing Minimum axial distance betweeh
mm displacement sensors
mm
10 25
10 18 32
18 30 40
30 50 50
50 80 63
80 120 80
120 180 100
180 250 125
250 150

© I1SO 2006 — All rights reserved
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5.4.3.2

Test procedure — Method 1

First, mount a test ball or other artefact and displacement sensors according to 5.4.2.1, and carry out radial
error motion measurements at three spindle speeds:

a)

both displacement sensor readings as a function of spindle angular position;

b)

function of spindle angular position;

rotate the spindle at 10 % of maximum speed 4) (or at minimum speed, whichever is higher) and record

rotate the spindle at 50 % of maximum speed and record both displacement sensor readings as a

rotate tt
function

c)

Next, re-fixtu
previous pos
higher), 50 %

5.4.3.3 Dz
The synchror
speed at bot
radial error 1
synchronous
measuremen

5.4.3.4

Mount the te

spindle speeds:

rotate th
displace

a)

b) rotate th

of spindl

rotate th
of spindl

c)

5435 D¢

The synchro
speed at both

Test procedure — Method 2

bpillu‘ib dt 100 n/IO Uf Illd)\illlulll prUU‘ dlluI IUL;UIL.II IL)L)til Ulibpidbclllclli SCTISUI chulillyb
bf spindle angular position.

re the ball or other artefact at a minimum recommended axial distance (see Table!2) fro
tion and a second set of measurements are taken at 10 % (or at minimum speed, whiche
and 100 % of maximum speed.

ta analysis — Method 1

ous radial error motion and the asynchronous radial error motion ¢orresponding to each s
h axial positions shall be determined according to 5.4.2.3. Thée. difference in the synchr
hotion measurements divided by the distance between thémv(see Table 2) is defined 3
tit motion error,
ks divided by the length is defined as the asynchronous tilt-motion error, in radians.

5t artefact and displacement sensors according to 5.4.3.1, and carry out measurements at
> spindle at 10 % of maximum speed®-(or at minimum speed, whichever is higher) and rec
ment sensor readings as a function-ef spindle angular position;

b spindle at 50 % of maximum speed and record all displacement sensor readings as a fu
b angular position;

b spindle at 100 % of haximum speed and record all displacement sensor readings as a fu
b angular position:

ta Analysis = Method 2

ous, radial error motion and the asynchronous radial error motion corresponding to each s
axial ‘positions shall be determined according to 5.4.2.3. The differences between the outp

as a

m the
ver is

bindle
bNous
s the

in radians. The difference in thex asynchronous radial error mpotion

three

prd all

hction

hction

bindle
uts of

sensors 1 an

4/and sensors 2 and 5 are used as the AX and AY in the radial error equation given in 5

423

and ry is set equal to zero (note that sensor No. 3 is not required). The synchronous tilt motion, in radians, is
obtained by dividing the synchronous error by the distance between the sensors in the test setup. A polar plot
is constructed and analysed as in 5.4.2.3. The asynchronous error motion, in radians, is obtained by dividing
the asynchronous error by the distance between the sensors in the test setup.

4) It is recommended that the machine user simply observe the output of the error-indicating system while changing the
spindle speed slowly throughout its total speed range. Speeds could be observed where excessive error motion results
due to structural error motion. If such speeds exist, they should be avoided when machining.
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5.4.4 Axial error motion

5441 Test setup
Figure 10 schematically represents a test setup for the measurement. In this setup, a precision test ball is
mounted in the machine spindle. A displacement sensor is mounted to the table of the machine axially against

the test ball. The ball is centred on the axis of rotation to minimize eccentricity. The angular position of the
spindle is measured using an angle-measuring device such as a rotary encoder mounted on the spindle.

5442 Test procedure

Positian the displacement sensor as indicated in the axial position as shown in Figure 10

Rotate the spindle at 10 % (or at minimum speed, whichever is higher), 50 % and 100 % of maximum speed %)
and record the displacement sensor readings as a function of spindle angular position.

5.4.43 Data analysis

The gnalysis of the error motion polar plot for axial error motion is also conceptually identical to that for radial
error motion, except that fundamental error motion (eccentricity) should not be,removed analytically. The axial
error Imotion may be presented on a linear plot of error motion versus ‘spindle angular origntation. The
asynghronous axial error motion shall be the maximum range of the displacement over a sufficignt number of
revol{tions 5 of the spindle. The synchronous axial error motion shallbe the range of the synchronous error
motion values, defined with respect to the least-squares centre.

Key

1 reference artefact (test ball)

2 table

3 spindle

4 angular position measuring device
5 displacement sensor

Figure 10 — Setup for axial error motion measurement

5) For spindles the minimum is 20 revolutions, for rotary tables the minimum is four revolutions in the clockwise and four
in the anticlockwise (counter-clockwise) direction; for rotary heads and swivelling tables the minimum is two rotations in
the clockwise and two in the anticlockwise (counter-clockwise) direction.
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5.5 Spindle tests — Fixed sensitive direction

5.5.1 General

These tests are applicable to the machining operations with fixed sensitive direction, for example, turning and
cylindrical grinding.

5.5.2 Test setup

Figure 11 schematically represents some test setups suitable for the measurement of the spindle error
motions for the case of fixed sensitive direction, i.e. for a work spindle. (In the following tests it is assumed that

a signal, pro
motion as a
precision tes
is mounted f{|
centred arou

pbortional to the angular orientation of the spindle, is generated so that polar plots of the
function of spindle angle can be generated either in a computer or on an oscilloscof]

b the tool post or to a fixture rigidly attached to the tool post. The ball or artefact shou
nd the axis of rotation so as to minimize eccentricity. Note that eccentricity can\be mistak

error
e.) A

ball, or other suitable artefact, is mounted in the machine spindle and the displacement sensor

Id be
bn for

fundamental pxial error motion.
/4 3 2
|/) |i 0
¢ <
L Z
1
a)
/ 4 ./ 3
UJ 5 X
L Z
1
b)
Key
1 cross slide
2 axial sensor
3 radial sensor 2
4 radial sensor 1

Figure 11 — Test setups used for measuring spindle fixed sensitive direction error motion
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5.5.3 Radial error motion

5.5.3.1 Test procedure
The radial error motion shall be measured by positioning the displacement sensor in the radial direction, as
shown in Figure 11.

Radial error motion measurements shall be made at three spindle speeds after the spindle has been allowed
a warm-up period at half maximum revolutions per minute for a period of 10 min. The spindle speeds chosen
for this test shall be 10 % (or at minimum speed, whichever is higher), 50 %, and 100 % of the recommended
maximum spindle speed 6). At each speed a polar plot of the spindle error motion shall be made for a

sufficfent number of revolutions 7/.

5.5.3 Data analysis

At eath speed a polar plot of the spindle error motion shall be made for a sufficient number of re
typicgl plot for a single spindle speed is shown in Figure 4 a). It must be emphasized that, althg
look the same for fixed sensitive direction and rotating sensitive direction, they-are not. These p
the measure of different quantities. For the purposes of this part of ISO 230-anly two error-moti
be cdmputed from the error motion plot. The asynchronous error motion¢value shall be the ma

olutions 8). A
ugh the plots
ots represent
bn values will
imum scaled

width|of the total error motion polar plot (before averaging) measured ‘along a radial line throligh the polar

chart|centre, as shown in Figure 6. Next, the synchronous errornmotion polar plot shall be

to comtain the synchronous error motion polar plot. The radial error motion values have to be spe
axial |ocation at which the measurements are taken.

5.5.4| Axial error motion

5.5.41 Test procedure
The gxial error motion shall be measured by positioning the displacement sensor in the axial
showh in Figure 11. Axial error motion shall be measured following the same procedure and

spind|e speeds as those specified for rotating sensitive direction axial error motion according to 5

5.5.4]2 Data analysis
The &
error
error [motion may~be presented on a linear plot of error motion versus spindle angular ori

asynghronous.axial error motion shall be the maximum range of the displacement over a sufficig

nalysis of the error’motion polar plot for axial error motion is also conceptually identical to

motion values, defined with respect to the least-squares centre.

computed by
synchronous
s radial error
just sufficient
cified with the

direction, as
at the same
4.41.

that for radial

motion, excepf.that fundamental error motion (eccentricity) should not be removed analytically. The axial

pntation. The
nt number of
nronous error

revol(;Fions 8)\of the spindle. The synchronous axial error motion shall be the range of the sync

6)
spindle speed slowly throughout its total speed range. Speeds could be observed where excessive error
due to structural error motion. If such speeds exist, they should be avoided when machining.

It is recommended that the machine user simply observe the output of the error-indicating system while changing the

motion results

7) For ball and roller bearing spindles a higher number of revolutions — up to several hundred — is recommended for
properly assessing error motions.
8) For spindles the minimum is 20 revolutions, for rotary tables the minimum is four revolutions in the clockwise and four

in the anticlockwise (counter-clockwise) direction; for rotary heads and swivelling tables the minimum is two rotations in

the clockwise and two in the anticlockwise (counter-clockwise) direction.
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5.5.5 Tilt error motion

5.5.51 Te

st setup

Measurement of the tilt error motion in the fixed sensitive direction requires measurement of the radial error
motion at two spatially-separated points, as shown in Figure 11, using radial sensors 1 and 2. A test artefact
with two balls with their centres spaced some distance apart (see Table 2) or a precision test mandrel may be
attached to the spindle and precisely aligned to the axis of spindle rotation in order to minimize eccentricity.

Two methods are provided for measuring tilt error motion. Method 1 describes the use of one displacement
sensor and Method 2 describes the use of two displacement sensors for measuring tilt. Both procedures are

acceptable.

5.5.5.2

Mount the te
motion meas

rotate th
speed, W
position;

a)

b) rotate th

of spindl

rotate th
function

c)

Next, remount the ball or mandrel and sensor at a distance of 50 mm to 100 mm away from the pre

location and

5.5.5.3

The synchror
speed at both
measuremen
difference in
motion error

5.5.5.4

Telst procedure — Method 1

D3ta analysis — Method 1

Test procedure—~ Method 2

5t ball or mandrel and a displacement sensor in accordance with 5.5.2 and carry’out radia
Lirements at three different spindle speeds:

e spindle for a sufficient number of revolutions 10) at 10 % of maximum-speed (or at min

b spindle at 50 % of maximum speed and record the displacEment sensor readings as a fu
b angular position;

e spindle at 100 % of maximum speed and record’the displacement sensor readings

bf spindle angular position.

berform a second set of measurements.

ous radial error motion and the asynchronous radial error motion corresponding to each s

ts divided by the distance jbetween them is defined as the synchronous tilt motion error
the asynchronous radial error motion divided by the length is defined as the asynchrong
n radians.

The analysis
along the te
such that th
other before

%t mandrel, at a distance L4 from one another. The two displacement sensors may be adj

below assumes that the two displacement sensors are set upon the equators of the b4

ir sensitivity (output voltage/displacement) is the same and their outputs subtracted from
nput into a spindle analyzer, or their gains calibrated and the subtraction performed in softw

error

imum

hichever is higher) and record the displacement sensor readings as<a function of spindle amgular

hction

as

vious

bindle

axial positions shall be determined according to 5.5.3.2. The difference in the radial error mpotion

. The
us tilt

lls or
usted
each
are.

The spindle shall be run for a sufficient number of revolutions 10) at the three spindle speeds selected, as in

5.54.2, and t

26

he differences between the two readings (sensor 1 and sensor 2) plotted on a polar plot.
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5.5.5.5 Data analysis — Method 2
The asynchronous tilt error motion value shall be the asynchronous component of the total error motion polar

plot obtained from the difference between the two sensor readings, measured along a radial line through the
polar chart centre and divided by the distance L4 between the two sensors. That is:

B(0)=[ra(0)-r1(0)]/Lg
where

B(0) is the tilt error motion, in radians;

12 () is the radial error motion at sensor 2;

1(6) is the radial error motion at sensor 1;

yim is the distance between the centres of the two displacement sensors;
4 is the angular orientation of the spindle (angle on polar chart).

The gynchronous tilt error motion is obtained by dividing the difference-between the two synchronous error
motion values, corresponding to two positions, by the distance betwgen the two sensors.
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Annex A
(informative)

Discussion of general concepts

A.1 Introduction

This annex djscusses the general concepts related to specification and measurement of the quality of axes of
rotation foundl in machine tools. It is based on CIRP Unification document on axes of rotation [8].

For purpose pf clarity, this annex will use specific examples in presenting concepts, such as the spindlg of a
lathe. HoweVer, it is emphasized that the concepts under discussion can be applied to-alb rotationall axes
found in a machine tool or measuring device components — rotary tables, trunnion bearings, live centres and
SO on.

A.2 Perfe¢t axis of rotation

A.2.1 Gengeral

It is helpful t¢ begin by considering the requirements to be met b{a perfect axis of rotation. While thi$ may
seem obvioug enough to be covered by a simple phrase such\as “capable of pure rotation of a worlpiece
about a line f|xed in space”, several important points must beioted that show this phrase is inadequate.
A.2.2 Relative motion

Consider a Igthe mounted aboard a ship that isralling in the ocean. The spindle axis clearly undergoes|large
motions “in space” without influencing the workpiece accuracy. What is important is relative motion befween
the workpiege and the cutting tool. This tinvolves only the structural loop, a term that will refer to the
mechanical Jomponents which maintain-the relative position between the workpiece and the tool (the ghuck,
spindle shaft) spindle bearings, headstock; frame, slides and tool post in the present example).

A.2.3 Sensijtive direction

Assume that|a flat facing.cutvis being made in a lathe. If imperfections of the spindle bearings cause|small
axial movements of the Workpiece relative to the tool at the point of cutting, one-for-one errors will be cit into

the workpiec
tangent to th
Figure A1 s

perpendicula

[ t0) the surface of revolution being generated and through the point of machining. An

b, and héence the axial movement is in a sensitive direction. By contrast, small motions that are
e face_do not cause cutting errors, and hence these motions are in a non-sensitive dirdction.
hows_‘several examples. In general, the sensitive direction is parallel to a line, which is

line

perpendicular to the sensitive direction is a non-sensitive direction.

A.2.4 Rotating sensitive direction

In contrast to a machine such as a lathe, another basic type of machine exists in which the workpiece is fixed
and the cutting tool rotates, such as a boring machine. Since the sensitive direction is always parallel to a line
through the point of machining, the sensitive direction rotates with the tool (Figure A.2). As will be discussed
in A.11 and A.12, different test methods are used for axes of rotation depending on whether the machine’s

sensitive dire

28

ction is fixed or rotating with respect to the machine frame.
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A.2.5 Displacement sensors versus tools

The above examples all referred to cutting tools. The term “tool” must be interpreted broadly, so as to include
such things as grinding wheels. Furthermore, all of the above concepts apply with equal validity to measuring
devices, with a displacement sensor replacing the cutting tool.

Based on the above discussion, it is possible to give a more precise statement of the requirements for a
perfect axis of rotation in a machine tool or a measuring device:

“A perfect axis of rotation is capable of rotating a workpiece about a line that does not move in the sensitive
direction with respect to a tool (or vice-versa for the case of a fixed workpiece and rotating tool)”.

vl

A

Figure A.1 — lllustration of sensitive direction Figure A.2 — lllustration of rotating|sensitive
in facing,-furning and chamfering direction at two instants in time in jig-Qoring a hole

Strictly speaking, the above statement is defective in not limiting the relative motion in the hon-sensitive
direcjonsince any motion in this direction will cause some error when dealing with a curved sufface such as
the cylinder of Figure A.3. However, it can be argued that the practical consequences of not measuring real
axes Of rotation in the non-sensitive direction INVoIVE a negligible measurement error in return for a substantial
reduction in effort. The following formula is useful in estimating this error. Let

Ey = motion in the non-sensitive direction

Eg = error in the sensitive direction due to £y

R = part radius
Then
2
£ = N if Ey i I dt A1
s ="p (if Ey is small compared to R) (A.1)
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For example, let £y = 0,02 mm and R = 10 mm.

Then

2
0,02
Eg :u:2x10_5mm = 0,02 ym
2x10

For a radius of 10 mm, an error motion of 20 ym in the non-sensitive direction causes an error of only 0,02 ym
(20 nm) in the sensitive direction i.e. it is a “second-order” error. Thus, ignoring motion in the non-sensitive
direction is justified if it is reasonable to assume that it is approximately the same as the motion in the

sensitive diregtior-and-f-the-error-motion-is-small-compared-to-theradius-

Es

-
o

A

Non-sensitive direction

Figure A.3 — Second-order error due‘to relative motion in the non-sensitive direction
along a curved surface

A.3 Imperfect axis of rotation — Error motion

For a real axis of rotation, the) general term “error motion” will be used to describe relative displacements in
the sensitive| direction between the tool and the workpiece. The physical causes of error motion can be
thought of ag bearing¢érror motion, due to factors such as non-round bearings components, and structural
error motion, |due tothefinite mass, compliance and damping of the structural loop in conjunction with internal
or external spurces of excitation. The separation of error motion test data into these two categories |s not
always possiblés~although the recording of data on synchronized polar charts is useful in this regard, as Will be
discussed subsequenttyimA7-5:

A.4 Structural error motion

The term “structural error motion” is used rather than “vibration” to emphasize the relationship to the structural
loop and to relative motion. It would be incorrect, for example, to measure the structural error motion by
attaching an accelerometer to the tool post of a lathe and integrating the output twice, since this would yield
the absolute motion. For a rigid structural loop, the entire loop could undergo virtually the same absolute
vibratory motion, resulting in a negligible structural error motion.

Since only relative motion is important, the structural loop is as important to the functional use of an axis of
rotation as the C-frame and anvil are to a hand micrometer. To attempt to include structural error motion due
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to noisy rolling element bearings and exclude that from drive gears or motors, or to include resonance in a
spindle shaft but not a tool post, seems arbitrary and unrealistic. The approach taken in this part of ISO 230
has been to include structural error motion from all sources as a valid topic of discussion, but to leave to the
user the choice of the structural loop best suited to his/her objectives. Thus, this part of ISO 230 can be
applied to testing a spindle as a “stand-alone” unit on a surface plate or as an integrated part of a complete
machine. There should be no ambiguity regarding the structural loop associated with an error motion

measurement or specification.

A.5 Thermal drift

An a
distriution within the structural loop. The relative motion in the sensitive direction due to the
thermal expansion or contraction is referred to as thermal drift. Thermal drift is treated separat
motion because it usually occurs on a slower time scale than error motion, allowingiseparati
measjurements. Additional advisory material on thermal drift can be found in ISO 230-3.

A.6 [Error motion geometry

A.6.1 General
The ¢
work(
work(

iece size and shape to be predicted from a few basic etror motion measurements, assu
iece can be treated as a rigid body and that the workpiece rotates.

Itis c
two li
and n
that the two would coincide for a perfect axis of.fotation, and is referred to as the axis average lin

pnvenient to deal with the relative motion of the taol*and the workpiece in terms of the rela
ne segments, as shown in Figure A.4. One of these, the axis of rotation, is embedded in t

In ge
motio
axis fverage line is the intended function of the axis of rotation. Which of the remaining fiv
freedpm contribute significantly tothe error motion depends on the sensitive direction and the ax
locatipn of the point of machinifng-"For the lathe operations, shown in Figure A.1, it can be concl
sensifive direction always lies\in the plane of the slide travels.

neral, the workpiece has six degrees.of freedom, consisting of three linear motions and

NOTE
Y-Z pl

If, for exampléx~a turning tool is approaching using a Y axis motion, then the sensitive directig
ane.

Exam
all cages the.sensitive direction is restricted to one plane. Calling this the X'-Z’ plane and the axis
for cdnvenience, it follows that the motions EYC(¢) and EAC(¢) are always in a non-sensitive dire

temperature
companying
ly from error
n of the two

bjective of this clause is to develop the geometric relationship which will allow the error npotion for any

ming that the

ive motion of
he workpiece

noves with it. The other is fixed with respect-o‘the tool at the average position of the axis ¢f rotation, so

a)

.

hree angular

hs as shown individually in Figure‘Al5, at a given instant in time ¢. Of these, angular motiop C about the

e degrees of
ial and radial
uded that the

n will lie in the

ination of-ether machine tools and measuring devices where the workpiece rotates shows that in virtually

of rotation C
ction and can
FBC(r) which

be ighored. In other words, the only motions of concern are the motions EXC(¢), EZC(¢) and
! . ’ ’ . . . . . 9
appea X Ya

9) For a lathe, the coordinate system shown in Figure A.5 is in accordance with ISO 841. According to

ISO 841, “The

positive direction of movement of a component is that which causes an increasing positive dimension of the workpiece
[see Fig. A.5 b)]. On the schematic drawings of the machines, an unprimed letter is used when a tool movement is being
dealt with. When a workpiece movement is being dealt with, a primed letter is used and the positive direction of this
movement is opposite to the corresponding unprimed letter movement”. ISO 841 represents the rotary motions about the
XY and Z' axes by A’, B' and C'. However, in this document, in order to simplify the reading, these motions are
represented without prime (') notations.
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Key

1  structural

AB axis avera
CD axis of rota

Figure

A.6.2 Pure

Motion EXC
moves perpe

A.6.3 Axial

Motion EZC(

moves axially

oop
pe line
tion at time ¢

A.4 — Axis of rotation example: AB fixed relative to tool, CD imbedded in workpiece

radial error motion

¥) in Figure A.5 a), in which the axis(of rotation remains parallel to the axis average lin
ndicular to it in the sensitive direction.

error motion

) in Figure A.5 a), in which the axis of rotation remains co-axial with the axis average lin
with respect to it.

A.6.4 Tilt efror motion

Motion EBC(
line and in th

32

) in Figure, A.5 a), in which the axis of rotation moves angularly with respect to the axis av|
b plane.of the axial and pure radial error motions.

and

and

crage
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X

S B

&

307
X
c()
D
B

a) | Schematic diagrams of general relative motion and six basic degrees of freedom between axis
average line and axis ‘of rotation at time ¢

+X +Z

/
+Y

b) ISO 841 standard coordinate system

Figure A.5 — Designation of axis of rotation error motion for a lathe
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A.6.5 Radial error motion

In general, tilt error motion and pure radial error motion occur at the same time, and the sum at any particular
axial position is referred to as radial error motion. A knowledge of radial error motion EX,C(¢) at one axial
position and tilt error motion EBC() allows the radial error motion r(z) at another axial position to be predicted
as shown in Figure A.6 a),

EXC(t) = EXoC(r)+LxEBC(r) [assuming EXC(/) < L] (A.2)

where L is the distance between the two axial locations. Since radial error motion varies with axial position, it
is necessary to specify the axial location of a radial error motion measurement.

A.6.6 Face|motion

Another spedial term is face motion, which denotes error motion in the axial direction at a specified distapce R
from the axis|average line, as shown in Figure A.6 b). Face motion F(¢) is related to axial and.{ilt error mation:

F(t) = E4C(¢) — R x EBC(?) [assuming F(¢) < R] (A.3)

Since face motion varies with radial position, it is necessary to specify the radius of a face motion
measurement.

<l L -
XI
A EZC(t)
4 ——" X' 1T
LE] : ——
R &2 s — EBC(¢) | ll
R R E—— | N
i S 0 ' D/__*
[ ) < R L EBC(f)
< < R TN P R R
31 S ) S— | F®
< Q l\ Vol e
ﬁ w 1
a) Radial error motion variation b) Face motion variation with radius

with axial distance

Figure A.6 — Geometry of radial error and face motion
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A.6.7 Error motion — General case

The most general case of error motion involves an arbitrary angle @ of the sensitive direction with respect to
the axis average line, as for the spherical surface shown in Figure A.7. The error motion depends on both the
axial and radial locations, which must be specified together with 6. The Equation for error motion e(¢) in terms

of axi

al, radial and tilt motion is

e(t) = EXC(¢) sin@ + F(t) cos @
EXoC(¢) sin@ +EZC(t) cos & + EBC(¢) (L sind — R cos8)

It can
can b
EX,G

Figur
neces
non-g
Equa

B

In Fi
Equa

(A.4)

EBC(t)

bnsitive direction.

Figure A.7 — General case of error motion

be seen from Equations (A.2), (A.3).@nd (A.4) that error motion in general or any of the
e obtained from a knowledge of axial‘error motion EZC(r), tilt error motion EBC(¢), and radia
(z) at a known axial position.

e A.8 shows schematic ,diagrams of two test arrangements, which can be used to
sary error motions. In_beth cases, the radial and axial error motions are measured
ontact displacement-sensors. In Figure A.8 a), tilt error motion is derived from face moti
ion (A.3),

BC(¢) = (1/R)JEZC(1) - F(1)]

gure A.8\b)/ a second radial error motion measurement is used to obtain tilt error
ion (A:2),

Epecial cases
error motion

measure the
firectly using
on by use of

(A.5)

motion from

BC(r) = (1/L) [EX,C(r) = EX,C(r)]

(A.6)

It should be noted that pure radial error motion EXC(¢) does not appear in any of the above Equations. It is
useful as a concept in understanding error motion geometry but is not a factor that has to be measured in
determining the behaviour of an axis of rotation.
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S — > EZC(t)? S W A —_ —— EZC(¢t)°

EX

b — 0]
EBC(t) EXCO[EXC() 1L

+

a) Test garrangement using radial, face and

axia

Axial.
Tilt.
Radial.

Figlire A.8 — Schematic test arrangements for radial, axial and.tilt motion with a fixed

A.7 Error

A.7.1 Gene

A very usefu
motion versu
will be listed

a)
b)
c)

d)

36

predictio

diagnosi

reduction of the required. accuracy of centring the master test ball;

assessI

' b
r\(,)r‘:H E(t) ~ EBC(t)

> EXC(t)° > EXC(t)S

error motion measurements error motion measurement

sensitive direction

motion polar plots

ral

form for displaying error motion measurements of an axis of rotation is a polar plot of the
5 the rotation angle of the axis, C(#) [see Figure A.5 a)]. The following advantages for this m
hnd discussed in turn:

h of the part roundness and'surface finish potential of a machine tool;

5 of bearing error mation’ and structural error motion;

ent of the"error motion value.

b) Test arrangement using two radial‘and an gxial

error
ethod
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A.7.2 Specific example — Radial error motion polar plot

A specific example of an error motion polar plot for a fixed sensitive direction will be used as a basis of
discussion. Using radial error motion for illustration, Figure A.9 a) shows a test arrangement involving a
master test ball (assumed to be perfectly round and perfectly concentric with the axis of rotation) with a
displacement sensor arranged to measure in the sensitive direction 10). Figure A.9 b) shows an enlarged view
of the assumed path of the axis of rotation in the X'-Y' plane relative to the displacement sensor. The
assumed path consists of a repetitive figure-eight pattern, which has been labelled with the angle of rotation at
various points. Figure A.9 c) shows a rectilinear plot of the radial error motion measured by the displacement
sensor versus angle of rotation as a result of the figure-eight pattern, which motion of the ball from the
d|splacement sensor belng posmve (for the normal conventlon see ISO 841). F|gure A 9 d) shows the same
data @ = = c oy atafbitrary radius.
Thus|the flgure e|ght pattern results in a tilted elllptlcal radial error motion polar plot Of coyrse, it is not
necegsary to have a figure-eight pattern to produce an ellipse, since other motions in“the hon-sensitive
direcjon could occur without changing the radial error motion.

A.7.3 Average radial error motion and part roundness

If the|displacement sensor in Figure A.9 a) were replaced by an ideal cutting.teol (capable of cytting in exact
accordance with its position, without deflection, wear, etc.), it is clear that the figure-eight motior} would result
in a Non-round part. Since the part radius is influenced only by axis motioh'in the sensitive direcfion, it follows
that d positive radial error motion (from the tool post) will lead to a largér part radius and vice-versa. If the part
is rempoved and placed in an error-free roundness-measuring machine, the roundness chart will e identical to
that df Figure A.9 d) as shown in Figure A.10. The out-of-roundness of the two charts is identicgl, and hence
the rgdial error motion polar plot of a machine tool axis of rotation predicts the best workpiece rpundness the
machjne is capable of producing under ideal cutting conditions. Other factors such as nontideal cutting
(builtyup edge, tool wear, variable tool deflection, etc.), feed marks, chucking distortion, thermal distortion and
releage of residual stresses can result in this capabilityshot being realized.

If the|above part was left in place after cutting and the displacement sensor was replaced on the tool post,
then yunder the present assumptions of ideal cltting and repetitive radial error motion, the radial|runout of the
part qurface would be zero. The radial errer;motion and the part roundness errors cancel due fo their equal
magriitudes and opposite signs. This iscone example of the difference between radial error motion and radial
run-olit measurements (see A.10).

The above example is idealized. in that the error motion of the axis of rotation was assumed fto be exactly
repetitive from revolution to revélution. Figure A.11 a) shows a more typical case of error motion, which is
non-repetitive. Figure A.11.a))is known as a total error motion polar plot. Figure A.11 b) shows a[synchronous
error [motion polar plot, which is obtained from Figure A.11 a) by averaging the radial error mption at each
angular position overthe&number of revolutions recorded. Figure A.11 c) shows an asynchronoug error motion
polar [plot, which consists of the difference between the total and the synchronous error motion pqlar plots.

It can| be arguéd that the synchronous error motion polar plot is indicative of form error (such as foundness for
radiall error.motion). This is true to the extent that the shape of the total error motion polar plot for any single
revohrtion is similar to the shape of the synchronous error motion polar plot.

10) Itis important to note that for a lathe the normal rotation of the spindle is in the negative sense of 6.
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a) Schematic radial error motion test
for a lathe end view

EXC(8
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c) Recjilinear plot of radial error motion
[X' compdnent in b) versus angle of rotation]

Key

1 masterbal

2 displacempnt sensor

3 tool post

4 X, Z referdnce axis

Q

38

Angle of r¢tation.

Figure A:9— Hypothetical example of radial error motion measurement and plotting

Yl
-90°
-135° -45°
4 — X'
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-270°

b) Enlarged end view of assumed path of axis
of rotation in the X’=Y"plane

o
& -135°
7 0 -180°
-315° oo
-270°

d) Radial error motion polar plot [polar plot of c)]

a) Radial error motion polar plot

b) Part roundness profile

Figure A.10 — Relationship of radial error motion to part roundness for example of Figure A.9
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d) Outer error motion e) Inner error motion

Figure A.11 — Total, synchronous, asynchronous, inner and outer error motion polar plots
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A.7.4 Asynchronous error motion and surface roughness

It can also be shown that the asynchronous error motion polar plot can be used to predict the surface
roughness obtained under ideal cutting conditions. Recalling that surface roughness is ordinarily measured
transverse to the lay (i.e., parallel to the axis for a cylinder or radially on a flat face), it follows that the
measurement corresponds to crossing a number of successive revolutions at one particular angle on the total
error motion polar plot. If the asynchronous error motion were zero, the only irregularity present would be the
scallop-marks associated with the tool radius as shown in Figure A.12 a), which is referred to as the
“theoretical finish”. The peak-to-valley height Rt of the theoretical finish associated with a tool radius . and a
feed per revolution s is

red-to—+4) (A.7)

However, if asynchronous error motion is present, then the surface is cut to varying levelsr on succgssive
in Figure A.12 b). It is evident that a given asynchronous error motion level is\translated igto an
-valley surface roughness if the roughness cut-off width (usually 0,08.mnmy for a feed rate of
0,02 mm/rev) is several times larger than the feed per revolution. The sum of the asynchronous error motion
level and Rt from Equation (A.7) represents the potential peak-to-valley surface reughness for the mgchine
under ideal qutting conditions, with the Ra (average height) value being approximately one quarter as Jarge.
This potential can be realized for sharp chip-free diamond tools cutting certain nonferrous metals, but pnder
most cutting [conditions the presence of a built-up edge on the tool leads\to a larger surface roughnegs. In
some situations the tool has repeated contact with the same point.on the work for a large number of
revolutions, quch as turning with a flat-nosed tool, cylindrical grinding. with a flat-faced wheel or dwell af zero
federate withl any tool. In such a case it can be argued that material will be removed to the level ¢f the
maximum exgursions of the work toward the tool, and hence (using the sign convention of Figure A.9) the
roundness can be predicted from the inner errofymotion polar plot, consisting of the contpur of
ndary of the total error motion polar plot as . 8hown in Figure A.11 e). For operations ingide a
cylindrical bofe, the outer error motion polar plot has a similar significance [see Figure A.11 d)]. The relipbility
of such a prediction is limited by the similarity of a sucecession of such plots, as well as by non-ideal qutting
conditions.

Ll

7

a Asynchronous error motion.
a) Theorrical finish for ideal cutting with zero b) Effect of asynchronous error motion OE
n

synchronous error motion peak-to-valley roughness with ideal cutti

Figure A.12 — Relationship of surface roughness to asynchronous error motion
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A.7.5 Bearing and structural error motions

In addition to being useful in predicting the performance of a machine, the polar plot can be used in
diagnosing the physical causes of the observed error motion. In this context, it is helpful to view the total error
motion as an asynchronous error motion superimposed on a completely repetitive synchronous error motion
profile. It can be shown mathematically that a repetitive profile can involve only those frequencies that are
equal to, or whole-number multiples of, the axis rotational frequency. Thus, the axis bearings and the axis
drive system are the most likely sources of synchronous error motion. Fluid film bearings (hydrodynamic,
hydrostatic, aerostatic) in particular show highly repetitive patterns.

The term asynchronous error motion does not require that the phyS|caI causes of asynchronous error motion
motion—polar plot after

bove discussion suggests that synchronous error motion can be equated with bearing errg
rly for asynchronous and structural error motions. This is usually an-oversimplification. A

ession of discrete angular positions. It should be noted that unless these angular positior

error motion polar plot. The possibility of high frequency components being present in the sync
motion polar plot prevents the use’of a low-pass filter to eliminate asynchronous error motion, s
of thg synchronous error motion“may also be removed.

ased with~special design features intended to deal with such an environment, in which ¢
tests.would intentionally include building vibration as a source.

Fundamental and residual error motion

ions to avoid
ies, but can

r motion and
synchronous

imes exhibit a
$ travelling at

ydrodynamic
S represents
50 be caused
nultiple of the
bnization with
b changes as
axis speed of
r motion due
t at zero axis

can also be obtained from a static-etror motion polar plot, performed by placing the non-r¢tating axis in

s are closely
f the average
\ronous error
nce a portion

ent of an axis
iew could be
machine was
ase the error

The term, which will be used to refer to the once-per-revolution sinusoidal component of an error motion polar
plot, is fundamental error motion. Since a test ball is perfectly centred when this component vanishes, it
follows that fundamental radial error motion of an axis of rotation does not exist.

Similarly, fundamental tilt error motion does not exist. This can be understood by visualizing a perfect cylinder
mounted on an imperfect axis of rotation. If the mounting is adjusted so that the cylinder has no centring error
at either end, then there can be no once-per-revolution tilt error motion. Since familiar terms such as “coning”,

11) The exact number of revolutions, x, for repetitive patterns associated with rolling elements depends on the inner
radius R; of the bearing and the radius R, of the circle of the centres of the rolling elements: x =2 R, /R;.
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“wobble” and “swash” suggest a once-per-revolution component, they are inappropriate names for tilt error
motion.

In contrast, fundamental axial error motion does exist, and is not caused by a master ball mounting-error as
with centring error. It consists of a once-per-revolution axial sliding motion of the axis of rotation along the axis
average line, and can arise, for example, from out-of-square thrust bearing components.

Reference to Equation (A.3) shows that fundamental face motion does exist and is equal to fundamental axial
error motion. This can be understood by visualizing a perfectly flat disc mounted on a perfect axis of rotation.
Mounting error can result in a once-per-revolution sinusoidal face motion (increasing in direct proportion to
radius), but this will vanish if the disc is perfectly square to the axis of rotation. Assuming perfect squareness

and then cha
same fundani
rotation if thq
motion by m
radius. The (
smaller, reac

The existenc|
faces. If a fla
then the part
axis of rotatid
However, if t
the part can

the part centre. Such a part is said to have circular flatness. Since it doés-not have area flatness, it follow

circular flatng

Residual errg
error motion.
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A.8 Effect] of unbalance

Unbalance of
varying as th
this for an ot
will exhibit a

nging from a pnrfnnf axis to an axis hn\/ing fundamental axial error mnﬁnn, it follows th

ental error motion will occur at all radii. Thus a perfectly flat disc in square to an imperfect
fundamental face motion is the same at all radii. It is possible to cancel the fundamental
bunting the disc out-of-square to the axis of rotation, but this cancellation can only‘accur 2
ut-of-squareness angle necessary for this cancellation becomes larger as the fadius beg
ning an impossible situation at zero radius.

e of fundamental face motion has an interesting consequence in machihing and measurir
disc is faced on an axis that is perfect except for the presence of fundamental axial error m
can be viewed as made up of many flat-faced thin rings, each of which is out-of-square wi
n by an amount, which increases with decreasing radius. Such a part is not flat over its full
e part is mounted in a roundness-measuring machine with theytransducer sensing axially
be tilted so that no flatness error is sensed during a trace around a circular path concentri

ss measurements can be misleading if they are not properly understood.

The consequences of residual error motion are-analogous to those of synchronous radial

hronous radial error motion leads to errors’in roundness. In the general case of error motio
ensitive direction angle ¢ from the axis.average line, the fundamental error motion is propo
mes the fundamental axial error motion/[see Equation A.4)]. Thus a 45° taper involves 70,7
ental error motion as a flat face.
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centring error at other speeds. If two cylindrical sections are machined on the same
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objett-involves a tilt as well as a radial component, then the centre lines of the abo

ce of

nerwise perfeet axis is that although a perfectly round part can be machined at a given spged it

rt at

ds, theirigeometric centre lines will not be coaxial. If the shift of the axis of rotation with rgspect

two

cylinders will|not<b€ parallel. Shifts in tilt also change the parallelism or squareness of the axis of rotatjon to
the machine glide ways, causing cylinders to be machined with a taper and flat faces to be machined corjical.

In the above discussion, unbalance is assumed to cause a circular orbit of an initially centred test ball. If the
structural loop has nonlinear and/or asymmetric compliance, unbalance may excite higher harmonic motions,
which lead to roundness and flatness errors. Balancing of rotating elements can be as important for this
reason as any other.

In the case of surface finish it can be demonstrated that, in single point turning, there is no relationship
between surface finish and unbalance. This is difficult for some people to believe since the necessity of a
smooth, quiet, vibration-free machine for achieving mirror finishes seems obvious. It is, in fact, absolutely
essential for a cylindrical grinding machine. To understand why it is not necessary for a lathe requires insight
into the difference between synchronous and asynchronous vibration. Unbalance introduces synchronous
error motion, which, in single point turning, does not affect finish, since the relative position of the tool with

42 © IS0 2006 — All rights reserved


https://standardsiso.com/api/?name=012680e77e45baa807014d69c83d8c43

ISO 230-7:2006(E)

respect to the axis of rotation at each complete revolution is the same. An otherwise perfect lathe with a large
amount of unbalance will achieve theoretical finish [see Figure A.12 a)].

Asynchronous error motion, on the other hand, is motion of the tool with respect to the spindle at frequencies
other than whole number multiples of the spindle frequency. It affects the position of the tool with respect to
the axis of rotation at each complete revolution and therefore affects surface finish [see Figure A.12 b)] The
surface finish achieved by cylindrical grinders is influenced by unbalance because the wheel spindle rotates at
a different speed than the work spindle and synchronous error motion of the wheel spindle automatically

becomes asynchronous error motion with respect to the work spindle.
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place

face junout; the latter measurement.includes non-squareness and circular flatness errors (see als

A.11

As nd
work(
mach

Testmastererrors

far it has been assumed that a geometrically perfect master test ball or equivalent was bein
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on the axis bearings, as discussed previously in A.7.3. Similar comments apply to face n
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Axial error motion is the only measurement which is independent of whether the sensitive direction is fixed or
rotating, and hence is most easily measured by a fixed displacement sensor sensing along the axis average
line.

For low-speed rotary axes such as rotary tables and trunnions, both fixed and rotating sensitive direction
cases can be dealt with by use of a polar recorder whose angular drive is mechanically or electrically
synchronized to the axis of rotation. For the rotating sensitive direction, the master test ball is supported from
the machine frame, and the displacement sensor is supported on the axis of rotation. For one or a few
revolutions of the axis, it is usually possible to coil the sensor cable around the axis in a non-influencing
manner; for continuous rotation, slip rings or their equivalent are necessary.
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For high-speed axes, the frequency response of polar recorders is usually inadequate, since the polar plot
may contain frequencies orders of magnitude higher than the axis rotational frequency. The oscilloscope with
a camera attachment is a more suitable instrument, but since it employs rectilinear rather than polar
coordinates, means must be provided to generate a base circle and to cause the error motion to appear as a
radial deviation from the base circle.

The use of the oscilloscope is simplest in the case of radial error motion measurement with a rotating sensitive
direction, using a method described by Tlusty[®l. Figure A.13 is a schematic diagram showing horizontal and
vertical displacement sensors which sense radially against a master test ball. The sensor signals are amplified
and fed to the respective horizontal and vertical axes of the oscilloscope. By use of a wobble plate, the master
ball is made eccentric to the axis average line. For a perfect axis of rotation, the result would be a perfect
circle as the—axis rotates For an imperfect axis_radial error motion in the direction of the master ball
eccentricity dlters the shape of the oscilloscope display. Motion at right angles to the master ball eccerjtricity
moves the opcilloscope pip tangent to the base circle, causing a negligible effect on the shape: Thys the
arrangement|yields a measurement of radial error motion along a rotating sensitive direction, which-is parallel
to a line from the axis average line to the geometric centre of the eccentric master ball. If the\tool or sensor
can be mounted on the axis in only one angular orientation, the master ball must be eccentric)in this dirgction.
If the orientation is arbitrary, then the axis should be tested with the ball eccentric in ajnumber of different
directions.

Key

1 wobble plgte

2  vertical sepsor

3 horizontal sensor

4  master ball offset in direction 6ftool

Figure A.13 — Test method for radial error motion with a rotating sensitive direction (Tlusty method)

A.12 Fixdd sensitive direction measurements

Use of an oscilloscope for radial error motion measurement with a fixed sensitive direction requires a separate
means for generating the base circle. Figure A.14 shows a method described by Bryan et al[10l. Two circular
cams, eccentric by 0,1 mm in perpendicular directions, are sensed by comparatively low magnification
displacement sensors to generate sine and cosine signals for the base circle; a single cam with the sensors
90° apart could also be used. Radial error motion is detected by a third high-magnification displacement
sensor sensing against a master test ball, which is centred (as closely as possible) on the axis average line.
The sine and cosine signals are each multiplied by the radial error motion signal and are then fed into the two
axes of the oscilloscope. The modulation of the base circle by the signal from the fixed radial error motion
sensor yields a polar plot of radial error motion versus the angular position of the axis of rotation. Vanherck [11]
replaced the eccentric cams and low magnification sensors with a small commercial angular measuring device
physically attached to the axis of rotation. The advantages are lower cost, less difficulty in obtaining an
accurately round base circle and simplification of the test set-up, with negligible influence on the axis from the
angular measuring device attachment except in the most exacting situations.
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A.13 Considerations on use of two-displacement sensors system for fixed sensitive
direction

Since the test method described by Bryan (see Figure A.14) requires special equipment, it is natural to
consider substituting the two-displacement sensor system described by Tlusty (see Figure A.13) for
measuring radial error motion with a fixed sensitive direction. If this substitution is made, the resulting radial
error motion polar plot will not be representative of the potential part out-of-roundness as discussed in A.7.3. If
6= 0° is the fixed sensitive direction, then the polar plot reflects radial error motion in this direction only in the
vicinity of 6=0° and 6= 180°. Moreover, if a given localized movement of the axis of rotation occurring at
6= 0° appears as a peak on the polar plot, the same movement occurring at = 180° will have an undesired
sign reversal and will appear as a valley. At 8= 90° and ¢= 270°, the same movement will not register on the
polar pfot;

Key
wpbble plate

cifcle generating cams
spherical master
displacement sensor
miultiplier

a b wWwNN =

-n

gure A.14 — Test method for radial error motion with fixed sensitive direction (Bryanmethod)

Desplte the aboeve observations, it still appears intuitively plausible that the radial error motion value should be
roughly the.same for both fixed and rotating sensitive directions, even if the details of the golar plot are
differ¢nt/“This view appears reasonable if the factor of concern is asynchronous radial error motipn. However,
for syinchronous radial error motion, an axis which exhibits an elliptical pattern when tested in a flxed sensitive
direction may be free of radial error motion when tested in a rotating sensitive direction. The case occurs for
the following error motions:

AX(0) = — A cos 20 (A.8)
AY(0) = Asin 260 (A.9)

where the coordinate system is that of Figure A.9 a). With a fixed sensitive direction along the X axis, the
radial error motion polar plot has the Equation

r(0)=rqg—Acos 26 (A.10)

© I1SO 2006 — All rights reserved 45


https://standardsiso.com/api/?name=012680e77e45baa807014d69c83d8c43

ISO 230-7:2006(E)

where rq is the basic circle radius. Equation (A.10) represents an elliptical shape, having a value ry — 4 at
#=0° and #=180° and a value of ry + 4 at #=90° and &= 270°. The radial error motion value based on any
of the polar profile centres is 24. If the sensitive direction rotates with angle 6, the radial error motion is given

by the Equation

r(8) =rg + 4X(8) cos 0+ AY(0)sin6 (A11)
\
\
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= AX|(0) cos@ + AY (€) sing

a8  Sensitive glirection.

Figure A.15— Vector diagram for rotating sensitive direction

Figure A.15 gshows the resglution of AX(68) and AY(#) into components along the rotating sensitive dirgction
that leads t¢ Equation\A.11. Combining Equations (A.8) and (A.9) with Equation (A.11) and using the
trigonometric|identities

cos a cop BE %[cos(a—BHcos (a+ B A.12)
and

sin asin f= %[cos (- p) —cos (a+ P (A.13)
the result is

r(0)=rg+ ; [cos O+ cos 360 + ; [cos @—cos 30] =7 (6) =rg+ A cos 0 (A.14)
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Equation (A.14) is the equation of a circle, which is offset from the origin by a distance 4, and hence the axis
would be perfect if tested by the two-displacement sensor system.

Two additional comments can be made on the above finding. First, it can be argued that if the offset circle is
assessed by concentric circles from the polar chart (PC) centre, then a value of 24 is obtained, as with the
fixed sensitive direction. However, there is no way to carry out the initial electronic zeroing to locate the PC
centre, since the base circle cannot be generated independently of the polar profile using the test method of
Figure A.13. Secondly, the view might be taken that the above example is mathematical oddity, which is
unlikely to occur in practice. In this regard it can be noted that radial error motion polar plots commonly exhibit
an elliptical pattern, and that to the extent that the overall patterns in the x and y directions contain

components as given in Equations (A.8) and (A.9), these components will not contribute to the measured
radial errar mation value
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Annex B
(informative)

Elimination of master ball roundness error

B.1 Introduction

Measuremenfs of radial error motion are directly influenced by the out-of-roundness of the test ball ofeircular
master against which the displacement sensor senses. This annex presents a method for separating the
out-of-roundrless of the master from the radial error motion of the axis of rotation as described by

Donaldson [

In the followi

Key
displacem
master
shaft
housing
reversed 1

a b WN -

D]

b)

bnt sensor

haster

Figure B.1

ng description, the notation P(C) (for part) represents the out-of-roundness of the mastgr and
S(C) (for spindle) represents the radial error motion.

and T,g(C) [see Equation (B.4)]

B.2 Profile averaging method

B.2.1 General

2)]

It will be assumed in this clause that the axis of rotation is free of asynchronous radial error motion; means of
dealing with asynchronous error motion will be discussed in B.4. The method can be divided into two
procedures: Procedure P, which yields the roundness error of the master, and Procedure S, which yields the
radial error motion.

48
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B.2.2 Procedure P

Procedure P begins by recording an initial polar plot; the deviations from the base circle will be designated as
T4(C). Figure B.1 a) shows a schematic diagram of the test arrangement, with the arbitrary initial angular
positions being marked as C = 0° by coincident marks on the master, the displacement sensor, the shaft and
the housing of the axis of rotation. The recorded value of T,(C) is the sum of the master roundness profile

P(C) and the radial error motion S(C).

T1(C)=P(C)+S(C)

(B.1)

It is assumed that the sign convention for roundness measurement is used, so that hills and valleys on the

polar
polar
at C
rotati
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Comyi
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plot Top(C) using the arrangement of Figure B.1 b), in which the shaft and housing marks
= 0°, but the master and displacement sensor positions are reversed (rotated 1802 ‘abo
bn). For the second step [Figure B.1 b)], the relation between the angular position-of’the
hgular position of the shaft should be identical. The same sign convention must be used
arison of Figure B.1 a) and Figure B.1 b) shows that the out-of-roundness ofithe master i
ame manner, since the relative position of the displacement sensor and|the master is

ke a second
re coincident
t the axis of
olar plot and
as for T,(C).
5 recorded in
unchanged.

Howgver, radial error motion is recorded with a reversed sign in Figure B,1b, )because a movement of the
spindle toward the displacement sensor in Figure B.1 a) becomes a movement away from the displacement
sensgr in Figure B.1 b). Expressed as an equation:
Tzr (C)=P(C)-S(C) (B-2)
Addirig Equations (B.1) and (B.2) and solving for P(C) gives
T(C)+Top(C
bicy [T )+ Tl )] 83

Equa
secor
drawi

B.2.3

Procs

ion (B.3) states that the out-of-roundness profile of the master, P(C), is the average of
d polar plots. If T4(C) and T,p(C) are_recorded on the same polar chart, P(C) can beg
ng a third polar plot halfway between the first two as shown in Figure B.2 a).

Procedure S

dure S begins by recordingan initial profile T,(C) as in Procedure P. The second step of P

the first and
obtained by

rocedure S is

also iflentical to the second step of Procedure P except that the sign convention must be reversgd. Calling the
second polar plot T,g(C).it-follows that

T2s(C) =—Tys(C)=-P(C)+ S(C) (B.4)
Addinlg Equatians*(B.1) and (B.4) and solving for S(C) gives

X T4(C)+Tas(C)

o(C) = [ 5 ] (B.5)

Equation (B.5) states that a third polar plot drawn halfway between T,(C) and T,5(C) will be the radial error

motio

n polar plot S(C).

The following summarizes the above two procedures:

Procedure Reverse for record 2 Average
P Master, displacement sensor Master, out-of-roundness
S Master, displacement sensor, sign Radial error motion

No mention was made of whether the master or the displacement sensor rotated with the axis of rotation, and
hence the above procedures are equally valid with either a fixed or a rotating sensitive direction.
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B.3 Profile subtraction method

In some instances it may be reasonable to obtain only one of the polar plots T,p(C) and T,g(C). If either P(C)
or S(C) has been obtained by averaging, the other of the two can be obtained by subtraction of the known
profile from T,(C), as shown by Equation (B.1). Graphically, it is necessary to construct a new polar plot by
laying out relative to a new base circle a sufficient number of radial differences transferred from the original
chart. Figure B.3 a) and Figure B.3 b) illustrate this procedure using the profiles of Figure B.2 a) and
Figure B.2 b), respectively. Being more difficult and error-prone, the subtraction method is not recommended if
the profile averaging method can be used.

T4(L) Top(L) F(U) T+H(C) S{C)—T23(C)

a) |Master out-of-roundness P (C) b) .‘Radial error motion S (C)

Figure B.2l— Error separation profile averaging for a) master out-of-roundness P(C), b) radial efror
motion S(C)

S(C) =T4(C) - P(C) P(C) = T4(C) - S(C)

a) b)

a8 Basecircle.

Figure B.3 — Error separation by profile subtraction using data of Figure B.2
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