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Linear positioning systems ar

FOREWORD

e used in wide-ranging manufacturing applications from machine tools to high-precision

applications such as semiconductors and photovoltaics. Many new high-precision single-axis linear positioning systems

are emerging with exceptionall

7 ]n‘ng ranges of motion and positioning resolutions as low as several nanometers. The

ability to meet high-precision mpnufacturing tolerances requires accurate knowledge of the positioning performance of
these systems, yet a dedicated sfandard for evaluating the performance of single-axis linear positioning systems did not
exist. In contrast, performance gtandards have been used for decades to measure the performance of single-axis linear
positioning systems within machine tools. However, use of these standards to measure high-precision systems with off-

the-shelf instrumentation and

est methods can be difficult because the performance of the high-precision class of

positioning systems can appropch the measurement uncertainty. Due to increasing demands on performance and
new applications, many manyfacturers and users have developed their own methods for characterizing theese

systems, but performance speci

ications based on these different methods and terminology has led to certain customer

confusion. Hence, a new standqrd was needed with specific measurement methods for single-axis linear positioning

systems.

Toward this end, this Standagd was created by members from industry, academia, and government, in{coordination

with the B5 Standards Commit
the performance evaluation of
Standard are acceptance testing
in operation.

ee of The American Society of Mechanical Engineers (ASME) to previde methods for
bingle-axis linear positioning systems. The intended use of the testsvdescribed in this
of new or reconditioned systems and verification of the performance of systems already

ASME B5.64-2022 was apprdved by the American National Standards Institute on Decémber 5, 2022.

viil
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secretary noted on the commit

Revisions and Errata. The co
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Approved revisions will be puh

In addition, the committee m
Users can register on the comn

orrequest interpretations ('nrrpcpnndpnr‘p for this Standard should be sent to the staff

fee’s web page, accessible at https://go.asme.org/B5committee.

mmittee processes revisions to this Standard on a periodic basis to incorporate changes
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reconsideration of any interpretation when or if additional information that might affect
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issued.
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wishing to attend any meeting should contact the secretary of the committee. Information on future committee meetings
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ASME B5.64-2022

Section 1
Scope

1-1 SCOPE
(a) This Standard establ

shes a methodology for specifying and testing the performance of single-axis linear posi-

tioning systems. It covers linear positioning systems with travels ranging from micrometers to meters.

(b) This Standard descri
dards (ASME B5.54, ASME
acterization of positioning
machine tool performance.

bes equivalent test methods and instrumentation described in existing machine tool stan*
B5.57, and ISO 230 series) and additional methods and instrumentation used for the ehar-
systems having a relatively high positioning performance when compared to standard

(c) This Standard seeks o highlight the importance of understanding measurement uncertainty and the-test uncer-

tainty ratio (TUR) by provi
mance results.

(d) In addition to clarify
isons between systems by U
tainty.

(e) This Standard provid
positioning systems and cq
periodic testing. The set
subject of contractual agre

ling methods for estimating the test uncertainty and the uncertainty of positioning perfor-

ng the positioning performance evaluation, this Standard facilitates performance compar-
nifying terminology and the treatments of environmental effects aftd measurement uncer-

s a series of tests that should be used to perform acceptance testing of new and reconditioned
uld be used to verify the continued capability of systems; already in operation, through
bf acceptance tests and the specification limits for system conformance shall be the
ement between the user and the manufacturer/supplier-
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2-1 NORMATIVE REFERENC

The following documents are
of this Standard. For dated refe
referenced document (includin

ASME B5.54-2005 (R2020). M
Centers. The American Socie
1SO230-1:2012. Test code form

ASME B5.64-2022

Section 2
References

ES

eferred to in the textin such a way that some or all their content constitutes requirements
rences, only the edition cited applies. For undated references, the latest edition of the
b any amendments) applies:

bthods for Performance Evaluation of Computer Numerically Controlled Machinjng
y of Mechanical Engineers.
chine tools — Part 1: Geometric accuracy of machines operating under no-load pr guasi-

static conditions (3.4.6, modified). International Organization for Standardization.

ISO 230-2:2014. Test code for
numerically controlled axes.
[SO 9283:1998. Manipulating if
nization for Standardization.
ISO/IEC 17025:2017. General r|
Organization for Standardiza
ISO/TR 230-9:2005. Test code fd
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Section 3
Nomenclature

3-1 NOMENCLATURE

This Section defines varipbles, units of measure, and acronyms used in this Standard.

3-1.1 General
1D = one-dimensioral
2D = two-dimensional
3D = three-dimensipnal
A = bidirectional gositioning accuracy or rotation about the X-axis, depending upon the context
ag = conversion fadtor
a, = estimated acc¢leration at the gth time value ¢,
d = filtered accelefation
d, = filtered accelefation at the gth time value ¢,
dmean = Mean filtered pcceleration
dmax = maximum filtdred acceleration amplitude
A" = standardized lidirectional positioning accuracy
B = system revershl error or rotation about the Y-axis, depending upon the.context
B = average reversal error
Bl
c

; = reversal deviafion at a position
= rotation aboutlthe Z-axis or system model for the feedback controlalgorithm in a servo loop, depending upon
the context
¢ = control configiiration number
csF = fixed coordinate system associated with the support\frame of the positioning system
d = measured relative position
d, = disturbance af the input of a plant in a servo leop
d, = disturbance af the output of a plant in a serve\loop
d; = measured relative position at sampled time,t;
dpk-pk = range, or peal-to-peak value, of all measured relative positions
dx; = measured relative position in the X{axis direction
dy; = measured reldtive position in the{Y-axis direction
dz; = measured relative position in.the\ Z-axis direction
dx. = mean measurgd relative position in the X-axis direction

dy. = mean measur¢d relativesposition in the Y-axis direction
1
dz; = mean measur d relative/position in the Z-axis direction

csM = moving coordinate-system, associated with the carriage
E = bidirectional gysteématic positioning error

E,x = angular error motion about the X-axis as a function of the commanded position
Ejxr = bidirectional angular error about the X-axis
Eaxpr = unidirectional angular error about the X-axis, positive direction
Eaxp, = unidirectional angular error about the X-axis, negative direction

Epx = angular error motion about the Y-axis as a function of the commanded position
Epxr = bidirectional angular error about the Y-axis
Epxpr = unidirectional angular error about the Y-axis, positive direction
Epxp, = unidirectional angular error about the Y-axis, negative direction

Ecx = angular error motion about the Z-axis as a function of the commanded position
Ecxr = bidirectional angular error about the Z-axis
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ECX,ET -

Ecx gy = unidirectional angular error about the Z-axis, negative direction

Erp =

EMP

Epose

Ex

EYX,ET -

Eyxg, = unidirectional stra

EYX,ET -

Ezx g, = unidirectional stra
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unidirectional angular error about the Z-axis, positive direction

representation of the translational error of the functional point in csF having coordinates Exxrp, Evxrp, Ezxrp
representation of the translational error of a measurement point in csF having coordinates Exxmp, Eyxmp,

EZXMP

3 x 3 matrix containing only the pose errors E4y, Egy, Ecx equivalent to FRM minus the identity matrix for a
linear positioning system

straightness error

motion in the X-axis direction

Exx = linear positioning error motion in the X-axis direction as a function of the commanded position

= straightness error

Eyx = straightness error

Eyxr = bidirectional straig

= unidirectional stra[ghtness error in the Y-axis direction, positive direction

= straightness error

Ery =
= standardized bidir
E .. =
xij —
= position error in t
E/ o=
zij

Yij

Ezyx = straightness error

Ezxr = bidirectional straig

= unidirectional stra[ghtness error in the Z-axis direction, positive direction

environmental ten
position error in t

position error in t
temporal frequenc
system model for
4 x 4 matrix contaiy
of the position veq
functional point
3 x 3 matrix contaif]
vector’s represent
system model for
hysteresis

= hysteresis, correct
hysteresis at the ith position

index of target poq
index for set of m
coverage factor

= Abbe distance for
= Abbe distance for

length, system mg
depending upon th
measurement rang

= travel range

= minimum travel p
= maximum travel p
= forward linearity
= reverse linearity
= linearity, corrected for drift and Abbe error

motion—inthaVoaxic diraction
moeHoRtHh—+tre—axis—atrectoh

motion in the Y-axis direction as a function of the commanded position
htness error in the Y-axis direction

ghtness error in the Y-axis direction, negative direction

motion in the Z-axis direction

motion in the Z-axis direction as a function of the commanded position
htness error in the Z-axis direction

ghtness error in the Z-axis direction, negative direction

perature variation error

ectional systematic positioning error

he X-axis direction

he Y-axis direction

he Z-axis direction

y in hertz (Hz)

h feedforward control algorithm in a servo loop

ing direction cosines and origin offset components, whichtransforms the representation
tor of a point in csM into the representation of that'point’s position vector in csF

ling direction cosines that transforms the representation of a vector in csM into that same
tion in csF
he closed-loop response in a servo logp

bd for drift and Abbe error

ition
pasurements

hngle o

angle

del for the lo@p.transmission in a servo loop, or bidirectional maximum linearity,
e context

e

psition
psition

laser display readi

ng

= number of target positions

= mean bidirectional positioning error

= standardized value of the mean bidirectional positioning error
vector from the origin of csM to a specific measuring point

e
representation of MPj; in csM having coordinates MP,, MP,,,,, MP,y,
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N
n

oF =

oM

p
Pq

prn,i -

P

P actual —

P, actual,c —

Py
En+1

PO

P target —

PRx
PRx;
PRy

PRy; =

PRz
PRz

q
Q

Tr
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total number of sampled data points for a time-sampled function

number of me
origin of csF
origin of csM

asurements of a set of target positions

nominal interval based on uniform distribution of the target points

actual position at the gth time value

pseudo-random number for the ith target position

periodic linear motion error or system model for the plant in a servo loop, depending upon the context
actual position as a function of time t

actual positionfer-thecth-contrel-configurationas—afunctionof-time+

average value
average value
initial position

= final position

ith target posi

= actual positiof
= commanded p

vector from o

vector from o

of the measured starting point
of the measured endpoint

tion
of the functional point on the jth approach to the ith target position
psition, open loop
F to a point P in space having representation Pr with components Pxr, Pyr ,cand’ Pz

M to a point P in space having representation Py, with components Py, Pyg, and Pzy

as a function of time ¢

target positior
multi-directio
multi-directio
multi-directio
multi-directio
multi-directio
multi-directio
index of discrq
length of trave
range can be §
bidirectional {
number of dis
unidirectional
unidirectional
maximum of t
average value
average unidiy
average unidif

= bidirectional g
= extended unigtrectional positioning repeatability at ith position, positive direction
= extended uni

= stroke or syst

standard devi

al point repeatability, X-axis component or direction

al point repeatability for the ith test configuration, X-axis component or direction
al point repeatability, Y-axis component or direction

al point repeatability for the ith test configuration, Y-axis cemponent or direction
al point repeatability, Z-axis component or direction

al point repeatability for the ith test configuration, Z-axis component or direction
bte sensor measurements collected at a defined sampling rate

greater than zero at each end of the travel range thatensures that all points within the travel
pproached bidirectionally

ositioning repeatability

crete measurements collected in one measurement cycle

positioning repeatability, positive ditegtion

positioning repeatability, negative direction

he unidirectional positioning repeatability

of the average unidirectional \positioning repeatability

ectional positioning repeatability, positive direction

ectional positioning repeatability, negative direction

ositioning repeatability at ith position

irectional pogitioning repeatability at ith position, negative direction
em model for-the output sensitivity in a servo loop, depending upon the context
tion

power spectral density~of measured signal, d(t), as function of frequency, f

= process sensit

vityfor a servo loop

= estimator for

nidirectional axis positioning repeatability at ith position, positive direction

= estimator for unidirectional axis positioning repeatability at ith position, negative direction
= sample standard deviation for incremental motion

standard deviation of measurement cycle data set, X-axis direction
standard deviation of measurement cycle data set, Y-axis direction

context

= standard deviation of measurement cycle data set, Z-axis direction
= temperature, or system model for the complementary sensitivity in a servo loop, depending upon the

translation vector, generally from the origin of one coordinate system to the origin of another coordinate
system, specifically from oF to oM

.
representation of T in csF, generally having coordinates Ty, Ty, and T,
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tave -
= move-and-settle time
= time at the gth time value

tm S

tev: =
teve =

tys
tw1

tyo =

Uy =
Uc =
= standard uncertair

Uyr

UcaL =
Upaq =
Upps =
UgvE =

Uma

u, =
URgs =
Uscg =

Usr
UsRE

Usync =

Urp

Urr =
Uy =
= standard uncertair

uuc
uPRx
UPRXI'
uPRy

uPRy; =

uPRz

UPRZI' =

U@ =
U(AT) =
UAL) =
UeB) =
UE) =
U(ET) =
U(EL) =
um) =
UR) =
U(RT) =
URIL) =
u(4) =
u(Am) =
u(Al) =
u(B) =
u(E) =
u(Em) =
u(El) =
u(M) =
u(R) =
u(R1) =

= standard uncertair

time
average time

time at which a co
time at which a co
time at which vibr

= minimum window

maximum window
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mmanded constant-velocity phase begins
mmanded constant-velocity phase ends
ation is settled

time

time

standard uncertain
standard uncertair
combined standar

standard uncertair
standard uncertair
standard uncertair
standard uncertair
standard uncertair
sum of strongly pd
standard uncertair
standard uncertair
standard uncertair

standard uncertair
standard uncertair
standard uncertair
standard uncertair

unidirectional poiry
unidirectional poiy
unidirectional poiry
unidirectional poiry
unidirectional poir
unidirectional poiry
measurement unce
measurement unce
measurement unce
measurement unce
measurement unce
measurement unce
measurement unce
measurement unce
measurement unce
measurement unce
measurement unce
measurement unce

Enea

<y

ty due to setup repeatability

| uncertainty

ty due to linear axis position repeatability

ty due to sensor calibration

ty due to data acquisition system noise

ty due to distance between displacement sensors

ty due to environmental variations

ty due to sensor misalignment

sitive correlated contributors

ty due to resolution

ty due to sensor correction error

ty due to sensor resolution

ty due to straightness reference error

ty due to temporal synchronization of position and error motien data
ty due to thermal drift of the measurement setup

ty due to triggering

ty due to fixturing vibrations of the measurement points

ty of uncorrelated contributor

t repeatability, X-axis component or direction

t repeatability for the ith test configuration, X-axis component or direction
t repeatability, Y-axis component or direction

t repeatability for the ith test configuration, Y-axis component or direction
t repeatability, Z-axis component or(direction

t repeatability for the ith test configuration, Z-axis component or direction
rtainty, the expanded uncertainty

rtainty of bidirectional accuracy of positioning

rtainty of unidirectional aceuracy of positioning, positive direction
rtainty of unidirectional\accuracy of positioning, negative direction
rtainty of reversal yalue

rtainty of bidirectiohal systematic deviations

rtainty of unidirectional systematic deviations, positive direction
rtainty of unidirectional systematic deviations, negative direction
rtainty of the mean positioning deviation

rtaintyhof-bidirectional repeatability

rtaifity of unidirectional repeatability, positive direction

rtainty of unidirectional repeatability, negative direction

standard uncertainty of bidirectional accuracy of positioning

standard uncertainty of unidirectional accuracy of positioning, positive direction
standard uncertainty of unidirectional accuracy of positioning, negative direction
standard uncertainty of reversal value

standard uncertainty of bidirectional systematic deviations

standard uncertainty of unidirectional systematic deviations, positive direction
standard uncertainty of unidirectional systematic deviations, negative direction
standard uncertainty of mean positioning deviation

standard uncertainty of bidirectional repeatability

standard uncertainty of unidirectional repeatability, positive direction
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standard unce
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rtainty of unidirectional repeatability, negative direction

variance of the determined error vector of the functional point
variance of the determined error vector of a measurement point
= variance of the pose error matrix Epose

estimated velocity at the gth time value ¢,

filtered velocity

= mean filtered velocity during the constant-velocity phase

Hilbert metric

of the filtered velocity Vv

mean filtered velocity

filtered veloci
standard devi

windowing fu
dynamic posit
dynamic positi
uration as a fi
x-axis of csF

x-axis of csM

mean bidirect
mean bidirect
mean unidired
mean unidired
positioning de

= positioning de
= positioning de

positioning de
positioning de
positioning de
positioning de
positioning de
mean unidired

mean unidired

mean bidirect

commanded s
sample mean
y-axis of csF
y-axis of csM
z-axis of csF
z-axis of csM
commanded V|
axis direction
straightness e
angles resultiy
thermal condy

v at tha ne-ln time xrr\]IIn £
) i s

Tt

tion of the filtered velocity v

= windowing fu]:ction

ction at sampled time ¢,

oning deviation between the actual position and the target position as a function of time ¢
oning deviation between the actual position and the target position for the cth control config-
nction of time t

onal deviation of axis positioning

onal deviation of axis positioning at ith position

tional positioning deviation at ith position, positive direction

tional positioning deviation at ith position, negative direction

viation for jth measurement at ith position

viation for jth measurement at ith position, positive direction

viation for jth measurement at ith position, negative direction

viation for jth measurement at ith position with applied~d¥ift correction

viation for jth measurement at ith position with applied Abbe correction

viation for jth measurement at ith position with applied linear correction

viation for jth measurement at ith position x with~applied drift and Abbe correction
viation for jth measurement at ith position with applied drift, Abbe and linear correction
tional linearly corrected positioning deviation, positive direction

tional linearly corrected positioning deviation, negative direction

onal positioning deviation at a linearly corrected position

ep size for incremental motién
for incremental motion

hlue at ith position

or coefficient of thermal expansion, depending upon the context

ror direétion or angular error direction, depending upon the context
g from-an angular measurement

ctivity of a material

time constant

Of a physical quantity

angles resulting from an angular measurement

3-1.2 Symbols and Units of Measure

= positive/forward direction

negative/reverse direction

newton, unit of force

micrometer (one millionth of a meter), unit of length
microradian (one millionth of a radian), unit of angle
revolutions per minute

Z — >

pm
prad
rpm
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3-1.3 Acronyms
broadband correction factor
corrected laser reading
corrected machine reading
computer numerical control

BCF
CLR
CMR
CNC
CPC

CTE
DPE
DMI
ETVE
FP
LVDT
LUT
MAE
MM
MP
MPE
MSD
NE
PSD
PSD
RH
RMS
SD
SDR
TUR

controller position corrected for thermal expansion of the internal scales, which is attributable to the external

environment

ASME B5.64-2022

coefficient of thermal expansion
dynamic positioning error

displacement measy
Environmental temj
functional point
linear variable diffe
look-up table
moving average err
moving mean
measurement point
moving peak error
moving standard de
nominal expansion
position sensing def
power spectral den
relative humidity
root-mean-square
standard deviation
system display read
test uncertainty rat

: 3. £ 4
g HTICTHITT UIITTCTTT

berature variation error

rential transformer

DI’

viation

ector
ity

ing

o

10
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Section 4
Definitions

4-1 INTRODUCTION

This Section defines technical terms used in this Standard. Definitions quoted or adapted from other sources include a

parenthetical citation of the

4-2 TERMS AND DEFIN

Abbe error: measurement e
2005 (R2020)]

Abbe offset: perpendicular d
system.

Abbe principle: path of the m|
point whose displacement

accuracy: quantitative meas
and methods of measurem

actual position, P;: measure,
230-2:2014)

source. Definitions that do not include a parenthetical citation are specific to this Standard.

TONS

ror resulting from angular motion of a movable component and an Abbe offset. [ASMEBS5.54-
istance between the desired point of measurement and the reference line of the“'measuring

easurement point of a displacement-measuring system should be colinear with the functional
is to be measured.

ure of the degree of conformance to recognized national or international physical standards
ent. [ASME B5.54-2005 (R2020)]

[ position reached by the functional point on the jth approea¢h to the ith target position. (ISO

actuator: part of a positioning system that provides the necessary forces for moyving the carriage with respect to the base.

ambient temperature: tempg
ambient temperature.

angular deviation: reading
directions in a reference cd
a limited representation of

angular displacement senso
mator that converts an ang

angular error (of a linear a
negative angular deviation 1
three orthogonal directions

angular error motion (of ali
a (nominal) straight-line tr

artifact: see reference artif

autocollimator: optical inst
calibration is independent

rature of the ambient air surrounding a machine[|ASME B5.54-2005 (R2020)]; see also mean

of an angular measuring instrument in thé direction around any of the three orthogonal
ordinate system; angular deviations,\which are measured at discrete intervals, constitute
the actual angular error motion:

- sensor used to measure angular displacements between two objects such as an autocolli-
ular displacement to a nurherical or analog value.

is): value of the largest positive angular deviation added to the absolute value of the largest
measured during a comiplete traverse of the moving component, evaluated for any one of the
. (ISO 230-1:2012)

ear axis): unwanted rotational movement of a moving component commanded to move along
djectory. (ISO-230-1:2012)

ict.

uméntthat allows measurement of the angle between its optical axis and a mirror whose
of\the distance between the instrument and the mirror

average: see mean.

average reversal value of an axis, B: arithmetic average of the reversal errors, B; at m target positions.

m
B=—) B (4-2-1)
j=1

1
m .

axis: coordinate axis or the subset of a positioning system pertaining to a direction of motion, depending upon the context;

a positioning system may b

e called an “axis” only within the context of the positioning system having motion along or

about only one nominal line for linear or angular motion, respectively; see also coordinate axis and positioning system.

11
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axis acceleration/deceleration: rate of change of velocity of the carriage.
axis position: instantaneous position of the carriage of the positioning system.
axis travel: maximum travel over which the carriage can move under numerical control.

backlash: error associated with mechanical looseness, e.g., clearance between a screw and a nut; this error will induce a
position change dependent on the direction of travel toward the specified control position.

bandpass filter: filter that significantly attenuates signal components with frequencies outside of a specified range (band)
between two cutoff frequencies.

bandwidth: range of frequencies (usually expressed in hertz) where the amplitude or the amplification of a signal exceeds

a particular threshold level or limits within which the power spectrum is considered (ISO/TR 230-8:2010); see also

measurement bandwidth and s|
base: portion of a positioning s
positioning system.

base coordinate system: referen
base frame: see base.

bidirectional: a parameter deriv
either direction along oraround
test performed with approache

bidirectional positioning accurad
positioning errors and the estim
230-2:2014)

A = md

bidirectional positioning repeatd
position P;.

bidirectional positioning repeatd
(ISO 230-2:2014)

bidirectional systematic position
mean unidirectional positioning

Bode plot: graph of the frequenc
that the system applies to a sig

Bryan principle: if applying the A
free of angular motion or angu
calibration: operation that, unde

with measurement uncertaintie
measurement uncertainties and

ervo bandwidth.

ystem that provides structural support for the actuator and carriage guideway of a

ce coordinate system that is attached in space to the base of a positioning system.

bd from a series of measurements in which the approach to a target position is nfade in
hn axis [ASME B5.54-2005 (R2020)]; the symbol “Tl” signifies a parameter derivedfroma
s in the forward direction and the reverse direction (e.g., RT!).

y of an axis, A: range derived from the combination of the mean bidirectional systematic
htor for axis repeatability of bidirectional positioning using a coveragé factor of k= 2. (ISO

x[(x1 + 2515 %) + 25;01) — min([x1T — 2515 %1 — 25;0)] (4-2-2)

bility at a position, R;: range representing the expanded uhCertainty of positioning at any

R; = max[(2s;t + 2s;1 + [B;l; R;1; R;l)] (4-2-3)

bility of an axis, R: maximum value of the repéatability of positioning at any position P;.

R = max(R;) (4-2-4)
ing error of an axis, E: differencetbetween the algebraic maximum and minimum of the
deviations for both approach directions ;T and x;{ at any position P;. (ISO 230-2:2014)

E = max[(x;1; ;1) = min([%;1; x;1)] (4-2-5)

y response of a dynamicsystem that shows both the magnitude gain and the phase shift
nal as a functionvof\frequency.

bbe principleisinot possible, either the slideways that transfer the displacement must be
ar-motion-data must be used to calculate the consequences of the offset.

r specifiéd’conditions, in a first step, establishes a relation between the quantity values
s provided by measurement standards and corresponding indications with associated
inva'second step, uses this information to establish a relation for obtaining a measure-

ment result from an indication.

(OIML VI:ZUT3)

cap test: see isolated sensor check.

capacitance gauge: displacement sensor of relatively short range and high resolution that functions by measuring the
electrical capacitance between the probe tip and the surface being displaced. [ASME B5.54-2005 (R2020)]

capacitance probe: see capacita

capacitive displacement sensor:

nce gauge.

see capacitance gauge.

carriage: moving component of a positioning system used for transporting a functional point, a tool, probe, workpiece, or a
second positioning system to a commanded location; a linear carriage has a nominal direction of motion referred to often

as an (X, Y, or Z, etc.) axis.

12
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carriage average line: see reference straight line.

carriage coordinate system:

reference coordinate system that is spatially fixed relative to the moving carriage of a posi-

tioning system, identified, e.g., csM.

carriage travel: see axis travel.

coefficient of thermal expans.

ion (CTE): true coefficient of expansion, @, at a temperature, T, of a body is the rate of change of

length of the body, L, with respect to temperature at the given temperature divided by the measured length at the given

temperature, L. [ASME B5

.54-2005 (R2020)]

a= L(d—L] (4-2-6)

combined standard uncertai
the values of several other (|
covariances of these other
quantities. (JCGM 100:2004

command: operative order

compensation: practice of u
correcting the axis positior

compliance: translational (g
with respect to the structur
direction of the displacems

computer numerical control
response to data input are
[ASME B5.54-2005 (R2020,

controller: see control syste

control system: partof a posi
of the carriage with resped

coordinate axis: any fixed re
context of it being within 3

coordinate system: theoreti
motion, which is typically a|
dinate axes; see also refere
cosine error: measurement 4
measuring system and the

coverage factor, k: numeric

Lr\dT )r

nty, uc: standard uncertainty of the result of a measurement when that result is obtained from
uantities, equal to the positive square root of a sum of terms, the terms being the variances or
juantities weighted according to how the measurement result varies with changes in these

)
to initiate a movement or a function. [ASME B5.54-2005(R2020)]

sing prerecorded error tables and in-process sensing of variables such as temperature for
of a linear positioning system using a controller.

r rotational) displacement per unit static force (or moment) between two-objects, specified
al loop, the location and direction of the applied forces (or moments){and the location and
nt of interest.

(CNC): numerical control system in which the data-handling sequence, control functions, and
determined primarily by a control program executed by a digital data-processing system.

—_

m.

Lioning system that uses alphanumeric data input to define the controlled motion and position
t to the base; see also numerical control system.

ference line of a coordinate system; a coordinate’axis may be called an “axis” only within the
coordinate system; see also axis.

cal mathematical construct for providing kinematic analysis of position, orientation, and
right-hand rectangular system (i.e.,‘Cartesian system) composed of three orthogonal coor-
nce coordinate system.

rror in the motion direction/catrsed by angular misalignment between a linear displacement
displacement being measured. [ASME B5.54-2005 (R2020)]

h] factor used as a multiplier of the combined standard uncertainty to obtain an expanded

uncertainty. (JCGM 100:2008)

cumulative amplitude spect]

cumulative power spectrum
range.

cumulative root-mean-squa

um: the square/root of the cumulative power spectrum.

- function of\frequency that integrates the power spectral density over a given frequency

re: seescumulative amplitude spectrum.

cutoff frequency: frequency

above (or below) which a filter significantly reduces frequency components of a signal,

typically defined as the frequency at which the gain of the filter decreases to 12 ( = 0.7071) of the nominal gain
or the gain at a defined frequency.

deviation: difference between an actual value and the desired value, or commanded value, of a quantity [ASME B5.54-2005
(R2020)]; see also positioning deviation.

deviation of position: see positioning deviation.

displacement sensor: sensor

used to measure displacements, whether linear or angular, which converts the displacement

to a numerical or analog value; see also angular displacement sensor and linear displacement sensor.

13



https://asmenormdoc.com/api2/?name=ASME B5.64 2022.pdf

ASME B5.64-2022

drift: time-dependent variation of indications of the measurand that is observed while holding controllable parameters
constant; this includes effects from the measurand, the measuring instrument, and the environmental effects on the
experimental setup such as the mounting structure or sensor-carriage interface; ambient parameters such as tempera-
ture are often simultaneously recorded for compensation purposes.

drift compensation: mathematical method to compensate the drift occurring during a measurement sequence; see also
compensation and drift.

dynamic positioning: procedure where the positioning system is not settled and may be moving at a target position during

measurements or usage; in contrast, see static positioning.

dynamic positioning deviation, x:

function of time, t; see also dyA

dynamic positioning error (DPE);
motion.

eddy current sensor: sensor usin
surroundings, e.g., the presence|
sensors can be used as distanc

eddy current position sensor: se

endpoint linear normalization: nf
linear normalization.

endpoint reference straight line:
tions. (ISO 230-1:2012)

environmental temperature varig
by deviation of the environmer

error: value representing a pro

according to the accepted proti

error motion: unwanted linear d
trajectory. (ISO 230-1:2012)

expanded uncertainty, U: quantit]
pass alarge fraction of the distri
obtained by multiplying the co

estimator for the unidirectional a
of the positioning deviations ol

aQc o
5oF

i 3 1t andthatargat macition D
T actualh arertHe-tar g et poesitoh T+ Targen o

amic positioning.

x(t) = Pactual(t) - Ptarget(t) (4-2-7)

maximum absolute difference of the actual position and the target position for the entire

o oscillatory magnetic field excitation and a probe head to detect (sense) changes inits
of a target near the probe head; within the framework of this Standard, eddy current
b-measuring devices.

e eddy current sensor.

ethod that results in a dataset corrected by an endpoint reference straightline; see also
straight line connecting the first and the last point of the measured straightness devia-

ition error, ETVE: estimate of the maximum possible positioituncertainty induced solely
t temperature from average conditions. [ASME B5.54-2005 (R2020)]

erty of a set of deviations related to the response ©f'a machine to a command issued
col; for example, see angular error, reversal error; and straightness error.

r angular motion of a component commanded:to move along a (nominal) straight line

i defining an interval about the result 6f a' measurement that may be expected to encom-
bution of values that could reasonably.be attributed to the measurand (JCGM 100:2008),
nbined standard uncertainty bywa\coverage factor.

Kis positioning repeatability qt aposition, s;T and s;l: estimator of the standard uncertainty
tained by a series of n pnidirectional approaches at a position P; (ISO 230-2:2014)

n
2
SiT = R i i z (x,]T - Q_ClT) (4'2'8)
j=1
- 2
N > (xiji - 9‘%) (4-2-9)

feed hold: see system hold.

feed rate: commanded velocity

of motion of the carriage.

filter: device or process that significantly attenuates unwanted frequency components of a signal; there are three basic
types of filters available for signal conditioning and analysis: low-pass filters, high-pass filters, and bandpass filters (ISO
13373-2:2016); filters may be electronic, mechanical, optical, or algorithmic in nature, and frequencies may be temporal
or spatial; see also bandpass filter, low-pass filter, and high-pass filter.

filter cutoff frequency: see cutoff frequency.

14
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filter characteristics: properties of a filter that characterize the relationship of the filter output to the filter input; for
example, simple filters, analogue as well as digital, will have gradual as opposed to sharp cut-off characteristics, because
the filter slope outside of the transmission band is relatively shallow. (ISO 13373-2:2016)

fixture: device that securely locates and orients an object to another object.

following error: magnitude of the steady-state value of the dynamic positioning deviation for a linear ramp input; see also
dynamic positioning deviation and dynamic positioning error.

Fourier spectrum: result of a Fourier transform (ISO 13373-2:2016), which is the complex amplitude of a signal as a

function of frequency.

Fourier transform: mathem|

functional point: point wher
base of a positioning syste

gain crossover frequency: fr
also phase margin.

gain margin: amount of cha
the gain change required to
(i.e., at the phase crossove

high-pass filter: filter that s
home position: see position

hysteresis: linear (or angular
equal forces (or moments) i

tical technique that identifies the sinusoldal frequency components of a signal.

e a process and/or measurement occurs; the point may move or be fixed with respect to the
m.

equency where the open-loop magnitude of the system frequency response equals one; see

hge in open-loop gain needed to make a closed-loop system marginally stable, which equals
make the open-loop gain equal 1 at the frequency where the open-loop phase equals180 deg
" frequency); see also phase margin.

ignificantly attenuates signal components with frequencies below a cutoff fréquency.
ng system datum.

) displacement between two objects resulting from the sequential application and removal of
h opposite directions (ISO 230-1:2012); itis a component of bidirectional repeatability that is

caused by mechanisms suc
joints [ASME B5.54-2005

as drive train clearance, guideway clearance, mechanical deformations, friction, and loose
2020)]. For piezo electric actuators, hysteresis is an intrinsic characteristic and can be

measured; see also open lopp hysteresis, positioning system hysteresis, and setup hystéresis.

incremental step test: test i
rectional or bidirectional s

indication: quantity value f
indicator: see linear displad
initial position: fixed point
initialization: sequence of

isolated sensor check: test fol
sensors, and typically perfor
sensor and monitoring the s
sensor should be connecte

laser interferometer: fringe-
is based on the principals

latency: measure of the tin

least-squares method: math
minimizing the sum of the

least squares reference straig

which the linear positioning system is commandedito move in a series of either unidi-
Leps.
rovided by a measuring instrument or a measuring system. (OIML V1:2013)
ement sensor.
along an axis referenced with respect-tora machine datum. [ASME B5.54-2005 (R2020)]
perations establishing the starting ‘point of a machine. [ASME B5.54-2005 (R2020)]

driftand electrical noise of a measuiring instrument, most commonly applied to displacement

med by fixing the main sensor méasurand, such as by placing a stable “cap” on a displacement
ensor’s output over time;-aside from inhibiting or blocking the main sensor measurand, the
l and monitored as it(Would be otherwise.

Counting interferometer for displacement measurement that uses alaser as alight source and
bf optical interference. [ASME B5.54-2005 (R2020)]

e delay between a cause and its effect in a system.

bmaticalémethod to approximate the solution of an overdetermined system of equations by
squares of the residuals; see also residual.

pht-line: straight line, where the sum of the squares of the measured straightness deviations is

minimum. (ISO 230-1:2012

A
J

least-squares linear normalization: method that results in dataset corrected by a least squares reference straight line; see

also linear normalization.

linear axis: see linear positioning system.

linear displacement sensor: device such as a linear variable differential transformer, capacitance gauge, or other sensor
that converts a linear displacement to a numerical or analog value that is used to measure displacements between a
surface and a reference point.

linear normalization: method to normalize a set of measurement data by subtracting an overall linear trend; see also
endpoint linear normalization, least-squares linear normalization, and minimum zone linear normalization.
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linear positioning error motion: unwanted motion along the direction of motion that results in the actual local position
reached by the moving componentat the functional point differing from the local commanded position along the direction
of motion. (ISO 230-1:2012)

linear positioning system: positioning system that is designed to constrain, move, and position the carriage relative to the
base along a commanded (nominal) straight-line trajectory.

linearity: maximum absolute straightness deviation with respect to the endpoint reference straight line.

linear variable differential transformer (LVDT): electromagnetic device used for displacement measurement [ASME
B5.54-2005 (R2020)]; normally an LVDT has the capability to convert a displacement into a proportional electrical

2001

signal. [ASME B5.54-2005 (R2

look-up table (LUT): method for
entry in the input column of th

loop transfer function: see loop

loop transmission: combined res|
each system in the chain from
feedback control algorithm, an

lower tolerance: minimum pern

low-pass filter: filter that signifi

machine: see positioning system.

machine coordinate system: see
machine datum: see positioning|
machine hysteresis: see position
manufacturer: party that manu

mean: average value of a set of g

=TT

mapping a numerical input to an output involving interpolation or locating the closest
e table and outputting the corresponding value from a precalculated output column.

transmission.

ponse of all systems in a path around the feedback loop, which captures the response of
an actuator command through the overall system response, the state measurement,
| finally back to a new actuator command.

hissible value of a parameter.

cantly attenuates signal components with frequencies above a cutoff frequency.

positioning system coordinate system.
system datum.

ing system hysteresis.

factured the positioning system under test.

hysical values, calculated by dividing the sum of all valuies by the number of values; the

mean value is denoted with a bar over the symbol.

mean ambient temperature: m
computed from at least two re
for the test; see also ambient t¢

mean bidirectional positioning d
tions ;T and x;{, obtained fromn

mean bidirectional positioning e
bidirectional positioning deviat]

mean minimum zone reference

ban temperature of the ambient environment\surrounding a positioning system as

hdings taken as close as possible to the functional point during the interval required

mperature.

bviation at a position, x;: arithmetic mean of the mean unidirectional positioning devia-

the two directions of approach at a position P; (ISO 230-2:2014)
T+ %l

= (4-2-10)
2

i

ror of an axis, M: differlenice between the algebraic maximum and minimum of the mean

jons x; at any positien P;. (ISO 230-2:2014)
M&max(x;) — min(x;) (4-2-11)

Ktraight line~arithmetic mean of two parallel straight lines in the straightness plane

enclosing the measured straighftness deviations and having the least separation. (ISO 230-1:2012)

mean scale temperature: mean {

emperature of a positioning system’s measuring scale as computed from at least two

temperature readings taken on

that scale during the interval spanning the time required for a test.

mean temperature: average temperature computed from a stated number of temperature measurements at equally
spaced time intervals at a specified location. [ASME B5.54-2005 (R2020)]

mean reversal error of an axis, B: arithmetic mean of the reversal errors B; at all target positions. (ISO 230-2:2014)

m

_ 1

B = 5% B; (4-2-12)
l=

mean unidirectional positioning deviation at a position, x;T and x;!: arithmetic mean of the positioning deviations obtained
by a series of n unidirectional approaches to a position P; (ISO 230-2:2014)
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n
B 1
it = " D Xjj (4-2-13)
j=1
I
%= Z x| (4-2-14)
j=1

measurement: see indication.

measurement bandwidth: b

for the measurement, inclu
measurement frequency ra

measurement home: positio
controller or user, or both;
(fixed) coordinate system; t}
may differ from zero.

measurement point: point 3

measurement range: total 1

ndwidth forthe measurement, calculated asthe ﬁ'pqnnnr‘inc commontoallbandwidthsused

ding those of the sensor and data acquisition equipment.
ge: see measurement bandwidth.

0 of the carriage after an initialization followed by an initial preselected displacement by the
his position sets the initial alignment of the carriage (moving) coordinate system to the base
iis position is both physical and has an associated controller-determined numerical valuethat

t which measurements are taken.

ange of travel over which measurements are taken; in contrast, see measuring range.

measurement resolution: siallest change of the measurement magnitude that can be detected anddisplayed by a

measuring system; see alsd
measurement time: time ra

measurement travel: part of|
may be approached bidireq

measuring device: see meas

measuring instrument: devi

resolution.
hge over which measurements are taken.

the axis travel that is used for data capture, selected so that the first and last target positions
tionally. [ASME B5.54-2005 (R2020)]

uring instrument.

e used for making measurements, alone or in conjunction with one or more supplementary

devices; a measuring instriiment that can be used alone is a measuring systef. (OIML V1:2013)

measuring range: total ran
measurement range.

measuring system: set of ong
assembled, and adapted to
quantities of specified kind

measuring transducer: devi
input quantity. (OIML V1:2

median: middle value of an
ordered set.

minimum incremental moti

minimum zone linear norma
normalization and mean m

movable component: major
measurement

be that a device can measure in accordance with its specified conditions; in contrast, see

or more measuring instruments and pfteén other devices, including any reagent and supply,
give information used to generate measured quantity values within specified intervals for
s. (OIML V1:2013)

e, used in measurement, that provides an output quantity having a specified relation to the
013)

odd-numbered ordered, set, or the mean of the two middle values of an even-numbered

bn: size of the smallest reliably detectable step that the positioning system can execute.

ization: method that results in the mean minimum zone reference straightline; see also linear
nimum zone“reference straight line.

structural’component that is movable relative to the base of the positioning system during

move-and-settle time: time

ha maoua talrac for 4 givon motric maonitudo g cottlo within 9 givon nacition taloranca
11110V +oFa—given—nedt ae—t tHe—wWin—a-giveR—posiHon—+oer -

.......... ottt

multidirectional: a parameter derived from, or a test composed of, a series of measurements in which the approach to a
target position is made from multiple directions and/or orientations in three-dimensional space. Single-axis positioning
systems have only two directions of approach; multiaxis positioning systems have an infinite number of possible direc-
tions of approach.

nominal coefficient of thermal expansion, a: estimate of the coefficient of thermal expansion of a body; for the purposes of
this Standard and in reference to the nominal coefficient of expansion of machine scales, it shall mean the effective
coefficient of the scale and its mounting to the machine as measured in line with the scale for typical machines of the given
design. [ASME B5.54-2005 (R2020)]
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nominal differential expansion (NDE): difference between the nominal expansion (NE) of the object to be calibrated and
the standard (NE,); when measuring at temperatures other than 20°C, corrections for the NDE must always be made.
[ASME B5.54-2005 (R2020)]

NDE = NE — NE (4-2-15)

nominal expansion (NE): estimate of the expansion of an object from 20°C to its time-mean temperature [ASME B5.54-

2005 (R2020)]; NE shall be determined with the object length L from the following relationship:

NE = aL(T — 20°C) (4-2-16)

numerical control system: specia
movements and functions of a

open-loop hysteresis: hysteresis
whose positioning is derived d

overshoot: maximum amount b

peak-to-peak value, dpy_p: diffe
time.

performance test: test procedur]

periodic error of positioning: co
coincides with the natural pe
driven machine with rotary e
screw. [ASME B5.54-2005 (R2(

phase crossover frequency: freq

phase margin: amount of change
the angle, in degrees or radians
frequency where the magnitud

point repeatability: multidirectig
factor of k = 2.

position sensing detector (PSD): ¢
provides numerical or analog o

position tolerance: tolerance fof

positioning deviation, x;;: signed
position. (ISO 230-2:2014)

positioning system: device consi
movingina prescribed fashion t}
angular) position, and a contro
carriage, base, and guideway m

positioning system coordinate sy
B5.54-2005 (R2020)], which is
rotary axes about each of thesg

purpose digital data processing unit that processes primarily numeric data to control the
positioning system to which it is connected.

n situations where there is no active feedback control such as in piezoelectric actuators
rectly from an applied voltage.

y which a response exceeds its steady-state value.

rence between the signal maximum and the signal minimum during the measurement

e used to measure machine performance. [ASME B5.54-2005 (R2020)]

mponent of the positioning deviation that is periodic over an interval that‘normally
Fiodicity of the machine scales or their equivalent; for example, in aJlead-screw-
hcoders, the periodicity is usually synchronous with the pitch of\the lead or ball
20)]

lency where the open-loop phase equals -180 deg; see also gain margin.

in open-loop phase needed to make a closed-loop system marginally stable, which equals
between the phase of the open-loop system response:ahd -180 deg measured at the
b equals 1 (i.e., at the gain crossover frequency); see.also gain margin.

nal repeatability of the three-dimensional positionefa functional point using a coverage

hotodetector, used for measuring displacemgnts in 2D, composed of one photodiode that
htputs directly proportional to the position of a light spot on the detector active area.

a position; see also tolerance.

difference between the actual pesition reached by the functional point and the target

xjj = Bj— B (4-2-17)
sting of a carriage, albase, a constraining guideway/bearing, an actuator for placing or
e carriage relative-tothe base, an associated feedback system to determine the (linear or
system to drive the actuator according to position commands and the feedback. The
ay be a monelithic structure or separate components; see also axis.

stem: refetence coordinate system that corresponds to the axes of the machine [ASME
h rightzhand rectangular system with the three principal axes labelled X, Y, and Z, with
axes‘labelled A, B, and C, respectively. (ISO 230-1:2012)

positioning system datum: built-
system. [ASME B5.54-2005 (R2

n zero pOSlthIl ol the machine elements used to establish the origin of the coordinate
020)]

positioning system home: condition in a machine coordinate system where all elements are at the home position (i.e., at the

machine datum). [ASME B5.54-

2005 (R2020)]

positioning system hysteresis: hysteresis of the machine structure when subjected to specific loads. [ASME B5.54-2005

(R2020), ISO 230-1:2012]

positioning system load hysteresis: see positioning system hysteresis.

positioning system zero: see positioning system home.
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power spectral density (PSD): distribution of power density components that compose a signal as a function of frequency,
usually expressed in units of mean-squared “power density” (nm,s>/Hz) for linear displacement time-series measure-
ments.

power spectrum: distribution of power components that compose a signal as a function of frequency, usually expressed in
units of mean-squared “power” (nm,,s) for linear displacement time-series measurements.

pseudo-random position sequences: sequence of target positions based on the calculation methods of pseudo-random
numbers, e.g., the Sobol algorithm.

quadrant photodiode: photodetector, used for measuring displacements in 2D, composed of four separate photo detectors

arranged in a form that re
quasi-static: without dyna

radian: natural unit of angle

ic influences and servo (control) limitations. (ISO 230-1:2012)

For small angles, the radian is often represented by “rise over run”; radians can be converted

to decimal degrees by mulffiplying by 57.29 or to arc seconds by multiplying by 206,265; the microradian (urad) is a

millionth of a radian. [ASM

range: difference between t
[ASME B5.54-2005 (R2020

reference artifact: stable, ph
reference coordinate axes: s
reference coordinate frame]

reference coordinate system
(R2020)]; ithas a well-defin
(millimeters, inches, etc.); s
system.

reference position: see posi

reference straight line: asso
specified conventions, to wh
line is estimated analytically
linear normalization, or mi

repeatability: measure of tl
residual: difference betwee
resolution: least significant

retroreflector: optical eleme
was incident. [ASME B5.54

reversal: change in directio

reversal error at a position, 1
directions of approach at a

E B5.54-2005 (R2020)]

he maximum and minimum values of a set of measurements of nominally the same quantity.
]
ysical object used as a master in machine testing, such as a ball, a set of balls, or.amandrel.
ee reference coordinate system.

see reference coordinate system.

mutually perpendicular X-, Y-, and Z-axes fixed with respect to an object [ASME B5.54-2005
ed origin, axes directions, and a unit spatial metric (scale) linked to the definition of the meter
be also base coordinate system, carriage coordinate system, and positioning system coordinate

lioning system datum.

riated straight line fitting the measured trajectory of-a*functional point in accordance with
ich the straightness deviations and the straightness-€rror are referred (ISO 230-1:2012). The
by using straightness deviations resulting fromdeast-squares linear normalization, endpoint
nimum zone linear normalization.

e ability of a positioning system to repeatedly position a functional point.
n a measured value and the fitted value provided by a model.
bit for a digital instrument [ASME\B5.54-2005 (R2020)]; see also measurement resolution.

nt with the property that andnput light beam is reflected to return along the same angle as it
2005 (R2020)]

n of motion of the positioning system.

B.: difference betweenrthe mean unidirectional positioning deviations obtained from the two
position P;. (1§0-230-2:2014)

Bi = a?iT - Q_Cil (4'2'18)

reversal error of an axis, B: jnaximuin'of the absolute reversal errors |B;| at all target positions along or around the axis.

(ISO 230-2:2014)

B = mqY(!Ri!\ (4-2-19)

root-mean-square (RMS): sq

uare root of the mean of the squares of a set of values. For a set of n measurements {q, q», ...

’

qn} of a quantity, g, the RMS is defined as grus.

sampling rate: number of s

1.2, 2 2 -
qRMS=\/;(q1 +q; + ... +4q) (4-2-20)

amples per time unit measured from a continuous signal to yield a discrete signal.

sensor: see measuring instrument; in this Standard, the term sensor is normally used to mean a displacement sensor;

whenever a different kind

of sensor (e.g., a temperature sensor) is meant, this is stated explicitly.
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one sensor assembled in a stable fixture to allow displacement measurements in more

than one direction. [ASME B5.54-2005 (R2020)]

servo bandwidth: bandwidth for the servomechanism, representing the capability of the servo control to follow rapid

changes in the commanded inp

ut.

settled: condition of a positioning system after a move-and-settle time when a given metric magnitude is within the

position tolerance.

setup hysteresis: hysteresis of the various components in a test setup, normally due to loose mechanical connections. (ISO

230-1:2012)

SI system: International System

signal: mathematical encoding o

of Units.

finformation about the behavior or nature of some phenomenon; typically, a continuous

signal is measured with a sampling rate to yield a discrete signal; in this Standard, a signal means a discrete signal unless

stated otherwise.
stage: see carriage.
standard deviation: positive squ

standard uncertainty (of a quan
deviation (JCGM 100:2008). For
as ug or u(q).

static positioning: procedure whd
contrast, see dynamic positionin

stiffness: reciprocal of complian

straightedge: physical artifact W
physical sensing for the measu

straightness: property of a stra

straightness deviation: distance
one of the two directions orthoggd
Straightness deviations, which
straightness error motion.

straightness error: value of the 13
straightness deviation with res

straightness error motion: unwd

are root of the variance of a set of indications.

Lity, q), uq or u(q): uncertainty of the result of a measurement expressed as a standard
h set of n measurements {q4, >, ..., g,} of a quantity, g, the standard uncertainty iS-defined

1

n—1

g (4-2-21)
j=1

bre the positioning system is settled at a target position during measurements or usage; in

g.

ce.

ith a surface that provides a reference straight linéfor measurement comparison; the
rement may be achieved mechanically, optically,or electromagnetically.

ght line. (ISO 230-1:2012)

bf the functional point from the reference straight line fitting its trajectory, measured in
nal to the direction of a commanded (nominal) straight-line trajectory (ISO 230-1:2012).
are measured at discrete intervals, constitute a limited representation of the actual

rgest positive straightness deviation added to the absolute value of the largest negative
pect to any previously defined reference straight line. (ISO 230- 1:2012)

nted motion in one-ofthe two directions orthogonal to the direction of a linear axis

commanded to move along a (nominal) straight:lihe’trajectory. (ISO 230-1:2012)

stroke of an axis, S: difference
endpoints of the axis travel; th

structural loop: assembly of me
B5.54-2005 (R2020)]; a typical {
would include the positioning

etween the algebraic maximum and minimum of the average actual positions for the
b stroke is a.measure of the travel range based on test data.

Chanical ' ¢omponents that maintain relative position between specified objects [ASME
air pf specified objects is the displacement sensor and target artifact. The structural loop
ystem structural components, the target, and sensor fixtures.

supplier: party who contracts, or indicates readiness to contract, to supply a positioning system to a user.

system: combination of components that work together to perform a useful function.

system hold: action of the controller to temporarily suspend all axis motion and program execution, in response to some
condition or command that is not part of the main program.

systematic error: mean of the values that would result from an infinite number of measurements of the same measurand
carried out under repeatability conditions minus a true value of the measurand. The systematic error is equal to error
minus the random error; like the true value, the systematic error and its causes cannot be completely known (JCGM
100:2008). For a measurement instrument, the systematic error is often called bias. [ASME B5.54-2005 (R2020)]
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target: reference artifact from which a measurement is taken with a displacement sensor; for example, a target may be a
precision-ground sphere or a straightedge.

target position, P;: position
particular position among

test uncertainty: expanded

to which the moving component is programmed to move. The subscript i identifies the
other selected target positions. (ISO 230-2:2014)

uncertainty of the resulting parameter of a test; see also coverage factor, k.

test uncertainty ratio (TUR): ratio of the resulting parameter of a test and its test uncertainty.

tolerance: permissible limit of variation of a parameter; see also lower tolerance, tolerance zone, and upper tolerance.

tolerance zone: range of permissible values of a parameter between the lower tolerance and upper tolerance.

transducer: see measuring
travel: potential axis positi
travel range: difference bef

uncertainty (of measuremen
the values that could reasg

unidirectional: refers to a se
direction [ASME B5.54-20
approach in the forward d

unidirectional point repeatd
using a coverage factor of

unidirectional positioning re|
positioning repeatability at

unidirectional positioning re|
P;. (ISO 230-2:2014)

unidirectional systematic po
the mean unidirectional pos
axis. (ISO 230-2:2014)

transducer.
bns; see also axis travel.
ween the algebraic maximum and minimum of the axis travel.

F): parameter associated with the result of a measurement that characterizes the dispersion.of.
nably be attributed to the measurand. (JCGM 100:2008)

ries of measurements in which the approach to a target position is always made inttHe’same
)5 (R2020)]. The symbol T signifies a parameter derived from a test performed with an
rection (e.g., x;T), and the symbol | signifies one in the reverse direction (e:g- x;1).

bility: unidirectional repeatability of the three-dimensional position of a*functional point
k= 2.

peatability at a position, R;T or R;l: range derived from the estimatorforthe unidirectional axis
a position P; using a coverage factor of k = 2. (ISO 230-2:2014)

RiT = 4SiT (4'2'22)

Ri‘l’ = 45i‘l’ (4'2'23)

peatability of an axis, RT or Rl: maximum value of the'positioning repeatability at any position

RT = max(R;1) (4-2-24)

R] = max(R;}) (4-2-25)

Fitioning error of an axis, ET or EL: difference between the algebraic maximum and minimum of
itioning deviations for one approach direction x;T or x;! at any position P;along or around the

ET ='max(x;1) — min(x;1) (4-2-26)

E| = max(¥;/) — min(x;|) (4-2-27)

user: party who contracts §o accept a positioning system from the supplier.

upper tolerance: maximum

validation: verification, wh

variance (of a quantity, q), s

permissible value of a parameter.

brethe specified requirements are adequate for an intended use. (ISO/IEC 17025:2017)

2 or s%(q): measure of the dispersion of a set of indications, which is the sum of the squared

deviations of the indications from the set average divided by one less than the number of indications; for a set of n

measurements {q4, qa, ...

, g} of a quantity, g, the variance is defined as sZor s%(q).

q

(4-2-28)

i 2
1= =2 (5-9)
Sqg = S = . —
g =5 (a) ”_1-21; g = 1
]:
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velocity profile: velocity of a measurement point as a function of time for alinear positioning system that is commanded to
accelerate from rest, then move at a constant velocity for a defined distance, and then decelerate to stop.

vendor: see supplier.

verification: provision of objective evidence that a given item fulfils specified requirements. (ISO/IEC 17025:2017)
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Section 5

Measurement Points, Coordinate Systems, and System

Positioning Errors

5-1 INTRODUCTION

This Section provides md
fixed to the carriage or bas

5-2 MEASUREMENT PO

A positioning system can
mance standard. The error
single point which is fixed
commanded motions. The n
but should be well defined|

The linear positioning ert
8-1) are affected by the ang
different measurement poir
ment point and the actual m
understood and minimized
these translational error m
positioning system.

thods for defining, describing, and relating functional and measurement points of interesf
e of a single-axis linear positioning system via associated coordinate systems.

INT

be directly characterized using the various methods and techniques described.in’this perfor-
motions of positioning systems are normally characterized by measuring¢hé motions of a
with respect to the carriage as it traverses through specified target positions or follows
heasurement point (MP), as indicated in Figure 5-2-1, may vary for différent measurements
for each particular measurement.

ors (see subsection 7-5) and the lateral motions of MP (straightniess errors) (see subsection
ular error motions of the positioning system’s carriage and, thus, can vary significantly for
ts. The differences are related to the offset distance vector, @ between the desired measure-
asurement line (Abbe offset) and the angular error motiohs of the carriage. These effects are
hrough the Abbe principle (Abbe, 1890) and the Bryanprinciple (Bryan, 1979). Additionally,
tions may also be affected by the non-rigid body beliavior of the carriage and/or base of the

Figure 5:2-1
Measurement Point (MP)

GENERAL NOTE: This illustration compares the motion of two distinct measurement points (MP; and MP;) from a myriad of possibilities fixed

with respect to the carriage of al
Other symbols are described in

inear positioning system. The functional point (FP) is where a particular manufacturing process would occur.
the text.
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5-3 CARRIAGE AND BASE COORDINATE SYSTEMS

Two coordinate systems are necessary and sufficient for fully characterizing the performance of a single-axis linear
positioning system. In right-handed fashion, each coordinate system has three orthogonal principal axes typically
denoted as X, Y, and Z, and rotations about each of these axes that are typically denoted as 4, B, and C, respectively
(per Figure 5-3-1).

Figure 5-3-2 shows the moving coordinate system, csM, having origin oM, which is spatially fixed with respect to the
carriage as the carriage is moved to a target position, and the fixed coordinate system, csF, having origin oF, which is
spatially fixed with respect to the base of the positioning system. The coordinate systems, csM and csF, shall be considered
to have coincident origins and aligned axes at the home position.

One principal axis of csF (chdsen as the X-axis for evaluations in this Standard) shall be aligned with respect to the
nominal motion direction of the farriage as the positioning range of the system is traversed. For an MP error transforma-
tion, this axis shall be well-defin¢d via the oM least-squares average line, two specified positions, minimum zone average
line, etc. A second principal axig, orthogonal to the first, shall be aligned nominally parallel or normal to an accessible
physical reference datum of the¢ positioning system or associated measurement fixturing, e.g., the carriage mounting
(table) surface. The third princigal axis shall be orthogonal to the first two, completing a right-handed coordinate systemx
The nominal position(s) of the measurement point, origins, and the nominal axis directions of the carriage and base
coordinate systems for which their system specifications are valid shall be specified by the manufacturer.

Figure 5-3-1
Right-Handed Coordinate System Showing Directionality of Motion

VA

Figure 543-2
Motion of the Functional Point (FP) With Respéct to the Frame Coordinate System (csF)

GENERALNOTE: The origin (oM) of the moving coordinate system (csM) is coincident with the functional pointin thisillustration. Other symbols
are described in the text.
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Figure 5-5-1

Error Motions of a Single-Axis Linear Positioning System Designed to Traverse Along the X-Axis

5-4 CARRIAGE ORIGIN

Although multiple MPs as
physical features of the carr|
respect to the related carrid
error motions be characteri
systemisintended to be use
fixturing, however, may limi
the FP and the locations of o
to be characterized as a gen|
documented and presented|
mounting surface, or edges
above the center of the reg

5-5 SYSTEM POSITIONI

System measurements sh
the static or quasi-static ang
are nominally constrained t

POINT

sociated with varied points of interest are possible, oM shall be définéd with respect to the
age. Other points of interest [e.g., a functional point (FP)] can ultimately be represented with
ge or base coordinate system described previously. It is recommended that all translational
ved using a common MP that coincides with the FP of the application in which the positioning
. If possible, this common point should be oM. Spatial constraints due to instrumentation and
t measurement of the FP. In this instance, itis recommended that oM be as close as possible to
M and FP with respect to the base or carriage be do¢umented. When the positioning system is
eral-purpose system or an FP is not defined orknown, then the positions of all MPs shall be
with the results. The point oM can be described relative to the center of the table (surface),
fthe carriage, fiducials, holes, etc. As a real example, oM could be defined as the point 25 mm
tangular mounting surface of the carriage.

NG ERROR MOTION NOMENCLATURE

all include the static or quasi-static translational error motions of the carriage (via oM) and
ular error motions of the(carriage (via csM) with respect to the base (via csF). These motions
b 1 degree of freedom.in the positioning direction but, in practice, variations in all six degrees

of freedom are inherent and must be determined. These error motions vary as the target position changes. These

measurements are detailed

System static or quasi-st
shown in Figure 5-5-1. The
error, and the second subsc}
linear positioning system H

in later sections.

htic errors shall be described using a common nomenclature consisting of three letters, as
first letter;JE,répresents error, the first subscript represents the direction/orientation of the
ipt represents the nominal motion of the axis. Examples of the error motions for a single-axis
aving'nominal travel in the X-axis direction are as follows:

Asrotation): angular error motion of the YZ axes of csM around the X-axis of csF as the target

Eax = roll error motion
position is varied
Epx =
position is varied
Ecx = yaw error motion
position is varied
Exx =
target position is
Eyx = lateral Y-straightn

pitch error motion (B rotation): angular error motion of the ZX axes of csM around the Y-axis of csF as the target

(Crotation): angular error motion of the XY axes of csM around the Z-axis of csF as the target

positioning error motion: deviation from the commanded positions of oM in the X-axis direction of csF as the

varied
ess error motion: deviation from areference straightline of oM in the Y-axis direction of csF as

the target position is varied
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Ezx = lateral Z-straightness error motion: deviation from a reference straightline of oM in the Z-axis direction of csF as
the target position is varied

NOTE: This error motion is not “flatness,” but “flatness” is used by some practitioners for this term in certain contexts.

5-6 MEASUREMENT POINT TRANSFORMATIONS

Using the translational and angular error motions for any MP on the carriage, transformations can be performed to

represent the error motions of tlie FP following the method outlined in Mandatory Appendix I. Measured errors may also
be transformed to calculate the efrors for any chosen point of interest in the base or carriage coordinate system. Ifthe FP is
to be fixed with respect to the Hase, then measurements can be determined directly by measuring with respect to the
carriage (csM) or calculated analytically. For all instances, measurement data, transformed data, and their locations shall
be provided as agreed upon beftween the user and the manufacturer/supplier.
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Section 6
Environmental Specifications

6-1 GENERAL

It shall be the responsibi
mance testing of the single-3
verified according to the tes
performance is to be achievg
humidity, barometric press
needed to operate the syst
manufacturer/supplier sha
correction methods.

Recommended paramete]
shall be considered accepta
responsible for conducting g
witness all tests. The many
support for equipment and

6-2 TEMPERATURE
6-2.1 General

Temperature has a signif
effects are often misunderst]
for application to single-axi
test environment is therma
20°C (68°F), is generally un
uncertainty be a reasonable
terms of its effects on the

6-2.2 Thermal Environr

The manufacturer/suppl
system. Such general guidel
tude, and frequency range o
air speed surrounding the sy
such guidelines does not gug
thus shifts responsibility fq
facturer/supplier. When en

ity of the user or manufacturer/supplier to provide an acceptable environment for perfor-
xis linear positioning system at their respective site. A performance specification thatis to be
[s of this Standard shall include a statement of the rated conditions under which the specified
d. The rated conditions include acceptable limits on the environment related to temperatufe,
ure, and base vibration. The rated conditions also include any applicable limits onutilities
em elements during testing such as condition of electrical power and compressed aif. The
[l also state whether testing may occur outside of the rated conditions using-prescribed

Irs for rated conditions are given in the forms of Mandatory Appendix III./-The environment
ble if the requirements of Mandatory Appendix Il and this Section are met. The user shall be
1l environmental tests at the installation site. The manufacturer/supplier shall have a right to
facturer/supplier shall, on request, supply test equipment as spé&cified in Section 11 and
tests, at a price to be negotiated between the user and the manufacturer/supplier.

ficant influence on the accuracy of machine elements and measuring instruments, and its
pod. The provisions of ASME B89.6.2 form apartofthis Standard, but interpretation is needed
linear positioning systems. ASME B89.6.2 defines two alternative conditions under which a
ly acceptable. The first, that all pertinént components of the measuring system be at exactly
btainable. This Standard is primarily concerned with the second: that the expanded thermal
percentage of the specification zene. Acceptability of a thermal environment is specified in
Eystem under test.

nent Guidelines

er shall offer guidelines regarding the acceptable thermal environment for the positioning
nes could containi;for example, a specification on mean room temperature, maximum ampli-
f deviations fren this mean temperature, environmental thermal gradients, air flow rate, and
stem, as listed-ih Mandatory Appendix I1I. The user shall be informed that the conformance to
rantee aflacceptable thermal environmentbut does constitute due care on the user’s partand
r perfermance degradation due to environmental sensitivity from the user to the manu-
Vironimental and other conditions are provided for testing within the stated rated conditions,

then there is no significant

ncertainty in the test results related to these factors, However, if testing occurs outside rated

conditions and corrections are made to test results according to the manufacturer’s prescribed method, then the uncer-
tainty of the correction becomes part of the test uncertainty.

6-2.3 Time Variations

Particular attention should be given to time variations of temperature, although this Standard does not offer specific
guidelines in this area. Positioning systems are composed of numerous elements, each with different thermal behavior.
Components may be of different material, thus different thermal diffusivity. They may also have different thermal time

constants. For example, aba
slowly to changing tempera

llin aroller pack may react relatively quickly while the table is more massive and reacts more
ture. Therefore, when the system is in an environment with time variations of temperature,
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onal point can be quite complex. Efforts should be made to quantify the effects and reduce

6-2.4 Thermal Radiant Energy

The positioning system under test shall not be exposed to direct sunlight or other powerful radiant energy sources.
Other direct radiant energy sources (e.g., fluorescent lighting, radiant heaters, high-intensity lamps) shall be as far from
the positioning system as possible to reduce their effects on the system. Where this distance requirement is impractical,
indirect lighting designed for diffuse reflection and increased path length shall be used.

6-3 AIR HUMIDITY
6-3.1 General

Humidity of the air environm
those using laser interferomete
required to correct the air indg

6-3.2 Responsibilities

For all positioning systems th
sibility of the user to control h

6-3.3 Specifications

For air humidity, the manufac
tenance of the positioning syste}
minimum and maximum accepf]
specification section of Mandat

6-4 BAROMETRIC PRESSUR

6-4.1 General

Barometric pressure of the ai
especially those using laser inter
be important.

6-4.2 Responsibilities

For all positioning systems th
the responsibility of the user to
an end user is unlikely to be able
test results according to the m

6-4.3 Specifications

Forbarometric pressure, the 1}

ent for the given experimental setup may affect certain positioning systems, especially
Irs. For example, accurate temperature, humidity, and barometric pressure values are
x of refraction when using a laser interferometer to measure position.

ht require operation within an environment of a certain humidity, it shall be theréspon-
himidity according to the requirements specified by the manufacturer/supplier.

turer/supplier shall provide specifications required for the proper operation and main-
n, whenever air humidity requires a specification. These specifications should include a
able air humidity, when applicable. These parameters areisted in the environmental
bry Appendix IIL

E

" environment for the given experimental 'setup may affect certain positioning systems,
ferometers. Barometric pressure changes with altitude and weather and both effects can

ht require operation within,an environment of a certain barometric pressure, it shall be
monitor it according to(the requirements specified by the manufacturer/supplier. While
to control atmosphéri¢ pressure, if necessary, it should be measured and used to correct
hinufacturer/supplier’s specifications.

hanufacéturér/supplier shall provide specifications required for the proper operation and

maintenance of the positioning
should include a minimum and nf

system, whenever barometric pressure requires a specification. These specifications
aximium acceptable pressure (or altitude), when applicable. These parameters are listed

in the environmental specification section of Mandatory Appendix I11.

6-5 BASE VIBRATION
6-5.1 General

The support surface (floor, foundation, isolation pad, etc.) upon which the positioning system will be mounted can have
motion induced because of external forces in the surrounding area (due to other machines, lift trucks, compressors, etc.).

This motion can be continuous

vibration, interrupted shock, or both. Such motion, if transmitted to the positioning

system, has a degrading effect on its accuracy and repeatability.
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The user shall be responsible for site selection, environmental shock and vibration analysis, and additional special

isolators required to ensure
supplier. All questions of co

conformance with the maximum permissible vibration levels specified by the manufacturer/
nformance with the specifications shall be determined at the interface between the support

system provided by the user and the system provided by the manufacturer/supplier.

6-5.3 Base Vibrational Parameters

The specifications provided by the manufacturer/supplier shall include a statement of the acceptable vibration spectra

as part of the rated environ

nental-conditions-An-envirenmentwithin-therated-vibration-specifications-shall beprovided

for all testing, or isolation
It is preferred that the V|
However, if laboratory cond
ment may suffice, but the pg
time should be considered
Vibration limits are suita
cally are presented in term
vibration amplitude of the ¢
practice, the VC curve is typi
[EST-RP-CC024.1). For exan

pum/s.
6-6 ELECTRICAL
6-6.1 General

The electrical power sup
repeatable operations. Elec
this reason, it is necessary
ensure a proper environmg

6-6.2 Responsibilities

The manufacturer/suppl
will operate properly. It sh

Khall be used to achieve the specified vibration level.

bration environment be characterized each time a positioning system is to be evaluated.
itions are deemed identical from system to system and test to test, a single vibration assess-
ssibility that the vibration isolation system or support structural stiffness has degraded over

bly characterized by Vibration Criterion curves (VC curves VC-A through VC-M), whichitypi-
s of RMS velocity versus frequency (Gordon, 1999). It is therefore recommended<hat the
nvironment supporting the measurement setup be limited by the appropriate VE&-curve. In
cally a horizontal line representing constant RMS velocity from 1 Hz to 100 Hz (Gordon, 1999;
ple, the VC-D curve limits the RMS velocity to 6.25 pm/s and the VC-E curve limits it to 3.12

plied to motors and sensors can influence the positionex's.ability to perform accurate and
fronic and electrical components such as sensors can be sensitive to voltage variations. For
Fo know the operating range in which the positionifg system was designed to operate and
ent for testing.

er shall be responsible for providing an electrical power specification for which the system
1l be the responsibility of the user to provide electrical power satisfying the specification.

Preferably, power requirements should be specified by curkent publicly available consensus standards, such as those

that specify limits of harn
61000-3-2:2018)

honic components of the input) current that can be produced by test equipment. (IEC

6-6.3 Electrical Parameters

The manufacturer/suppl
quirements including volta
RMS voltage variations, and
ance of 5% means that the
electrical parameters are li

er shall providesas'part of the machine specification, a statement of the steady-state re-
be(s), frequencyy and amperage for the positioning system, allowable short- and long-term
allowable transient voltages expressed in percent of nominal voltage. For example, a toler-
yoltage must be in a tolerance band between 95% and 105% of the nominal voltage. These
sted in‘\Mandatory Appendix III.

6-7 UTILITY AIR

6-7.1 General

Air supplies can affect accuracy and useful working life of components. Temperature variations in the utility air can

generate thermal gradients

in the positioning system, while particulates, oils, and water in the utility air can degrade

bearing performance, increase friction, and accelerate wear.

6-7.2 Responsibilities

For all positioning systems that require utility air, it shall be the responsibility of the user to supply utility air satisfying

the requirements specified

by the manufacturer/supplier.

29



https://asmenormdoc.com/api2/?name=ASME B5.64 2022.pdf

ASME B5.64-2022

6-7.3 Specifications

For utility air, the manufacturer/supplier shall provide specifications for all air parameters required for the proper
operation and maintenance of the positioning system. For air bearing positioning systems, these specifications should
include mean temperature, permissible temperature variation, air pressure, and air pressure variations. Humidity and
the particulate content shall also be specified as applicable. These parameters are listed in the environmental spec-
ification section of Mandatory Appendix III. Control of air quality parameters, such as particulate, oil, and water content, is
the responsibility of the user.
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Section 7
Positioning Performance

7-1 GENERAL

The positioning perform
ability of the axis to be posit
commanded path. This Sect|
command position tests (in
tests (constant velocity and
positioning performance of
or the uncertainty in the me
described in this Section are
location between the user a
Many test parameters, suc
bandwidth, measurement
be considered when desigi

7-2 IN-POSITION JITTE
7-2.1 General

This subsection describeg
positioning system. In-posi
agreed-upon location betwe
test. Many variables, such
measurement bandwidth,
and other pretest conditio
this test and reported as p

7-2.2 General Measurer

7-2.2.1 Equipment. The
(a) displacement sensor

nce of a single-axis linear positioning system is composed of various errors related to the
oned at, and to maintain, a command position or to move with commanded dynamics along a
on describes the test procedure, data analysis, and reporting of results required to perform
position jitter, move and settle, incremental step, and static positioning) and command.pdth
acceleration, and dynamic positioning) to evaluate the positioning errors of a linear axis.‘The
h linear axis directly influences the geometric accuracy of processes performed usjrg.the axis
hsurement of component geometric features performed using the axis. All positioning errors
determined by measuring the relative motion of a functional point (or anotheragreed-upon
d manufacturer/supplier) while the axis is commanded to perform variouspositioning tasks.
L as location of the measurement point, axis motion direction, serva_state, measurement
[ime, and pretest conditions affect the measurement results. These)parameters need to
ling these tests and reported as part of the results.

R TEST

the test setup and procedures required to evaluate the in-position jitter of a single-axis linear
ion jitter is determined by measuring the motion at a point (the functional point or other
en the user and the manufacturer/supplier) when no motion is commanded to the axis under
hs location of the measurement point, méeasurement direction, servo state, environment,
measurement time, type of instrumentation, fixturing and mounting of instrumentation
hs affect the measurement results. ‘These factors need to be considered when designing
art of the results of the in-positien' jitter test.

hent Setup

equipment used for mieasturements in the in-position jitter test are as follows:
— a laser interferometer, capacitance sensor, or other type of sensor with adequate resolu-

tion, accuracy, measurement bandwidth, an@-low measurement uncertainty can be used (see para. 7-2.2.5)

(b) displacement sensor
(c) data acquisition syst
(d) post-processing softy
(e) environmental senso|

target and fixtures as needed to complete the metrology loop
bm

vare

s

7-2.2.2 Measurement S

tup--Figure 7-2.2.2-1 shows a schematic of an in-position jitter test setup using a displace-
mentsensor targeting the ful_t_l_t_fh—f_l_l—ﬁt_m—ﬁnc fonal pointon tie MovViNng carriage of a Single-axis [inear positioning System. Measuremen

in the direction of motion is
tions that are not in the dire

the most typical measurement case for in-position jitter. However, measurements in direc-
ction of motion may also be useful to characterize. In all measurement cases, the direction of

the measurement and location of the measurement point should be reported with the measurement results.

7-2.2.3 Measurement Target Location(s). The measurement should be performed at each functional point (see
Section 5) or other location(s) agreed upon by the user and the manufacturer/supplier. If this point is unknown
or not agreed upon, then the measurement point should be chosen by the user to represent the location where a
process may occur (e.g., a certain distance above the moving carriage of the linear positioning system). In all

cases, the location of each

measurement point should be reported with the measurement results.
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Figure 7-2.2.2-1

Example Measurement Setup for In-Position Jitter Test in the Z-Direction at Point (d,, d,, d.)

Base

Carriage

7-2.2.4 Servo State. The me
used in the final application or 4
external brake applied to the axi
be agreed upon by the user an
unknown, the measurement sh
and no external brakes applied 4]

Measurement point
(functional point)

Test target

Displacement sensor

fixturing
(part of metrology loop)

surement should be performed in the same “state” that the positioning system will be
nd-process. For example, if the end-process requires the motors to be disabled and an
5, then the measurement should be performed in this state. The state of the servo should
d the manufacturer/supplier of.the equipment. If the final application servo state is
ould be performed with the positioning axis under servo control (motors enabled)
o the axis. In all cases, the setvo state should be reported with the measurement results.

7-2.2.5 Measurement Bandwidth. The selection of theimeasurement bandwidth is critical to ensure that the dynamics

of the positioning axis are adeq
different, no single default meas|
supplier of the positioning equi

hately captured in thefmeasurement. Because applications and processes can be vastly
urement bandwidth'is defined as part of this Standard. The user and the manufacturer/
bment need to‘determine the sensitivity of the end-process to motion over a specified

spectral range. This should then be used to.agree upon the measurement bandwidth for this measurement. It is rec-

ommended that, if possible, the 1
by the end process. If the applica
bandwidth that adequately cap

heasurement bandwidth be atleast 10 times greater than the highest frequency required
tion or.end-process is unknown or not specified, it is recommended that a measurement
ures-the dynamics of the system under test be used. Also, the measurement does not

always need to occur from DC (

D HZ) to a certain frequency. Some applications may require that this measurement be

performed from a non-zero freq

uency to a second higher frequency (e.g., 5 Hz to 800 Hz). In all cases, the measurement

bandwidth must be reported with the measurement results.

7-2.2.6 Measurement Times.

The measurement of in-position jitter is typically performed over a short time interval

because this test is not meant to measure long-term drift. The exact test length, or measurement time, is highly dependent
on the final application or end-process and as a result, no default measurement times are provided. A process may last
many minutes, hours, or days. Accordingly, the measurements may be sensitive to both short-term drift (in-position
jitter) and long-term drift (thermal drift, etc.). However, guidance in selecting the measurement timing is given below.

(a) Startof Test. The test should start after the axis has settled by criteria defined by subsection 7-3 (move-and-settle
test). If no pretest motion profile is specified or known, then the axis should be tested when fully stabilized in the
environment that the measurement is intended to occur.
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(b) Length of Test. The measurement time (length of test) should be similar to the time required for the axis to sit
stationary while processing occurs in the final application. If the end application/process is unknown or not specified, a
suggested measurement time length is 250 ms or the move-and-settle time of the positioning axis (whichever is greater)
and a minimum of a 100 data points (to ensure an adequate statistical sample size).

For all measurements, the

starting criteria and measurement time should be reported with the measurement results.

7-2.2.7 Fixturing Design. The fixturing used to secure the displacement sensor in place shall be designed according to

the required measurement

uncertainty. It is worth noting that some applications require measurement of in-position

jitter over many seconds, minutes, or even hours. In these cases, thermal drift of the metrology loop can dominate the

measured value. Therefore

mitigated when desired. Al{

with the level of in-position

nanometer-level in-position

position jitter.

7-2.3 Measurement Pro

For the in-position jitter {

according to the general me
between the user and the

7-2.4 Data Analysis

The measurement data ¥
commonly available in sey

will typically contain the s
filtered in post-processing

, it is very important that care be given to design the metrology loop, so these effects are

o, the static and dynamic structural stiffness of the metrology loop should be commensurate
jitter desired from the measurement. That is, the metrology loop fixtures needed to measure
jitter should have much higher stiffness than those needed to measure micrometer-level in-

cedure

est, the sensor output is nulled as relevant at the functional point and then data is eollected
hsurement setup (see para. 7-2.2). Repetitions or warm-up cycles may be used if agreed upon
manufacturer/supplier.

vill need to be post-processed to evaluate in-position jitter. The réquired algorithms are
eral commercial and open-source numerical analysis softwaréspackages. The data file
bnsor data output that is time-stamped to the data-acquisitionnunit clock. If the data are
(to obtain a certain measurement bandwidth, e.g., to eliminate long-term drift), the type

of filter used should be reported in sufficient detail to allow its reproduction.

The main result of this m4
measured time signal over 4

as a peak-to-peak value, if a
peak-to-peak value, dpy_pi,

where

the number of data
the sample average

Alternate presentations o

7-2.5 Uncertainty Analy

Uncertainties associated|
measurement systems and

asurement, the in-position jitter, should be reported as.a sample standard deviation, s, of the
given time and measurement bandwidth. Alternatively, the in-position jitter can be reported
breed upon between the user and the manufacturerysupplier. The standard deviation, s, and
of the measured data, d; at each sample timé€,t; are defined as

n

> (i - ‘7)2

i=1

1

n—1

s = (7-2-1)

dpk—pk = max[d(£)])~ min[d(t)] (7-2-2)

points in the measurement
of all measured values

fthe data that may assistin a deeper interpretation include histograms and spectral analyses.
Isis

with the measurement of the in-position jitter are related to uncertainties of the used
ncertainties ofthe axis under test, These uncertainties should be considered when specifying

measurement sampling rates and parameters, to avoid situations where neither conformance nor nonconformance to

specifications can be demo

nstrated. Potential measurement uncertainty contributors include

(a) measurement uncertainty of the test equipment
(b) uncertainty due to misalignment of the measurement axis and the axis under test, uys — cosine error is relatively
small as motion is very small

(c) uncertainty in the se

nsor calibration factor, ucay,

(d) uncertainty due to the sensor resolution/noise, usg — evaluated via a sensor noise floor test
(e) uncertainty due to setup repeatability, uy — relatively small due to motion being very small

(f) uncertainty of the pr
(g) uncertainty due to n

obe spacing distance, u;, when measuring angular in-position jitter
onstationary (time-varying) processes or disturbances
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(h) uncertainty due to fixturing vibrations, uyg

7-2.6 Presentation of Results

Figure 7-2.6-1 shows an example of an in-position jitter test report thatincludes the standard deviation, s,and the peak-
to-peak value, dyi_pK, Of the measured data and its expanded uncertainty at a certain measurement bandwidth. The
example test report also shows an optional cumulative root-mean-square plot, which is helpful to identify areas of
contribution to the overall measurement value. For example, in Figure 7-2.6-1, there appears to be a large increase
in the root-mean-square-value around 500 Hz. This could be due to a mechanical resonance in the positioning axis under

test or in the metrology fixturing used in the measurement.

7-3 MOVE-AND-SETTLE TE{

7-3.1 General

Subsection 7-3 presents techn|
the time required for a servo-cor
For a complete move-and-settle
The reported performance uses
defined over a particular proces
real time. This methodology can
ments are most commonly taken|
sensor measuring directly at the
multiaxis systems through requl
state is achieved. Additional top
attempt to determine biases b4

7-3.2 Measurement Setup

7-3.2.1 Equipment. Position
independent displacement meag
setup used for characterizing in
measured by the position feedb3
measured at the functional point
error motions in the mechanic{

b

5T

iques for quantifying move-and-settle performance. The move-and-settle test quantifies
itrolled axis to move a specified distance and settle within a specified position tolerance,
specification, three values shall be reported: displacement, position tolerance, and timme.
the metrics of moving average error, moving standard deviation, and moving peak-error
s time. With appropriate time windows, the techniques can be applied either offlihe or in
also be applied to measurements collected at any location in the system. The measure-
from the position sensor used for feedback but can also be recorded fromanindependent
functional point. Though not directly addressed here, the technique can’be expanded to
frements that multiple axes meet particular settling criteria befor€)an overall “settled”
ics not covered but that may be considered are randomized moyve-and-settle tests that
sed on step size and location within the positioning volume of the system.

may be measured by the position feedback device(s)4tsed for axis servo control or by an
uring device aligned with a specified functional point and the axis of motion, which is the
position jitter (see subsection 7-2). It should bé noted, however, that the position error
ck device in a properly tuned controller willeventually converge to zero, whereas when
, a convergence to zero may not be possible.due to sensor or system drift or unmeasured
1 system.

7-3.2.2 Measurement Target Location. The measurement logation shall be agreed upon by the user and the manu-

facturer/supplier.

7-3.2.3 Measurement Bandwidth. The measurement/baridwidth shall be agreed upon by the user and the manu-

facturer/supplier.

7-3.2.4 Sampling Rates. Eac
between the user and the manu
least 2 times the highest frequen
This is related to, but not the s

h measurement device/equipment shall collect data with a sampling rate agreed upon
acturer/supplien. To avoid aliasing for a given application, the sampling rate shall be at
'y component presentin the input to the measuring device that is significant to its output.
e as, the bandwidth of the measuring device. Specifically, the sampling rate shall be at

a
least 2 times the bandwidth ofjl;le measuring device but may need to be higher than the bandwidth of the measuring

device depending upon its outp
measuring device that affect its ¢
observe any shifts in frequenci

filter characteristics and the magnitudes of the input signals above the bandwidth of the
utput. Note that one practical way to identify aliasing is to change the sampling rate and

£ 1 £l : 1
S Ul Sptllldl CUMITPUIITIILS Ul UIC UUtput SIgIidl.

7-3.3 Measurement Procedure

For the move-and-settle test, the linear positioning system is commanded to move the axis from a state of rest to a new

position while position data is collected. The position data will be processed with metrics, and the axis is settled when the
metric remains below a chosen position tolerance for the chosen process window time. The position tolerance and
process window time are determined by mutual agreement between the user and the manufacturer/supplier. Also,
the decision for whether the process window begins, is centered, or ends at a given measurement time shall be
agreed upon between the user and the manufacturer/supplier. Finally, any axis calibration maps, or environmental
correction factors shall be applied before the data is used for analysis.
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Figure 7-2.6-1

Example of an In-Position Jitter Test Report

In-Position Jitter Test Report

Positioning System

Manufacturer: ABC
Type: Linear

Controller/drive unit to powe

Model No.: XX
Max. travel: 300 mm

r the positioning system: ABC P100 S/N 1234

Serial No.: XX

Max. velocity: 250 mm/s

Measurement Setup

Functional point: X =0 mm

Axis position: 150 mm (axig is at mid-travel position)

System location: 300 mm X
Load: 0 kg

Servo state: Servo enabled
Pretest conditions: Axis sta
Temperature during test: 2(
Data acquisition system: Ag
Displacement sensor: Acmg
Sampling rate: 4 096 Hz
Measurement time: 8 s
Data filter: Second-order By

Comments: Hamming wind

during test

.2°C
me D100 S/N 5678
S$100 S/N 91011

1.2 m x 1.2 m granite base with passive air isolation

Y =0 mm, and Z = 35 mm (35 mm above center of tabletop)

bilized for 10 min from a cold start prior to measurements

tterworth low-pass filter with a 1 600 Hz cutoff frequency

bw used for cumulative RMS and broadband (power) correction_applied

Filtered Data Plots

N

g
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In-Position Jitter Test Results

In-Position Jitter Metric

Metric Value, nm

Standard deviation

0.34£0.10 (k = 2)

Peak-to-peak value

2.68+1.9 (k=2)
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7-3.4 Data Analysis

7-3.4.1 Position Error Metrics. The settling criteria defined for a positioning system shall account for both the position
error as well as the chosen process window time. A process window time is required to eliminate zero-crossing triggers
(position error oscillations during settling may lead to multiple times when the erroris identically zero) and to potentially
represent different process times used in different industries. For example, the typical exposure time of a lithography

system is likely to be shorter than the time required for laser drilling a hole.

Three metrics are used with t

he measured position error data and chosen parameters to determine when the axis is

settled. The following metrics are for a process window centered around the nominal time, t. First, the dynamic posi-
tioning deviation, x(t), is defined as

for the actual position, Pycrua), at
defined as

and is the average of all positio
nominal time t. The moving std

x(t) = Pycrual(t) — Rarget (7-3-1)

time t and the constant target position, Py,rget. Then, the moving average error (MAE) is

/t+T/2
t—T/2

h error samples over a process window time T with the window centered argund the
ndard deviation (MSD) is defined as

MAE() = %

x(7)dz (7-3-2)

t+T/2

Jica

1 (7-3-3)
\'r

MSD(t) = (1) — MAE(t)]?de

and quantifies the amount of jit{er over the process window (Butler, 2011). Finally, the movingpeak error (MPE) is the

largest absolute error measure

Note that the peak measured

 over the process window; that is,

MPE(t) = max(|x(7)|: t — T/2 <7< t+ T/2) (7-3-4)

value of a stochastic signal (i.e., jitter during settling):depends heavily on the frequency

response of the sensor used to make the measurement. Thus, the MPE is more susceptible to setup variations than the

MAE and MSD. However, the MP
to gather the measurement dat]
Although these metrics are w
When the datais captured and pf
available. In that case, the pro
centered at the current time (the
direction). It may also be advant
current time (the “backward” ca
tobe settled against the position
process window is only approx|
specifications mustbe written ta
process window to avoid false

7-3.4.2 Metrics Example. Td
typical positioning axis. Six hund
over an axis travel length of 600
steps, repeated five times.

E is commonly used in practice with the feedbackydevice (e.g., the position encoder) used
a.

Fitten in the continuous time domain, théy can also be implemented with sampled data.
ocessed offline, the process window can startanywhere in the data if the entire data setis
ess window may begin at the current time (the “forward” calculation direction), be
“centered” calculation direction);or end at the current time (the “backward” calculation
ageous to compute these metries in real time, in which the process window ends at the
culation direction). Real-timé-analyses allow the user to command a move and wait for it
ng criteria before movingto the next step in a process. However, real-time analysis with a
mately real time, sihcedata collected before the current time is used in the analysis;
king this factintoaccount. In contrast, real-time implementation highlights the need for a
triggers at zerd¢crossings during a typical move-and-settle process.

demonstrate the move-and-settle test, the test was implemented and repeated on a
red individual move-and-settle tests were performed with a step size of 10 mm moving
mm-60 forward-direction sequential steps, followed by 60 reverse-direction sequential

Examples of the three positi

daras (AAAR A CH 1 NDE T erdederarrd (R R ) s I
I TITUL HITUICS Uvu-u_., VMioU, dITu lVlrLJ dlT PIULtitu WILD UIT PpUSIUIUIL TITUL Udld 111

Figures 7-3.4.2-1, 7-3.4.2-2, and 7-3.4.2-3, respectively. In this case, a process window time of 50 ms centered on

the current time is used.

7-3.4.3 Move-and-Settle Time. The move-and-settle time, ¢, is defined as a difference of two times, as the greatest

time after which the absolute value of the given metric remains less than the position tolerance minus the beginning time
of the move. In other words, the move-and-settle time is defined as the time the move takes for the metric magnitude to
settle within a position tolerance. A different definition of the move-and-settle time may be used upon agreement between
the user and the manufacturer/supplier, and in that case, the definition shall be reported in the test report. For example, a
different definition may depend upon the velocity signal from the controller.
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Figure 7-3.4.2-1
Example Moving Average Error, Calculated With a Process Window Time of 50 ms
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Example Moving Standard Deviation, Calculated With a Process Window Time of 50 ms

Figure 7-3.4.2-2
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Figure 7-3.4.2-3
Example Moving Peak Error, Calculated With a Process Window Time of 50 ms
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Table 7-3.4.3-1

Move-and-Settle Times for Various Metrics Using a Settling Criteria of 0.05 um

for a Process Window Time of 50 ms

Settle Metric

Move-and-Settle Time, ms

Moving average error
Moving standard deviation error

Moving peak error

115
147
189

Table 7-3.4.3-1 shows the moy
for the example dataset from pa
general, a different position tol
position tolerance should be not]
time depends on the metric chog
on the requirements of the apf

7-3.5 Test Uncertainty Ana

Uncertainties associated with
measurement systems and unce
measurement sampling rates af
specifications can be demonstr

(a) uncertainties of geometr

(b) measurement uncertaint

(c) uncertainty due to misalig
small as motion is very small

(d) uncertainty in the sensot

(e) uncertainty due to the s¢

(f) uncertainty due to setup

(g) uncertainty due to fixtur

The uncertainty in the positid
example, given a suitably large
Figure 7-3.5-1 shows the moving
It is to be expected that the uncg
there are times near zero cross
relatively low at about 150 ms
in designing their overall autor

7-3.6 Presentation of Resul

Figure 7-3.6-1 shows an exa
expanded uncertainty for each

7-4 INCREMENTAL STEP Ti
7-4.1 General

e-and-settle time for each of the three metrics (see Figures 7-3.4.2-1 through 7-3.4.2-3)
Ira. 7-3.4.2 with a process window time of 50 ms and a position tolerance of 0.05 pm. In
brance may be used to determine the move-and-settle time for each metric, and each
ed in the test report (see para. 7-3.6). As Table 7-3.4.3-1 illustrates, the move-and-settle
en to evaluate the move-and-settle test. The appropriate metric should be chosen based
lication this test seeks to replicate.

lysis

the measurements for the move-and-settle test are related to uncertainties ofitlie used
tainties of the axis under test. These uncertainties should be considered when specifying
d parameters, to avoid situations where neither conformance nor norconformance to
hted. Potential measurement uncertainty contributors include

¢ error motions of the linear axis

i of the test equipment

nment of the measurement axis and the axis under test, u,;,—"Cosine error is relatively

calibration factor, ucay,

nsor resolution/noise, usg — evaluated via a sensot noise floor test
repeatability, uy — relatively small due to motien*being very small

ng vibrations, uyg

n error or the move-and-settle time of the.move-and-settle test can be estimated. For
number of move-and-settle tests, various-uncertainty components can be estimated.
average error of numerous move-and-settle tests captured at multiple startinglocations.
rtainty of the move-and-settle time increases as the position threshold decreases. Also,
ings for which the average pesition error is very small. For example, the errors are
in Figure 7-3.5-1. This type of-information can allow a user to make better decisions
hation process.

ts

mple of a move<and-settle test report that includes the move-and-settle time and its
of the metrics:

EST ANDUMINIMUM INCREMENTAL MOTION TEST

Subsection 7-4 describes a series of tests to determine whether a linear positioning system can reliably perform a

commanded step. A step size is
outlined in subsection 7-4, the a
able to perform this command s

facturer/supplier of a linear posi

selected, and the axis is commanded to perform a series of steps. Based on the criteria
xis either is able to perform this commanded step, satisfying the given criteria, or is not
tep, failing the given criteria. In addition, tests are described that allow a user or manu-
itioning system to determine the minimum incremental motion of an axis. The minimum

incremental motion is defined as the size of the smallest reliably detectable step that the positioning system can execute.

7-4.2 General Measurement Setup

7-4.2.1 Equipment. The equip

should be the same equipment

ment used to perform the incremental step test and minimum incremental motion test
used for the in-position jitter test. Refer to subsection 7-2 for details.
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GENERALNOTE: Movingaverage grror for multiple move-and-settle tests (overlaid).to show the dataset from which certain uncertainty components of position

be estimated.
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Figure 7-3.5-1
Moving Average Error for Multiple Move-and-Settle Tests
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Figure 7-3.6-1
Example of a Move-and-Settle Test Report

Move-and-Settle Test Report

Positioning System

Manufacturer: ABC Model No.: XX Serial No.: XX
Type: Linear Max. travel: 200 mm Max. velocity: 250 mm/s

Controller/drive unit to power the positioning system: ABC P100 S/N 1234

Measurement Setup

Functional point: X = XX mm, Y £ XX mm, and Z = XX mm
Axis positions: 0 mm, 10 mm, 240 mm, ...600 mm

Load: XX kg
System location: 300 mm x 1.2 fn x 1.2 m granite base with passive air isolation
Temperature during test: 22°C
Data acquisition system: Acme 100 S/N 5678
Displacement sensor: Acme S100 S/N 91011
Sampling rate: 10 kHz
Commanded move distance: 10 fnm
Process window time: 50 ms
Position tolerance: 0.05 ym

Process window calculation dire¢tion: Centered

Plot of Data n®
1 H H T T
: H m—Psition error
: X (LD Moving average error
08 1
06+ J
£ :
3 H H
g o4r i 1
E : :
02 4
0 foanus
02 1 I L 1 I
0 1400 200 300 400 500 600
Time, ms
Move-and-Settle Test Results X~
Settle Metric Move-and-Settle Time, ms
Moving average error 115+5.2 (k =2)
Moving standard deviation error 147+ 4.9 (k = 2)
Moving peak error 189+9.2(k=2)
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Figure 7-4.3.1-1

Example Displacement Vs. Time Plot for an Incremental Step Test With a 2.5 nm Commanded Step Size
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“ nreverse- dlrectlon

steps are affected |
by backlash

[
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™
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7-4.2.2 Measurement Se
testis the same setup used f
setups for linear positionir

7-4.2.3 Measurement T|
Section 5) or at multiple m¢q
points are not agreed upon|
allowing a direction revers{
carriage surface to the meas|
by end users. In all measur
results.

tup. The measurement setup for the incremental step test and minimum incremental motion
r characterizing in-position jitter. Refer to subsection 7-2fordetails regarding measurement
g systems.

arget Location(s). The measurement shall be pefformed at a measurement point (see
asurement points agreed upon by the user and-the manufacturer/supplier. If measurement
then three measurement points, located at the center and close to the two ends of travel,
1 move to remove backlash from the starting location, shall be used. The distance from the
urement points shall be chosen to représent the nominal location where processes may occur
ement cases, the locations of measurement points shall be reported with the measurement

7-4.2.4 Measurement Bandwidth. The required measurement bandwidth shall be equal to the bandwidth used in

characterizing in-position ji
results for the incremental

7-4.3 Incremental Step

7-4.3.1 Prerequisites. F(
steps, whether unidirectioq
Figure 7-4.3.1-1 shows an e;
commanded step size for b

Astepsize, Xcs, (e.g,2.5n

tter (see subsection 7-2)¢Measurement bandwidth shall be reported with the measurement
step test and the minimum incremental motion test.

Test

r the incremeéntal step test, the linear positioning system is commanded to perform a series of
ally or bidirectionally, as agreed upon between the user and the manufacturer/supplier.
kampleplot of displacement versus time for an incremental step test with a measured 2.5 nm
idigectional steps.

m) for'the incremental step test shall be agreed upon between the user and the manufacturer/

supplier of the positioning

ystem. IT a step S1Ze IS not agreed upon, then the minimuin speciried step SiZze shall be used.

Also, the number of forward steps and the number of reverse steps shall be agreed upon between the user and the
manufacturer/supplier of the positioning system. If the numbers of steps are not agreed upon, then ten steps shall be used

for either the forward or re
measurement results.

verse direction. The selected step size and the numbers of steps shall be reported with the

The average time, t,,e, is shown in Figure 7-4.3.1-2 and must be determined for the step size, X¢s, before the measure-
ment procedure can begin. The average time, t,, is defined as the amount of time the data points are averaged when the
motion is settled to determine the mean step position of the ith step, X;. The average time, t,y., shall be at least 2 times
greater than t,s, the move-and-settle time, which shall be determined for the given step size based on the procedure in
subsection 7-3. The settle metric (see subsection 7-3) used to determine t,,,s shall be agreed upon between the user and the
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Figure 7-4.3.1-2

Illustration of Move-and-Settle Time, t,,, and Average Time, t,,.

3.75

2.5

_
[\e)
i
A s S

Displacement, nm

manufacturer/supplier. Also, a1l

adequate statistical sample sizg.

Finally, the in-position jitter (s
The results from the in-position
para. 7-4.3.3).

7-4.3.2 Measurement Proce
position at the initial time in H
with respect to the axis, to elin
Then, data is collected as the axiy
7-4.3.1-1. Additional steps or w
supplier, for example, to allow fo
that are affected by backlash.

7-4.3.3 Data Analysis. The il

for i 2 1, where X;T or Xl are
respectively. Every X;T or Xl
time, t,,., that was determine
axis continued motion in the f

Sl i
i, i

hinimum of a 100 data points shall be collected within the averagetime, t,., to ensure an

ee subsection 7-2), s, shall be characterized before performing the incremental step test.
jitter test shall be used in the data analyses performed for.the incremental step test (see

Hure. Before data collection, the axis is commanded to approach the start point (the
igure 7-4.3.1-1) in the forward direction, whether positive or negative in direction
linate backlash and hence a reversal errorfer the first step in the forward direction.
performs the forward steps and then thexeverse steps, as desired, e.g., as seen in Figure
arm-up cycles may be used if agreed~upon between the user and the manufacturer/
I the exclusion of the first step, or multiple number of initial steps, in the reserve direction

pcremental step size, X, forthe forward (1) and reverse () directions are defined as
Xinc,jT = (X = X1l (7-4-1)

Xiggb = Xl — X1l (7-4-2)

the mean Step position of the ith step in the forward direction or reverse direction,
s the_average position calculated from the data within the window of the average
H béfore the measurement procedure began (see para. 7-4.3.1). Also, because the

prward direction from X,T to X;1, X;| will not contain a reversal error. In contrast,

the first n reverse-direction st

eps, Xinen+1-i for i € [1, n] (see Figure 7-4.3.1-1), are affected by backlash due to

the reversal in motion from the final position in the forward direction. The number, n, of reverse-direction steps

that are affected by backlash is

known approximately as

n = ceil(B/Xcg) (7-4-3)

where Bis the system reversal error and ceil(x) is the ceiling function that maps its argument x to the least integer greater
than or equal to x. The n reverse-direction steps may be neglected in the subsequent analysis, to ensure that the analysis is
for motion that s free from any backlash or machine hysteresis, and if so, the lack of use of those n reverse-direction steps

shall be reported in the presen

tation of results (see para. 7-4.7).
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The sample mean, X;,,., and sample standard deviation, s;,, of the incremental step sizes are calculated for the forward
and reverse directions as follows:

1 N1
)_(incT = N_T inc,iT (7-4-4)
1
1 N
Xincl = N_lz Xing, it (7-4-5)
1
N1
Sincl = | —— Y Kine,it = Xinch)? (7-4-6)
mc Nt -1 (Xing,i incl)
1
N|
sl = | — Y Kine,ib = Xincl)? (7-4-7)
mnc Nl -1 (Xing,i inct)
1

where NT and N{ are the n@imber of steps performed in the forward direction and reverse direction, fespectively. The

sample mean and sample s

where N7 is the total num}

7-4.3.4 Criteria to Deter
mine if an axis performed t}
user and the manufacturer
even ifbidirectional data is ¢
the axis performed the con
manufacturer/supplier.

(a) Unidirectional Increm
incremental step in a unidirg
for the chosen direction:

(1) Criterion Al. Four
incremental step size:

(2) Criterion A2. The

tandard deviation of the combined forward and reverse steps are calculated as follows:

1 N?T N|
Xine = N_T Z Xinc,iT + Z Xinc,il (7-4-8)
1 1
N1 NI
3 1 - 2 < \2 (7-4-9)
| o Y Kingit = Xino)” + 2, (King,ib — Xibe)
1

1

er of steps performed in the test; that is, Np»= NT + N.

mine if Axis Performed the Commanded-Incremental Step. The following criteria to deter-
e commanded incremental step should.be used unless otherwise agreed upon between the
supplier. The criteria may be disregarded or modified within the agreement. For example,
ollected, only the unidirectionalincremental step criteria may be used to determine whether
imanded incremental step ifi aCertain direction if agreed upon between the user and the

ental Step Criteria. To detérmine if the linear positioning system performed the commanded
ctional manner, for€ither the forward or reverse direction, the following criteria must be met

times the standard deviation of the in-position jitter, s, must be less than the commanded
4s < XCS (7-4-10)

cample mean of the unidirectional incremental step sizes compared to the incremental

commanded step size mus

be less than 109% of the incremental commanded step size:

(3) Criterion A3. Fourt

X — X;
Xes = Xincll < 0.10 for forward direction, or
Xes (7-4-11)
Xco — X;
M < 0.10 for reverse direction
Xcs

imes the standard deviation of the unidirectional incremental step size must be less than the

incremental commanded step size:
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Figure 7-4.4-1

Successively Decreasing Steps Used to Measure the Incremental Step Reversal Error
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(b) Bidirectional Incrementa
commanded incremental step i

(1) Criterion B1. Same as

(2) Criterion B2. The maxin
to the incremental commanded

(3) Criterion B3. Four time
step sizes must be less than th

If both the forward- and rever]

satisfied, then the incremental s
this test. Also, for the bidirecti

Alternatively, if the n revers
reversal error (see para. 7-4.4)

10 12
Time, s

18 20 22

4s;ncT < Xcg for forward direction, or
ne ' (7-4-12)

4s;ncl < Xcg forreverse direction
[ Step Criteria. To determine whether the linear positioning system performed the
h a bidirectional manner, the following criteria mustibe met:

Criterion Al.

lum sample mean of the forward- and reverse-direction incremental step sizes compared
step size must be less than 10% of the incrémental commanded step size:

(lXCS - )_(incﬂ) (lXCS - Yinc“)
ax| i

Xcs Xcs
s the maximum standard deviation of the forward- and reverse-direction incremental
b incremental commanded step size:

4maX(Sinch Sincl) < Xcs

£0.10 (7-4-13)

(7-4-14)

ce-direction results'satisfy the unidirectional criteria, but the bidirectional criteria is not
ep reversal error(see para. 7-4.4) must be determined and presented with the results of
nal data to\satisfy the criteria in that case, the backlash would have to be reduced.

b-direction ‘steps were neglected in the previous analysis, then the incremental step
must.be determined and presented with the results of this test.

1

7-4.4 Incremental Step Reversal Error

To determine the incrementa

1 step reversal error, alternating successive steps starting at a step size much larger than

the commanded incremental step are performed as illustrated in Figure 7-4.4-1. However, especially for nanometer-level
displacements, the performance is affected by warm-up cycles, ramp rates, dwell times, the approach direction, among
other factors. Hence, the setup should be agreed upon between the user and the manufacturer/supplier, and the setup
should be fully documented including its corresponding computer files.

The incremental step reversal error, Bj,, is calculated as one half of the commanded incremental step size for which the

step error is closest to equalin

g 50% of the commanded incremental step size:
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Xinc,il

IXcs,i —
Xcs,i

_ Xcs,i

when ~ 0.50 (7-4-15)

inc

where X ;is the commanded incremental step at the ith step. If the step error is greater than 50% for all steps taken, then
the starting step size chosen was not large enough. In that case, the starting step size shall be increased, and the test is

repeated until a step error

of approximately 50% of the step size is achieved.

7-4.5 Minimum Incremental Motion

The minimum incremental motion of a linear positioning axis is determined via iteratively performing an incremental

step test (see para.7-4.3). Sj

minimum incremental mot

those values shall be agred

The starting step size to d
satisfies the unidirectional g
determine the bidirectional

criteria (B1-B3 in para. 7-4

manner, with the increment
any step size but with a sn

The unidirectional minim
criteria (A1-A3 in para. 7-4.
the smallest step size in this
upon reaching the desired
manufacturer/supplier.

7-4.6 Test Uncertainty

Uncertainties associated
minimum incremental moti
under test. These uncertain
avoid situations where nei
measurement uncertainty

(a) uncertainties of geo

pecifically, two minimum incremental motion values may be determined: the unidirectional
on and the bidirectional minimum incremental motion. Determination of either or both of
d upon between the user and the manufacturer/supplier.

etermine the unidirectional minimum incremental motion may be any known step size that
riteria (A1-A3 in para. 7-4.3.4) for the agreed-upon directions, while the starting step size té
minimum incremental motion may be any known step size that satisfies the bidirectional
3.4). For either determination, the step size is then decreased, e.g.,, in a divide-and-conguer
al step test performed after each change. The incremental step test may also be repeatéd for
haller move-and-settle time.

um incremental motion is the smallest step size in this process that satisfies thelunidirectional
B.4) for the agreed-upon directions, while the bidirectional minimum incremental motion is
process that satisfies the bidirectional criteria (B1-B3 in para. 7-4.3.4).Either test is stopped
refinement of the minimum incremental motion, as agreed upon between the user and the

Analysis

with the measurement of incremental steps, the incremiental step reversal error, and the
bn are related to uncertainties of the used measurementsystems and uncertainties of the axis
Fies should be considered when specifying measurement sampling rates and parameters, to
ther conformance nor nonconformance to specifications can be demonstrated. Potential
ontributors include:

etric error motions of the linear axis

(b) measurement uncertfainty of the test equipment

(c) uncertainty due to misalignment of the measurement axis.and the axis under test, uy, — cosine error is relatively
small as motion is very small

(d) uncertainty in the s¢nsor calibration factor, ucyy,

(e) uncertainty due to t
(f) uncertainty due to sq

e sensor resolution/noise, ‘usk — evaluated via a sensor noise floor test
tup repeatability, uy,— relatively small due to motion being very small

(g) uncertainty due to fixturing vibrations, yyjg

(h) uncertainty of the pj

7-4.7 Presentation of R

Figure 7-4.7-1 shows an

7-5 STATIC POSITIONIN

Subsection 7-5 describes
linear positioning systems.

obe spacing distance

psults

example’of.an incremental step test and minimum incremental motion test report.

G ACCURACY AND REPEATABILITY

estmrethods usedtoevatuate the staticpositiommng accuracy amd repeatabitity of simgle=axis
taddresses error deviations in the axis direction of motion for stationary target positions. The

techniques and methods described apply to linear positioning systems. When multiple axes are tested simultaneously, the
methods described here do not apply.

7-5.1 Modes of Operation

The linear positioning system shall be programmed to move the axis under test and to position it at a series of target

positions. At each target position, the system will remain at rest (dwell) long enough for the actual position reached to be
measured and recorded. A measurement delay shall be used such that the axis under test is settled as determined by the
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Figure 7-
Example of an Incremental Step Test and Minimum Incremental Motion Test Report

4.7-1

Incremental Step Test and Minimum Incremental Motion Test Report

Positioning System

Manufacturer: ABC
Type: Linear

Model No.: XX
Max. travel: 200 mm
Controller/drive unit to power the positioning system: ABC P100 S/N 1234

Serial No.: XX
Max. velocity: 250 mm/s

Measurement Setup

Functional point: X = XX mm,
Starting axis position: 100 mm
Load: XX kg

System location: 300 mm x 1.2
Temperature during test: 22°C
Commanded step size: 2.5 nm
Number of forward/reverse ste
Programmed velocity between
Data acquisition system: Acme|
Displacement sensor: Acme S
Sampling rate: 10 kHz

Data filter: Second-order Butte

B

Average time, t,: 1.4 s
In-position jitter: 0.9 nm

=XXmm and 7= XX mm

s: 10/10

teps: 50 nm/s

D100 S/N 5678
00 S/N 91011

m x 1.2 m granite base with passive air isolation

worth low-pass filter with a 500 Hz cutoff frequency
Move-and-settle time, f,,s: 0.10|s

Plots of Filtered Data

’\V

Displacement, nm

Displacement, nm

L
5175

I
6 6.25

Time, s

275

71 P

225

4

N o N
o i

~

N
=]

W i

[N}

Time, s

Incremental Step Test Results

Direction of Motion
Forward Reverse Combined
Sample Mean, X},,., nm 2.51 2.53 2.52
Sample Standardl Deviatioh{ss,. , nm 0.051 0.074 0.065
Criteria Criteria
Direction of Criteria Criteria
Motion A1 A2 A3 Satisfied? B1 B2 B3 Satisfied?
Forward Yes | Yes Yes Yes
Reverse Yes | Yes Yes Yes
Combined Yes Yes Yes Yes

Minimum Incremental Motion Test Results

Unidirectional minimum incremental motion = 2.0 nm
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move-and-settle test described in subsection 7-3. Additionally, a software trigger, generated by the controller and indi-
cating that the target has been reached, can be used to commence each measurement.

7-5.2 Measurement Setup

The measurement setup is designed to measure the relative displacements between the moving element of the axis
under testin the direction of motion and a reference frame that is fixed to the stationary element of the positioning system.

7-5.2.1 Equipment. Line

ar displacement shall be measured along a line that is parallel to the axis average line of

motion of the axis under test and that passes through a series of measurement points. The position of the measurement

points shall be agreed upon

between the user and mnnnfzr'hlrpr’/cnpp]inr andinclude among aothers the chaosen target

positions, and the distance
ment to the axis motion shg
tainty. The contribution of {
12-6.2).

Avariety of measuring de
ment devices and the usag|

vith respect to a reference surface (see subsection 5-1). Alignment of the measuring instru-
uld be such that the cosine error is minimized to a level that meets the required test uncer-
he cosine error to the standard measurement uncertainty should be determined (see para.

yices can be used to measure the position of the measured point. A summary of such measure-
e of them can be found in Section 11.

7-5.2.2 Definition of Trgvel Range and the Measurement Range. In this Standard, the travel range, L,, is.used to

describe the maximum rang

e of a linear path over which the carriage can be controlled for the measurements described

here. The measurement range, L, is the part of the travel range used for the evaluation of relevant méastirands. The

measurementrange is defin
(i.e., bidirectionally).

It is important to distingy
which data points are being
endpoints (see para. 7-5.2.2
range are measured even i
measured beyond the mea

The measurement range

where Q is any length that ¢
should be as small as poss

7-5.2.3 Selecting the Ta
and sampling should be pe

where
i = the number of the ¢
p = the nominal interva
points result in p =

Target positions are requ
that Q = p, the nominal intery
that P; and P,, can be app

An illustration of the relat

pd specifically so that the first and the last target positions can be approachedfrom either side

ish the measurement range from the travel range. The measurement pange is the range for
bvaluated. This range shall be defined in a manner that allows for biditectional approach of the
). For the linearity evaluation, points within the travel range butoutside the measurement
[ these points cannot be approached bidirectionally. All data‘will be saved, but the points
surement range will only be used in certain parts of the~évaluation.
can be calculated from the full travel range as follows:

L,=L;—2Q (7-5-1)
nsures that all points within the travel range«can be approached bidirectionally. This value
ble to achieve a maximum measurement vange.

Fget Position. If every target position,(P;can be freely selected (no customer specifications)
rformed in an evenly spaced sequence, the selection should follow

P=(i- DP¥Q 052

urrent target position;starting with 1 and ending with the number of points m
based on uniform distribution of the target points within the measurement range, e.g., m
Lm/(m - 1)

red over the full travel range. If the full travel range is to be sampled in equidistant steps such
ralis p = L/(m + 1). If Q is not defined explicitly, Q shall equal p, provided that p is large enough
oached\ bidirectionally.

ionship between the travel range, the measurement range, and the target positions is shown

in Figure 7-5.2.3-1.

If sampling is performed
para. 7-5.10.2.

using random target positions, an example for a pseudo-random sequence can be found in

Measurements shall be collected for atleast 10 target positions at uniform or random intervals for the validation of the

performance specifications of the system. The number of target positions should be chosen according to the application.
The measuring intervals shall be no more than one-tenth of the axis length. If the measurement data are used for
calibration purposes, then the number of target positions should be increased to capture the desired spatial frequency
components. The number of target positions should be chosen in agreement between the user and the manufacturer/
supplier and should be stated in the test report (see para. 7-5.11).
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Figure 7-5.2.3-1

Illustration of Travel Range and Measurement Range

L

t

The target points shall not be
tion. In addition, periodic errors
measuring system, should be ¢
nonuniform spacing of the targg
system period (see Section 11).
displacement measuring interfe
measurement is not corrupted b
between the user and the man

Lm=1¢=20

the points used by the manufacturer/supplier to acquire data used for error compénsa-
such as errors caused by the lead of a ball screw or the period of an incrementabposition
pnsidered when choosing sampling intervals. It may be desirable to either choose a
t points or to select an interval that is not an integer fraction of the axis measurement
[f an external measuring device is used that is known for having pefiodic errors, e.g., a
fometer (DMI), the position of the target points shall be chosen in a'way that ensures the
y these periodic errors. In that case, the sampling interval shouldbe chosen in agreement
facturer/supplier.

The target positions will be injitially calculated at the start of the test cycle and maintained-for all test runs. The initial

position, Py, lies at the start of the
points are between and inclusi

The number of target position
the measurement range. In addi
positions will be measured. For ¢
spanning the measurement ran

travel range, and the final position, P, 1, lies at the end of travel range. The measurement
ye of P; and P,

5, m, defines the number of points that are measured bidirectionally within and bounding
ion to these m points, the two endpoints of the(tbavel range will be approached, and the
xample, if m = 10 there will be 22 measureménts, namely 20 bidirectional measurements
ge and a unidirectional measurement at.each end of the travel range.

7-5.3 Measurement Procedure

The system is to be warmed y|
manufacture/supplier. The pro
until the temperature stabilizes

Because the measurement is ¢
filter frequency or oversampling
described in this section include
periodic errors. For digitally co
system.

A typical sampling pattern is 3
10 full traversals of the axis as sh|
will be collected (five per direg

p prior to measuring according to'the procedure agreed upon between the user and the
edure may include monitoring and recording the temperature of the moving element
. The warm-up procedute jis to be documented in the test report.

uasi-static, low-pass filtering or oversampling of the measurement data is allowed. The
rate shall be recordediand presented with the measurement results. The measurements
the periodic error, Which is a component of the total error; para. 7-5.9 describes a test for
htrolled systéms, the measurement data can be used to compensate for errors of the

hown in'Figure 7-5.3-1. The measurement cycle is repeated at least 5 times, resulting in
own-That is, at each target position in the measurement range, atleast 10 measurements
tion)-

Because the end-of-travel target yuoitiuuo ln() and Inm+1 are-appt oached uu}_y orce (uuidh cptiuuau_y) for-measur enrent;

whereas the intermediate measurement range target positions P; and P,, are approached twice (bidirectionally), there
are 2(m + 1) measurement points collected during one round trip measurement sweep. If the data are stored in arrays
with equal length for forward and backward directions, keep in mind that both of the arrays have length (m + 1), but the
corresponding data for forward and backward directions are offset by one position in the arrays because there is a
unidirectional datum at the end of the forward array, whereas itis at the beginning of the backward array when the arrays
are indexed as shown in Figure 7-5.3-1. The first data point measured at P, at the beginning is a single data point.

When a measurement pointis reached during the test cycle, an appropriate delay or trigger will be applied as discussed
in para. 7-5.1. At least one measurement from the external measuring system is to be recorded for each point. Over-
sampling in the measuring system is permissible.
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Figure 7-5.3-1

Example Test Cycle Having m = 10 Points Measured Bidirectionally 5 Times, 5 per Direction

7-5.4 Data Analysis

and Each Endpoint Measured Unidirectionally 5 Times

Position, i (m =10)

fjo Py ’:3’?4’:5 f?sﬁ"”x’?op;op_n

i 2 @
= P
| S
0 =,
T T T >
Iy | 3 g
Q i ©
R T [
L i o
O
1950 155 4 150 555 40 458 4 W 1
e O—s s OsO—s OO
B

O Target positions for bidirectional measurements

® Additional target positions for linearity and
stroke measurement

7-5.4.1 Calculating Position Error. The deviation of position at the ith target position for the jth measurement cycle,

x;T or x;l, corresponds to {
(commanded position), wh
position in either positive (1|
ment cycle at the ith targe

he actual position, Py, reached by the object to be measured, minus the target position P;
bre i ranges from 1 to m. The symbols T.afid'! signify a value for the approach of the target
or negative (!) direction, respectively. The deviation will be computed for each jth measure-
position as

: (7-5-3)

In terms of the analysis, “gnidirectional” describes test series in which only the target positions that are approached in

one direction of the axis are
approached in both directi
ectionally, they are not inc

analyzed. The term “bidinectional” describes test series in which the target positions that are
ns of the axis are ahalyzed. Although target positions Py and P,,,; are approached unidir-
uded in any positioh error calculation.

7-5.4.2 Calculation Rulé¢s for Measuring Open-Loop Systems. Often, when an open-loop system is to be measured, a

position command value cot
commanded value in piezo s
expected) position, P;g, with
calculation procedures. Th

responds 6nly indirectly to a physical position. For example, the applied voltage is the typical
ystemsiFof this reason, the commanded value, Z;, needs to be converted to a commanded (or
thechelp of the conversion factor, ag, in a consistent system of units to enable the required
s leads to

Pp = agZ; (7-5-4)

The deviation of position is then defined as

The conversion factor can either be computed from the system design data or be experimentally determined prior to

the actual measurement procedure. Based on the standard measurement process, it is also possible to derive the correc-
tion factor from the maximum change of the measured position divided by the maximum change of the command values.
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Measurement errors computed in subsequent sections of this Standard will include errors associated with determination
of the correction factor. This must be considered when calculating the measurement uncertainty.
EXAMPLE: The system is controlled in open-loop operation with a command voltage (volt) and the measurement is conducted with an

interferometer, yielding position values in micrometers (um). At a voltage of 0 V, the interferometer measures a position of 0 pm, and a
voltage of 100 V results in a position of 80 pum. Consequently, the conversion factor ag is 0.8 um/V.

7-5.4.3 Thermal Drift and Correction of Thermal Drift. Thermal drift during a test cycle can influence the measured
actual position and the deviation of position because the change of temperature and the effects of thermal expansion
cause movement of the test system and measurement system components relative to each other. This thermal drift will

especially influence the measurementresultsfor ]'\ig]'\ prnricir\v\ pnc;ﬁnnihg cycfnmc T]f\nr‘nfnr‘n’ prnranh‘nnc must be

taken to limit this thermal driff

(a) Limit the temperature va
tion and the procedure to measy
manufacturer/supplier.

(b) If the temperature canno
described in para. 7-5.10.3 can Y
correction algorithm captures n
correction method shall be use

. The following are the two options for handling the thermal drift:
Fiation during the measurement procedure. The maximum allowed temperature varia-
re this temperature variation will be based on the agreement between the user and the

I be controlled sufficiently for the measurement application, a correction algorithm as
e applied to the measured position values to correct for the thermal drift. Note that thi§
ot only drift due to temperature variation, but also drifts due to any other reason, This
d only upon agreement between the user and the manufacturer/supplier.

7-5.4.4 Correcting Abbe Errgr. The calculated deviations or the data resulting from the thermal drift corréction (see

para.7-5.10.3) can be corrected
(e.g., due to pitch and yaw) and
surface of a stage) and the me
measuring point should be idg
not possible. The Abbe error ¢

for Abbe error. Abbe error is caused by the combination of tilting of the moving element
distance offset between the functional/working point of the system under test (e.g., the
hsurement point, as shown in Figure 7-5.4.4-1. Ideally, the functional point and the
ntical. The described Abbe correction can be used if such a measurement setup is
rrection is used to transform the collected data from the measurement point to the

functional/working point. A typical example arises due to target mirror tilt in an interferometer. Depending on the

position of the measurement mi
to the linear position measuren
simultaneously and at the same |

ror, a tilt error may occur in one or two directions. To correct for Abbe error, in addition
ent, an autocollimator (or any other suitable angle-measuring device) may be applied
near position to measure the tilt displacement angleszIf simultaneous linear and angular

measurements are not made, then angle measurements correlated with linear position should be made separately.

The variables a;;and ;; denotg
the distance between the pivot

assumed to be constants that ar

are approximated as

The corrections are positive

7-5.4.5 Methods for Linear N
nonlinear deviations, it is desir
typical reason for the need of suf
system with respect to the meas|
measurement results. This linea
ization line or the least-squares
These normalization methods ¢

the angles resulting from the angular measurerhent. In the same manner, I, and Iz denote
points (e.g., from the mirror), as shown in‘Figure 7-5.4.4-1. The distances I, and Iz are

p independent of position P;. The new corrected values, x,-f, for sufficiently small angles

A _5-

for the angles and offsets_shown in Figure 7-5.4.4-1; that is, x,-f‘ > xjj.

ormalization. In some'situations, such as when it is desired to focus on periodic or other
hble to normalize ‘a’set of measurement data by subtracting an overall linear trend. A
ch a linear trénd correction is an angle in the basic orientation of the linear positioning
uring deviee-(e.g., the beam of an interferometer) that results in a linear deviation of the
- trend €ofrection is accomplished by calculating a linear fit, either the endpoint normal-
normalization line, based on the dataset and subtracting it from the measurement data.
ansbe’ applied to any dataset.

Figure 7-5.4.5-1 illustrates th

4 1. 4 PR | A Lo 2 B/ B R RS | | ey o) ol R
C (WU TIUTIIIAITZ4dUUIT ITITUIUUS. T 15ulc /7=9.7.0° L, IITUSUI dUUIL Ld} SITUWS 4 STL Ul TTITAdSUIrc=

ment data without any corrections along with a line calculated to pass through the endpoints of the data and a line
calculated according to a least-squares linear regression. To correct the measured data, one or the other calculated line is
subtracted from the measurement data. In Figure 7-5.4.5-1, illustration (b), the line through the endpoints has been
subtracted from the data. Under this normalization, the data endpoints have zero deviation. In Figure 7-5.4.5-1, Illus-
tration (c), the least-squares fit regression line has been subtracted from the data. Under this normalization, the total
deviation has been minimized in a least-squares sense.

7-5.4.6 Detailed Procedure for Linear Normalization. Linear normalization is used based on the assumption that
there is an underlying linear relationship between the target position and the positioning deviation. Then, the deviation of
position may be viewed in terms of deviation from this linear relationship. To normalize the positioning deviations, as
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Figure 7-5.4.4-1
Abbe Error for Both Pitch Angle, a;;, and Yaw Angle, Bj;, for the Case of Measuring With an Interferometer

Abbe error
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Interferometerbeam

j/—\ Measurement point
\
(for example)

Nominal direction of movement

(a) Abbe Error for Pitch Angle, o

Abbe error
—»| e x
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1T -
\ — = \\
Interferometerfbeam Y & I\
(for example) — "‘,"".
— - 1 \ I'\."\
| I, w [ Y I\ .
\ By i\ Working
'\\'.\ point
‘\"\, ':lg
\ \
W\ \\
\\ \\
W
\
Y ‘.“';v' —
ILI" e o ==
\\\ _—
\,‘\ e — =
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Nominal direction of movement

(b) Abbe Error for Yaw Angle, f3;
GENERAL NOTE: The distances from the measuring point to the working point are I, and Ig.
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Figure 7-5.4.5-1
Examples of Measurement Data With Different Normalizations
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g
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—e— Raw data
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=4 —o— Least squares normalization line
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(a) [Note (1)]
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"—e— Raw data
. —— Endpoint linear normalization
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(b) [Note (2)]
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20 40 60 80 100
Position, mm

Deviation, um
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o- / ) g
// )/

(¢) [Note (3)]

NOTES:
(1) Plot of the raw data along with lines determined by the endpoint normalization method and the least-squares normalization method.

(2) Plot of measurement data and data normalized using endpoint normalization.
(3) Plot of measurement data and data normalized using least-squares linear normalization.
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discussed in para. 7-5.4.5, either the least-squares normalization line or the endpoint normalization line is subtracted
from the positioning deviations in relation to the commanded target positions. Either normalization line is calculated
based on the mean values of all measurands for each position for all repetitions. If endpoint linear normalization is used,
the target positions Py and P,,.; will be included in the calculation. However, the most commonly used method for linear
normalization is least-squares linear normalization applied to the mean deviation, ;, at the commanded positions P; to
P,,. The mean deviation of position used for the least-squares regression is calculated as

n
1

where n is the number of |

This linear normalization
In contrast, the purpose of]
calculations as described i

7-5.4.7 Nomenclature fI

tions. The values with driff
superscripts to clearly dist]
deviations. The deviation
values corrected for thern
for both thermal drift and

as xPAij.

bidirectional measurement cycles, e.g.,, n = 5.

s a correction method should notbe confused with the calculation of the linearity of a system.
the normalization of the dataset is to remove an underlying linear dependence to enable
para. 7-5.5.

r Corrected Data. For further calculations, x;; will denote the uncorrected positioning devia-
correction, tilt error correction, or linear normalization are denoted by the appropriate
nguish among the corrected data types. The symbol XL,-]- denotes the linearly notmalized
values subjected to linear normalizations can either be the uncorrected values or the
al drift, Abbe error, or both, namely, XD,-j, XA,-}-, or xDA,-j, respectively. If data'is corrected
Abbe error and then normalized to a linear relationship, the corrected data is denoted

7-5.5 Calculation of the Static Positioning Error, Reversal Error, Repeatability.and Accuracy

This section describes th
reversal error, the repeata

e data analysis procedure that must be performed to calculate the positioning error, the
bility, and the accuracy of single-axis linear positioning systems.

The mean unidirectional positioning deviation at a position, ¥;T or x;{, is the averagevalue of positioning deviations for a

series of n unidirectional ap
as

and

The mean bidirectional p

broaches to the target positions, where i is an integer from 1 to m. These values are calculated

1

xiT - 2 x,]T (7-5-8)
n -1
1 n

wil =~ 2l (7-5-9)

sitioning deviation at @ position, x;, is the average value of the mean unidirectional deviations

at a position, x;T and x;{; that is,

The mean bidirectional p
the mean bidirectional dev]

(7-5.10)

sitioniniglerror, M, is the difference between the algebraic maximum and minimum values of
jations:within the measurement range:

M = max(x;) — min(x;) (7-5-11)

The unidirectional systematic positioning error, ET or El, is the difference between the algebraic maximum and
minimum values of the mean unidirectional positioning deviations x;T and ¥;| at any target position within the measure-

ment range:

and

Et = max(x;1) — min(x;1) (7-5-12)

E|l = max(x;]) — min(x;!) (7-5-13)
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The bidirectional systematic positioning error, E, is the difference between the algebraic maximum and minimum

values of the mean unidirectiona
range:

Thereversal deviation ata pos
the two directions of approach

1 positioning deviations x;T and x;{ for both approach directions within the measurement

E = max[(%;1; ;)] — min[(%;1; &;1)] (7-5-14)

ition, B;, is the difference between the average unidirectional positioning deviations from
to the target position:

The system reversal error, B

The average reversal error, ]

The estimator for the unidire
positioning deviation’s standar

and

Bi = fl'T - V_Ci»L (7'5'15)
is the maximum of absolute values |B;| at all target positions:
B = max(|B)]) (7-5-16)

b, is the arithmetic average value of the reversal deviations at all target positions:

m
B=—) B (7-5-17]
j=1

3|~

tional axis positioning repeatability at a position, s;T or s, is the estimated valugof the
l uncertainty for n unidirectional approaches to the target positions; that is,

— xiT>2

(7-5-18)

2
- o_c,-l> (7-5-19)

The extended unidirectional positioning repeatability at a position, R;T or Ry};is a value calculated from applying the

coverage factor of 2 to the esti

and

The bidirectional positioning
tions:

The unidirectional positionin
target position; that is,

and

nated value of the unidirectional positionitig repeatability at a position; that is,*
RiT = 4SiT (7'5'20)
Ril/ = 4Sil, (7-5-21)
repeatability at a position, Ry-is calculated from the extended repeatability at the posi-
R; = max| (251, 4 251 + [B}l; R;1; R;l)] (7-5-22)
b repeatability\RT-or Rl, is the maximum value of the positioning repeatability at any
RT = max(R;T) (7-5-23)

R} = max(R;]) (7-5-24)

The bidirectional positioning

repeatability, R, is the maximum value of the repeatability at any target position:
R = max(R;) (7-5-25)

The maximum of the unidirectional positioning repeatability, R,,, is the maximum value of the unidirectional posi-

tioning repeatability, RT or Rl:

Rm = max[(R}; R1)] (7-5-26)

! A coverage factor of 2 corresponds approximately to a +20 value and a 95% confidence interval for a normal distribution, where o is the standard

deviation.
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al positioning repeatability, RT or R1, is the average value of the repeatability at any target

(7-5.27)

(7-5.28)

The average value of the g
ectional positioning repeat

The unidirectional positi
ectional positioning deviati
axis positioning repeatabili

and

verage unidirectional positioning repeatability, R, is the average value of the average unidir-
hbility:

=

R = (7-5.29)

T+RI
2
ning accuracy, AT or Al, is the value calculated from the combination using the mean,unidir-
bn at a position plus applying the coverage factor of 2 to the estimator for the uniditectional
ty at a position:

AT = max(x;1 + 25;,1) — min(x;T — 25;1) (7-5-30)

Al = max(o?ll + 251‘»1«) - rnin(a_c,-l - 251‘»1«) (7'5'31)

The bidirectional positioning accuracy, 4, is the value calculated from the combination using the mean bidirectional

positioning deviation at a |
positioning repeatability at

A 4
An example for individu

7-5.6 Stroke of Axis

The testing of a single-axi]
means that the axis being te
is a measure for the compl

The average value of thd

The average value of the

The stroke, S, is the diffe]

bosition plus applying the coverage factor of 2 to the estimator for the bidirectional axis
a position:

= max[(%;1 + 25,15 Bl + 25;0)] — min[(F;1 — 2515 F — 257)] (7-5-32)

hl values is given in Figure 7-5.5-1.

5 linear positioning system shall evaluatéwhether the entire travel range can be used, which
tted can reach every numerically controlled target position. To ensure that, the stroke, which
ete travel range, is calculated based-on the test data.

measured starting point, Py, of the travel range is

n,
— 1
PO T ; Z PO] (7-5-33)
j=1
measured endpoint, F(m+1), of the travel range is
n
— 1
Pm+1) = W Z P(m+1)j (7-5-34)

j=1

rence’of the average value of the travel range’s measured endpoint and the travel range’s

measured starting point; tf

7-5.7 Nomenclature for

atiic
157

S =Pius1)— Po (7-5-35)

Performance Metrics Calculated With Corrected Data

If a drift correction is performed on the raw data and the bidirectional systematic positioning deviation is based on the
drift-corrected data, the value will be identified with a superscript(s) as discussed in para. 7-5.4.7, e.g,, E°. If a drift and
Abbe tilt error correction is performed, the value is identified as E“. If a linear normalization is to be applied, a stan-
dardized accuracy, or “on-axis accuracy” may be calculated. The terms are denoted as follows:

A" = the standardized bidirectional positioning accuracy
E“ = the standardized bidirectional systematic positioning error
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Figure 7-5.5-1

Example Mean Bidirectional Positioning Error and Calculation Results
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Legend:
A = bidirectional positioning acguracy

B = system reversal error

E = bidirectional systematic poditioning error
M = mean bidirectional position|ng error
R = bidirectional positioning repeatability

M = the standardized valud

of the mean bidirectional positioning error

Pursuant to this, the indices will be specified in the documentation andin protocols if corrections have been performed.

7-5.8 Linearity and Hystergsis

The linearity,2 L, quantifies thd

between the user and the many
linearity are calculated separate

The average unidirectional lipearly corrected positioning deviations, o‘c,-lTand o_cili, are calculated as

and

maximum deviation of the system’s intermediate positions from areference straightline
defined by linear normalizatior]. The linear normalization’method, as described in para. 7-5.4, shall be agreed upon
facturer/supplier. Alsothe corrected positioning deviations, x’,-j, used to evaluate the
y for each repetition.of each travel back and forth® and may be corrected for drift, tilt, or
both. The chosen linear normalization method and any other corrections shall be documented in the test report.

2 Linearity is distinct from linear normalization.

n
1
==Y xht (7-5-36)
n j=l
ol
x| = - z xil (7-5-37)
j=1

3 Although the correction is made for the intermediate points that are approached bidirectionally, the endpoints Py and P,,,;are approached unidir-
ectionally from the interior of the travel range.
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The mean bidirectional positioning deviation at a linearly corrected position, ;:_cil, is the mean value of the average

unidirectional linearly corrected positioning deviation from the two approach directions, a‘cilTand a‘cill, and is calculated

according to

The forward linearity, LT, is the result of

The backward linearity,

Consequently, the bidire

The linear hysteresis, H;,
tioning deviations from thd

The hysteresis, H, of the

NOTE: Hysteresis H is analogoy
the travel endpoints Py and P

Linearity data computed
superscripts, e.g, H** and
An example of linearly co

7-5.9 Periodic Error of

7-5.9.1 General. A perid
selecting a set of closely spa|
systems with leadscrews, th
with encoders, the subrang
rometers, the subrange is ty

_1 _1
S El &L (7-5-38)
;=

2

Lt — mw(wi’Tl\ (7-5-39)
.|, is the result of

L = max(Iz}l) (7-5-40)

Ctional maximum linearity, L, is
L = max[(L1; L)] (7-541)

at a position is the difference between the average unidirectional linearly cofrected posi-
two approach directions at the target position P;:

H = &1 - & (7-5-42)
system is the maximum of absolute values, |H;|, at all target positions; that is,
H = max(|H,) (7-5-43)

s to the system reversal error B. However, unlike B, the hysteresis\H includes the measurement data at
+1-

from values corrected for drift and Abbe error isdésignated according to the appropriate

.4,

rrected positioning deviations via endpoint linear normalization is shown in Figure 7-5.8-1.

| inear Motion (Partial Travel)

dic (i.e., repetitively occurring) component of the positioning deviation is determined by
red target points on a small subrange of the travel range of the linear positioning system. For
e screw lead is the typical subrange for such periodic deviation measurements. For systems
e typically is the signal period of the encoder system, and for systems with laser interfe-
pically the wavelength-of-the light or a 1/2" fraction of it. Systems may have more than one

source of periodic deviations, e.g., systems relyifig-on both a leadscrew and an encoder, in which case the subrange of

periodic deviation measure
nents are known and recur]
period look-up table applie

ments needs to consider both sources and their potential interactions. If the periodic compo-
within the fulltravel range, then this error can be compensated using, for example, a one-
d to the axis.position modulo the period.

7-5.9.2 Method for Defihing Measurement Target(s) Location(s). The frequency of the periodic component of the

positioning deviation is usu
be different for different p

lly relatively constant over the full travel range, whereas the magnitude of the deviations can
ints~To get a full characterization of the device, the measurement should, in principle, be

performed for all points of

1N 4 1 Coo 1. 4 £ 1o 4 14 3 1. RIS 4+ 1£3
UICtraveT TalTgC ou DS TS O Sttt a IIcaS ur T STy L ot e rorur e areT IS pee T

subsets of the travel range (e.g., beginning, middle, and end). To reduce the measurement time, the standard measure-
ment for correcting the periodic deviations is performed in the middle of the travel range. Additional measurement

subsets can be defined bas
EXAMPLES:

ed on the agreement between the user and the manufacturer/supplier.

(1) For a system with a leadscrew, the measurement subset would be the screw lead.

(2) Forasystemwithalinear oranangular encoder, the measurement subset would be the line spacing or a fraction thereof (typically a
factor of 2 or 4).

(3) For laser interferometer measuring systems, the measurement subset would be the wavelength of light or a fraction thereof
(typically a factor of 2 or 4).

59


https://asmenormdoc.com/api2/?name=ASME B5.64 2022.pdf

Plot of Linearly Corrected (via

ASME B5.64-2022

Figure 7-5.8-1
Endpoint Linear Normalization) Positioning Deviations Illustrating the Calculation
of Linearity of the Axis
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To characterize the periodic d
periods of the expected period

7-5.9.3 Setup and Instrumer
accuracy test over the full trav

7-5.9.4 Measurement Proce
according to the agreement bet|
backward-forward movements
speed. The next five sets of mea
accuracy test.

Axis position, mm

eviations, a set of at least 21 evenly spaced target pointsiis to be selected spanning two
c deviations.

tation. The setup and instrumentation can be identical to that used for the positioning
bl range.

Hure. Before starting the measurements;. the system shall execute a warmup sequence
ween the user and manufacturer/supplier. It is recommended that a minimum of two
between the first and last target points be executed at the anticipated measurement
burements are made unidirectionally at the same target positions as for the positioning

Due to therelatively high resojution demanded of the measuring device for the measurement of periodic deviations, the

measurement result can include
test. To help separate the two eff
take measurements spaced acc
EXAMPLE: The periodic error of thd

632.8nm/4 =158.2 nm. Under thes¢
of 158.2 mm to mitigate the effect

the combined effects ofthenonlinearity of the measuring device and of the system under
bcts and minimize theeffect of the periodicity of the measuring device, itis permissible to
brding to the expected periodicity of the measuring device itself (see para. 7-5.1).
linear axis underdest is 20 pm. The measuring device is a four-beam DMI with a signal period of
circumstances, it is permissible to set the points at which the data is recorded in integer multiples
of any petiodic error in the interferometer (see Section 11).

7-5.9.5 Data Analysis and

i

ported Parameters. The periodic error is computed in the same manner as the unidir-

ectional systematic deviation of|pesitioning ET, as described in para. 7-5.5. Thus, the periodic linear motion error, P, is

P = max(x;1) — min(x;1) (7-5-44)

The calculated deviations shall be plotted as shown in Figure 7-5.9.5-1. The periodic error is the total maximum minus
the minimum of the average of the deviations as shown in Figure 7-5.9.5-1.
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Figure 7-5.9.5-1

Plot of Calculated Positioning Deviations Illustrating the Periodic Error P of a Linear Axis
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7-5.10 Alternate Inform

Axis position, pm

ative Methods

7-5.10.1 Step Test Cycle. This section addresses the application of the step test cycle, an optional test cycle (see

Figure 7-5.10.1-1) in which
step test cycle is in contras
The results from tests m
shown in Figure 7-5.3-1.
With the standard test cy
separation (e.g., thereisala
positions are approached fr
the measurements of the fi
Due to the large time inte
standard test cycle, thermall
along the axis under test. H
measurements could affect
On the other hand, in the
deviation whereas the reve

pach measurement position is sampled repeatedly before moving onto the next position. The
t with the standard scheme depicted in Figure 7-5.3-1.
hde using this method could be different\from those obtained from the standard test cycle

cle, the extreme target positions are approached from opposing directions with large time
'ge time interval between sampling'x,;T and x,;). With the step test cycle, however, the target
bm either direction within th€ same, short time intervals while it takes a longer time between
rst and the last target positions, e.g., x4jT and x,,T.

'val between opposite-direction measurements for extreme target positions according to the
influences could be@amplified, which affect the various target positions by variable amounts
ence, when using‘the standard cycle (see Figure 7-5.3-1), the thermal influences during the
both the backldsh values and the repeatability values.

rase of the step’test cycle, thermal influences could affect the mean bidirectional positioning
rsal valdestand repeatability will be only slightly affected by thermal effects.

7-5.10.2 Pseudo-Rand
para. 7-5.2.3, pseudo-rando

m Position Sequences. Instead of standard evenly spaced sequences as defined in
sequences can be used to determine the target points. The suggested method to calculate

such pseudo-random sequences 1S the SOboI SeqUENce algorithm. Other pseudo-random SEqUence generators may be
used. The Sobol algorithm is deterministic, i.e., using the algorithm several times with the same initial conditions yields
the same results. This ensures that both the manufacturer and customer can calculate the same target points for the
measurement, provided they start with the same initial conditions. Implementations of this algorithm can be found in
commercial numerical analysis and symbolic mathematics software packages (Press et al,, 1992).

The algorithm for the Sobol sequences delivers a set of pseudo-random numbers, p., ;, in the range of 0 to 1. By scaling,
these numbers shall be mapped to target points P; inside the full travel range of the stage. For a linear positioning system
with a minimum travel position, L iy, @ maximum travel position, L, max and a total travel range of L; = Ly max = Lt min, the
new target points, P;, can be calculated as
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Figure 7-5.10.1-1
Step Test Cycle

Position i

Py Py Py Py Py

B = (f,; X Lt) + Legepin (7-5-45)

The data may be corrected for drift, Abbe error, and linearity according to para. 7-5.4. The measurement procedure,
data analysis, and presentation| of the results shall thenbe performed according to para. 7-5.5.

Ifapseudo-random position algorithm is used, the type-0falgorithm shall be stated in the protocol.In Table 7-5.10.2-1,a
list of the first 40 position values based on a Sobal $€quence calculation is given. When the Sobol positions are used as
target positions for a procedurg as described ifi/para. 7-5.3, they should be sorted in an ascending order. In addition,
positions should be selected in sgts that represent the travel range without bias. For example, from Table 7-5.10.2-1, one
would pick the first three members to characterize the range divided into increments of 0.25, the first seven members to
characterize increments of 0.12%, and s6:0n’ It would be improper to select the first 5 members, because that would cause
bias toward the maximum end |of trayel.

7-5.10.3 Drift Correction Method. Because thermal drift may occur during the time the measurements are performed,
itis permitted to correct the actual position for drift. The drift correction applied to the measured positions results in the
correction of the deviation of position values, because the commanded (or expected) position values do not drift. The drift
correction is to be applied prior to any other correction, e.g., due to Abbe tilt error.

Ifthere were no thermal drift, the measured actual positions and therefore the deviations of position would be the same
for each repetition, if not for the other sources of uncertainty. In practice, there can be a time-dependent thermal drift
resulting in a positioning deviation of the measured actual positions. In the correction described here, it is assumed that
the time rate of thermal drift is constant during one repetition. This is usually valid if the measurement time for one
repetition is much smaller than the smallest significant thermal time constant of the linear positioning system. If this
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Table 7-5.10.2-1

First 40 Position Values Based on a Sobol Sequence Calculation
Number Position Number Position
1 0.500000 21 0.968750
2 0.750000 22 0.718750
3 0.250000 23 0.218750
4 0.375000 24 0.156250
5 0.875000 25 0.656250
6 0.625000 26 0.906250
7 0.125000 27 0.406250
8 0.187500 28 0.281250
9 0.687500 29 0.781250
10 0.937500 30 0.531250
11 0.437500 31 0.031250
12 0.312500 32 0.046875
13 0.812500 33 0.546875
14 0.562500 34 0.796875
15 0.062500 35 0.296875
16 0.093750 36 0421875
17 0.593750 37 0.921875
18 0.843750 38 0.671875
19 0.343750 39 0.171875
20 0.468750 40 0.234375

assumption is not agreed up
tion method should not be
The thermal drift correcti
the starting points of succes
respect to time is calculated
position of sequential cycles
position values for the jth
The reference deviation f
of the standard test sequen
normalization step using Py
the positioning deviations
The procedure is illustrat]
with respect to time for five
endpoint normalization line
positions are shown after th
tion for each repetition Py; e
the corrected deviation of

on between the user and the manufacturer/supplieg;then the following thermal drift correc-
applied.
pn uses the endpointlinear normalization method as described in para. 7-5.4.3, but applied to
ive repetitions, Po;and Py(;.1). To correct thelinear drift, the endpoint normalization line with
for each repetition between the points Pgrand Py (;.1). That is, the relative change in the initial
is assumed to vary linearly with time, and the time-dependent change is subtracted from the
measurement cycle as a functiontof the timestamp of each measurement.
r all repetitions is chosen to betheinitial deviation, (Pyg — Pp), which is the first measurement
Ce (see Figure 7-5.3-1) minys the Oth target position. Accordingly, after the endpoint linear
and Py, 1) for each jth measurement cycle, (Poo — Po) is added to the normalized data to yield
Corrected for drift.
ed in Figure 7-5.10,31) In Figure 7-5.10.3-1, illustration (a), the uncorrected actual positions
repetitions are shewn. For each repetition, the linear drift is corrected individually with an
calculated between Py; and Py(;.1) In Figure 7-5.10.3-1, illustration (b), the corrected actual
e application‘ef the time-dependent drift correction method. The starting positioning devia-
juals (Pgo~Po). From these corrected data, the deviation of position x;; can be calculated to get
bosition x”ij, where the superscript D indicates that a drift correction has been applied.

7-5.11 Presentation of Results

Figure 7-5.11-1 shows an example of a static positioning error and linearity test report.

7-6 CONSTANT VELOCITY AND ACCELERATION TEST

7-6.1 General

The test method described in this section is modeled after the linear and rotary axes feed rate and acceleration tests
described in ASME B5.54, para. 7.10.5. This Standard also provides a template for reporting the velocity and acceleration,
and a numerical procedure for determining the points of transition between acceleration and constant-velocity regimes.

This test is designed to capture a velocity profile, from which the user can identify the following:
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Figure 7-5.10.3-1
Example of Position Data Corrected for Drift
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bment graph includes endpoint normalization lines for each repetition.

f the axis for a programmed velocity profile, including the maxitum accelerations and

axis for a programmed steady-state motion, including thé'velocity accuracy and varia-

7-6.2 Method for Defining Measurement Targets

Alinear axis positioning syste
endpoints should allow the axis
stop. The travel distance, const
shall be agreed upon between t
travel distance is not agreed uf
predefined velocities are not a
maximum steady-state speed,
least 50% of the travel distan
no load or payload shall be use

7-6.3 Measurement Setup

For proper use of each sens
following:

(a) Sensor Type. Does the se

(b) Sensor Location. Is the sd

m must be commanded to execute a simple motion. The travel distance between the two
0 accelerate, then move at constant velocity for a defined distance, and then decelerate to

t velocities, constant velocity distanc€s,acceleration and deceleration rates, and loads
he user and the manufacturer/supplier of the linear axis positioning system. When the
on a priori, the travel distance shall be the maximum possible travel distance. When
breed upon a priori, two différent tests shall be conducted at 10% and 100% of the
which is the maximum speed achievable where the constant-velocity distance is at
e used for both speedsiWhen the loads or payloads are not agreed upon a priori,
d for the tests.

r, decisions.must be made regarding the measurement setup, specifically about the

hsor measure displacement, velocity, or acceleration?
nsor-located at the functional point or a different point of interest?

(c) Sampling Rate. What is tl|

he \Mmaximum positional resolution?

(d) Sensor Feedback. Is the s

ensor used within the position feedback loop?

(e) Measurement Frame. Is the measurement relative to the machine frame or an inertial frame?

(f) System Condition. Are the
7-6.3.1 Sensor Types

measurements collected in the nominal state of the linear axis?

(a) The displacement, velocity, or acceleration could be measured to yield the velocity profile. A laser interferometer,
linear encoder, or capacitive displacement sensor (for sufficiently small travel distances) shall measure the axis position
asafunction oftime, or alaser Doppler velocimeter shall measure the axis velocity as a function of time. The linear encoder
may be external or internal, whether used or not within the control system of the linear axis. In addition to a laser
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Figure 7-5.11-1

Example of a Static Positioning Error and Linearity Test Report

Static Positioning Error and Linearity Test Report

Positioning System

Manufacturer: ABC

Type: Linear, axis X

Model No.: XX

Max. travel: 200 mm

Controller/drive unit to power the positioning system: ABC E712 S/N 1234

Serial No.: XX

Max. velocity: 250 mm/s

Measurement Setup [

Measurement device and slerial number: Interferometer XYZ S/N 1234

Sampling rate: 10 kHz

Data filter: xx-order Butterworth low-pass filter with a xx Hz cutoff frequency

Oversampling: yes/no

Measurement program: Prpgram XYZ
System location: 300 mm ¥ 1.2 m x 1.2 m granite basewith passive air isolation

Functional point: X= XX mm, Y= XX mm, andZ= XX mm

Load: XX kg

Temperature during test: 2P°C

Travel range: 25 mm

Measurement range: 20 mmn

Pseudorandom sequence positions: yes/no

Distance, Q: 2.5 mm
Nominal interval: 2.5 mm
Abbe correction: yes/no

Linear normalization: yes/ho

Drift correction: yes/no

Number of repetitions: 5

Programmed velocity to mpve between measurement points: 50 mm/s

Dwell time: 1's

Number of target positions| m: 9

Target positions: 0.0 mm, 4.5 mm, 5.0 mm, 7.5 mm, 10.0 mm; 125 mm, 15.0 mm, 17.5 mm, 20.0 mm, 22.5 mm, 25.0 mm

Measurement Data Static|Positioning
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Figure 7-5.11-1
Example of a Static Positioning Error and Linearity Test Report (Cont’d)

Static Positioning Test Results

Metric Symbol Result, um
Mean bidirectional positioning error M 0.39
Bidirectional systematic positioning error E 1.01
System reversal error B U.69
Average reversal error B 0.61
Unidirectional positioning repeatability, forward direction R? 0.48
Unidirectional positioning repeatability, backward direction R| 0.47
Bidirectional positioning repeatgbility R 1.10
Bidirectional positioning accuragy A 1.38
Measurement Data Linearity (\‘<
0.5
0.3
5: 0.1
£
2
2 01
2 .
-0.3
-0.5
-5.000 D.000 5.000 10.000 15.000 20.000 25.000 30.000
AXis position, mm
Linearity Test Results 2%‘
V=N
Metric Symbol Result, ym
Linearity, forward Ly 0.39
Linearity, backward Ly 0.30
Bidirectional maximum linearity L 0.39
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interferometer or linear encoder, a velocity transducer or accelerometer may be used simultaneously. Hence, atleast one
of the following equipment options should be used for the tests:
(1) laser interferometer with data acquisition software

(2) linear encoder (ex

ternal or internal)

(3) capacitive displacement sensor

(4) velocity transduce
(5) laser Doppler velo

r or accelerometer with option (1) or (2)
cimeter with data acquisition software

(b) If position data is measured in options (a)(1) through (a)(3), the velocity may be estimated via differentiation, as
outlined in para. 7-6.5.2. With option (a)(4), the velocity profile may be refined via use of the velocity transducer or

.

accelerometer data. For ex
with the velocity profile fr:
(c) Finally, itisassumed {
times when the acceleration
of motion begins or ends. T
tests:
(1) commanded time
(2) commanded time
(3) commanded time
(4) commanded time

7-6.3.2 Sensor Location
error motion data exists, thd
body transformation (see M
fically to achieve a relatively
report.

7-6.3.3 Sampling Rates
interval agreed upon betwe
with a positioning interval o
measuring device/equipme

nlatha accalapration oy ha tntagratad o viald ualacity changac wvwhich can than ha f.oad
Hpre,the-aeeereratoiay-DeHrte grate ato-yieraverocity-enaRge S wiHen-taitehpeHis5ea

m the position data, to eliminate the inherent amplification of noise from differentiation.
hat the controller is sufficiently open, such that controller data may be collected to define the
/deceleration phase of the move begins or ends, and hence when the constant-velocity phase
erefore, in addition to the sensor data, the following controller data shall be collected for the

ivhen the acceleration phase begins

ivhen the acceleration phase ends and the constant-velocity phase begins
ivhen the constant-velocity phase ends and the deceleration phase begins
iwhen the deceleration phase ends

5. The sensor location may be either at the function point or at a separate lecation. If angular
n the velocity may be transformed from a separate location to the functional point via a rigid-
andatory Appendix I). However, in certain cases, a rigid-body assuniption is not valid speci-
r high measurement performance. Nonetheless, the sensor location'inust be noted in the test

Each measuring device/equipment shall collect data at aXis positions with a positioning
en the user and the manufacturer/supplier. For exampl®,’if it is agreed upon to collect data
f 1 mm and the linear axis is programmed to move at asaximum speed of 500 mm/s, then the
nt must sample data with a rate of at least 500 Hz.No smoothing or averaging techniques

should be used for the raw
from distance-based sampl
Sampling rates shall be ag
different sampling rates, a
clock. If no sampling rate is

ata collection. The data may be collected at axis, positions with either uniform spacing (i.e.,
ing) or non-uniform positioning intervals, (i.€; from time-based sampling).

eed upon between the user and the manufacturer/supplier. Each equipment may measure at
d if possible, all data shall be timestamped in a synchronized fashion to the same reference
greed upon a priori, then a time-based sampling rate coinciding with a positioning interval of

atmost 0.1% of the total trayel distance shall be used, dependingupon the constant velocity. For example, if the linear axis
is programmed to move ata maximum speed of 500 mm/sfora total travel distance of 1 000 mm, a default sampling rate of
atleast 500 Hz shall be used} coinciding with a positioninginterval of 1 mm (= 0.1% of 1 000 mm) at the maximum speed.

Measurement time intervpls shall be agreed upon-between the user and the manufacturer/supplier. Measurement time
intervals shall include the complete motion with-enetigh data collected before/after acceleration/deceleration to satisfy
the user that the linear axis is nominally at rest:

7-6.3.4 Sensor Feedback. The sensorsmay be external (i.e., notused for closed-loop feedback) orinternal (i.e., used as
the measurement in a closegl-loop feedback system). At least one external sensor is desired as an independent measure-
ment of the velocity profil¢, but anlinternal sensor (a linear encoder) may be used per para. 7-6.3.1.

Collecting data synchronpusly may prove to be difficult, especially if collecting data from both external and internal
sources. Nonsynchronous data tay be collected and then synchronized afterwards via correlation analysis. The rec-
ommended approach to co ig i i i i i ig i
occurs and to shift one signal by a constant temporal offset to align the signals. The least-squares method may be used to
determine the time shift based on minimizing the differences in the timing of the discrete physical events.

7-6.3.5 Measurement Frame. The velocity profile is preferred to be measured relative to the base of the linear
positioning system, but measurement of the velocity relative to an inertial frame is also acceptable, if the relative velocity
of the base to an inertial frame is sufficiently small.

7-6.3.6 System Condition. The test method described in this section should be carried out in similar conditions to
those for straightness and angular error motion tests (see subsections 8-1 and 8-2). Additionally, the test shall be
conducted at a programmed velocity and load that best replicates the nominal conditions of the application or
process in which the positioning system is intended to be used. These conditions are application dependent and
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the user and the manufacturer/supplier of the positioning system. Particular attention

should be given to the duty cycle for the system under test, which is the percentage of time that the system is moving, since

the system will warm up fromas

tate of rest. The agreed-upon duty cycle should be representative of the duty cycle for the

intended application. For example, an agreement may be reached to run the system with a specificload with a duty cycle of
50% for 30 min before data collection. Furthermore, because the velocity and acceleration performance are functions of
the entire motion system including the bus voltage, amplifier, controller, resolution, etc., the single-axis linear positioning

system should not be changed

during the tests.

7-6.4 Measurement Procedure

The measurement procedure
Step 1. Align the measuring
Step 2. Exercise the position
Step 3. Thelinear axis mustbe
be the same, unless otherwise
Step 4. The test should be caj
shall be recorded synchronous]
timestamped in a synchronized
collected and then synchronize
Step 5. The tests must be re

7-6.5 Data Analysis

1S as follows:

bquipment with the axis under test.

ng system following the recommendation in para. 7-6.3.6.

commanded to execute a simple motion. The travel distance used for both speeds should
hgreed upon by the user and the manufacturer/supplier.

ried out in both positive and negative directions. For each direction, all measurements
y with each other, as much as possible; that is, if possible, the measurements shall.bé
| fashion to the same reference clock. Otherwise, the nonsynchronous data shall‘be
d afterwards.

peated a minimum of three times.

7-6.5.1 Test Uncertainty Analysis. Uncertainties associated with the measurement of velocity arerelated to uncer-

tainties of the used measuremen
ered when specifying measuren
nonconformance to specificatio
(a) uncertainties of geometr
(b) measurement uncertaint
(c) misalignment of the mea
(d) fixturing vibrations at th
(e) differences in functional
(f) data analysis, especially 1

t systems and uncertainties of the axis under test. These uncertainties should be consid-
ent sampling rates and parameters to avoid situations where ngither conformance nor
ns can be demonstrated. Potential measurement uncertainty contributors include

c error motions of the linear axis

 of the test equipment [e.g., see (ASME B89.1.8-2011)]

surement axis and the axis under test

P measurement points

point motions at which the position and velocity are measured

oise amplification from differentiation

7-6.5.2 Data Analysis for THree Phases of Motion. Figure 7-6.5.241 shows the velocity profile for a typical motion.

Each motion consists of three p|
acceleration phase is whenever
times between the open diamon|
thelinear axis is slowing down fr|
and open square in Figure 7-6.5.1

Velocity is defined as the rate
Because the acceleration can be |
the acceleration and decelerati

If the velocity v(t) is measured|
discrete times, then the velocit]

hases: an acceleration phase, a constant-velocity phase, and a deceleration phase. The
he linear axis is speeding up from¥est to its constant velocity, represented as the sampled
d and closed diamond in Figure-7-6.5.2-1. Similarly, the deceleration phase is whenever
bm constant velocity to rest, represented as the sampled times between the closed square
-1. The four transitionpoints, noted in Figure 7-6.5.2-1, shall be based on controller data.
of change of displacément, and acceleration is defined as the rate of change of velocity.
bositive or negative,\the metrics defined later in this section take this into account, so that
n phases can.bé-compared.

then it can beused directly for analysis. However, if only the position p(t) is measured at
 v(t) shall'\be estimated by a finite difference approximation (Press et al,, 1992) as

v = (Byy — B/ (g1 — 1) (7-6-1)

where
q = the iteration number
pg = the actual position at the gth time value ¢,
= Pactual(tq)
v, = the estimated velocity at t,

Note that q ranges from 1 to N-1, where N is the total number of sampled data points.
The inherent noise in the sampled position p, is amplified in the estimated velocity v, according to the finite difference

approximation of eq. (7-6-1). T

he smaller the time steps, the greater the noise amplification that increases the test

uncertainty and may corrupt the velocity variation results (see Figure 7-6.5.3-1). Therefore, filtering with a zero-
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Figure 7-6.5.2-1
Example of a Velocity Profile for a Test Motion
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phase filter may be necessa
and the manufacturer/sup]j

If a first order Savitzky-G
length equal to the odd nuj
manufacturer/supplier wh
programmed to move at a
1.0 mm is agreed upon, th|
first-order Savitzky-Golay f]
senting the filter frame leng
mm, then a distance of 2 mn]
the fundamental frequencyj

The unfiltered velocity v|

If no filter is to be used, t
inputted signal. Similarly, if

where a, is the estimated ac
filter to yield the filtered a

Iy for analysis. Use of a specific filter or no filter depends upon agreement between the user
lier.

olay filter (Savitzky and Golay, 1964) is agreed upon for\Gsage, the filter shall have a frame
hber of samples that is closest to representing a distance agreed upon by the user and the
en the axis is traveling at its desired constant speed. For example, if the linear axis is
maximum speed of 100 mm/s, data is sampled-at 500 Hz, and the filter frame length of
en a frame length of 5 samples [= 1.0 mm /(100 mm/s/500 samples/s)] is used for the
Iter. It is advised that if a ballscrew is used-within the linear axis, that the distance repre-
th be at most 10% of the lead of the ballscrew. For example, if the lead of the ballscrew is 20
or less should be used to determine theframe length for the Savitzky-Golay filter. Therefore,
to be expected in the velocity data will not be removed by the filter.

(¢) is then filtered with the filter; filt(v,), to yield the filtered velocity V(t) as
ﬁq = ﬁlt(vq) (7-6-2)

hen filt(v,) represents.a-perfect pass-through filter; that is, a filter that does not change the
not measured, the\deceleration shall be estimated by a finite difference approximation as

ag = (g1 = %)/ (tg11 — tg) (7-6-3)
Celeratiofyatthe gth time value t,. The acceleration in eq. (7-6-3) is then filtered with the same
cceleration d(t) as

(7-6-4)

Eq = ﬁlt(aq)

Results will be reported b

ased on the filtered vibration, but some transient-vibration data during the constant-velocity

phase of motion may not be used for final analysis. After the acceleration phase ends, the induced vibrations may take time

to settle to lie within the con

stant-velocity phase. Consequently, the user and the manufacturer/supplier may agree to not

use some data representing the transient settling of vibration for final analysis within the reporting of results. If no settling

time is agreed upon, then all

data within the two constant-velocity transition times shall be used for analysis. These two

possibilities are shown in Figure 7-6.5.2-1.
If the data collected during the settling of vibration is to be neglected for final analysis, then the time must be deter-
mined when the vibration is settled, as seen in Figure 7-6.5.2-1. The filtered velocity V(t), as shown in Figure 7-6.5.2-2,

illustration (a), is used to de

termine when vibration is settled. The filtered velocity V(t) is processed with either a moving
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Figure 7-6.5.2-2

Example of Velocity Settling for a Test Motion
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standard deviation (SD) window, as seen in Figure 7-6.5.2-2, illustration (b), or a Hilbert transform, as seen in Figure
7-6.5.2-2, illustration (c), to determine the time when vibration is settled. Choice of either method depends upon agree-

ment between the user and the manufacturer/supplier.
Use of the moving SD window to determine when vibration is settled begins with calculating the moving standard

deviation (MSD) as

where the moving mean (MM) is defined as

and the minimum window

1 rtwa
MSD(t) = e‘—f [7(r) — MM(¢t)Pde (7-6-5)
\ Ty
1 I'tT,A,?’}
MM(t) == ﬁ(T)dT (7-6-6)
T tw1
time ty; and the maximum window time ty, are
ty1 = max(tcyy, t — T/2) (7-6-7]
tyry = min(tcyy, t + T/2) (7+6-8)

forawindow length T, which has the dimension of time. As seen in Figure 7-6.5.2-2, illustration (a), a window-ofllength T'is

centered around the time ¢
standard deviation of the d3
according to eqs. (7-6-7) aif
velocity phase, to avoid the i
values within the constant-

for which the moving SD metric is calculated according to eq. (7-6-5). For ahy time t, the
ta within the window defines the moving SD metric. One caveat is that the wihdow contracts
d (7-6-8) whenever the time t is sufficiently close to the beginning of"énd of the constant-
hclusion of transient data during the acceleration/deceleration phase.'Collection of the metric
velocity phase of motion yields the plot shown in Figure 7-6.5.2-2yillustration (b). Then, a

metric threshold is calculatfed as the median of the metric values within the constant-velocity phase, as noted by the

dashed line in Figure 7-6.5.

p-2, illustration (b). Finally, the vibration is determined to besettled whenever the metric is

first less than the metric threshold, as noted by the filled circle in Figure 7-6.5.2:2; illustration (b).

Note that the moving SD 1
length T. In general, T shoy
constant-velocity phase. Fo
agreement for the value of
window length of the smal

Another method to deter
transform Avy (t) of the re

where the relative filtered

and V¢y is the mean filtere

where tcyq and tey, are whe

hetric, and hence its use to determine vibration settling,depends on selection of the window
Id be greater than the temporal period of the domifant frequency of vibration during the
" the example of Figure 7-6.5.2-2, illustration (a), a'window length of 0.025 s was used. If no
" is reached between the user and the manufacturer/supplier, a moving SD window with a
ler of 0.025 s or 5% of the constant-velqeity phase time shall be used.

mine when vibration is settled is to use the Hilbert transform (Feldman, 2011). The Hilbert
lative filtered velocity AV(t) is defined-as

coa
aig) = L [ g (7-69)
T~ t— 7
velocity Av(t) is
M) = 9(t) — Toy (7-6-10)
1 velocity durihg-the constant-velocity phase, defined as
t
iy = ———— [ i (7-6-11)
tcva — tevitev

h the-constant-velocity phase begins and ends, respectively, as seen in Figure 7-6.5.2-1. Next,

ha ) 3o daf

Flearad al

the Hilbert metric Vy(t) of

acis ic inad oo
Hethrterea—veroerty vy t1saeanea=as

() = oy + AT ()] (7-6-12)

where |x| is the magnitude of the complex argument x. As seen in Figure 7-6.5.2-2, illustration (c), the Hilbert metric in eq.
(7-6-12) is an upper envelope of the filtered velocity V(t), created from the Hilbert transform, which is the complex
envelope of the original signal V(¢). Then, a metric threshold is calculated as the median of the metric values within the
constant-velocity phase, as noted by the dashed line in Figure 7-6.5.2-2, illustration (c). Finally, the vibration is deter-
mined to be settled whenever the metric is first less than the metric threshold, as noted by the filled circle in Figure
7-6.5.2-2, illustration (c).
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The moving SD metric and the Hilbert metric, as shown in Figure 7-6.5.2-2, illustrations (b) and (c), respectively, are
very similar in form except for some differences. Due to the lack of a window for analysis, the Hilbert metric depends only
on the vibration state at any specific time and does not have “edge effects” from window contraction near tcy; and tcy,. In

contrast, the moving SD metric

relies on use of a centered moving window that contracts to exclude data during the

acceleration/deceleration phases. Consequently, the Hilbert metric is generally more complex but also more accurate for

determination of when vibratio

n is settled. As seen in Figure 7-6.5.2-2, illustration (b) compared to Figure 7-6.5.2-2,

illustration (c), the vibration is determined for the given example to be settled significantly earlier via use of the Hilbert

metric than for the moving SD

metric.

The analysis procedure for each test, whether for the positive or negative direction, uses the filtered velocity and

filtered acceleration in egs. (7-6

(a) Plot the filtered velocity,
(b) ldentify the two constanf
ends.
(c) Determine the constant-v
manufacturer/supplier, the dat
(1) the constant-velocity g
(2) the moving SD metric
(3) the Hilbert metric is fi
The data for constant-velocif]
(d) For the agreed-upon con
(1) mean filtered speed, |

(2) standard deviation of

(3) coefficient of variation

(4) absolute filtered speed

(5) relative filtered speed d
tage

A _racnactival
Fespectiver

V(t), as shown in Figure 7-6.5.2-1.
-velocity transition times, tcy; and tcyz, when the constant-velocity phase begins and

yv—ac follaowac:
Yot S—TOTTO WSt

.2 and (7 ¢
Zaie—{7o

elocity data to be used for final analysis. Based on agreement between the user and the
h for constant-velocity analysis begins at the settling time, tys, when either

hase begins

is first less than its threshold value, or

Ist less than its threshold value

y analysis ends at tcy, when the constant-velocity phase ends.
stant-velocity data for analysis, calculate the following metrics:
‘mean|, Where the mean filtered velocity, Vi,can, is

o 1 tcva
Ymean = / v(z)de
tcva — tvsJtys
he filtered velocity, Vg4
~ “ 1 tcva ~ 2
Vsd = \/ / [v(r) — Umean] 97
tcva — tvstys

= Vsa/|Vmean|, €Xpressed as percentage
error = |Viean|, — |[programmed velocity]|
rror = (absolute filtered velocity error) /{programmed velocity|, expressed as a percen-

(e) Identify the two transitiop points for the acceleration phase, t; and tcy;, when the acceleration phase begins and

ends, respectively, and the two
begins and ends, respectively. TH
velocity phase, no data is ignored

transient processes.
(f) For the sampled times w
(1) mean filtered accelera

transition points for the deceleration phase, tcy; and ty, when the deceleration phase
ese four transition points areidentified based on controller data. Unlike for the constant-
| for this step, because the.acceleration and deceleration phases of motion are inherently

thin each acceleration/deceleration phase, calculate the following metrics
ion amplitude, |@yeanl:

|, 1 fcvi,, )
mean! N— d(7)dr|for the acceleration phase
tcvi—hJy
! 1 N .
ot S — d(z)dr |for the deceleration phase
t In —tovn f\_,‘vv t

(2) maximum filtered acceleration amplitude, @,ay:

~
Amax

~
Amax

(3) impulse factor = G/

max(|d(t)|)fromt = # tot = t, for the acceleration phase

max(|d(t))fromt = t., tot = ty for the deceleration phase

|G@meanl, €xpressed as a percentage
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Finally, the average metrics of each motion type are calculated by averaging the individual trial metrics. For acceptance
purposes of a new positioning system, the user and the manufacturer/supplier must agree beforehand on the specifica-
tions to be met for these tests.

7-6.5.3 Presentation of Results. Figure 7-6.5.3-1 shows an example of a constant velocity and acceleration test report
for a single motion. One such report should be created for each motion, whether positive or negative. Figure 7-6.5.3-2
shows an example of average metrics for the collected constant velocity and acceleration test reports.

7-7 DYNAMIC POSITIONING TESTS

7-7.1 General

Subsection 7-7 describes
systems. The test methods
related to the following tes

- linear and rotary axes

- contouring performan

Unlike the test described in
position, the tests described
or measured.
These tests are designed
(a) the dynamic positio
contouring errors presente
(b) the magnitude ofthe
which is the target speed {
(c) observation of positi
ment or machine design ch
(d) frictional effects if oh
The dynamic positioning
user-defined motion.

fest methods used to evaluate the dynamic position accuracy of single-axis linear positioning
presented in subsection 7-7 are an extension of subsection 7-6. The test methods are also
ts from ASME B5.54-2005 (R2020):

feed rate and acceleration tests described in para. 7-10.5

Ce using circular tests described in subsection 7-11

subsection 7-6 to capture a velocity profile, which does not require knowledge of thetarget
in subsection 7-7 require that the target position of the linear positioning syster-is-available

to capture dynamic positioning profiles that can be used to evaluate the‘following:
ning error (DPE), which is the maximum absolute deviation. The DPE is analogous to
d in Koren, 1997 and Koren and Lo, 1992.

bteady-state dynamic positioning deviation, also known as the following error (Tlusty, 2000),
ivided by the forward loop positional gain.

bnal overshoot at velocity changes including stopping, to enable control parameter adjust-
anges.

servable in the collected data, but their evaluations are beyond the scope of this Standard.
brofiles used in the dynamic positioning tests are linéar ramp, sinusoidal motion, and general

The test results for all dyhamic positioning profiles may be heavily influenced by the machine and control algorithms

(Koren, 1997; Koren and Lo
the test methods presente

7-7.2 Method for Defini

The linear axis positionin
profiles described in paras

1992), yet all systems will exhibit some errors as a function of time that may be identified by
| in this subsection.

hg Measurement Targets

o system under test must be commanded to execute one or more of the dynamic positioning
7-7.2.1 through 7-7.2.3.

7-7.2.1 Linear Ramp Mation. This motion profile is the same as that described in para. 7-6.2.

7-7.2.2 Sinusoidal Motiq
2005 (R2020), para. 7.11, e
axes.

The linear axis must be co
to the sinusoid. The axis is
period of the sinusoid. How

n. This motion profileds intended to be similar to the circular test prescribed in ASME B5.54-
kcept that the miotien profile described here is for a single axis instead of two perpendicular

mmandedtoexecute a sinusoidal motion. A linear interpolation can be used as an alternative
ommanded to move in three complete sinusoids, where each sinusoid is equivalent to a full
ever;adifferent number of sinusoids may be performed, as agreed upon by the user and the

manufacturer/supplier, to

h1low for structural dynamics and control response to stabilize. It should be noted that in

operations where velocity a

nd acceleration are Key perrormance imndicators, the maximum veloCity and maximum accel-

eration of the motion should be in conformance with specified machine limits, unless otherwise agreed upon between the
user and the manufacturer/supplier.

When predefined test parameters are not agreed upon a priori, the sinusoidal tests should be conducted with velocity
maximums at 10% and 100% of the maximum command velocities, the sinusoidal motion should be centered at 25% and
75% of the axis travel, and the amplitude of the sinusoid should equal 15% of the travel range.

7-7.2.3 General User-Defined Motion. This motion profile is optional and intended to measure the dynamic posi-

tioning performance for a general user-defined path that is agreed upon by the user and the manufacturer/supplier.
Examples include motion profiles with simultaneous components of different frequencies.
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Figure 7-6.5.3-1
Example of a Constant Velocity and Acceleration Test Report for a Single Motion

Constant Velocity and Acceleration Test Report for a Single Motion

Positioning System

Manufacturer: ABC
Type: Linear

Model No.: XX

Max. travel: 200 mm

Serial No.: XX

Max. velocity: 250 mm/s

Test Setup

Programmed travel: 150 mm

Sampling rate: 1 000 Hz

Functional point: X = XX mm, Y 3

XX'mm, and Z = XX mm

Programmed velocity: 250 mm/s

Load: XXkg

Filtered Velocity and Filtered A

cceleration Plots

3000 0 a1
% b 3 4
g @ g
€ 2000 g 40 € _1000
o o
8 = S
5 1000 g 100 5 2000
8 2 8
< 1 2 <
0¥ oc¥ ~3000
0 0.05 0.1 0.15 0 0.2 0.4 0.6 0.65 0.7 0.75
Time, s Time, s Time, s
250.1 :
R
g 2
& %
= 250
Q
o
2
249.9 L
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Time, s
Table of Transition Points k\ %
Location 1 2 VS 3 4
Time, s 0 0.170 0.172 0.600 0.770
Measured position, mm 0 21.4326 21.9327 128.9321 149.9998
Measured filtered velocity, mm/s 0.001 250.0449 249.9435 249.8702 -0.0037
Method to determine “Vibration if settled” (VS) point: Hilbert Metric
Results of Filtered Data O:
N v

Acceleration Phase

Constant-Velocity Phase

Deceleration Phase

Mean: 1 470.49 mm/s?

Mean speed: 249.9990 mm/s

Mean: 1 470.02 mm/s?

Impulse factor: 1.6036

Max. amplitude: 2 358.07 mm/s?

Standard deviation: 0.0286 mm/s
Coefficient of variation: 0.0114%
Absolute error: -0.001 mm/s
Relative error: -0.0004%

Max. amplitude: 2 354.92 mm/s?
Impulse factor: 1.6020
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Figure 7-6.5.3-2

Example of Average Metrics for Constant Velocity and Acceleration Test Report

Average Metrics for Constant Velocity and Acceleration Test Reports

Positioning System

Manufacturer: ABC
Type: Linear

Model No.: XX

Max. Travel: 200 mm

Serial No.: XX

Max. velocity: 250 mm/s

Test Setup

Programmed travel: 150 mn

Functional point: X = XX mm, Y = XX mm, and Z = XX mm

Load: XX kg

Programmed velocity: 250 mm/s

Sampling rate: 1 000 Hz

Acceleration Phase Metrigs for Forward and Reverse Single Motions

Motion Mean, mm/s? Max. Amplitude, mm/s? Impulse Factor
Forward #1 1470.49 2358.07 1.6036
Forward #2 1470.49 2358.07 1.6036
Forward #3 1470.49 2358.07 1.6036
Forward Average 1470.49 2358.07 1.6036
Reverse #1 1465.84 2348.42 1.6021
Reverse #2 1465.84 2348.42 16021
Reverse #3 1465.84 2348.42 1.6021
Reverse average 1465.84 2348.42 1.6021
Constant-Velocity Phase Metrics for Forward and Reverse Single Motions @ .
Standard
Deviation, Coefficient of Abs. Error,
Motion Mean Speed, mm/s| mm/s Var., % mm/s Rel. Error, %
Forward #1 249.9990 0.0286 0.0114 -0.001 -0.0004
Forward #2 249.9990 0.0286 0.0114 -0.001 -0.0004
Forward #3 249.9990 0.0286 0:0114 -0.001 -0.0004
Forward Average 249.9990 0.0286 0.0114 -0.001 -0.0004
Reverse #1 250.0005 0.0268 0.0107 0.0005 0.0002
Reverse #2 250.0005 0,0268 0.0107 0.0005 0.0002
Reverse #3 250.0005 0.0268 0.0107 0.0005 0.0002
Reverse Average 250.0005 0.0268 0.0107 0.0005 0.0002

Deceleration Phase Metrid

s for Forward and

se Single Motions

Motion Mean, mm/s? Max. Amplitude, mm/s? Impulse Factor
Forward #1 1470.02 2354.92 1.6020
Forward #2 1470.02 2 354.92 1.6020
Forward #3 1470.02 2 354.92 1.6020
Forward Average 1470.02 2 354.92 1.6020
Reverse #1 1473.43 2362.12 1.6031
Reverse #2 1473.43 2362.12 1.6031
Reverse #3 1473.43 2362.12 1.6031
Reverse Average 1473.43 2 362.12 1.6031
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The linear axis must be comm
supplier. The measurement set
motion. It is recommended that
rameters, velocity, acceleration

7-7.3 Measurement Setup

The measurement setup is de
element of the positioning syst

7-7.3.1 Sensor Types. Paragr
system should be used, when pd
system may not be feasible. Hg
system, unless otherwise agreg
of the following equipment opt

(a) Laser Displacement Interf{
the positioning system, and the
example, see Figure 7-7.3.1-1.

(b) Capacitive Displacement
of the positioning system and th
tioning system. Care should be
placement. Inadequate ground

(c) Other Sensor. Any indepen|
user and the manufacturer/sup
structure, such as motor encod

7-7.3.2 Sensor Locations. Th
with a subsequent transformati
gible. In either case, the sensor
The dynamic positioning test
and the inherent response of th{
error influenced by the target se

ASME B5.64-2022

Figure 7-7.3.1-1
Laser Interferometer Example Setup

nded to execute any arbitrary motion specified between the user and the manufacturer/
ip and method defined within this section are applicable to any general user-defined
the user and the manufacturer/supplier agree upon the needed position, cortrol pa-
jerk, etc.

igned to measure the relative displacements between a target meunted to the moving
em and a displacement sensor fixed to the base of the positiohing system.

hiph 7-6.3.1 contains guidance on decisions related to sensors. An independent measuring
ssible, but it is recognized that, in some applications, a fully‘ihdependent measurement
wever, whenever possible, the preferred method is to Use an external measurement
d upon between the user and the manufacturer/supplier. Accordingly, at least one
ions should be used for the dynamic positioning\tests:

brometer. A retroreflector or target mirror sheuld be mounted to the moving element of
interferometer should be fixtured to the stationary base of the positioning system. For

ensor. The capacitance target or a flat artifact should be mounted to the moving element
e capacitive displacement sensorsshould be fixtured to the stationary base of the posi-
taken to maintain the required-electrical ground loop over the required range of dis-
oops can cause error and extraneous noise in the measurement.

dent measurement system may be used to measure position, if agreed upon between the
plier. However, sensors‘that are used internally for feedback within the control loop
ers or linear scales,4vill not provide independent validation of the prescribed motion.

e sensor locatiorimay be either at the functional point or at a separate measurement point

bn (see Mandatory Appendix I) whenever dynamic influences during testing are negli-
location, must be noted in the test report.

s a dynamic performance test, influenced by system mode shapes, natural frequencies,
contrel system. Careful consideration should be given to avoid dynamic measurement
ection, location, and mounting method, which are application-dependent and should be

agreed upon by the user and t
dynamic positioning tests and
be used if agreed upon betwee
application of appropriate filteri
the sources of errors.

7-7.3.3 Sampling Rates. The

€ Manuiacturer/sSuppiter. If significant structural dynmamics are observed within the
it is not possible to eliminate the effects, corrections and filtering adjustments may
n the user and the manufacturer/supplier. While outside the scope of this Standard,
ng, modal analysis, and other engineering methods may be conducted to help determine

same framework in para. 7-6.3.3 for sampling rate selection is applied in this section of

the standard. The sensor’s accuracy, resolution, sampling latency, linearity, and harmonic distortion within the measure-

ment frequency bandwidth sho

uld be considered to ensure that a satisfactory test uncertainty ratio of at least 4:1 is

achieved (ISO/IEC 17025:2017).
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k. The sensors may be internal (i.e., used as the measurement in a closed-loop feedback

system) or external (i.e., not used for closed-loop feedback). At least one external sensor is preferable as an independent

measurement of the motion

profile within the dynamic positioning test. The user of the equipment mustbe aware thatany

structural dynamics that exist outside the control loop will not be observable by an internal measurement system.

7-7.3.5 Measurement F

rame. Each motion profile is preferred to be measured relative to the base of the linear

positioning system, but measurement relative to an inertial frame is also acceptable, if the relative measurement differ-
ences of the base to an inertial frame are sufficiently small.

7-7.3.6 System Conditio
more, because the velocity

voltage, amplifier, controllg

7-7.4 Measurement Pro

The measurement proce

Step 1. Align the measuy
Step 2. For linear ramp nf
and-forth reversal move to
Step 3. Conduct the test f]

motion, sinusoidal motion,
Step 4. For linear ramp
direction, all measurement
the measurements shall be
synchronous data shall be
Step 5. The tests must b|

7-7.5 Data Analysis

For any motion profile
Piarge(t) and the actual po

n. Paragraph 7-6.3.6 prescribes the system conditions that shall be used for this test. Further-

na
oot T C—HHoOtoH TTHeT tHe—oos

and accnlaration aefa
................ P

aneca ara fanetione Aftha aptien paation cuctars tnelyding tha hao
e—afre-tHhReHehRSoer—tne-eh SYSteHr HeHIE

r, resolution, etc., the entire system should remain unchanged during the tests.

cedure

Hure for any motion profile is as follows:

ing equipment with the axis under test.

otion, in the case of backlash existing in the axis, the backlash should be removed by,a back-
positively preload in the direction of motion.

br the desired dynamic positioning profiles as described in para. 7-7.2 for eitherlinear ramp
or general user-defined motion.

motion, the test should be carried out in both positive and negative directions. For each
shall be recorded synchronously with each other, as much as possible; that is, if possible,
time stamped in a synchronized fashion to the same reference clock)Otherwise, the non-
collected and then synchronized afterwards.

e repeated a minimum of three times.

(linear ramp, sinusoidal, or general user-defined};\the target position is denoted as
ition is denoted as P,ctyalc(t), where ¢ indicates ;the number of the control configuration

(e.g., 0, 1, or 2). Consequently, the dynamic positioning deviation, x.(t), between the actual position and the target

position for the cth contro

The sign convention chos

for the opposite sign conve

deviation in velocity and the|

to the calculation of the devi

where time, ¢, is sufficiently

the dynamic positioning er

7-7.5.1 Ramp Motion Ch

other common performancg
acteristics include constant

deviations, x¢(t) and x,(t),
shoot, and following error.

configuration is calculated as

xc(t) = Pactual,c(t) - Ptarget(t) (7-7-1)
bn in eq. (7-7-1) is consistent with thatin ISO 230-2:2014. However, the results may be shown
ntion, as agreed upon between-the user and the manufacturer/supplier. Furthermore, the
deviation in acceleration may-be-calculated for each control configuration in a manner similar
ation in position. Generally, the definition for position deviation in ISO 230-2:2014 is defined
arge to reach a stationaryposition. In this case, the position is sampled as time increases, and
ror (DPE) is defined as"the maximum absolute deviation; that is,
DPE = max[|xc(t)|] (7-7-2)
practeristics.In addition to dynamic deviations of position, velocity, and acceleration, some
characteristics can be calculated from the ramp motion test. Additional ramp motion char-
veloeity; overshoot, and following error. Figure 7-7.5.1-1 shows the dynamic positioning
br.two' control configurations as well as annotations illustrating the constant velocity, over-
he DPE location is shown for both control configuration responses. In the second case, the

DPEisequal to the following error. This is common for critically damped or underdamped systems. It is noted that the user
and manufacturer/supplier must determine if any of these metrics are an issue within the process being evaluated.

7-7.5.2 Examples for Linear Ramp Motion. Figure 7-7.5.2-1 shows examples of linear ramp motion responses as a
function of time for three control configurations, and Figure 7-7.5.2-2 shows a zoomed-in portion of the positioning

deviations to better visualiz

e them for comparison purposes. The examples shown in both figures are for a system that is

commanded to move a linear ramp motion for a total distance of 20 mm. The system reaches 20 mm at about 0.2 s after

initiation of the motion com
gain, which results in a posi

mand. As can be seen in Figure 7-7.5.2-2, x,(t) is for the control configuration with the lowest
tioning deviation of nearly 2 mm in magnitude at ¢ = 0.2 s. Similarly, x¢(¢) has a magnitude of

slightly less than 1 mm at t = 0.2 s. Also, the position for the zeroth control configuration reaches 20 mm before the
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Figure 7-7.5.1-1
Linear Ramp Motion General Characteristics
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Figure 7-7.5.2-1
Example Linear Ramp Motion and Dynamic Positioning Deviation for Three Control Configurations
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Zoomed-In Portion
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Figure 7-7.5.2-2
of Example Dynamic Positioning Deviation for Three Control Configurations for
Linear Ramp Target Motion
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response for the second con
system (c = 1) yields a posit
7-7.5.2-2 show how the resy
time.

Figure 7-7.5.2-3 shows a
seeninFigure 7-7.5.2-3, the
=0.2s,whichisatrade-offc
= 0.2 s (see Figure 7-7.5.2
documentation of this mot
since the allowable result fo
example, the linear ramp n

trol configuration. In contrast, as seen in Figure 7-7.5.2-2, theresponse of the stiffest control
joning deviation of less than 0.03 mm in magnitude at t = 0.2 s."Hence, Figures 7-7.5.2-1 and
Its may be displayed to illustrate the positioning deviatioh§ from a target path as a function of

zoomed-in portion of the linear ramp motion respgises seen in Figure 7-7.5.2-1. As can be
first control configuration leads to an overshoot while reaching the final target position after ¢
mpared to that configuration resulting in the smhallest magnitude of positioning deviation at ¢
2) compared to the zeroth and second control configurations. Full characterization and
on is important for the user and the mantfacturer/supplier to understand and evaluate,
' each motion response is upon agreement between the user and manufacturer/supplier. For
hotion may be modified to test the largest deviation from the target prescribed motion.

7-7.5.3 Sinusoidal Motign Characteristics. Similar to.the ramp motion, the sinusoid motion has general character-

istics that may be calculated
dynamic position error, fol

from dynamic positioning test data. In addition to the dynamic position deviation, x,(t), the
owing error, time shift;and actual peak-to-peak values are illustrated in Figure 7-7.5.3-1.

7-7.5.4 Examples for Sigusoidal Motion. Figure 7-7.5.4-1 shows examples of sinusoidal motion responses as a func-

tion of time for two control
to better visualize them foj
acceleration along with the
compare the target velocitie
in the presentation of resul

onfigurations, and-Figure 7-7.5.4-2 shows a zoomed-in portion of the positioning deviations
comparison/purposes. Additionally, Figure 7-7.5.4-3 shows the target velocity and target
hctual velocity-and actual acceleration for two control configurations. This test is valuable to
s and targeétaccelerations to the actual respective results; the results will be analyzed further
ts settion.

7-7.6 Test Uncertainty Analysis

See subsection 7-6 fora di
used and uncertainties of t

scussion of the test uncertainty, which is related to uncertainties of the measurement systems
he axis under test.
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Figure 7-7.5.2-3
Zoomed-In Portion of Example Dynamic Positioning Deviation Near the Final Target Position After t = 0.2 s

21.0
~,

20.5 -
= Y
£ 200 R
o \J'.“. -
& | ¢

19.5 T

19.0 :

0.0 0.1 0.2 0.3 0.4 0.5
lime. s
i targel =ive Paag o= Pagyg e Pact2

80


https://asmenormdoc.com/api2/?name=ASME B5.64 2022.pdf

Position, mm

Position Deviation, mm

ASME B5.64-2022

Figure 7-7.5.3-1

Sinusoidal Motion General Characteristics
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Figure 7-7.5.4-1

Example Sinusoidal Motion and Dynamic Positioning Deviation for Two Control Configurations

Position, mm

Zoomed-In Portion of

Position Deviation, mm
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Figure 7-7.5.4-2

Fxample Dynamic Positioning Deviation for Two'Control Configurations for
Sinusoidal Target Motion
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Figure 7-7.5.4-3

Example Sinusoidal Target Velocity and Target Acceleration for Two Control Configurations
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(1) Example of sinusoidal target velocity with actual velocity for two control configurations.
(2) Example of sinusoidal target acceleration with actual acceleration for two control configurations.
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7-7.7 Presentation of Results

One report should be created for each motion, whether positive or negative, and for each tested control configuration.
The report shall show the deviation between the actual position path and the target position and the associated metrics.
Reports for various control configurations may be used to demonstrate the influence of the control system on perfor-
mance. Any changes to control parameters should be recorded to ensure repeatability of these tests.

7-7.7.1 Linear Ramp Motion. Figure 7-7.7.1-1 shows an example of a dynamic positioning test report for a linear ramp
motion. As seen in this example report, the actual position is underdamped compared to the target position. The metrics of
dynamic positioning error, following error, and overshoot are noted in Figure 7-7.7.1-1. Other metrics and issues are not

specifically addressed in this e“aulp}c 1cpuxt but nray be-observableandnoted—in—simitar Tepot ts:

7-7.7.2 Sinusoidal Motion. shows an example of a dynamic positioning test report for a sinusoidal motion. In this
example, the largest position dgviation is recorded. Other locations are also noted as those results may be important.
Specifically, while a sinusoid wag prescribed, both the positive and negative peaks are recorded. Additional or alternative
results of significance may be npted as agreed upon between the user and manufacturer/supplier. Furthermore, addi-
tional derivatives of position arg observable and may be reported. For example, Figures 7-7.7.2-1 and 7-7.7.2-3 show
examples of reports for the velpcity and acceleration, respectively.
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Figure 7-7.7.1-1
Example of a Dynamic Positioning Test Report for a Linear Ramp Motion

Dynamic Positioning Test Report for a Linear Ramp Motion

Positioning System

Manufacturer: ABC
Type: Moderate damping

Model No.: XX

Max. travel: 200 mm

Serial No.: XX

Max. velocity: 250 mm/s

Test Setup
Programmed travel: 20 mm Programmed velocity: 100 mm/s
Sampling rate: 1 000 Hz
Functional point: X = XX mm, Y= XX mm, and Z = XX mm Load: 0 kg
Position and Position Dgviation
25.p
20.p Sl
15. g
=
=
£ 10 7
5. 4
0' £ o — — o ) — - = =
-5.p
0.0 0.1 0.2 0.3 0.4 0.5
Time, s
arget act0 - 'xo
. 2. ]
E 0.229, 0.659
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g 0 7 —
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g y I~ L L
z \ﬁ 0.200,-0.901]
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—2.
0.0 0,% 0.2 0.3 0.4 0.5
Time, s
—x,
\4
Table of Results ﬁ@
Dynamic Positioning
Metric ETTor(UFE) Following Error Overshoot
Time, s 0.029 0.2 0.229
Target position, mm 2.90 20 20
Metric value, mm 1.563 0.901 0.659

Method to determine value

User and manufacturer/supplier agreement

Manual selection
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Figure 7-7.7.2-1
Example of a Dynamic Positioning Test Report for a Sinusoidal Motion

Dynamic Positioning Test Report for a Sinusoidal Motion

Positioning System

Manufacturer: ABC Model No.: XX Serial No.: XX

Type: High damping Max. travel: 200 mm Max. velocity: 1 000 mm/s
Test Setup

Programmed travel: 20 mm amﬂ)litude Programmed velocity: 250 mm/s

Sampling rate: 1 000 Hz
Functional point: X = XX mm, Y|= XX mm, and Z = XX mm Load: 0 kg:

Position and Position Deviatipn
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Figure 7-7.7.2-1
Example of a Dynamic Positioning Test Report for a Sinusoidal Motion (Cont’d)

Position and Position Deviation (Cont'd)
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..... X,
Table of Results A\
Max. Actual Min. Actual Dynamic Positioning
Metric Position Position Error (DPE)
Time, s 0.124 0.375 0.008
Target positiopn, mm =20 =-20 =0
Metric value, nm 20.084 -20.075 1.058
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Figure 7-7.7.2-2
Example of a Dynamic Velocity Test Report for a Sinusoidal Motion

Dynamic Velocity Test Report for a Sinusoidal Motion

Positioning System

Serial No.: XX

Max. velocity: 1 000 mm/s

Manufacturer: ABC Model No.: XX

Type: Stiff control Max. travel: 200 mm

Test Setup
Progrgmmed travel: 20 mm amplitude Programmed velocity: 250 mm/s
Sampling rate: 1 000 Hz
Functipnal point: X = XX mm, Y= XX mm, and Z= XX mm Load: 0 kg
Velocjty {‘\p
500
,J 0.015,418.1
400 .:.*
300 |.,
200 [ /™ /N /1
£ o 1Y [\ [0\ /
EIN NN
R N A N A N 5
i %% % =
1.254,-252.1
-400
-500
0.0 0.5 1.0 1.5 2.0
Time, s
vtargct ----- vl
Table|of Results C)\\
Max. Actual Min. Actual Max. Velocity Min. Velocity
Metric Velocity Velocity Deviation Deviation
Time, s 0.015 1.254 0.015 1.516
Target velocity, mm/s = 250 = -250 = 250 0
Mefric value, mm/s 418 -252 168 -174
Method to determinewalue User and manufacturer/supplier agreement
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Figure 7-7.7.2-3
Example of a Dynamic Acceleration Test Report for a Sinusoidal Motion

Dynamic Acceleration Test Report for a Sinusoidal Motion

Positioning System

Manufacturer: ABC
Type: Stiff control

Model No.: XX

Max. travel: 200 mm

Serial No.: XX

Max. velocity: 1 000 mm/s

Test Setup

Yampling rate: 1 000 Hz

Hrogrammed Travel: 20 mm amplitude

Programmed velocity: 250 mm/s

Hunctional point: X = XX mm, Y = XX mm, and Z = XX mm Load: 0 kg
Acceleration {.\on
50 000
40 000
30000
% 20000
=) .
& 10000 H
=) i A
& 0 s L
< -10000 :
S
< -20000
—-30000
-40 000
-50 000
0.0 0.5 1.0 1.5 2.0
Time, s
target &,
Thble of Results C)\\
Max. Actual Min. Actual Max. Acceleration Min. Acceleration
Metric Acceleration | Acceleration Deviation Deviation
Time, s 0.007 1.507 0.007 1.507
Target acceleration, mm/s? -788 0 -788 0
Metric value, mm/s? 42 470 -44 503 43 258 -44 503
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Section 8
Geometric Accuracy

8-1 STRAIGHTNESS ERRORS

8-1.1 Ge

As the d
gonal to th
nessofas
that is fix

heral

arriage of a linear positioning system is moved, there are unwanted deviations in the lateraldirections

e system’s nominal straightlinear path. These unwanted deviations are called straightness@rtors. The str
ngle-axis linear positioning system is characterized by these lateral motions of a specified measurement
ed with respect to the carriage of the system (see Section 5). As shown in Figuret8-%.1-1, if the direct

nominal motion is chosen as the X-direction, then the straightness errors are in the Y- and/Z-directions, respectivel

are called
straightne
This Se
intended s
on the po
system w
dynamic 1
motions. |
test (see

the lateral and vertical straightness error motions and represented by symba@ls-Eyy and Ezy, respectivel
ss errors vary as a function of the axis position X.

tion describes how to measure the static and dynamic straightness errgts as functions of the axis positio
pplications for single-axis positioning systems may vary among users, Similarly, the forces and moments

itioning systems may differ between applications. A few examples(include the orientation of the positi
th respect to gravity, the mass of the payload, and the rate/method in which the payload is traverse
notion. In all cases, the forces and moments acting on the positioning system can alter the straightness
or these reasons, this Section describes a static straightness-test (see para. 8-1.5) and a dynamic straigh
bara. 8-1.7).

8-1.2 Mgasurement Setup

8-1.2.1
coordinat

Sensor Locations. Straightness measurements:shall be taken in two directions along axes of the specified
b system csF (see Section 5), with both axes-orthogonal to the nominal motion direction. The values obtain

the straightness errors depend on the location of thie measured point fixed relative to the moving carriage (coor

system cs
nonrigid b

M, per Section 5). This is because straightness measurements are affected by the angular errors as well
ody behavior of the positioning syStem’s components. Because straightness errors change with point lod

itisrecommended that the location of the measured point corresponds to the location of the functional point, i.e., the

where w(
straightne
the functi
ments of
transform
applicatio

8-1.2.2
setup. Foy
straighted

rk of the intended application is occurring. Spatial constraints, however, may limit the ability to me
ss errors at the functional) point. Thus, it is recommended that the measured point be located as cl
bnal point as possible, the point’s location with respect to the carriage be well documented, and the mez:
he carriage’s angularerrors made as well (see subsection 8-2). Resulting straightness data should th
ed (see Mandatory Appendix I) to represent the straightness errors at the functional point of the intg
n.

Fixed or'Moving Sensors. Straightness measurements can be performed in either a fixed- or moving-s
example, Figures 8-1.2.2-1 and 8-1.2.2-2 show both the fixed- and moving-sensor configurations wj
ge ora straightness interferometer is used, respectively.

rtho-
hight-
point
on of
i, and
. The

h. The
acting
oning
d, i.e.,
error
tness

fixed
ed for
inate
hs the
ation,
point
asure
se to
sure-
en be
tnded

ensor
hen a

In the fi

ked-sensor configuration, the sensor is fixed with respect to the base and the reference straightedge or str

hight-

ness reflector is placed on the moving carriage, as seen in Figure 8-1.2.2-1, illustration (a) or Figure 8-1.2.2-2, illustration
(a), respectively. The displacement sensor or Wollaston prism is held stationary (fixed to the base of the positioning
system) and measures against a traversing straightedge or reflector attached to the traversing element of the positioning
system. The location of the measured point with respect to the moving carriage is not constant and varies as a function of
axis position. A transformation (see Mandatory Appendix I) of the data with the appropriate angular positioning errors
(see subsection 8-2) is required to represent the measurements as the straightness of a single measurement point, as for
the moving-sensor setup.
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Figure 8-1.1-1
Straightness Error Motions, Eyy and Ezy, of a Linear Positioning System Designed to Traverse
in the X-Direction

GENEHAL NOTE: Figure is adapted from "Methods for Performance Evaluation of Single Axis Positioning Systems: Dynamic Straigh
Fesperman, B. 0’Connor, and J. Ellis, 2013, Proceedings of the 28th ASPE Annual Meeting, Vol. 564 pp{505-509. https://tsapps.nist.g
tion/get_pdf.cfm?pub_id=914434. Courtesy of the National Institute of Standards and Technalogy, U.S. Department of Commercg.

rightalpl

GENEH

e in the United States.

Figure’8-1.2.2-1
Setups for Measuring Straightness Using a Displacement Sensor and a Straightedge
With Either a Fixed-Sensor Measurement or a Moving-Sensor Measurement

Measured point

Measured point Displacement

Straightedge
sensor

¥

Displacement
sensor

(a) Fixed Sensor Measurement (b) Moving Sensor Measurement

AL'NQTE: Figure is :d:\pfpd from "Methods for Performance Evaluation of Qinglp Axis Paositioning Systems: Dynamic er:ig

tness,” by R.
ov/publica-

. Not copy-

Straightedige

tness," by R.

Fesperman, B. 0’Connor, and J. Ellis, 2013, Proceedings of the 28th ASPE Annual Meeting, Vol. 56, pp. 505-509. https://tsapps.nist.gov/publica-
tion/get_pdf.cfm?pub_id=914434. Courtesy of the National Institute of Standards and Technology, U.S. Department of Commerce. Not copy-

rightab

le in the United States.
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Figure 8-1.2.2-2

Setup for Measuring Straightness Using a Straightness Interferometer With Either a Fixed-Sensor Measurement

or a Moving-Sensor Measurement
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(a) Fixed Sensor Measurement (b) Moving Sensor,Measurement

OTE: Figure is adapted from "Methods for Performance Evaluation of Single Axis Positioning.Systems: Dynamic Straightnesg
B. O’Connor, and J. Ellis, 2013, Proceedings of the 28th ASPE Annual Meeting, Vol. 56, pp. 505%5009. https://tsapps.nist.gov/p|
f.cfm?pub_id=914434. Courtesy of the National Institute of Standards and Technology,(U,S. Department of Commerce. No
the United States.

hoving-sensor configuration, the sensor is attached to the carriage’and the reference straightedge or str
ctor is mounted stationary with respect to the base, as seen inFigure 8-1.2.2-1, illustration (b) or K
illustration (b), respectively. The displacement sensor or prisnr'is attached to the carriage of the positi
d measures against a stationary straightedge or straightness féeflector fixed to the base of the positioning s}
Le system csF, per Section 5). The location of the sensor or prism (in csM) represents the location

lent point. Throughout the duration of the measurément, the location of the measured point with re
ring carriage is constant and the resulting measurement data reflects the straightness of the point’s traje
acement sensors with attached cables may experience false readings due to cable movements. Thus,
ent should be considered for the moving-sensor setup, or a fixed-sensor setup should be used to eliminatg
lenced readings.

nsor method should be chosen, unless otherwise agreed upon by the user and the manufacturer/supplie
bnal point of the intended use-does not move with the carriage.

Test Equipment. In general, a straightness measurement may require the following equipment, which s
to reflect the expected performance of the positioning system and the results of an uncertainty evalu
blacement senser with straightedge

r and Wollaston prism with laser straightness reflector

r and lateral-effect sensor (geometry laser)

iring

h acquisition system

-proeessing software

" by R.
ublica-
copy-

hight-
igure
oning
ystem
bf the
spect
ctory.
cable
 false

h a linear positioning system can be characterized by measuring in either a fixed- or moving-sensor setup, the

r or if

hould
htion:

s antal can o

8-1.3.2 Sensor Types. Common methods of straightness measurement use displacement sensors, straightedges,
reflectors, laser straightness interferometers, and geometry lasers in fixed-sensor setups and/or moving-sensor config-

urations:

(a) Displacement Sensor With Straightedge. A common straightness measurement uses a displacement sensor with a
straightedge, as seen in Figure 8-1.2.2-1. The straightedge is aligned nominally parallel to the axis of motion and should be
minimally constrained to minimize deformations along the straightedge’s functional surface. The straightness error is
measured with a displacement sensor/indicator or a plane mirror interferometer (if the straightedge has an optical
quality reflective surface). When an interferometer is used as the measurement sensor, the air gap between the inter-
ferometer and the straightedge should be kept as small as possible to avoid effects of ambient air turbulence. If air
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turbulence exists, then methods should be employed to minimize their effects. If turbulence is unavoidable, then a
displacement sensor that is not sensitive to air turbulence should be used. Since interferometer measurements are
differential and the air gap is small, in many cases it is not necessary to make corrections for errors in laser wavelength
due to atmospheric conditions such as temperature and pressure. For the lowest measurement uncertainty conditions,
corrections should be made (see Section 12) and the contribution to the measurement uncertainty should be calculated
(ASME B89.1.8-2011).

The calibration chart of the straightedge should be used to determine if its accuracy is adequate compared to the
straightness specification of the positioning system under test. If the straightedge is not accurate enough, in that a test
uncertainty ratio of at least 4:1 is not possible (ISO/IEC 17025:2017), then the calibration chart or a technique called

strai htadon ravarcal (Byancatral 100N chonld haend o alisninatatha affacte afctpaightadan arpeae Haams +h o measure-
gheeagereversarevansSecars = - 511otre B e HSeato-erHiate-tne-eHe eSO Stragte age-errorsHom+ne

ment$. However, the straightedge reversal technique does not work when measuring the vertical straighftness of a
horizontal axis when the sag of the straightedge due to gravity is significant. In such cases, the istraightedge
should be characterized separately (e.g., with a flatness interferometer or profiler) and under the same cpnstraints
and ip the same orientation in which it will be used for straightness measurements (Estler, 1985).

(b)| Laser Straightness Interferometer. The most used laser straightness interferometers consistof a Wollagton prism
and afstraightness reflector, as seen in Figure 8-1.2.2-2. Extreme care must be taken in fixturing this reflector, particularly
in sitpations where table bending is suspected. Any local bending will cause the centerline’of the reflector to change its
position, potentially corrupting the straightness measurements. This situation can be partially rectified by mounting the
reflegtor to a secondary surface that is kinematically supported over the table.

(c)| Laser and Lateral-Effect Sensor. A geometry laser may also be used, in whichistraightness is measured by @ laser and
a latefal-effect sensor, e.g., a four-quadrant photodiode, without the use of interférometry. In this case, a laser source is
held qtationary and fixtured to the base of the positioning system with the lasef’beam aligned parallel to the axisjof motion.
A latgral-effect sensor capable of measuring lateral motion is attached t0)thé moving carriage of the positioning system
and lpcated as near as possible to the functional point. These measurements are representative of a moving-sensor
measfirement. Alternatively, the laser source can be mounted to théimoving carriage and the lateral effect sengor is fixed
to the base of the positioning system. In either case, thermal perturbations from the laser source and sensor glectronics
should be minimized to limit gradient effects.

8-1.3.3 Anti-Aliasing Filter. If an anti-aliasing filter ig’not an integral part of the data acquisition unit, {t must be
configured external between the sensor and data acquisition system so that the analog filtering occurs before the signal is
digitized.

8-1.4 Static Straightness Measurement . Procedure

8-1.4.1 General. Static straightness measurements are used to characterize the straightness error of a positioning
systen without the added effects of inertial forces due to accelerations. These measurements are performed|statically,
with the system held at position with no programmed movement.

8-14.2 Measurement Targets. A series of evenly, unevenly, or randomly spaced target positions are requirgd over the
full trpvel of the positioning System. The target intervals shall be no more than 1/10 of the axis travel. Generally, smaller
interyals are preferred tolyield more information about the straightness error motions of the system. The sgme target
positions shall be used fonrepetitive measurements. Ultimately, the targets shall be agreed upon between the uger and the
manufacturer/suppli€r-of the linear axis positioning system.

8-1.4.3 SystemCondition. Before data acquisition, the positioning system shall be run through a warm-up exercise
sequgnce of atledst five back-and-forth runs thatinclude all target positions. The programmed accelerations, velocity, and
position dwells used should be the same as for the static straightness measurement.

Alterfiative warm-up sequences and techniques should be agreed upon between the user and the manyifacturer/
supplier of the positioning SysSten.

8-1.4.4 Measurement Procedure. The test shall be conducted at a programmed velocity and payload that best repli-
cates the nominal conditions of the application or process in which the positioning system is intended to be used. These
conditions are application-dependent and shall be agreed upon between the user and the manufacturer/supplier of the
linear axis positioning system. The measurement procedure is as follows:

Step 1. Align the measuring equipment with the axis under test.

Step 2. Exercise the linear positioning system following the recommendation in para. 8-1.4.3.

Step 3. The positioning system shall be programmed to position the axis under test at a series of target positions (see
para. 8-1.4.2). The default traverse velocity shall be the system’s maximum programmable velocity or a velocity that is
negotiated between the user and the manufacturer/supplier.
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Step 4. Ateachtargetposition, the measurement data can be acquired with the system stationary (static measurement)

based on

the move-and-settle time (see subsection 7-3).

Step 5. Five sets of bidirectional measurements are made at all the target positions, unless otherwise agreed upon
between the user and the manufacturer/supplier. For some applications, unidirectional measurements may be agreed
upon to be sufficient. A set of measurement data shall consist of the target positions and the corresponding displacement
readings for straightness.

8-1.5 Static Straightness Data Analysis

8-1.5.1 Error Motions. To determine the actual straightness error motions, a straight line shall be removed from every

motion ddta. The straight line shall be determined by the Teast-squares method, unless otherwise agreed upon be

the user 4
forward-n
user and t
data, the

8-1.5.2
error valu
motion dal
value. Thd
bidirectio
at the targ
ectional s

where a d
for each s
each set 1

8-1.5.3
related to
when spe
nonconfot
(a) und
(b) und
(c) unc
(d) und
(e) und
(f) unc
(9) undg
(h) und
(i) unc

nd the manufacturer/supplier. The data used for least-squares method shall be, by default, the entire
hotion straightness data, or the entire set of bidirectional motion straightness data if agreed upopn,betwe
he manufacturer/supplier. Because the same straightline is removed from each individual motion'straigh
reversal error is preserved between the forward- and reverse-motion data.

System Straightness Values. After linear correction (i.e., slope removal) (see para.8*1:5.1), a straigh
e shall be calculated for each unidirectional motion data or each set of bidirectional.motion data (a for
ta curve and its corresponding reverse-motion data curve) by subtracting its minimum value from its max
result for bidirectional measurements is a unique set of straightness values_for the forward-, reverse
hal-motion data, with each of the three sets containing at least five values, one for each repeated measurg
et positions. Specifically, the forward-motion straightness error, reverse-motion straightness error, and
fraightness error are defined, respectively, as

E/}a,ET = rnax(E/;aT) - min(EﬁaT)
Epa,E| = max(Eggl) — min(Eggl)

E/}alE = max[(EﬁaT) E/)’al)] - min[(E/}aT; E/}al)]

enotes the axis direction (e.g., X) and B denotes the straightness error direction (e.g., Y or Z). The average
tmay be considered the static straightness error of the system for that data type, and the standard deviati
hay be used for the uncertainty analysis ©f*the straightness errors.

Test Uncertainty Analysis. Uncertainties associated with the measurement of static straightness erro
uncertainties of the used measuremment systems among other factors. These uncertainties should be consi
cifying measurement samplingvates and parameters, to avoid situations where neither conformang
mance to specifications cai be"demonstrated. Potential measurement uncertainty contributors inclyj
ertainty due to the sensor,calibration, ucay,

ertainty due to the sehspr resolution, usg

ertainty due to senSor correction error, Uscg

ertainty due tothe'straightness reference error, usgg

ertainty due te sensor misalignment, uy,

brtainty duesto’setup repeatability, u,

ertainty{due to the thermal drift of the measurement setup, urp

ertainty. due to the linear axis position repeatability, uar

brtainty due to triggering, urg

ween
set of
bn the
tness

tness
ard-
Imum
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ment
bidir-

8-8-1)
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8-1-3)

value
bn for

I's are
Hered
e nor
de

(j) unc

)rfninfy due to the data nrr}nicifinn system noise, Uy

£23v4

8-1.6 Presentation of Static Results

The average and expanded uncertainty of the straightness values shall be reported with a plot of the static straightness
error motions. Figure 8-1.6-1 shows an example of a static straightness report.

8-1.7 Dy

namic Straightness Measurement Procedure

8-1.7.1 General. Forces and moments inherent in dynamic systems affect the straightness errors. Some forces and
moments are due to the drive forces that occur during acceleration and deceleration of the positioning system. The
acceleration and deceleration at each axis position are based on the positioning profile. During constant-velocity motions,
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Figure 8-1.6-1
Example of a Static Straightness Test Report

Static Straightness Test Report

Positioning System

Manufacturer: ABC Model No.: XX Serial No.: XX
Type: Linear Max. travel: 350 mm Max. velocity: 500 mm/
Controller/drive unit to power the positioning system: ABC P100 S/N 1234

S

A

L

9

1

A

Number of forward/reverse motions: 10/10
Direction of measurement/motion: Z-axis/X-axis
Commanded axial positioning interval: 1 mm \
O

N

[

[

O

Measurement Setup

unctional point: X = XX mm, Y= XX mm, and Z = XX mm MP
oad: XX kg &

ystem location: 300 mm x 1.2 m x 1.2 m granite base
emperature during test: 22°C

/)

xis travel: 350 mm

well time for averaging: 5 s \’
leasurement point (MP): (X, Y, Z) = (0 mm, 30 mm, 25 mm)

ata acquisition system: Acme D100 S/N 5678
isplacement sensor: Acme S100 S/N 91011
ata filter: None

Static Straightness Plots

Pos
Neg
- Pos, mean
— — — Neg, mean

0 0.1 0.2 0.3

Axis Position, m

Static Straightness Test Results & :

Axis positions: Every 1 mm from 0.001 m to 0.349 m
Es, =1.56 pm £ 0.21 pym (k= 2)

ZX,Ep

E,, =157 pm £ 0.23 ym (k= 2)

ZXE|

E, .= 1.62 ym 0.18 um (k= 2)

the ad
progr

as co

htouring and raster scanning, acceleration and deceleration may occur throughout the profile and m

celeratien‘and deceleration regions occur at the beginning and end of travel and their lengths are a function of the
amied speed, acceleration, and deceleration, as explained in subsection 7-6. With other positioning prdfiles, such

py vary in

magnitude (e.g., a sinusoidal profile). In addition to drive forces, straightness errors may also be atfected by gravity or
loaded conditions such as the mass of the material that the positioning system is intended to carry. For these reasons, the
positioning profile and load that best represents the intended use of the positioning system should be used during
dynamic straightness measurements. These conditions shall be agreed upon between the user and the manufac-
turer/supplier.

8-1.7.2 Measurement Targets. Because accelerations and decelerations can affect the dynamic straightness error, the
constant-velocity and acceleration regions of the positioning profile should be identified. A linear axis positioning system
must be commanded to execute a simple motion. The travel distance between the two endpoints should allow the axis to
accelerate, then move at constant velocity for a defined distance, and then decelerate to stop. These regions can be
identified by measuring the position or velocity during the dynamic straightness measurement (see subsection 7-6). The
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acceleration and deceleration regions of the velocity profile should be referenced when reporting the dynamic straight-
ness. The travel distance, constant velocities, constant velocity distances, acceleration and deceleration rates, and loads
shall be agreed upon between the user and the manufacturer/supplier of the linear axis positioning system. When the
travel distance is not agreed upon a priori, the travel distance shall be the maximum possible travel distance. When
predefined velocities are not agreed upon a priori, two different tests shall be conducted at 20% and 80% of the maximum
steady-state speed, which is the maximum speed achievable where the constant-velocity distance is at least 50% of the
travel distance used for both speeds.

8-1.7.3 Sampling Rates. Each measurement device/equipment shall collect data at axis positions with a positioning
interval agreed upon between the user and the manufacturer/supplier. For example, if it is agreed upon to collect data
with a posfitioning interval of 1 mm and the linear axis is programmed to move at a maximum speed of 500 mm/s,th¢n the
measurement device/equipment must sample data with a rate of at least 500 Hz. No smoothing or averaging techfliques
should be|used for the raw data collection. The data may be collected at axis positions with either unifornmspacing (i.e.,
from distance-based sampling) or nonuniform positioning intervals (i.e., from time-based sampling)!

Samplifg rates shall be agreed upon between the user and the manufacturer/supplier. Each equipmenittmay measjure at
different Jampling rates, and if possible, all data shall be timestamped in a synchronized fashionto the same reference
clock. If ng sampling rate is agreed upon a priori, then a time-based sampling rate coinciding with a'positioning integfval of
atmost 0.1% of the total travel distance shall be used, depending upon the constant velocity. For'ekample, if the linegr axis
isprogrammed to move ata maximum speed of 500 mm/s for a total travel distance of 1 00@mm, a default sampling ifate of
atleast 500 Hz shall be used, coinciding with a positioning interval of 1 mm (= 0.1% of 1 000 mm) at the maximum gpeed.

Measurpment time intervals shall be agreed upon between the user and the manufaeturer/supplier. Measuremen time
intervals ghall include the complete motion with enough data collected before/affer acceleration/deceleration to gatisfy
the user that the linear axis is nominally at rest.

8-1.7.4( System Condition. Before data acquisition, the positioning system shall be run through a warm-up exgrcise
sequence |of at least five back-and-forth movements between the firstand last target points. The programmed pccel-
erations, yelocity, and position dwells used should be the same as for thé dynamic straightness measurement. Alterpative
warm-up [sequences and techniques should be agreed upon between the user and the manufacturer/supplier pf the
positioning system.

8-1.7.5| Measurement Procedure. The measurement precedure is as follows:

Step 1. |Align the measuring equipment with the axis.inder test.

Step 2. |[Exercise the linear positioning system following the recommendation in para. 8-1.7.4.

Step 3. [Thelinear axis mustbe commanded to exécute a simple motion. The travel distance used for both speeds should
be the same, unless otherwise agreed upon by‘the user and the manufacturer/supplier.

Step 4. [The test should be carried out in both positive and negative directions. For each direction, all measureients
shall be r¢corded synchronously with each-other, as much as possible; that is, if possible, the measurements shall be
timestamped in a synchronized fashionto the same reference clock. Otherwise, the non-synchronous data shgll be
collected pnd then synchronized afterwards.

Step 5. [The tests must be repéated a minimum of five times, unless otherwise agreed upon between the user and the
manufactiyirer/supplier. For some applications, unidirectional measurements are sufficient. The sets of bidirectiongl data
shall congist of time, axis-position, and the corresponding displacement readings for straightness.

8-1.8 Dynamic Straightness Data Analysis

8-1.8.1|Error Motions. Post-process filtering may be performed on the raw data, upon agreement between th¢ user
and the mpnufactuirer/supplier, and if so, the filter used should be reported (see para. 8-1.9). Then, the dynamic strpight-
ness errorymotions shall be determined as for the static straightness error motions (see para. 8-1.5.1), except that the data
used shallbe either tirat for the full travel or that collected WItHIT the ConStant-velocity piase (See Subsection 7-6), as
agreed upon between the user and the manufacturer/supplier. Without an agreement, only the data collected within the
constant-velocity phase shall be used; that is, data collected during axis acceleration or deceleration shall not be used for
determination of the dynamic straightness error motions in that case.

8-1.8.2 System Straightness Values. For the test data at the agreed-upon axis positions, the dynamic straightness
error values shall be determined as in para. 8-1.5.2 for the static straightness error values.
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8-1.8.3 Test Uncertainty Analysis. Uncertainties associated with the measurement of dynamic straightness error are
related to uncertainties of the used measurement systems among other factors, with at least the same uncertainty
contributors as those for the static straightness error (see para. 8-1.5.3). Additional measurement uncertainty contri-
butors for the dynamic straightness error include

(a)
(b)

8-1.9

uncertainty due to temporal synchronization of position and error motion data, usync
uncertainty due to fixturing vibrations of the measurement points, uyg

Presentation of Dynamic Results

The average and expanded uncertainty of the straightness values shall be reported with a plot of dynamic straightness

error
phase

determine the straightness values. Also, when filtered data is used for analysis, the filter parameters,shall be|
Figurg 8-1.9-1 shows an example of a dynamic straightness test report.

8-2 ANGULAR ERRORS

8-2.1
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dynamic motion. In all cases, the forces and moments acting on the positioning system can alter the angular erro
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. The dynamic straightness plot should contain the five measurement runs and the two parallel lines;

General

the carriage of a linear positioning system is moved, there are unwanted rotations with respect to th
hal orientation along the straightlinear path. These unwanted rotations are calléd angular errors. The angt
ngle-axis linear positioning system are characterized by these rotational inotions of a measurement frg
with respect to the carriage of the system (see Section 5). As shown-indFigure 8-2.1-1, if the direction ¢
n is chosen as the X-direction, then the angular errors are in the X-/¥+and Z-directions, respectively, and

5 vary as a function of the axis position X.
s Section describes how to measure the static and dynami@angular errors as functions of the axis pos
Hed applications for single-axis positioning systems may vary among users. Similarly, the forces and momg
b positioning systems may differ between applications:*A few examples include the orientation of the p|
n with respect to gravity, the mass of the payload,éand the rate/method in which the payload is travi

ese reasons, this Section describes a static angular error test (see para. 8-2.5) and a dynamic angular errd
8-2.8).

Measurement Setup

.2.1 Sensor Locations. Angular.fireasurements shall be taken in three directions along axes of the sped
inate system csF (see Sectiom5);with the axes orthogonal to the nominal motion direction. Under the assy
bodies, the location of the-angle sensors should not influence the measurements. However, if there is e
icant nonrigid body behavior, then the location of the angular measurements becomes important, and,
imended that the lo¢ation of the measured point corresponds to the location of the functional point, i.e.
b work of the intended application is occurring. Either way, the point’s location with respect to the carriagd

well

8-2.2.2 Fixed:or Moving Sensors. Some angular error measurements can be performed in either a fixed-
sensar setups See subsection 8-1 for details about the differences between these two types of configuratid
differences are critical for straightness measurements to understand the effects of angular motion on the errd
but arfe genérally not as significant for angular error measurements. Nonetheless, selection of sensor configura

ocumented.

motions and a velocity profile plot that identifies the acceleration/deceleration phases and the constagpt-velocity
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8-2.3 Measurement Setup

8-2.3.1 Test Equipment. In general, an angular measurement may require the following equipment, which should be
chosen to reflect the expected performance of the positioning system and the results of an uncertainty evaluation:

(a)
(b)
)

reference target or straightedge
angle sensor or laser
fixturing
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Figure 8-1.9-1
Example of a Dynamic Straightness Test Report

Dynamic Straightness Test Report

Positioning System

Manufacturer: ABC Model No.: XX Serial No.: XX
Type: Linear Max. travel: 350 mm Max. velocity: 500 mm/s

Controller/drive unit to power the positioning system: ABC P100 S/N 1234

Measurement Setup

Functional point: X = XX mm, Y = XX mm, and Z= XX mm
Load: [XX kg

System location: 300 mm x 1.2 m x 1.2 m granite base
Temperature during test: 22°C

Axis tifavel: 350 mm

Commjanded speed(s): 20 mm/s and 100 mm/s

Numbgr of forward/reverse motions: 10/10

Directfon of measurement/motion: Z-axis/X-axis
Measyrement Point (MP): (X, Y, Z) = (0 mm, 30 mm, 25 mm)
Data 4cquisition system: Acme D100 S/N 5678
Displgcement sensor: Acme S100 S/N 91011

Sampling rate: 1 kHz

Data f||ter: None

Dynalhic Straightness Plots [0.) b
Commanded Speed: 20 mm/s Commanded Speed: 100 mm/s
1 2
Pos Pos
§ Neg E 1 Neg
N 0 Pos, mean 5 0 Pos, mean
= — — — Neg,mean = — — — Neg, mean
], -1
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Axis Position, m Axis Position, m
22
E 20 Pos E Pos
g 18 Neg g Neg
b 16 Pos, mean b - Pos, mean
(“2’_ 1‘2; — — — Neg, mean % i — — — Neg, mean
0 0.1 0:2 0.3 0 0.1 0.2 0.3
Axis.Pgsition, m Axis Position, m
Dynamic Straigh@g Test Results
Constant Speed: 20 mm/s Constant Speed: 100 mm/s
Axis-positions: 0.01 m to 0.34 m Axis positions: 0.02 m to 0.33 m
E, =118 um+ 0.12 ym (k= 2) E, =117 pum+ 0.18 ym (k= 2)
sz,a: 1.20 um £ 0.29 ym (k= 2) sza: 1.16 ym = 0.14 pm (k= 2)
E,r =148 ym£0.27 uym (k= 2) E, =243 pm£0.19 ym (k= 2)
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Figure 8-2.1-1
Angular Error Motions, Epx, Egx, and Ecy, of a Linear Positioning System Designed to Traverse
in the X-Direction
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.3.2 Sensor Types. Common methods of angular measureméntuse differential displacement sensing r¢
htedge (differential straightness), laser angle interferometéts, autocollimators, electronic levels, and pd
nce angle sensors.
Differential Straightness Sensors. Angle measuremeiits using a differential straightness technique aj
oous to the methods described for mechanical straightedges in para. 8-1.3.2, except that the angulg
ured with the difference of two separate straightness measurements collected by a pair of disp
rs/indicators in two different locations. The ‘ealibration chart of the straightedge should be used to
ccuracy is adequate compared to the angular'specification of the positioning system under test. If the strai
Ccurate enough, in that a test uncertainty ratio of at least 4:1 is not possible (ISO/IEC 17025:2017)

5 of straightedge errors from themeasurements. However, the straightedge reversal technique does
measuring the pitch error motion of a horizontal axis when the sag of the straightedge due to gravity is g
h cases, the straightedge sheuld be characterized separately (e.g., with a flatness interferometer or pr
the same constraints and.in the same orientation in which it will be used for the angle measurements (Est}
Laser Angle Interferometers. The most used laser angle interferometers consist of a polarizing beam spli

eters are typicdllyused to measure the pitch error motion, Egy, and the yaw error motion, E¢y, for an axis
sing along the X-direction of a Cartesian coordinate system. The retroreflector targets should be mour
g carriag€of'the positioning system and the polarizing beam splitter should be held stationary and fixty
f the pasitioning system. In most cases it is not necessary to make corrections for errors in laser wavelen
pheTic.conditions such as temperature and pressure. For the lowest measurement uncertainty conditio
should be made (see Section 12) and the contribution to the measurement uncertainty should be calcula

lative to a
larization

e directly
r error is
lacement
letermine
shtedge is
, then the

ation chart or a technique called straightedge reversal (Evans et al,, 1996) should be used to eliminate the

not work
ignificant.
filer) and
er, 1985).
[ter with a

\g mirror and a paix of retroreflector targets mounted with a known spacing between them. Laser anpgle inter-

nominally
ted to the
red to the
gth due to
1S, correc-
ed (ASME

B89.1.8-20T1T].

(c) Autocollimators. Autocollimators are generally used in a fixed-sensor setup for measuring Egy and Ecx for an axis
nominally traversing along the X-direction of a Cartesian coordinate system. The autocollimator is fixtured to the base of
the linear axis system and the target is fixtured at the functional point on the moving stage.

(d) Electronic Levels. Electroniclevels are generally used in a differential setup for measuring the roll error motion, E»y,
or pitch error motion, Egy, for an axis nominally traversing along the X-direction of a Cartesian coordinate system. One
level is fixtured to the base of the linear axis system and the other level is fixtured at the functional point on the moving
stage. The relative output of the moving sensor to the fixed sensor is the error motion. Care should be taken to avoid
acceleration and deceleration effects as the levels must settle after motion has ceased.
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(e) Polarization Reference Angle Sensors. The polarization angle of an optical beam can be used to measure E,x for an
axis nominally traversing along the X-direction of a Cartesian coordinate system. A polarized laser source is typically
mounted to the base and atarget that changes the polarization angle or degree of polarization as a function of angle change
is mounted at the functional point on the moving stage. The target reflects the optical beam from the polarized sources,
and the reflected polarization angle is then detected relative to the initial polarization angle.

8-2.3.3 Anti-Aliasing Filter. If an anti-aliasing filter is not an integral part of the data acquisition unit, it must be
configured external between the sensor and data acquisition system so that the analog filtering occurs before the signal is
digitized.

8-2.4 Static Angular Measurement Procedure

8-2.4.1| General. Static angular measurements are used to characterize the angular error of a positioning system
without the added effects of inertial forces due to accelerations. These measurements are performed statically, with the
system hgld at position with no programmed movement.

8-2.4.2| Measurement Targets. A series of evenly, unevenly, or randomly spaced target positions arerequired ovier the
full travel|of the positioning system. The target intervals shall be no more than one-tenth of the‘axis travel. Gengrally,
smaller infervals are preferred to yield more information about the angular error motions of thé.system. The same farget
positions $hall be used for repetitive measurements. Ultimately, the targets shall be agreedpon between the user and the
manufactyirer/supplier of the linear axis positioning system.

8-2.4.3| System Condition. Before data acquisition, the positioning system shall be run through a warm-up exgrcise
sequence pfatleast five back-and-forth runs thatinclude all target positions. Theprogrammed accelerations, velocity, and
position dwells used should be the same as for the static angular measurement. Alternative warm-up sequencgs and
techniques should be agreed upon between the user and the manufacturer/supplier of the positioning system|.

8-2.4.4| Measurement Procedure. The test shall be conducted at a programmed velocity and payload that best|repli-
cates the mominal conditions of the application or process in which.the‘positioning system is intended to be used. These
conditions are application-dependent and shall be agreed upon between the user and the manufacturer/supplier jof the
linear axi$ positioning system. The measurement procedureis*as follows:

Step 1. |Align the measuring equipment with the axis under test.

Step 2. |Exercise the linear positioning system following the recommendation in para. 8-2.4.3.

Step 3. [The positioning system shall be programmed.to position the axis under test at a series of target positions (see
para. 8-2.4.2). The default traverse velocity shall be the system’s maximum programmable velocity or a velocity ghat is
negotiated between the user and the manufacturer/supplier.

Step 4. |At each target position, the measurement data shall be acquired with the system stationary (static megsure-
ment) baged on the move-and-settle time(See subsection 7-3).

Step 5. |Five sets of bidirectional mgasurements are made at all the target positions, unless otherwise agreed|/upon
between the user and the manufacturer/supplier. For some applications, unidirectional measurements may be agreed
upon to bg sufficient. A set of measSurement data shall consist of the target positions and the corresponding angle regdings
for angulgr errors.

8-2.5 Static Angle Data-Analysis

8-2.5.1| Error Motions. To determine the actual angular error motions, an offset value shall be removed from every
motion ddta. Theyoffset value shall be determined by the average deviation at the target position closest to the home
position of the-pesitioning system, unless otherwise agreed upon between the user and the manufacturer/supplief. The
data used foreffset value shall be, by default, the entire set of forward-motion angle data, or the entire set of bidirecfional
motion angtedataifagreedupomrbetweentheuser-amd-the mamufacturer/supplter—Because-thesamreoffsetvalue is
removed from each individual motion angular error data, the reversal error is preserved between the forward- and
reverse-motion data.

8-2.5.2 System Angular Error Values. An angular error value shall be calculated for each unidirectional motion data
or each set of bidirectional motion data (a forward-motion data curve and its corresponding reverse-motion data curve)
by subtracting its minimum value from its maximum value. The result for bidirectional measurements is a unique set of
angular error values for the forward-, reverse-, and bidirectional-motion data, with each of the three sets containing at
least five values. Specifically, the forward-motion angular error, reverse-motion angular error, and bidirectional angular
error are defined, respectively, as
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Eﬁa;ET = max(EﬁaT) — min(EﬂaT) (8-2-1)
Epq,g| = max(Eggl) — min(Eggl) (8-2-2)
Eﬁa,E = maX[(E/)‘(xTJ E/))(XJ')] - min[(EﬁaT5 E/)’al)] (8-2-3)

where a denotes the axis direction (e.g., X) and 5 denotes the angular error direction (4, B, or C, as described in Section 5).
The average value for each set may be considered the staticangular error of the system for that data type, and the standard
deviation for each set may be used for the uncertainty analysis of the angular errors.

8-2.5.3 Test Uncertainty Analysis. Uncertainties associated with the measurement of static angular errors gre related
to ung¢ertainties of the used measurement systems among other factors. These uncertainties should be consid¢red when
specifying measurement sampling rates and parameters, to avoid situations where neither conformance ngr noncon-
formgnce to specifications can be demonstrated. Potential measurement uncertainty contributors‘include

(a)| uncertainty due to the sensor calibration, ucay,

(b)| uncertainty due to the sensor resolution, usg

(c)|uncertainty due to sensor correction error, uscg

(d)| uncertainty due to the straightness reference error, usgg

(e)|uncertainty due to the distance between displacement sensors, upps

(f) luncertainty due to sensor misalignment, uya

(g)| uncertainty due to setup repeatability, u,

(h)| uncertainty due to the thermal drift of the measurement setup, usp

(i) [uncertainty due to the linear axis position repeatability, uar

(j) [uncertainty due to triggering, urg

(k)| uncertainty due to the data acquisition system noise, upaq

8-2.6 Presentation of Static Results

Th¢ average and expanded uncertainty of the angular error values shall be reported with a plot of the static angular
error|motions. Figure 8-2.6-1 shows an example of a-static angular error report.

8-2.7 Dynamic Angular Measurement Procedure

8-2.7.1 General. Forces and moments inhéerent in dynamic systems affect the angular errors. Some fprces and
moments are due to the drive forces that occur during acceleration and deceleration of the positioning system.
The alcceleration and deceleration at each axis position are based on the positioning profile. During constamt-velocity
motidns, the acceleration and deceleration regions occur at the beginning and end of travel and their lengths arela function
of thelprogrammed speed, acceleration, and deceleration, as explained in subsection 7-6. With other positioning profiles,
such @s contouring and raster scanning, acceleration and deceleration may occur throughout the profile and may vary in
magnijitude (e.g., a sinusoidal\profile). In addition to drive forces, angular errors may also be affected by gravity or loaded
conditions such as the mass of the material that the positioning system is intended to carry. For these repsons, the
positioning profile and\oad that best represents the intended use of the positioning system should be uded during
dynamic angular measurements. These conditions shall be agreed upon between the user and the manufacturer)/supplier.

8-2.7.2 Measurement Targets. Because accelerations and decelerations can affect the dynamic angular|error, the
constpnt-velocity and acceleration regions of the positioning profile should be identified. A linear axis positionglg system

must pe cehimanded to execute a simple motion. The travel distance between the two endpoints should allow fthe axis to
accelgrate, then move at constant velocity for a defined distance, and then decelerate to stop. These regigns can be
identified by measuring the position or velocity during the dynamic angular measurement (see subsection 7-6). The
acceleration and deceleration regions of the velocity profile should be referenced when reporting the dynamic angular
errors. The travel distance, constant velocities, constant velocity distances, acceleration and deceleration rates, and loads
shall be agreed upon between the user and the manufacturer/supplier of the linear axis positioning system. When the
travel distance is not agreed upon a priori, the travel distance shall be the maximum possible travel distance. When
predefined velocities are not agreed upon a priori, two different tests shall be conducted at 20% and 80% of the maximum
steady-state speed, which is the maximum speed achievable where the constant-velocity distance is at least 50% of the
travel distance used for both speeds.
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Figure 8-2.6-1
Example of a Static Angular Error Test Report

Static Angular Error Test Report

Positioning System

Manufacturer: ABC Model No.: XX Serial No.: XX
Type: Linear Max. travel: 350 mm Max. velocity: 500 mm/s
Controller/drive unit to power the positioning system: ABC P100 S/N 1234

Measurement Setup

Functipnal Point: X = XX mm, Y = XX mm, and Z = XX mm \ MP
Load: XX kg \

System location: 300 mm x 1.2 m x 1.2 m granite base

Tempgrature during test: 22°C

Axis travel: 350 mm

Numbegr of forward/reverse motions: 10/10

Directjon of measurement/motion: X-axis/X-axis

Commjanded axial positioning interval: 1 mm \

R

7

Dwell fime for averaging: 5 s

Measyrement point (MP): (X, Y, Z) = (0 mm, 30 mm, 25 mm)
Data gcquisition system: Acme D100 S/N 5678
Displacement sensor: Acme S100 S/N 91011

Data fllter: None

Static|Angular Error Plots

Pos
Neg
- Pos, mean
- Neg, mean

E,x, urad

0 0.1 0.2 0.3
Axis Position, m

Static|Angular Error Test Results }\ :

Axis positions: Every 1 mm from 0.001 m to 0.349 m
E,xg,= 249 prad £ 0.29 prad (k= 2)

Efsz=25.0 prad £ 0.33 prad (k= 2)
Ejye = 25.3 prad  0.32 prad (k= 2)

8-2.7.3| Sampling/Rates. Each measurement device/equipment shall collect data at axis positions with a positioning
interval agreed upon between the user and the manufacturer/supplier. For example, if it is agreed upon to collecf data

with a posfitioning interval of 1 mm and the linear axis is programmed to move at a maximum speed of 500 mm/s, th

bn the

measurententdevice/eEqUipMEnt Must sampte data withrarate of at feast 500 Hz No smoothing oraveraging techr

iques

should be used for the raw data collection. The data may be collected at axis positions with either uniform spacing (i.e.,

from distance-based sampling) or nonuniform positioning intervals (i.e., from time-based sampling).

Sampling rates shall be agreed upon between the user and the manufacturer/supplier. Each equipment may measure at
different sampling rates, and if possible, all data shall be timestamped in a synchronized fashion to the same reference
clock. If no sampling rate is agreed upon a priori, then a time-based sampling rate coinciding with a positioning interval of
atmost 0.1% of the total travel distance shall be used, depending upon the constant velocity. For example, if the linear axis
is programmed to move ata maximum speed of 500 mm/s for a total travel distance of 1 000 mm, a default sampling rate of
atleast 500 Hz shall be used, coinciding with a positioning interval of 1 mm (= 0.1% of 1 000 mm) at the maximum speed.
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Measurement time intervals shall be agreed upon between the user and the manufacturer/supplier. Measurement time
intervals shall include the complete motion with enough data collected before/after acceleration/deceleration to satisfy
the user that the linear axis is nominally at rest.

8-2.7.4 System Condition. Before data acquisition, the positioning system shall be run through a warm-up exercise
sequence of at least five back-and-forth movements between the first and last target points. The programmed accel-
erations, velocity, and position dwells used should be the same as for the dynamic angular measurement. Alternative
warm-up sequences and techniques should be agreed upon between the user and the manufacturer/supplier of the

positi

8-2
Ste,
Ste,
Ste
be th
Ste,
shall
times
colled
Ste,

oning system.

b 1. Align the measuring equipment with the axis under test.
b 2. Exercise the linear positioning system following the recommendation in para. 8-2.7.4.

b 3. The linear axis mustbe commanded to execute a simple motion. The travel distance used for bath spe
b same, unless otherwise agreed upon by the user and the manufacturer/supplier.

b 4. The test should be carried out in both positive and negative directions. For each diréction, all meas
be recorded synchronously with each other, as much as possible; that is, if possible, the measuremen
tamped in a synchronized fashion to the same reference clock. Otherwise, the non,synchronous dat
ted and then synchronized afterwards.

b 5. The tests must be repeated a minimum of five times, unless otherwise agréed upon between the us

man

shall [consist of time, axis position, and the corresponding angle readings for‘ahgular errors.

8-2.8 Dynamic Angle Data Analysis

8-2.8.1 Error Motions. Post-process filtering may be performed onthe raw data, upon agreement betwee
and the manufacturer/supplier, and if so, the filter used should be reported (see para. 8-2.9). Then, the dynam

error
be eit]
betwy{
veloc
minaf

8-2
value

8-2
relatd
contr
for th

(a)

(b)

8-2.9

Thg
error
phase
analy

facturer/supplier. For some applications, unidirectional measurements are$sufficient. The sets of bidirect

motions shall be determined as for the staticangular errormotions (see para. 8-2.5.1), except that the data
her that for the full travel or that collected within the constant-velocity phase (see subsection 7-6), as ag
ben the user and the manufacturer/supplier. Withoutan agreement, only the data collected within the]
ty phase shall be used; that is, data collected durihg axis acceleration or deceleration shall not be used
ion of the dynamic angular error motions in that case.

.8.2 System Angular Error Values. For the test data at the agreed-upon axis positions, the dynamic ang
5 shall be determined as in para. 8-2¢5.2-for the static angular error values.

.8.3 Test Uncertainty Analysis. Uncertainties associated with the measurement of dynamic angular
d to uncertainties of the used-measurement systems among other factors, with at least the same u
butors as those for the static anigular error (see para. 8-2.6). Additional measurement uncertainty co
e dynamic angular error-include

uncertainty due to tenmporal synchronization of position and error motion data, usync

uncertainty due tolfixturing vibrations of the measurement points, uyg

Presentation of Dynamic Results

average,and expanded uncertainty of the angular error values shall be reported with a plot of dynam

. The dynamic straightness plot should contain the five measurement runs. Also, when filtered data i
Kis;the filter parameters shall be provided. Figure 8-2.9-1 shows an example of a dynamic angular error t

bds should

urements
's shall be
a shall be

er and the
ional data

n the user
ic angular
used shall
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ular error

error are
hcertainty
htributors

lic angular

motionsand a velocity profile plot that identifies the acceleration/deceleration phases and the constamt-velocity

s used for
bst report.
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Figure 8-2.9-1
Example of a Dynamic Angular Error Report

Dynamic Angular Error Test Report

Positioning System
Manufacturer: ABC

Model No.: XX Serial No.: XX

Type: Linear

Max. travel: 350 mm
Controller/drive unit to power the positioning system: ABC P100 S/N 1234

Max. velocity: 500 mm/s

Measurement Setup

Load

Functipnal point: X = XX mm, Y = XX mm, and Z = XX mm
: XX kg

Systern location: 300 mm x 1.2 m x 1.2 m granite base
Tempgrature during test: 22°C

Axis travel: 350 mm

Comnjanded speed(s): 20 mm/s and 100 mm/s

Number of forward/reverse motions: 10/10

Direction of measurement/motion: X-axis/X-axis
Measyrement point (MP): (X, Y, Z) = (0 mm, 30 mm, 25 mm)
Data gcquisition system: Acme D100 S/N 5678
Displacement sensor: Acme S100 S/N 91011

Sampling rate: 1 kHz

Data fllter: None

Dynarpic Angular Error Plots

~

(0.4)

Commanded Speed: 20 mm/s

Axis Position, i

Commanded Speed: 100 mm/s

Axis Position, m

- Pos = Pos
g Neg g Neg
= Pos, mean -~ Pos, mean
L,j‘ — — — Neg,Wjean L,? = — = Neg, mean

0 0.1 0.2 0.3 0 0.1 0.2 0.3

Axis Position, m Axis Position, m
22

2 |20 » 100} mud
g Pos g | Pos
Eﬁ 18 Neg E” 80 Neg
B 16 Pos, mean b Pos, mean
2 |14 — — — Neg,mean 2 — — — Neg, mean
©n |12 2 60

0 0.1 0.2 0.3 0 0.1 0.2 0.3

Dynaric Angul;@}blr Test Results

Constant Speed: 20 mm/s

Constant Speed: 100 mm/s

Axis-positions: 0.01 mto 0.34 m
E  ..=255prad £ 0.94 prad (k= 2)

Axis positions: 0.02 m to 0.33 m
E,  ..=258uprad +0.45 prad (k= 2)

E,xg, = 24.8 yrad £ 0.61 prad (k = 2)
E, e =26.2 yrad + 0.27 prad (k= 2)

E, . =29.0yrad £ 0.79 prad (k= 2)

AX.E|
E,. =31.6 urad + 0.85 prad (k= 2)
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Section 9
Point Repeatability Test

9-1 GENERAL

Sedtion 9 describes the point repeatability test to determine the point repeatabilities of the position.of a

point

system to a defined target position where the three-dimensional variation of the functional point’s position is reg
an adequate sensor setup. The resulting dataset is used to quantify the point repeatability of,the functional

three

9-2 MEASUREMENT SETUP

9-2.]

Th
thus
(a)
(b)
(c)
(d)
(e)
0]
9

Forn

and donsequently, the point repeatability représents the performance of stage mechanics. For example, th
should be minimized except for the required mass of fixtures, and the motion profile should avoid mechanical

instal
9-2.2
(a)

(b)

not li

functional

The point repeatability is characterized by repeatedly moving a functional point on a single-axis linear positioning

orthogonal directions.

General Measurement Setup

following application-specific system-level components or characteristics may affect the point repeats:
hould be defined and documented:

control system/drive electronics

control system tuning algorithms

base mounting surface or reference frame

payload

motion profile (commanded velocity, acceleration,-and jerk)
environmental conditions

sensor model, serial number, and uncertainty

the default case, the settings should be chosen such that their influences on the point repeatability are ins

ility in the results.

Equipment

The suggested equipmerit required for the point repeatability test are as follows:
1) positioning systemand drive electronics

) linear displacentent sensor(s)

3) displacementsensor fixture(s)

4) artifact or-fixture representing a functional point

5) data acquisition system

6) post{processing software

7) environmental sensors

Eachlinear displacement sensor is not restricted to one form or type of measuring device and may incl

corded by
oint in all

bility and

ignificant,
e payload
r thermal

lide, but is

ited to, the following:

(1) laser interferometer
(2) capacitive gauge
(3) linear variable differential transformer (LVDT) sensor
(4) confocal white light sensor
(5) a dial indicator with a straightedge
(c) Each linear displacement sensor selected must have an acceptable test uncertainty ratio (TUR) for the actual
measured performance.
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9-2.3 Functional Point(s), Target position(s), and Sensor Location

The quantity and location of functional points are defined in the coordinate system fixed to the moving element of the
positioning system. The quantity and location of target positions are defined as positions along the axis of travel of the
positioning system under test. The sensor setup of linear displacement sensors is fixtured such that the functional point
will be in each sensor’s measurement range when the axis is positioned at a specific target position.

The point repeatability test is valid for both fixed- and moving-sensor configurations. For a fixed-sensor configuration,
the artifact is mounted to the moving element and the sensor nest is stationary. For a moving-sensor configuration, the
sensor nestis mounted to the moving element of the positioning system, representing the functional point, and the sensor
nestis translated to the defined target position where a stationary artifact is measured. The chosen configuration shall be
agreed ugon between the user and the manufacturer/supplier of the linear axis positioning system.

In the case where there are more than one functional point or target position, the artifact and/or sensor nest.arg to be
moved to new fixture positions to capture the multiple datasets that will characterize all combinations of functienal points
atall targdt positions. The option to define single or multiple functional points and target positions result$in four pogsible
test cases|listed below and shown in Figure 9-2.3-1:

(a) Casp A. A single moving functional point is tested at a single target position.

(b) Case B. Multiple moving functional points are tested at a single target position.

(c) Casg C. A single moving functional point is tested at multiple target positions.

(d) Casp D. Multiple moving functional points are tested at multiple target positions

The functional points and target positions should be defined to represent the application or process in whigh the
positioning system is intended to be used. The functional points and target positions'shall be agreed upon betweg¢n the
user and the manufacturer/supplier of the linear axis positioning system. For the{case where there is no defined applica-
tion or nofinformation from an end user, the default test case is Case C where asingle moving functional point is tested at
multiple target positions. The default quantity of target positions is five and.are at locations along the axis of travel ¢f 5%,
25%, 50%, 75%, and 95% of the nominal travel, measured from thenegative end of travel.

An impprtant aspect of the point repeatability test is that it only,characterizes the performances for the sgecific
functional points and target positions tested. The performances for untested functional points and target posjtions
cannot be inferred from any preexisting dataset of other defined functional points and target positions.

9-2.4 Setup Configuration

Each test setup is composed of the functional points, target positions, positioning system, and the equipment required
to record ¢lata for the defined points. For a linear pesitioning stage, this test methodology characterizes the three-djmen-
sional (X, [/, and Z) repeatability of the position af a‘functional point attached to the moving element of a motion system.

Figure 9-2.4-1 showsalinear positioning system with a moving carriage and a ball artifact acting as the functional point.
Athree-sdnsor nest of capacitive gauges is set up to measure the three-dimensional (X, Y, and Z) variations of the pogition
of the artifact. The moving element of the positioning system will be commanded through a defined motion cycle. When
the artifadtis commanded to the target'position, the data acquisition system will record the sensed position of the arttifact.
The test aftifact and displacement.sensors represented in Figure 9-2.4-1 are for visual purposes only; actual equipment
used may| differ.

The point repeatability testis by default a three-dimensional test. However, some applications may only rgquire
measurenent of performance in one or two dimensions. For these applications, it is acceptable to test only the critical
dimensions and preserit the related performance data. An example of the directional importance is an application where
the repeatability performance in a plane (composed of the X-axis and Y-axis) is critical, but the Z-axis component|is not
critical anld thus ‘miay be neglected from the test.

For such casesynests with one or two displacement sensors (as opposed to a three-sensor nest) may be used to dollect
position dptafer one or two of the repeatability components individually. Figure 9-2.4-2 shows a test setup with a single
sensor used to collect axial position data of a linear positioning system. Figure 9-2.4-5 shows a test setup with a two-
sensor nest used to collect the repeatability components perpendicular to the axis of travel, the horizontal and vertical
straightness repeatabilities, or the Y- and Z-axis repeatabilities, respectively. The setup in Figure 9-2.4-3, which uses a
straightedge, has the benefit of being able to characterize multiple functional points (along the straightedge) with one test
setup.

Figures 9-2.4-1 through 9-2.4-3 show measurement setups with a displacement sensor such as a capacitive gauge.
While not shown, similar setups using other available displacement sensor technologies are permitted, given that the
sensors can clearly characterize the X-, Y-, and Z-axis repeatability components of the measurement point.
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Figure 9-2.3-1
The Four Possible Test Cases of the Point Repeatability Test Given the Options for Single or
Multiple Functional Points and Target Positions

Single moving functional point

Axis of travel

- s

\

Point repeatability tested at q;l/

single target position q/Q
™
NS
/ Multiple moving functional points&

Axis of travel ?‘
- &o—6—© S

Q \J
‘\\ Point repeatability tested at

single target position

(Case A)

(C B)
4\

Single moving functional point
Axis of travel C\\C)

-

\ Point repeatability tested at

multiple target positions

OQ~ (Case C)

@Q/ Multiple moving functional points

Axis of travel

multiple target positions

- &o—66—© —
. . . . . . .\ Point repeatability tested at

(Case D)
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Figure 9-2.4-1
Setup Configuration — Three-Sensor Nest

Displacement sensor —
(Y component) \
Displacement sensor —_ ) | [ Sengor fixtura
(Z component) J. / =
Displacement sensor —
(X component)

Test target —

Moving —_

carriage —— Functional
= point

7 Stationary base

GENERALNPTE: Athree-sensornestisusedto collecttheX,Y,and Zcomponentsin asingle point repeatability testof alinear positioning s
This is also|an example for a fixed sensor configuration.

ystem.

Figure 9-2.4-2
Setup Configuration — Single Sensor

Sensor fixture —
Displacement sensor —

(X component)

(
Test target —_ ~
Moving —

GENERAL N

OTE: A single sensor is used to collect.the.axial component (or X component) of the point repeatability test of a linear posi
system.

ioning

Figure 9-2.4-3
Setup Configuration —Two-Sensor Nest

Displacement sensor T\ < Sensor fixture
(Y component) {0\

(Z component)
Test target —

.

fﬁ,\“,/-—/»*xi’é‘tgﬁonary base

GENERALNOTE: Atwo-sensor nestisused to collect the two straightness components (the Yand Z components) of the point repeatability test ofa
linear positioning system.
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Furthermore, if the user does not have access to multiple sensors, it is permitted that a single sensor be used to collect
the X-, Y-, and Z-axis component data through repeated tests performed sequentially, each with a different sensor orien-
tation. The artifact remains fixed between tests with different sensor orientations. For example, in such a case, the X-axis
datais collected, then the sensor is reoriented, the Y-axis data is collected, then the sensor is reoriented, and finally, the Z-
axis data is collected. The data from this sequential data collection method can be presented as a single result, as if it was
collected simultaneously.

9-2.5 Measurement Approach Direction(s)

The point repeatability test is by default a multidirectional test; it characterizes point repeatability for all possible
apprdach directions to a target position. This multi-directional testaims to be a quick test that quantifies the simlultaneous
contrjbutions of all repeatability errors (i.e., all repeatability and reversal errors) of a specific functionalpoir]t, without
quantifying the individual error components. This test differs from bidirectional repeatability tests that\quantjify unidir-
ectiofal repeatability and reversal errors separately [ASME B5.54-2005 (R2020), ISO 230-2:2014].

Foi single-axis linear positioning systems, the approach direction to the target position should\alternate bgtween the
positive approach and negative approach for the duration of the test.

Foi customer-specific applications such as pick-and-place applications, where only one direction of apptoach to a
target position is performed, the point repeatability test may be conducted as a unidirectional test. Any data presented
from ja unidirectional test should be labelled as unidirectional point repeatability data.

9-2.6 Minimum Displacement

Th¢ motion of the moving element of the positioning system away from.tlie target position between data|collection
cycleg will impact the point repeatability data. The minimum displacement away from the target position [should be
defin¢d to ensure that cyclic or random mechanical errors vary between successive measurements. Regardless of axis
mechpnics, the displacement away from the target position shall be a minimum of 20% of the nominal travel pf the axis
under test. This requirement applies for all measurement points, except target positions located within 20% (¢f the total
travel) from either end of travel. For the default test locations at 5% or 95% of the total travel, the minimum displacement
for the move toward the end of travel should be equal to the-available travel in that direction. Alternatively, for applica-
tions |where motion system repeatability is critical for.small moves less than 20% of the total travel, the [minimum
displdcement performed during the point repeatability test can be adjusted to match the actual applicatipn use, as
agreed upon by the user and the manufacturer/stpplier. In this case, the actual minimum displacement performed
must [be documented with the test results.

9-2.7 Axial Sensor — Special Cases

Cerjtain sensor types, such as capacitive gauges, must be positioned axially in line with the artifact to measurje the axial
position variation for the point repeatability test. Axially located sensors with small measurement ranges will be an
obstrfiction limiting travel of the moving element near the sensor and will prohibit conformance to the minjmum dis-
placement requirement above:-When using sensors with these characteristics, either the test may be modglified to a
unidirectional test (and labelled as such) or the test can be performed as a multidirectional test with the|following
modification.

A nultidirectionaltest may still be performed by adding an additional axis of travel that moves either the sensor nest or
the aiftifact temporarily away from the primary motion axis between data collection cycles at the target position. With the
potential for intexference eliminated through this additional motion, the minimum displacement can be performed in the
direction intothe sensor. Once the minimum displacement of the axial move has been completed, the senspr nest or
artifart that'was moved off axis can be moved back into the target position to continue data collection.

This additional axis motion will induce additional errors not attributed to the primary axis under test. Thus, it will
typically increase the magnitude of the point repeatability. Regardless, the results should be presented as measured
without modification. The tester does have the option to perform a secondary point repeatability test by moving only the
secondary axis, not the primary axis under test, to quantify the secondary axis point repeatability. While this secondary
axis result can be included as additional information with the primary axis data, no calculations to separate the contri-
butors of repeatability shall be used to modify the actual multidirectional test results.

Two examples illustrate this special case of a multidirectional test. In the first example, assume that an artifact is
mounted to the moving element of the positioning system and a capacitive gauge sensor nest is stationary. Now assume
thatthe positioning system under testis an XY stage but the axis under testis only the X-axis. The user may use the Y-axis to
make a slight Y-axis motion such that the artifact would be free of interference with the stationary sensor nest. Then the X-
axis could move in the direction toward (or into) the sensor nest without the artifact contacting the sensors. Once this
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move is complete and the X-axis is returned to the target position, the Y-axis is returned to the target position to collect the
positional data. In the second example, assume thatan artifactis mounted to the moving element of the positioning system
and a capacitive gauge sensor nest is mounted to an axis perpendicular to the axis under test. The test process is similar to
the first example, but the decoupled axis would move the sensor nest (not the artifact) out of the way of the minimum
displacement move in the direction toward (or into) the sensor nest. Both examples meet the minimum displacement
requirement for the primary axis under test and the secondary axis inherently affects the point repeatability.

9-3 MEASUREMENT PROCEDURE

9-3.1 GTeral—Meawcemen(—P-roeedwe
At the ith test configuration (combination of functional point and target position) and jth measurement cycle) ed¢h gth

measurenment may be recorded for each orthogonal direction; that is,

dxi’ g = discrete sensor measurement in X direction 9-3-1)

dyl. e discrete sensor measurement in Y direction 9-3-2)
)

dzi, iq = discrete sensor measurement in Z direction 9-3-4)

i = tedt configuration number for the discrete combination of functional peint and target position
j = cy¢le number at ith test configuration
g = mgasurement number at ith test configuration and jth cycle

Once thie jth measurement cycle is complete, the (j+1)th measurement cycle may be performed. The total numper of
measurement cycles, n, conducted for each ith test configuration shall'be 20, unless otherwise agreed upon betwe¢n the
user and the manufacturer/supplier of the linear axis positioningsystem. After the n cycles at the ith test configuratipn are
complete,the test setup may be moved to the (i+1)th test configtration. The test equipment, artifact, and setup may hot be
moved or pltered in any way between the first (j = 1) and the [ast (j = n) measurement cycles, to ensure that reversal g¢rrors
influence [the point repeatability. Test setups may onljnbe changed between the ith and (i+1)th test configurations.

9-3.2 Nymber of Data Points and Sampling Rate

cycle shotlld be a minimum of 100, for statistical purposes, unless otherwise agreed upon between the user ard the
manufactyirer/supplier, e.g., whenevervalues from a dial indicator are manually recorded. The measurement number, q,
is ranging|from 1 to r. The samplingrate’should be sufficient to collect the data in the desired time window. For example,
for a meapurement time of 2.0 s;~a-sampling rate of at least 50 Hz is required to collect 100 data points.

The nu{lber of data points, r, collected for any approach direction at the ith test configuration and jth measur¢ment
1

9-3.3 Ddta Collection Timing

Two timing parameters\must be controlled during collection of the r data points at the ith test configuration apd jth
measurement cycle:thedwell time and the data collection time. First, the dwell time is the time between the end of ajmove
to the senfor and.the beginning of data collection, and related to that, the move-and-dwell time is the time betwegn the
start of a ;move to‘the sensor and the beginning of data collection. Because the position of the motion system shoyild be
settled angl stable prior to data collection, the move-and-dwell time must be greater than or equal to the move- and-settle
time (see lsubsection7-3}.-Second,the datacollection-time-is-the total time for which-data-iscollected-at the-ith test
configuration and jth measurement cycle. The data collection time must be long enough to ensure that in-position jitter
does not adversely or beneficially affect the test result. For instance, valid point repeatability results will be greater in
magnitude than the system in-position jitter (see subsection 7-2).

A dwell time of 3.0 s and a data collection time of 2.0 s are defined as default timing parameters. While it is expected that
these values will be acceptable for many motion systems, other values for the timing parameters may be agreed upon
between the user and the manufacturer/supplier of the linear axis positioning system. Both timing parameters, the dwell
time and the data collection time, must be reported with the presentation of results.
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9-4 DATA ANALYSIS

The data analysis involves using the measured displacements to calculate the point repeatabilities for the various test
configurations. For each test configuration, a point repeatability shall be calculated and reported for each available
measurement direction (X, Y, or Z).

First, the total number, r, of discrete measurements at the ith test configuration and jth cycle are averaged to yield the
average values; that is,

.
1
day ; = - D daij g (9-4-1)
’}:]
1 r
== . 9-4-2
dy= 2 g (9-4-2)
q=1
1 r
2= D dzijg (9-4-3)
q=1

Foi the multidirectional test, the approach direction alternates between the positive and negative approach directions
for copsecutive measurement cycles. For the special case of the unidirectional test, the approach direction will be the same
for all measurement cycles.

Thé¢ mean value at the ith test configuration for the n cycles is defified’as

.1

dx,- = ; Z dxl-’j (9'4'43)
j=1

_ 1. &

dy, = A Y dy, (9-4-5)
j=1

Iz = 1 S d 9-4-6
]:

Next, the deviation of each averdge data point from the mean is defined as

E’xi,j = dx,'lj - rjxi (9'4"7)
E %= dyl.’j — dy, (9-4-8)
E/Zi,j = dzi;j - EZi (9'4"9)

It fpllows that, for the relative position deviations defined in eqs. (9-4-7) through (9-4-9), the mean value$ are zero.
Thergfore; the standard deviations of the X-, Y-, and Z-direction relative position deviations from eqs. (9-4-7) through
(9-4-9)are defied a3

n
1 2
;= "i 9-4-10
5 n—1 Z (E xl’]) ( )
j=1
sy, = ! i (E )2 (9-4-11)
%= n—1" 1 %
]=
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n

1 L2

= |—— D (E zi’j> (9-4-12)
j=1

since the means of the relative position deviations equal zero.

Finally, the repeatability of the X-axis, Y-axis, and Z-axis components for the ith test configuration are derived from the
expanded uncertainty of the position deviations with a coverage factor of k = 2:

Pin = 4sx,- (9-4-13)
PRy—4sy: {9-4-14)
PRZ,‘ = 45Zi (C '4'15)

When ajmotion system is analyzed, the point repeatability of the system is presented as the maximum-of'the indiyidual
point repegatability of all test configurations; that is,

PRx = max(PRx;) (9-4-16)
PRy = ma.x(PRyi) (9-4-17)
PRz = max(PRz;) (9-4-18)

As statgd above, the point repeatability test is a multidirectional test and eQs. (9-4-16) through (9-4-18) represent the
multidiregtional point repeatability performance. For the special case ofithe unidirectional test, where the appjroach
direction |s always the same for all measurement cycles, egs. (9-4-16)‘through (9-4-18) should be replaced with eqs.
(9-4-19) through (9-4-21) in the presentation of unidirectional data:

uPRx = max(PRx;) (9-4-19)
uPRy = max(PRyl.) (9-4-20)
uPRz(="max(PRz;) (9-4-21)

9-5 TEST UNCERTAINTY ANALYSIS

Uncertdinties associated with the measurements for the point repeatability test are related to uncertainties pf the
utilized measurement systems and uncertainties of the axis under test. These uncertainties should be considered jwhen
specifyingd measurement sampling(rates and parameters, in order to avoid situations where neither conformande nor
nonconformance to specificatiofis )can be demonstrated. Potential measurement uncertainty contributors include

(a) undertainties of geometric error motions of the linear axis

(b) measurement uncestainty of the test equipment

(c) uncertainty due tormisalignment of the measurement axis and the axis under test, uy, _ cosine error is relatively
small as rpotion is very-Small

(d) undertainty‘ifi.the sensor calibration factor, ucay,

(e) uncertairitys due to the sensor resolution/noise, usg _ evaluated via a sensor noise floor test

(f) uncertainty due to setup repeatability, un— relatively small due to motion being very small
(g) uncnrl’a;nfy due to Fivhw'ihg Ui]'\rah'nnc’ 1

VIB

9-6 PRESENTATION OF RESULTS

Figure 9-6-1 shows an example point repeatability test report for testing of a single functional point at multiple target
positions for a linear positioning system with a travel of 750 mm. The presented data represents a customer-specific
application where eight equidistant data points were tested within the useable travel. The point repeatabilities, PRx, PRy,
and PRz, are the only quantitative results that are required to be presented. However, additional tabular data for all target
positions is also included in the test report. Also, in this example, a secondary axis was used to move the sensor nest away
from the primary axis to enable multidirectional testing. The secondary axis (or moving sensor) point repeatability is also
presented as reference information.
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For the special case where only one or two repeatability components are measured, the available data should be
presented. For example, if only the repeatability performance in a plane (composed of the X-axis and Y-axis) is critical,
then only PRx and PRy will be included in the presentation of results.
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Figure 9-6-1

Example of a Point Repeatability Test Report for a Linear Positioning System

Point Repeatability Test Report for a Single Functional Point

Positioning System

Manufacturer: ABC Model No. XX Serial No.: XX

Type: Linear Max travel: 750mm

Controller: DEF Drive: GHI

Test Setup —
Sensof(s): Capacitive gauge Measurement directions: X, Y, Z

Number of cycles per test: 20

Test t

Secon

pe: Multidirectional

dary axis used: Yes

Payload: 0.4 kg

Minimum displacement move: 150Mmm

Secondary axis mount: Movifig\sensor

Data Collection

L,

Sampling rate: 1 000 Hz Data collection time: 2:0'S
Dwellftime: 3.0 s
Point Repeatability ,,i\ A

Test

mm, 40 mm) [Defined from center of moving element.]

bse: Case C (single-moving functional point tested at multiple target positions.) Functional Point (x, y, z): (0 mm, O

Target Positions: =350 mm, =250 mm, =150 mm, -50 mm, +50 mm, +150 mm, +25@ mm, +350 mm

X . PRx PRy PRz
Point Repeatability
35.8nm 26.2nm 17.1nm
Tabular Data for All Target Positions (Optional Data) \\,\‘
Test Number Target Position, mm PRx;, nm PRy;, nm PRz;, nm

i=1 -350 257 19.1 7.0
i=2 -250 2577 11.3 5.1
i=3 -150 32.1 13.9 5.0
i=4 -50 29.0 26.2 9.5
i=5 +50 26.4 18.7 17.1
i=6 +150 30.0 4.6 12.8
i=7 +250 35.8 13.4 13.6
i=8 +350 24.6 12.6 3.6

Secon

dary Axis Point Repea}aéiljiy (Optional Data)

An ad
provig

ed is for reference.only.

ditional axis was usedito’move the sensor nest to enable multidirectional testng into the sensor direction. The data

Auxil

iary Axis Point Repeatability

PRx, nm

PRy, nm

PRz, nm

121
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Section 10
Servo Characterization
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GENERAL

vo characterization as used in this Standard refers to the use of frequency response techniques to'quant
e and stability metrics for closed-loop feedback control systems. Closed-loop control systems rely on a mesz
a sensor to adjust the command to an actuator. They are distinct from open-loop control(systems in
for is given a command, but there is no further modification to the command based on‘meéasurement
wvidth is often used to indicate the highest frequency that a servo system can respond to'within certain e
3 dBreductionin the amplitude of the actual axis position over the commanded on€).However, this defin
ularly well quantified or meaningful on its own. A servomechanism generally‘has several differen
nses, depending on where the inputs are applied and where the outputs are\measured. In addition, fe¢
iques can (and should) be used to improve the dynamic response to knowninputs such as a reference

orward techniques are largely open-loop methods that generate a command to the actuator that, based o
|, should generate the desired motion of the axis. Frequency response methods are used because they 1
ed underlying knowledge of a system model, they are well suited.toexperimental implementation, and —
re primarily linear techniques — they can be used to provide information about nonlinear behavior in a
fandard, several frequency response measurements used in.characterizing servomechanisms are defing
b metrics for performance and stability robustness, whichii§ameasure for the stability on the system with
tainty in its dynamic response.

TECHNICAL BACKGROUND

1 Signals and Systems

bignal” in the context of this Standard(is;a mathematical encoding of information about the behavior ot
1 transform signals. These definitions are very broad, yet a more rigorous treatment may be found in Opp
axis through the action of the-closed-loop servomechanism (the system). These systems and signals can
wise it can be assumed-that analogous techniques exist for both.

2 Linearity and -Time Invariance

nmonly used-dynamic system models possess the properties of linearity and time invariance. A line|
its supetposition. That is, if an input signal is the weighted sum of several other signals, then t

willdikewise be the weighted sum of their individual responses. This allows us to predict the re
bitrarily complex signal by deconstructing the signal into simpler forms and summing the respo

fy perfor-
surement

which an
The term
Fror limits
tionisnot
r dynamic
pdforward
rajectory.
nasystem
equire no
- although
system. In
d in addi-
respectto

nature of

phenomenon. Signals are transformed into other signals through the action of a “system.” That is, systems operate

enheim et

83.Inatypical motion controlapplication, the reference trajectory is a signal, transformed into the actual pnovement

be contin-

or discrete, or most likely.a combination of both. This Standard will make the distinction only when important,

ar system
he output
sponse to
hse of the

syste

m to each of them. Time-invariant systems possess the property that a time shift to the input signd

1 leads to

a corresponding shift to the output signal, with no other change to the signal itself. Neither of these properties
holds strictly true for high-performance motion systems. However, the tools that these assumptions enable are so
useful that they are applied even with knowledge of their limitations.
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10-2.3 Frequency Response

The frequency response of a system describes its steady-state response to a sinusoidal input. For a linear system, this
response is another sinusoid of the same frequency, but shifted in magnitude and phase. If the input signal, u(t), is

u(t) = sin(2xft) (10-2-1)

then the output of the system, y(t), will be
() — Acin(Qrft L b (10-2-2)
J\ \ J T

The magnitude multiplier A and phase shift ¢ in eq. (10-2-2) are both functions of the frequency, f. Thus;.fteqiency
response plots (which are also sometimes referred to as Bode plots in the literature) consists of two traces, the magritude
and the phase shift both versus frequency. A frequency response plot is complete only if it displays both-magnitude and
phase chdracteristics.

Figure 10-2.3-1 shows a lumped-parameter model of a spring-mass-damper system, and Figlire-10-2.3-2 shows its
frequency|response plot with force as the input and position as the output. This model is commenly used to describe the
performance of a positioning system as it captures the dominant dynamics of system after €loséd-loop control hag been
applied. The variable m represents the mass, krepresents a spring stiffness, b represents yisCous damping, u is the applied
force, and|y represents the position of the mass. There are a few important features to note. The magnitude plot clearly
shows thelunits of the response, meters per Newton in this case. It is also very commonito express the magnitude in ferms
of decibels (dB). When decibels are used, however, the plot should still indicate(the underlying units of the gaim. The
horizontal frequency axis is conventionally plotted on a logarithmic scale forboth magnitude and phase plots, while the
vertical ajis scaling depends on the measurand. Magnitude is plotted on a logarithmic scale unless presented in degibels,
in which cpse alinear axis is used, and phase is plotted on alinear axis. Ndte again that a complete frequency responge plot
always infludes both the magnitude and phase characteristics.

Figure 10-2.3-1
Lumped-Parameter Model of a Mass-Spring-Damper System Driven by a Force

S S S S S S s
ILLLLLS S s
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Figure 10-2.3-2
Frequency Response Plot for an Underdamped Mass-Spring-Damper System
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AL NOTE: A frequency response plot shows the frequency-dependent displacement of an underdamped mass-spring-dan
Hriven by a sinusoidally varying force at a range of differentfyequencies.

4 Inputs and Outputs

amic systems are often described by the numiber of inputs and outputs they contain. A linear motion stag|

iper system

e with one
h isolation

system controlling a payload in six degrees.of freedom may have six (or more) actuators and a dozen or more semsors. This

is properly described as a multiple-input, multiple-output (MIMO) system. In many cases, a coupled multivarial

like t
syste
syste
those

10-2]

10+
single
necte
actua
of the

is can be mathematically redticed through appropriate coordinate transformations to appear as a seri
ns. This is quite often the case ih practice and allows familiar SISO techniques to be applied justas readily t
s as to simple ones. Theltechniques described in this Standard apply most directly to SISO feedback sysf
MIMO systems that.can/be transformed into SISO equivalents.

5 Categorizing Frequency Responses

2.5.1 A Basic Control Scheme. Figure 10-2.5.1-1 shows a block diagram of the basic control scheme use
-axis positioning systems. Many single-axis servomechanisms can be adequately represented by three

fors,-the feedback controller C is the algorithm that modifies the control effort in response to meag

ble system
es of SISO
0 complex
ems, or to

d by many
intercon-

d systems; as shown in Figure 10-2.5.1-1. The plant P is generally understood to be the moving elefnents and

urements
response

system state, and the feedforward controller F is the algorithm that modifies the control effort solely i1

to known changes in the reference profile. The block diagram of the setup shown in Figure 10-2.5.1-1 is often called a two-
degree-of-freedom controller, since the servo system designer has the ability to modify two differentalgorithms (Cand F)
to meet the overall performance requirements. From this basic block diagram, several useful systems that transform
input signals to output signals are defined. For simplicity, the transfer functions of the plant, feedforward controller, and
feedback controller will be denoted henceforth by their italicized symbols P, F, and C, respectively. The blocks Fand C are
generally algorithms contained within the motion control software, while P captures the dynamics of the power amplifier
and stage system. In a typical closed-loop positioning system, the disturbance d; would represent a so-called process
disturbance — such as a cutting force in a machining application — while the output disturbance d, would capture the
influence of noise or inaccuracy on the position sensor as well as the effect of floor vibrations. The variable r is the
commanded position (the reference) and y is the measured position.
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Figure 10-2.5.1-1
Basic Control Scheme Used by Many Single-Axis Positioning Systems

F d dy
r e o U j\ Yy

GENERAL NOTE: The basic two-degree-of-freedom control scheme used by many single-axis positioning systems includes a plaht, P; a f

ward contr

ller, F; and a feedback controller, C.

edfor-

10-2.5.2 Loop Transmission. The loop transmission, L, is the combined response of all systems ‘i a path around the

feedback ||
command
actuator (

where C 4
response
occur in th
transmiss
frequency
loop.

10-2.5.]
d,, added

respond a
sion:

and a plot
(generally
or regions
amplificat

10-2.5.
servomec
examples
in the pow
via feedfo
advance.

oop. This function captures the response of each system, physical or algorithmic, in the chain from an act
through the plant response, the state measurement, feedback control algorithmjand finally back to § new

B Output Sensitivity. The output sensitivity shows the €losed-loop servomechanism response to a distur
ht the output of the plant, as shown in Figure 10-2.5:1<1. This is often classified as a measurement distur
These disfurbances cannot be known in advance (as the reference position can be) and so the control algorithm ca
fter the disturbance occurs. The output sensitivity S is defined as the reciprocal of one minus the loop tran

ommand. The loop transmission in our basic control scheme example can b€expressed as

§=—— €
1+ CP

ion to a factor of 24 or-éequivalently, a peak magnitude of the sensitivity curve of about 6 dB).

i Process Sensitivity. The process sensitivity, sometimes called the input sensitivity, shows the closed
hanism response to a disturbance, d;, added at the input of the plant, as shown in Figure 10-2.5.1-1.
bf these disturbances include mechanical sources, such as cutting forces or bearing friction, and electronid

[he,process sensitivity Sp is defined as

P a

Sp= —
P 1 +cp

uator

L=-CP (10-2-3)

nd P denote the transfer functions of the feedback controller and plant, respectively. This is the freqphency
sed to quantify stability metrics (see subsection 10-4) as used in determining the amount of variation th
le loop before instability occurs. For example, over what range of payloads will the system be stable. Th
on is closely related to the open-loop transfer function but differs in the important point that measuring the
response while the system is under closed-loop control also.¢aptures any time delays in the complete feefiback

ﬁance,
ance.

h only

ht can
e loop

smis-

0-2-4)

of its magnitude versus frequency shows frequency bands where the servo system attenuates disturbances
atlow frequencies) and regions where the servo system amplifies disturbances (generally at high frequencies,
of mechanical resonancesy). It is generally good practice to design the servo controller to limit the disturpance

-loop
Some
noise

er electiehics that govern motor current. When possible, the disturbances should be modeled and corrected for
'ward'control. The process sensitivity characterizes the response to the remaining inputs that are not kngwn in

0-2-5)

and in many instances has units that are equivalent to a mechanical compliance (or an inverse stiffness). It is often
instructive to compare the process sensitivity with the open-loop plant response to determine the frequency bands in
which the control algorithm effectively increased stiffness (usually at low frequencies) or decreased stiffness. Stiffness
here is defined as the amount of disturbance force required to displace the tool or workpoint by a given amount. Higher
stiffness generally results in reduced tracking errors.
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10-2.5.5 Complementary Sensitivity. The complementary sensitivity, T, shows the output response to a reference
input under only feedback control. Feedforward control is not active in this case. Defining complementary sensitivity as

_cp
1+ CP

(10-2-6)

One can see that the output sensitivity and complementary sensitivity are related through S + T = 1. At every individual
frequency, the sum of the output sensitivity and the complementary sensitivity must equal unity.
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command, y is the measurement ofthecontrolled variable, and e is the error, or difference between them. Exact

proce
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Distu

2

feedback and feedforward control algorithms. The closed-loop response G is defined as
_FP+CP
1+ CP

ith perfect (but practically unobtainable) model matching, one can set F = P! and arrive &t = 1 for all fr
e F denotes the transfer function of the feedforward controller. In practice, it is usually more practical to
rward filter to invert the plant response as closely as possible at low frequencie$,sand to attenuate
nse at high frequencies where the uncertainty in the model is greater.

FREQUENCY RESPONSE MEASUREMENTS
1 Equipment

Kt users and suppliers will measure the frequency response of a system using commerecially available toolg
puld be a standalone dynamic signal analyzer, but increasingly, software-only tools provided by manufd
otion controllers are used. A software-only tool may be a neeessity as an overwhelmingly digital networ
hvailable analog inputs to allow a standalone external device to be used. The particular dynamic signa
her standalone or not, used to measure the frequency résponse should be mutually agreed upon betwee
he manufacturer/supplier. Frequency response measurements are part of a rich field of study calle
fication,” and the interested reader is referred to Pintelton and Schoukens, 2001 and Ljung, 1999 for gre{

2 Loop Transmission Measurement Procedure

preferred technique for characterizing the servo performance in a motion system is through a loop tra
irement. Figure 10-3.2-1 shows the point in the loop where the known, commanded disturbance, w, is inj
rresponding outputs u; and uy‘that are used to measure the loop transmission. The variable r is the

dures are necessarily dependent on the specifics of the dynamic signal analyzer used to perform the mea|
able 10-3.2-1 lists thesset-of test parameters that should be specified.

Figure 10-3.2-1
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GENERAL NOTE: In many motion control systems, a disturbance will effectively appear as either a disturbance in current, force, or torque.
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