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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been

established has the right to be represented on that committee. International organizations
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non-goverpmental, in liaison with ISO, also take part in the work. ISO collaborates closely with
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Part 1
Part 1
Part 1
Part 1
Part 2
Part 2
The followi

Part 2

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

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

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

drawn to the possibility that some of the elements of this document.may be the subject of pat
shall not be held responsible for identifying any or all such patent rights.

15 was prepared by Technical Committee ISO/TC 1084 Mechanical vibration and shd
ftee SC 3, Use and calibration of vibration and shock measuring instruments.

consists of the following parts, under the general title Methods for the calibration of vibration :
sducers:

Basic concepts

1: Primary vibration calibration by laser intérferometry

P: Primary vibration calibration by the reciprocity method

3: Primary shock calibration using laser interferometry

b: Primary angular vibration) calibration by laser interferometry
1: Vibration calibration’by comparison to a reference transducer
P: Shock calibration by comparison to a reference transducer
hg additional parts are under preparation:

B, addressing the angular vibration calibration by comparison to reference transducers

overnmental and

the

rds

an

ent

ck,

and

Part 3

Part 4

1, addressing the testing of transverse vibration sensitivity

Part 32, addressing the resonance testing

1, addressing the calibration of laser vibrometers

Part 42, addressing the calibration of seismometers
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Methods for the calibration of vibration and shock transducers —

Part 15:

Primary angular vibration calibration by laser interferometry

Scope
This part of ISO 16063 specifies the instrumentation and procedures used far\primary anguls
bration of angular transducers, i.e. angular accelerometers, angular velogity) fransducers ang
gle transducers (with or without amplifier) to obtain the magnitude and-the phase shift of th
sitivity by steady-state sinusoidal vibration and laser interferometry. The-methods specified in
D 16063 are applicable to measuring instruments (rotational laser vibrometers in particular) and
sducers as defined in 1SO 2041 for the quantities of rotational)angle, angular velocity a

ge of 1 Hz to 800 Hz and «wnder special conditions, at higher frequencies. Method 2A (cf
minimum-point method, intefferometer type A) and method 2B (cf. Clause 9: minimum-poir
intgerferometer type B) can beJused for sensitivity magnitude calibration in the frequency range of
1,6/kHz. Method 3A (cf{ Clause 10: sine-approximation method, interferometer type A) and
(cf{ Clause 10: sine-approximation method, interferometer type B) can be used for magnitude of
ang phase calibration’in the frequency range of 1 Hz to 1,6 kHz. Methods 1A, 1B and 3A, 3B
callbrations at fixed’ angular acceleration amplitudes at various frequencies. Methods 2A and
callbrations at>fixed rotational angle amplitudes (angular velocity amplitude and angular a
amplitude vary with frequency).

The numbering 1 to 3 of the methods characterizes the handling of the interferometer outy
Iogous to ISO 16063-11: number1 for fringe counting, number 2 for mlnlmum p0|nt detection and numbe

r vibration

rotational
e complex
this part of
to angular
hd angular

1 rad/s? to

requencies
jards) and
method 3B

dr vibration

p-counting,
frequency
Clause 9:
t method,
800 Hz to
method 3B
sensitivity
brovide for
PB require
cceleration

ut signal(s)
r 3 for sine-

in this part of ISO 16063

] B specified

Interferometer type A designates a Michelson or Mach-Zehnder interferometer with retro-reflector(s) located at a radius, R,
from the axis of rotation of the angular exciter. This interferometer type is limited to rotational angle amplitudes of 3°
maximum. Interferometer type B designates a Michelson or a Mach-Zehnder interferometer using a circular diffraction
grating implemented on the lateral surface of the circular measuring table. This interferometer type is not limited as
regards the rotational angle amplitude if the diffraction grating covers the whole lateral surface of the disk (i.e. 360°).
Usually, the maximum angular vibration is, in this case, limited by the angular vibration exciter.

NOTE 2  Though the calibration methods specified in this part of ISO 16063 are applicable to angular transducers
(according to definition in ISO 2041) and, in addition, to measuring instrumentation for angular motion quantities, the
specifications are given for transducers as calibration objects, for the sake of simplified description. Some specific
information for the calibration of rotational laser vibrometers is given in 4.11 and Figure 11.
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2 Normative references

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

ISO 266, Acoustics — Preferred frequencies

ISO 2041:1990, Vibration and shock — Voocabulary

4.4000— A4

ISO 16063

3 Unce
The limits

a) for the

— <

b) for the

— <
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rtainty of measurement

bf the uncertainty of measurement applicable to this part of ISO 16063 shall be as:fallows:
magnitude of sensitivity:

5 % of the measured value at reference conditions,

1 % of the measured value outside reference conditions;

phase shift of sensitivity:

5° of the measured value at reference conditions,

1° of the reading outside reference conditions.

Recomme

ded reference conditions are as follows:

frequgncy: 160 Hz, 80 Hz, 40 Hz, 16 Hz or-8 Kz (or radian frequency, «: 1 000 rad/s, 500 rad/s, 250 ra

100 rgd/s or 50 rad/s);

angular acceleration: (angular accelération amplitude or r.m.s. value): 100 rad/s2, 50 rad/s2, 20 rad

10 rad/s?, 5 rad/s?, 2 rad/s? or 1-fad/s?.

Amplifier

ttings shall be selected for optimum performance with respect to noise, distortion and influe

from cut-off frequencies.

The uncerfainty of measurément is expressed as the expanded measurement uncertainty in accordance

ISO 16063

4 Requ

-1, for the.coverage factor k = 2 (referred to, in short, as “uncertainty”).

irements for apparatus

d/s,

nce

vith

4.1 General

Clause 4 gives recommended specifications for the apparatus necessary to comply with the scope of Clause 1
and to obtain the uncertainties of Clause 3.

If desired, systems covering only parts of the ranges may be used, and normally different systems
(e.g. exciters) should be used to cover all the frequency and dynamic ranges.

NOTE

8 and 10).

The apparatus specified in Clause 4 covers all devices and instruments required for any of the six calibration
methods described in this part of ISO 16063. The assignment to a particular method is indicated (cf. Figures 2, 3, 4, 5, 6, 7,
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4.2 Frequency generator and indicator

A frequency generator and indicator having the following characteristics shall be used:

a) uncertainty of frequency: maximum 0,05 % of reading;

b) frequency stability: better than + 0,05 % of reading over the measurement time;

c) amplitude stability: better than + 0,05 % of reading over the measurement time.

4.3 Power amplitier/angular vibration exciter combination

431 General

A gower amplifier/angular vibration exciter combination having the following characteristics shall be [used:

a) | total harmonic distortion: 2 % maximum;

NOTE 1 This specification relates to the input quantity for the transducer to be ‘calibrated.
NOTE 2  If method 3A or method 3B is used, greater harmonic distortions can be tolerable.

b) | transverse, and rocking angular acceleration: sufficiently Small to prevent excessive effefts on the
calibration results. For interferometer type A, a transverse motion of less than 1 % of the| tangential
motion component at the minimum rotational angle displacement can be required. For intgrferometer
type B, a maximum lateral motion (including eccentricity)’ of 2 um is tolerated, which can be aclieved only
if the moving part (measuring table) of the angular’exciter is carried in a high-precision rotational air
bearing;

¢) | hum and noise: 70 dB minimum below full output;

d) | stability of angular acceleration amplitude: better than + 0,05 % of reading over the measurement period.

4.312 Electro-dynamic angular vibration exciter

An|electrodynamic vibration exciter is based on the Lorentz force acting on electric charge carriers when

thefse move through a magnégticfield.

In Analogy to commonCelectrodynamic vibration exciters designed to generate rectilinear vibratign, the coll

located in the magnetized air gap of a magnetic circuit can be so designed that the Lorentz force generates a

dynamic torque exciting the measuring table with the angular transducer to be calibrated to angulgr vibration.

In the working fréquency range (i.e. 1 Hz to 1,6 kHz), the amplitude of angular acceleration is proportional to

the] amplitudenof the electric current carried through the coil. An example of an angular vibration exciter is

shgwn in <Figdre 1. The maximum rotational amplitude is in this case limited to 30° (i.e. double [amplitude:

1 rad).«Another example of an angular acceleration exciter (amplitude of 60°, i.e. 1 rad) is dgscribed in

Reference [14].

© I1SO 2006 — All rights reserved
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Key
angularjaccelerometer
diffractipn grating

air bearjng

housing
coil
magnet

O b WON -

Figure 1 — Example of an angular exciter (mode of function)

4.3.3 Angular vibration exciter based on a brushless electric motor

Special angular exciters have been designed and manufactured for angular transducer calibration using
commercial electric motors.

For the testing of inertial navigation sensors, so-called “rate tables” have been developed for many years.
These are often equipped with brushless, three-phase, hollow-shaft motors that are electronically commutated
and servo-controlled, in particular for the angular velocity, i.e. angular rate operating mode. Normally, a
constant angular velocity is generated. Often, sinusoidal angular velocities with low distortion are achieved.

4 © I1SO 2006 — All rights reserved
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The progress in control made over the last few years allows this exciter type to be used even to generate
angular acceleration. A basic requirement is the use of an air bearing as in the flat-coil exciter (cf. 4.3.2).

As the distortion increases after differentiation, the calibration of angular accelerometers can require a
frequency-selective measurement of the transducer output signal, which is ensured by the use of method 3A
or 3B (i.e. sine-approximation).

4.4 Seismic block(s) for vibration exciter and laser interferometer

The angular V|brat|on exciter and the mterferometer shall be mounted on the same heavy block or on two
diffgre ction of the
vibfation exciter's support structure from excesswely influencing the callbratlon results.

that of the
ducer and
he vibrator

WHen a common seismic block is used, this should have a moment of inertia at least 2 000times
moving mass. This causes less than 0,05 % reactive angular vibration of angular trans
intgerferometer. If the moment of inertia of the seismic block is smaller, its motion _generated by f{
shall be taken into account.

To|[suppress disturbing effects of ground motion, the seismic block(s) used,in the frequency rangeg
1,6/ kHz should be suspended on damped springs designed to reduce the aneertainty component d
¢cts to less than 0,1 %.

4.5 Laser

A laser of the red helium-neon type or a single-frequency laser with another wavelength of known
be used. Under laboratory conditions (i.e. at an atmosphericpressure of 100 kPa, a temperature to
a relative humidity of 50 %), the wavelength of a red helium-neon laser is 0,632 81 ym.

If the laser is provided with a manual or automatic-atmospheric compensation device, this shall be

of 1 Hz to
e to these

value shall
23 °C and

set to zero

or $witched off.

4. Interferometer

4.6(1 General

Th¢ interferometer may be usedto transform
— the rotational angle, @(z), into a proportional phase shift, ¢(¢), of the interferometer output{signal,

— the angular-velocity, (Xr), into a proportional frequency shift, fy(z) (Doppler frequen
interferometer output signal.

Cy), of the

Fo
chd

both transformations, a homodyne or a heterodyne interferometer (cf. Figures 3 to 8 and 10) and a one-

nnel ortwo-channel arrangement (cf. Figures 3 to 8 and 10) may be used.

The_first transformation of @Xz) into ¢ ,(r) is specified in this part of ISO 16063 as a standard| procedure
whereas the latter transformation of .Q(t) into fp() is given as an option with reference to detailed descriptions
in the literature.

The interferometer types A and B basically have in common that the measuring beam senses a translational
displacement motion component so that an interferometer arrangement designed for rectilinear vibration
measurements can be used. To make the application of such conventional interferometers possible, the
quantity of rotational motion to be measured is converted into a representative translational displacement
motion component using retro-reflector(s) as measuring reflector(s) for interferometer type A, and a diffraction
grating arranged on the rotary measuring table for interferometer type B. In the latter case, an optically
reflecting diffraction grating is to be arranged on the lateral surface of an air-borne rotary table to meet the
requirement of the tolerable eccentricity of 2 um.

© I1SO 2006 — All rights reserved
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For methods 1A, 1B (see Figures 3 and 4) and Methods 2A, 2B (see Figures 5 and 6), a common Michelson
interferometer with a single light detector is sufficient.

The Michelson interferometer can be realized with a single measuring beam or with two measuring beams.

For methods 3A, 3B, (see Figures 7 and 8), a modified Michelson interferometer with quadrature signal
outputs, with two light detectors for sensing the interferometer signal beams, shall be used. The modified
Michelson interferometer may be designed according to Figure 9. A quarter wavelength retarder converts the
incident, linearly polarized light into two measuring beams with perpendicular polarization states and a phase
shift of 90°. After mterferrng with the Imearly polarlzed reference beam the two components with
perpendic
polarizing

beam splitter), and detected by two photodlodes

The two olitputs of the modified Michelson interferometer shall have offsets of less than + 5 % in'relation to
the amplityide, relative amplitude deviations of less than +£5 % and deviations of less than,#5° from [the
nominal angle of 90°. To comply with these tolerances, appropriate means shall be provided to adjust fthe
offset, the signal level and the angle between the two interferometer signals.

At large rotational angles, it can be difficult to maintain the tolerances stated above for the deviations of [the
two outputs of the modified Michelson interferometer. To comply with the unceftainty of measurement of
Clause 3, the above tolerances shall be complied with at least for small rotational.argles of up to 2 x 102 fad.
For greatef amplitudes, greater tolerances are permitted.

EXAMPLE For a rotational angle of 2,5 x 1072 rad (i.e. angular acceleratioh amplitude of 1 rad/s? at a frequenc) of
1 Hz), the tglerances can be extended to + 10 % for the offsets and for the relative amplitude deviations, and to + 209 for
the deviatiof from the nominal angle of 90° (see also NOTE 1 of 10.2).

The tolergnces stated above are valid without correction.effquadrature fringe measurement errorsl in
interferometer. If the correction procedure after Heydemannl8l'is applied, greater tolerances are permitted.

For methods 1A, 1B, 2A, 2B, 3A or 3B, another suitable interferometer, e.g. a (modified) Mach-Zehnder
heterodyng interferometer (cf. Figure 10) may be usediin the place of the (modified) Michelson interferometer.

An interfefometer of type A (cf. 4.6.2) or B(cf? 4.6.3) shall be used with a light detector to sense [the
interferométer signal bands and with a frequency response covering the bandwidth necessary. The maximum
bandwidth [(frequency f,,,) needed can be-calculated from the maximum angular velocity amplitude, (A ..
using Equation (1):

Jmax :% (1)

where

R is| the efféctive radius (cf. 4.6.2 for the definition for interferometer of type A and 4.6.3, |for
interferometer of type B);

As is|thedisplacement quantization interval of the interferometer.

For interferometer type A, As = 2/2 in the single measuring beam arrangement and As = /4 in the two-beam
arrangement with the laser wavelength, 1. For interferometer type B, As =g in the single measuring beam
arrangement and As = g/2 in the two-beam arrangement with the grating constant, g.

4.6.2 Interferometer type A (retro-reflector interferometer)

For methods 1A and 2A, an interferometer of the Michelson type with retro-reflector(s) as measuring
reflector(s) shall be used with a light detector for sensing the interferometer signal bands and a frequency
response covering the necessary bandwidth (cf. 4.6.1). To compensate the influence of the disturbing motion,
a two-beam arrangement (for an example, cf. Figures 3 and 5) shall be used with two retro-reflectors mounted
symmetrically (i.e. shifted by 180°) at a distance, R, from the axis of rotation.

6 © I1SO 2006 — All rights reserved


https://standardsiso.com/api/?name=5b6f1e4d4ab613ea14a033b518005dcb

ISO 16063-15:2006(E)

The laser beam emitted by the laser passes to a beam splitter which splits up the beam into two components
that are fed in parallel to the retro-reflectors. The reflected beams are superimposed on each other and the
relevant part of the resulting light intensity is transformed by the photodetector into an electrical signal (briefly
referred to as interferometer signal).

NOTE The two-beam arrangement leads not only to compensation of the disturbing motion (e.g. from ground
vibration) but also to doubling of the sensitivity (quantization interval of 1/4 instead of 4/2). The retro-reflectors (instead of
plane mirrors) compensate (in a certain range, cf. Appendix B) for the tilting effect of the rotational motion. Moreover, the
interferometer accommodates (in a certain range) disturbing motion in the transverse direction without the uncertainty of
measurement being affected.

Fof method 3A, a quadrature interferometer with retro-reflectors, measuring and reference reflectd
used. In the homodyne interferometer version shown in Figures 7 and 9, the light source is a stabili
frequency laser. The diameter of the laser beam is expanded by lenses to reduce the divergence of
The¢ polarized laser beam is split by the beam splitter into a measuring beam and a referénce
reference beam is reflected and shifted in parallel by a retro-reflector (reference reflector).
retardation waveplate is traversed twice, a path difference of 1/4 is obtained. At the‘same time, th
laser beam is split into two beams, each with a direction of polarization orthogonal*to the other, t
phase shift of 90° (i.e. circular polarization). The measuring beam is also shifted(in parallel when r|

rs shall be
zed single-
the beam.
beam. The

As the A/8

e reflected
hat show a
eflected by

polarized
assing the
b reflected
ization are

5 transform

the| relevant parts of the light intensities into electrical signals that show a sinusoidal and a cgsinusoidal
dependence on the displacement of the measuring reflector:

4.6.3 Interferometer type B (diffraction-grating interferometer)

An| interferometer with a diffraction grating .as™ measuring reflector shall be used (e.g. a|Michelson
intgrferometer) with a light detector for sensingjthe interferometer signal bands and with a frequency response
covering the necessary bandwidth (cf. 4.6.1).

For methods 1B and 2B, a modified Michelson interferometer with diffraction grating is used (cf. Higures 2, 4
ang 6).

The¢ angular acceleration, theangular velocity or the rotational angle are measured by a special diffraction
grating interferometer developed on the basis of a high-resolution grating (e.g. a sine-phase|grating of
2 400 grooves/mm or 3-000 grooves/mm, manufactured by holography) (examples are defscribed in
References [12] and~[13]). An optical reflection grating is located on the air-borne measuring table of the
angular vibration €xciter, concentrically to the axis of rotation (cf. Figure 2). The light beam emitted by a
fre the grating
symmetrical A0(the axis of rotation at the angle at which the first-order beams diffracted by reflection
(ac i beam. The
firsf-order-diffracted light beams are superposed in the optical arrangement. When the moving pari is rotated,
thefe-light beams undergo a frequency change opposﬁe |n sign and of the same amount that is proportional to
the ight intensity

whose S|gn|f|cant component shows a periodic dependence on the rotational angle

For method 3B, a homodyne quadrature interferometer with diffraction grating is used (cf. Figure 8).

In the quadrature diffraction-grating interferometer in the single measuring beam arrangement, the light beam
is split into the reference beam and the measuring beam. The measuring beam strikes the grating at the angle
at which the first-order beam diffracted by reflection returns into the direction of the incident beam. The first-
order beam diffracted in accordance with the diffraction equation for oblique incidence and the reference
beam are superimposed in the optical arrangement. The interfering light beams yield a light intensity whose
significant component depends sinusoidally on the rotational angle.

© I1SO 2006 — All rights reserved
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For high-accuracy requirements (relative uncertainty of calibration smaller than 0,5 %), a grating
interferometer calibration procedure shall be carried out once for a measuring table with an individual
diffraction grating disk, to accurately determine the quantization intervals of the displacement, As, and of the
rotational angle, A® (cf. procedure in Clause 7).

4.7 Instrumentation for interferometer signal processing

471 General

The instrumentation used has in common that the phase-modulated electric current or voltage at the output(s)
of the photodetector(s) is demodulated to extract the vibration parameter(s) of interest (e.g. amplitude_and
initial phage of the sinusoidal rotational angle). Different techniques are to be used for methods tA;(1B
(cf. 4.7.2), methods 2A, 2B (cf. 4.7.3) and methods 3A, 3B (cf. 4.7.4).

4.7.2 Instrumentation for fringe counting (for methods 1A and 1B)

The countipng instrumentation shall have the following characteristics:

a) frequgncy range: 1 Hz to the maximum frequency needed (20 MHz is(typically used);
b) maxinjum uncertainty: 0,01 % of reading.

The countgr may be replaced by a ratio counter offering the same uncertainty.

4.7.3 Instrumentation for zero-point detection (for methods 2A ‘and 2B)

A tunable bhandpass filter or spectrum analyser with the followinig“characteristics shall be used:

a) frequgncy range: < 800 Hz to > 1,6 kHz;

b) bandwidth: <12 % of centre frequency;

c) filter s|opes: equal to or greater than 24 dB per octave;
d) signaljto-noise ratio: greater than 70 dB below maximum signal;
e) dynanjic range: greater than 60 dB.

Instrumentgtion for zero detection (not needed with spectrum analyser), with a frequency range from 800|Hz
to 1,6 kHz ghall be used. The-range shall be sufficient for detecting output noise from the bandpass filter.

4.7.4 Instrumentation for sine-approximation (for methods 3A and 3B)

A waveform recarder with a computer interface capable of analog-to-digital conversion and storage of the fwo
interferométer quadrature outputs and the accelerometer output shaII be used The ampI|tude resolutlon the
sampling
uncertainty speC|f|ed in CIause 3. Typ|caIIy, an amphtude resolut|on of 10 bits is used for the accelerometer
output. For the quadrature signal outputs of the interferometer, a resolution of > 8 bits is sufficient. A two-
channel waveform recorder may be used for the interferometer output signals, and another waveform recorder
(with higher resolution and lower sampling rate) for the angular transducer output signal. In each case,
conversion of the data from the interferometer and the angular transducer output signals shall begin and end
at the same time, with an uncertainty that meets the uncertainty requirements of Clause 3.

A sufficient number of samples (cf. 10.3) are required of the shortest period of the interferometer output signal
occurring at maximum velocity. For a particular angular acceleration amplitude, at decreasing frequencies,
larger displacement amplitudes occur that require higher sampling rates and larger memories. If such
capabilities are not available, the angular acceleration amplitude shall be reduced.
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To calibrate an angular accelerometer at a vibration frequency of 10 Hz and an angular acceleration amplitude
of 1 000 rad/s2, a memory of > 4 Mbytes should be used if a sampling frequency of > 20 kHz is applied.

A computer with data-processing program (for methods 3A and 3B) in accordance with the procedure for the
calculations stated in 10.4 shall be used.

4.8 Voltage instrumentation, measuring true r.m.s. accelerometer output

Voltage instrumentation, measuring true r.m.s. accelerometer output, having the following characteristics shall

be used:

a) | frequency range: < 1Hzto > 1,6 kHz;

b) | maximum uncertainty: 0,1 % of reading.

The¢ r.m.s. value shall be multiplied by a factor of J2 to obtain the (single) amplitude.

Fof methods 1A, 1B, 2A and 2B, an r.m.s. voltmeter shall be used. For methods-3A and 3B, spec|al voltage-
mejasuring instrumentation in accordance with 4.7.4 shall be used; an r.m.s."voltmeter may be| applied in
addition (optional).

4.9 Distortion-measuring instrumentation

Distortion-measuring instrumentation capable of measuring the~{etal harmonic distortion of <1 % {o 5 % and
with the following characteristics shall be used.

a) | frequency range: < 1 Hzto = 1,6 kHz, with-the capability of measuring up to the fifth harmonic;
b) | maximum uncertainty: 10 % of reading in the distortion range of 0,5 % to 5 %.

4.10 Oscilloscope (optional)

An
acq

4.1
Thg
ang
tak

A

Me
sel
cal

oscilloscope for optimizing the interferometer and for checking the waveform of the interferg
elerometer signals, with a frequency,range from 1 Hz to 2 MHz minimum, may be used.

1 Other requirements

b transducer to be calibrated shall be structurally rigid. The base strain sensitivity, the transversg
the stability of the-angular accelerometer/amplifier combination (if calibrated as a single un
en into account inthe-calculation of the uncertainty of measurement (cf. Annex A).

effects influencing the measurement result shall be included in the uncertainty calculation.

thods 1B,»2B and 3B can be applied to calibrate rotational laser vibrometers if the motion pa
sed simultaneously by the standard device (cf. 4.6 and 4.7) and by the laser interferom

meter and

sensitivity
t) shall be

rameter is
eter being

brated. If the motion sensing periods of both measurement systems are different, the rotation

am|

Al vibration

litude shall be sufficiently stable to meet the uncertainty requirement of Clause 3. An example of an

arrangement for the calibration of rotational laser interferometers is shown in Figure 11.

5

Ambient conditions

The calibration shall be carried out under the following ambient conditions:

a)

b)

room temperature: (23 + 3) °C;

relative humidity: 75 % max.

Care should be taken that external vibration and noise do not affect the quality of the measurements.
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6 Preferred angular accelerations and frequencies

The angular accelerations (amplitude or r.m.s. value) and frequencies equally covering the angular
accelerometer range should preferably be chosen from the following series;

a) angular acceleration (methods 1A, 1B, 3A and 3B):

— 0,1rad/s?, 0,2rad/s?, 0,5rad/s?, 1rad/s2, 2rad/s?2, 5rad/s?, 10 rad/s?, 20 rad/s?, 50 rad/s?,
100 rad/s2, 200 rad/s2, 500 rad/s2, 1 000 rad/s2 (1 000 rad/s? is valid for amplitude only);

b) frequ nCy:

— selected from the standardized one-third-octave frequency series (in accordance with (SO 2/66)
between 1 Hz and 1,6 kHz or the series of radian(s) frequencies evolving from = 1 000 rad/s.

7 Common procedure for all six methods

Methods Al1, B1, A2, B2, A3 and B3 have in common that the interferometer~(type A or B) senses a
displacemegnt at a point situated at a distance, R, the “effective radius”, from the. axis of rotation of the circlilar
measuring| table of the angular vibration exciter. From the displacement*amplitude, § sensed by fthe
interferomgter, the amplitude of the rotational angle, @ , is obtained using Equation (2):

&= (2)

|

where R ig the effective radius whose value shall be determined from a special interferometer calibration
carried out once before the interferometer can be used, for transducer calibrations. In all cases, [fthe
measuremgnt of § is based on the comparison with an:accurately known value of a very small length in [the
sub-micrometer range. For interferometer type A, this is the wavelength 1= 0,632 81 um of the laser of [the
red heliumfneon type, which is known a priori. In interferometer type B, this is the gating constant, g (gropve
length, i.e.|grating constant of 0,333 33 um of a sine-phase diffraction grating having 3 000 grooves/mm). The
measure, £, shall be accurately known (from Jength measurements carried out by the manufacturer of fthe

b

diffraction grating).

NOTE If the grating constant is not _khown with sufficient accuracy, the angular quantization interval A®, wiiich
correspondg to one interferometer signal period, can be determined by a special diffraction grating interferomgter
calibration!'fl. Then, the expression As)= R A@ with the displacement quantization interval As (e.g. As = g in a single-bgam
arrangemeryt of interferometer type 8, cf. Figure 8) can be used to eliminate the radius, R; cf. Equation (2), which ig no
longer used|to calculate @ .

All six methods apply the. result for the rotational angle amplitude, @ , obtained from Equation (2) to calculate
the following:

a) sensitjvity{magnitude), S, , of rotational angle transducers, using Equation (3):

u
So = (3)
b) sensitivity (magnitude), S, of angular velocity transducers, using Equations (4) and (5):
u
S == 4
2= (4)
where
Q=2nxfd (5)
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c) sensitivity (magnitude), S, , of angular accelerometers, using Equations (6) and (7):
So =2 ©)
o
where
& =4n° x [°d (7)
where
u is the amplitude of the angular transducer output, u, (e.g. output voltage~of gn angular
accelerometer);
Q isthe amplitude of the angular velocity, 2 ;
a is the amplitude of the angular acceleration, « .
As|the phase shift of the complex sensitivity of angular transducers can-be’/measured only by methods 3A
and 3B, the common procedures used for phase shift calibrations are spécified in Clause 10.
8 | Methods using fringe-counting (methods 1A and’1B)
8.1 General
This method is applicable to sensitivity magnitude calibration the frequency range from 1 Hz to 800 Hz.
NOJTE At the frequency of 800 Hz and an angular acceleration amplitude of 1 000 rad/s?, the rotafional angle

amplitude is 4 x 1075 rad. This corresponds to a displacement amplitude of 2 um if a retro-reflector or a diffra

is &

ction grating

rranged in a distance of 50 mm from the axis_of rotation (i.e. a diffraction grating at the lateral surface of a disk 100 mm

in Hiameter). Using the fringe-counting .method without special means to suppress the quantization| error (see
References [1] and [11]), displacement (@amplitudes down to 2 um can be measured with an uncertainty |specified in
Clapse 3. Methods 1A and 1B can also be applied at smaller amplitudes if the quantization error is suppressed [l [11],
This allows calibration at a specified- angular acceleration amplitude (e.g. 1 000 rad/s?) to be performed at higher
frequencies.
In both interferometer types A and B (i.e. in methods 1A and 1B), the number of signal periods (e.g. intensity
maxima), N, is given by-Equation (7):
N =45/ As (8)
resulting in<Eguation (9)
L (9)
4 f
where
s is the displacement amplitude sensed by the laser interferometer, required to apply Equations (2)
to (7);
As is the quantization interval, equal to 1/2, specified by Equations (10) and (11) for the two versions of

interferometer type A and by Equations (12) and (13) for the two versions of interferometer type B;
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fis the frequency of the angular vibration exciter;

f;  is the (mean) fringe frequency.

Inserting the relevant expression for As, i.e. Equations (10) or (11) for the type A interferometer and
Equations (12) or (13) for the type B interferometer and using Equation (2) to transform the displacement into
a rotational angle, the rotational angle amplitude, & , is obtained. The angular velocity amplitude, 0, and the
angular acceleration amplitude, & , are calculated from Equations (5) and (7), respectively. To calculate the
sensitivity of an angular transducer, Equations (3), (4) and (6) are applied.

8.2 Common test procedure for methods 1A and 1B

After optim
angular vil
either the
Figure 4 m
ratio count

8.3 Expression of results

See also B

8.3.1 Method 1A (retro-reflector interferometer)

Calculate

izing the interferometer (see 4.6), determine the sensitivity of the transducer to be calibrated at

fringe frequency with the counter (see 4.7.2) (fringe counting in accordance with ‘Figure 3
ay be used) or the ratio between the angular vibration frequency and the fringe_frequency wit
er (cf. 4.7.2).

2.

he displacement amplitude from the fringe frequencyireadings calculated in Equation (9) us

the
ration frequencies and angular acceleration amplitudes demanded (see Clause 6) by measuling

nd

h a

ing

10)

11)

o
the

Equation (10) for the two-beam arrangement shown in Figure 3:

As = A4 (
or Equation (11) for the single measuring beam arrangement shown in Figure 7:

As = A2 (
where 1 is [the wavelength 1= 0,632 81 um of the laser of the red helium-neon type.
Calculate the amplitude, @ , of the.rotational angle, @, using Equation (2); calculate the sensitivity,
(magnitudg), of the rotational angle-transducer from Equation (3); the sensitivity, S, (magnitude), of
angular velocity transducer from.Equations (4) and (5); and the sensitivity, S, (magnitude), of the angtlar
accelerometer using Equations.(6) and (7).

12
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8.3.2 Method 1B (diffraction-grating interferometer)

Key

AW N -

Ca
Eq

or

wh
as

diffraction grating
calibration object
interferometer

angular acceleration exciter

See also Figure 1.

Figure 2 — Angular acceleration exciter in conjunction with a diffraction-grating interferg
(homodyne version)

culate the displacement amplitude from the fringe frequency readings calculated in Equatio
Jation (12) for the two-beam-arrangement shown in Figure 4:

As =gl2
Fquation (13) far the single-beam arrangement shown in Figure 8:

As=g

bre ¢ is~the grating constant of the diffraction grating (groove length, i.e. grating constant of 0,33
ne-phase diffraction grating having 3 000 grooves/mm).

meter

N (9) using

(12)

(13)

3 33 ym of

Calculate the amplitude, @ , of the rotational angle, @, using Equation (2); calculate the sensitivity, So
(magnitude), of the rotational angle transducer from Equation (3); the sensitivity, S, (magnitude), of the
angular velocity transducer from Equations (4) and (5); and the sensitivity, S, (magnitude), of the angular
accelerometer using Equations (6) with (7).
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Key

1 frequency generator (4.2) 6 interferometer (4.6) 11 with ratio counter (4.7.2)

2 power amplifier (4.3) 7 laser (4.5) 12 counter (or ratio counter) (4.7.2)
3 angular exciter (4.3) 8 beam splitter 13 voltmeter (4.8)

4 angular transducer 9 light detector 14 distortion meter (4.9)

5 retro-reflector 10 amplifier 15 oscilloscope (4.10)

Figure 3 — Example of a measuring system for method 1A
(retro-reflector interferometer, fringe counting)
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Key

1 frequency generator (4.2) 6 interferometer (4.6) 11 with ratio counter (4.7.2)

2 power amplifier (4.3) 7 laser (4.5) 12 counter (or ratio counter) (4.7.2)
3 angular exciter (4.3) 8 beam splitter 13 voltmeter (4.8)

4 angular transducer 9 light detector 14 distortion meter (4.9)

5 retro-reflector 10 amplifier 15 oscilloscope (4.10)

Figure 4 — Example of a measuring system for method 1B
(diffraction-grating interferometer, fringe counting)
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9 Meth

9.1 Gen

ods using minimum-point detection (methods 2A and 2B)

eral

This method is used for the calibration of the magnitude of the sensitivity in the frequency range from 800 Hz

to 1,6 kHz.

The method illustrated in this section is based on a determination of the displacement using the arguments
corresponding to the zero crossings of the Bessel function of first kind and first order.

NOTE n equally valid approach is to determine the displacement using the arguments corresponding to the zero
crossings of the Bessel function of first kind and zero order. However, this technique requires modulating of the positioh of
the referende mirror to be implemented (see Reference [2]).
Considering the frequency spectrum of the intensity and adjusting the angular vibration amplitude.to such a
level that the component of the same frequency as the vibration frequency is zero, it is possibleto calculate
the displacement amplitude sensed by the interferometer using Equation (14):

oa As

§S=8,l=x,x— (14)

2n

where

s is|the displacement amplitude sensed by the laser interferometer;

x, afe the arguments corresponding to the zero points of the Bessel function, as given in Table 1;

As is|the quantization interval;
as specified by Equations (10) and (11) for the two versions of interferometer type A and by Equations ([12)

and (13) for the two versions of interferometer type B.-T@©, obtain the relevant values of the rotational an

gle

amplitude,| Equation (2) is to be used. The angular velocity amplitude, 0, and the angular acceleration
amplitude,|a , are calculated from Equations (5) and\(7), respectively. The calculation of the sensitivity of the
angular trapsducer is made using Equations (3), (4)-and (6).
Table 1 —Values for the arguments, x,, corresponding to the zero points of the Bessel function of first
kind and first order
Zero [point No. X, Zero point No. X,
n n
0 0 16 51,043 53
1 3,831 70 17 54,185 56
2 7,015 59 18 57,327 53
3 10,173 46 19 60,469 45
4 13,323 69 20 63,611 36
5 16,470 63 21 66,753 23
6 19,615 86 22 69,895 07
7 22,760 09 23 73,036 90
8 25,903 68 24 76,178 70
9 29,046 83 25 79,320 49
10 32,189 68 26 82,462 27
11 35,332 30 27 85,604 02
12 38,474 77 28 88,745 77
13 41,617 09 29 91,887 52
14 44,759 32 30 95,029 24
15 47,901 46
16 © ISO 2006 — All rights reserved


https://standardsiso.com/api/?name=5b6f1e4d4ab613ea14a033b518005dcb

ISO 16063-15:2006(E)

9.2 Common test procedure for methods 2A and 2B

After optimizing the interferometer (see 4.6), determine the sensitivity of the transducer being calibrated at the
angular vibration frequencies and angular acceleration amplitudes demanded (see Clause 6). Filter the signal
from the light detector (4.6) through a bandpass filter (4.7.3) with the centre frequency equal to the frequency
of the angular vibrator. This filtered signal has a number of minimum points at special vibration amplitudes (i.e.
displacement amplitudes, §,, and rotational angle amplitudes, én) corresponding to the arguments, x, ,
specified in Table 1.

n:?

Set the calibration frequency and adjust the vibrator amplitude from zero to a value at which the filtered light
de i ' ' ; T 1 IS T 5 minimum
poipt No. 1 at which the displacement amplitude has a defined value depending on the type and:cgnfiguration
e interferometer (cf. 9.3).

Thé measuring system for the minimum-point method is shown in Figures 5 and 6.

NQ[TE 1 The sensitivity of an accelerometer can also be determined using the Besselfunction of first kind and zero
order by modulating the position of the reference mirror at a frequency that is small relativeyto the frequency of calibration,
and setting the centre frequency of the bandpass filter, or frequency analyser, to that of\the modulation freqliency of the
mirfor (see Reference [3]).

NOTE 2  Modulation of the position of the reference mirror can also be used\o improve the efficiency of tHe minimum-
point method using the Bessel function of first kind and first order (see Reference [4]).

9.3 Expression of results
See also B.3.
9.31 Method 2A (retro-reflector interferometer)

Calculate the displacement amplitude § = s, _from the associated argument, x, , using Equation (14

~

where
As = A/4 [cf. Equation (10) for,the two-beam arrangement shown in Figure 3]; or

As = A/2 [cf. Equation (11)-for the single-beam arrangement shown in Figure 7 where the wayelength of
the laser of the red hélium-neon type 4= 0,632 81 um].

NOJTE Application-of\Equation (14) can be dispensed with if the displacement amplitude, §,,, associated|with the nth
minimum point fromTaple 2 is taken.

For the single-beam arrangement shown in Figure 7, the amplitude, §, converted into the amplifude of the
rotational angle using Equation (2) is the same as, §, , taken from Table 2, as shown in Equation (15):

n?

§=%, (15)

For the two-beam arrangement shown in Figure 3, the amplitude, s, converted into the amplitude of the
rotational angle using Equation (2) is half the value of 5, taken from Table 2, as shown in Equation (16):

S
§=-1 16
* 2 (16)
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i 16
frequency generator (4.2) 7 laser (4.5) 12 bandpass filter tuned to vibration frequency (4.7.3)
power amplifier (4.3) 8 beam splitter 13 voltmeter
angular exciter (4.3) 9 light detector 14 voltmeter (4.8)
10 amplifier 15 distortion meter (4.9)
11 spectrum analyser (4.7.3) 16 oscilloscope (4.10)

retro-reflector
interferometer (4.6)

Figure 5 — Example of a measuring system for method 2A

(homodyne retro-reflector interferometer, minimum-point detection)
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9.3.2 Method 2B (diffraction-grating interferometer)
Calculate the displacement amplitude § =5, from the associated argument, x,, , using Equation (14)
where

As = g/2 [cf. Equation (12) for the two-beam arrangement shown in Figure 6]; or

As = g [cf. Equation (13) for the single-beam arrangement shown in Figure 8J;

Wr\ X i tha aratina aonctant ~f th A Affr At Aty (e lanath - A St o notant of O 2 3 33 m Of
Ipre— g tCgratmgoorStar Tt O e O Tac o gratmg(grooveIC gt o grat g~ oconStamt O o5o IJ

a sjne-phase diffraction grating having 3 000 grooves/mm).

NOJTE Application of Equation (14) can be dispensed with if the displacement amplitude, §,,, associated|with the nth
minimum point from Table 2 is taken.

Fof the single-beam arrangement shown in Figure 8, the amplitude, s, convertedcinto the amplifude of the
rotational angle using Equation (2) is the same as §, taken from Table 2 [cf. Equation (15)]. For thg two-beam
arrangement shown in Figure 6, the amplitude, §, converted into the amplitude. of the rotational angle using
Equation (2) is half the value of §, taken from Table 2 [cf. Equation (16)].
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frequency generator (4.2) 7 laser (4.5) 12 bandpass filter tuned to vibration frequency (4.7.3)
power amplifier (4.3) 8 beam splitter 13 voltmeter
angular exciter (4.3) 9 light detector 14 voltmeter (4.8)
angular transducer 10 amplifier 15 distortion meter (4.9)
diffraction grating 11 spectrum analyser (4.7.3) 16 oscilloscope (4.10)

interferometer (4.6)

Figure 6 — Example of a measuring system for method 2B
(homodyne diffraction-grating interferometer, minimum-point detection)
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Table 2 — Displacement amplitudes for minimum points (1= 0,623 81 um) to calculate the amplitudes
of the rotational angle, F 2, of the angular velocity, 7 ©, and of the angular acceleration, o ©

Minimum point No. Displacement amplitude Minimum point No. Displacement amplitude
n é\n n é\n
pm pm

0 0 17 2,728 6
1 0,193 0 18 2,886 8
2 0,353 3 19 3,0450
3 0,512 3 20 3,2033
4 0,670 9 21 33615
5 0,829 4 22 3,5197
6 0,987 8 23 3,677 9
7 1,146 1 24 3,836 1
8 1,304 4 25 3,994 3
9 1,462 7 26 4,1525
10 1,621 0 27 43107
11 1,779 2 28 4,468 9
12 1,937 5 29 4,627 1
13 2,0957 30 47853
14 2,253 9 &8  See Equation (2).

15 2,412 2 b See Equation (5).

16 2,570 4 ¢ See Equation (7).

Calculate the amplitude, @ , of the rotational angle, @ , using Equation (2); calculate the sen
(magnitude), of the rotational anglestransducer from Equation (3); the sensitivity, S, (magnitu
gular velocity transducer from Equations (4) and (5); and the sensitivity, S

acgelerometer using Equations (6)and (7).

an

a

)

Bitivity, S
e), of the
(magnitude), of the angular

WHen the calibration results_are reported, the expanded uncertainty of measurement in calibratipn shall be

calpulated and reported_ifi accordance with Annex A.

10[ Methodsusing sine approximation (methods 3A and 3B)

10/1 General

This(method is applicable to sensitivity magnitude and/or phase calibration in the frequency range

to 6 KHZ:

from 1 Hz

NOTE The sine-approximation measurement method is also applicable to lower frequencies than 1 Hz and higher
frequencies than 1,6 kHz in conjunction with an angular exciter appropriate for the extended frequency range.

In addition to the calibration results obtained by the equations valid for all six methods (cf. Clause 7),
methods 3A and 3B also allow the phase shift of the complex sensitivity of angular transducers to be

measured.

© 1SO 2006 — All rights reserved
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The initial phase, ¢4 , of the rotational angle is represented by the initial phase of the displacement, 5, as
given in Equation (17):

P = @ (17)

Using the value, ¢4 , obtained by the laser interferometer, the amplitude initial phase, ¢, of the angular
velocity, 2, is calculated from Equation (18):

Po=Pp —7/2 (18)

and the inifial phase, ¢, of the angular acceleration, « , is calculated from Equation (19):
Po =Pp — T (19)

The phase|shift, Apy , of rotational angle transducers is calculated from Equation (20):
Apyp TPy~ P (0)

The phase|shift, Ap,,, of angular velocity transducers is calculated from Equation+(24):
Apgo F0u—9P0 ®1)

The phase|shift, Ag, , of angular accelerometers is calculated from Eqdation (22):
APy F Py~ Pa ®2)

In Equatiofs (20), (21) and (22), ¢, is the initial phase of the output of the transducer being calibrated.

10.2 Pro¢edure applied to methods 3A and 3B

See also B 4.

Install the ¢quipment in accordance with Figures 7, 8 and 9.

The laser interferometer (for an example, see Figures 7 and 8) shall be adjusted to give output signals «4 and
u, in phasg quadrature within the tolerances stated in 4.6.

After the interferometer (cf. 4.6) settings have been optimized, measure the magnitude and the phase shift of
the angulgr transducer sensitivity at the specified vibration frequencies and amplitudes (cf. Clause 6)| as
follows.

The transducer shall be vibrated sinusoidally. The displacement amplitude should be large enough to give at
least one flll bright/dark cycle of the interferometer output.

NOTE 1 In-the arrangement described in the Note of 8.1, at displacement amplitudes < 0,5 ym, a worst-case grror
component =0,3 % i the sensitivity magnitude measurement and = 0,3 1 the phase shiftmeasurement can be caused
by the combined effects of the disturbing parameters of the quadrature output signals within the tolerances stated in 4.6.
Suppression of this error component is possible by more careful adjustment than tolerated in 4.6 (see Reference [5]) or by
application of the correction procedure given in Reference [6]).

NOTE 2  To measure the magnitude and the phase shift of the complex sensitivity of angular transducers down to small
displacement amplitudes in the nanometer range, the sine-approximation method in conjunction with an appropriate
heterodyne technique can be applied as reported in References [7] and [8]. This allows calibration at a preferred moderate
angular acceleration amplitude to be performed at high vibration frequencies.

NOTE 3  In order to enhance the rejection efficiency of sine approximation (i.e. attenuation of the influence of disturbing

signals), windowing of the displacement values or modulation phase values can be applied!®! if the procedure has proved
to meet the uncertainty requirements of Clause 3.
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1 frequency generator (4.2) 6 interferometer (4.6) 10 digital waveform recorder (4.7.4)
2 power amplifier (4.3) 7 laser (4.5) 11 voltmeter (4.8)

3 angular exciter (4.3) 8 light detectors 12 distortion meter (4.9)

4 angular transducer 9 amplifier 13 oscilloscope (4.10)

5 retro-reflector

2  Phase shift of 0°.

b Phase shift of 90°.

Figure 7— Example of a measuring system for method 3A
(homodyne retro-reflector interferometer, sine approximation)
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Key
1 frequency generator (4.2) 6 interferometer (4.6) 10 digital waveform recorder (4.7.4)
2 power amplifier (4.3) 7 laser (4.5) 11 voltmeter (4.8)
3 angular exciter (4.3) 8 light detectors 12 distortion meter (4.9)
4 angular transducer 9 amplifier 13 oscilloscope (4.10)
5 diffraction grating
2  Phase shift of 0°.
b

Phase shift of 90°.
Figure 8 — Example of a measuring system for method 3B
(homodyne diffraction-grating interferometer, sine approximation)
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Key
1 |laser
2 |telescope
3 | polarizer
4 | beam splitter
5 |retro-reflector
6 |wollaston prism
7 |light detectors
Figure 9 —Modified Michelson interferometer with retro-reflector(s) and quadrature output
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Key

1 interfer¢meter 9 low-pass filter

2 laser 10 measurement signal

3 Bragg dell 11 reference signal

4  quartz generator 12 transient recorder

5 photodgtector 13 quadrature signalésynthesis
6 synthegs generator 14 digital filtering

7 angularfaccelerometer 15 algorithms

8 angular|accelerometer exciter (air-borne) 16 measurement results (vibration and shock parameters)
a  90°.

b

().
z(¢;).

4 arctan )|(1,)/=(1).

o

Figure 10 — Example of a measuring system'using heterodyne interferometry in accordance with
method 3B (Mach-Zehnder heterodyne interferometer with diffraction grating, frequency conversion,
transient recorder and digital data processing)

2 L

3
Key
1 diffraction grating 3 rotational laser vibrometer being calibrated
2 interferometer (standard) 4  signal-processing system

Figure 11 — Example of an arrangement for the calibration of rotational laser vibrometers
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Method B is applied here in the version with a diffraction grating interferometer using a sine-phase grating with
2 400 grooves/mm. It is arranged on the lateral surface of a disk forming the measuring table 100 mm in
diameter.

10.3 Data acquisition

The cut-off frequencies of low-pass and, if any, high-pass filters shall be chosen so that disturbing effects of
low- and high-pass filtering on the calibration results are tolerable (cf. Reference [5]). To fulfil Nyquist's
theorem, the sampling rate shall be set so that the highest frequency content is smaller than half the sampling
rate.

Analog-to-digital conversion of the angular transducer output voltage may be performed at the.sgme or at a
lower sampling rate than that for the conversion of the interferometer output signals. Thé thre¢ sampling
prdcesses shall start and end at the same points of time and at least for the two interferometer|signals be
syrnchronized by a single system clock.
The¢ quadrature signals shall be equidistantly sampled during a measurement timie /5 <t <ty + fjjeas - 1he
seffes of measurement values, {u1(tl~)} and {u, (tl-)} , sampled within 75 <2<ty + Tyeas Sh@ll have a
sampling interval, Ar =¢; —¢;_4 = const.

Th¢ sampled series of accelerometer output values are {u(tl- )} .

Trgnsfer the data to the computer memory.

10{4 Data processing
10.4.1 Obtain the magnitude and the phase shift of the accelerometer sensitivity by the following sfeps.
104.2 Calculate a series of modulation phase’values from the sampled interferometer output values,

{uq(t;)} and {uy (1)} using Equation (23):

PMod (tl-) = arctanw+nn (23)

Uq (tl-)

where n=0,12, ....

Chpose an integer number;n, so that discontinuities of gpoq (tl-) are avoided for the values nn.
A grocedure for calctlating the number, #, is described in Reference [10].

Ca|culate a series of displacement values, {S(ti)} , using Equation (24):

s(t; )= %ﬁwmm (t;) (24)

10.4.3 Approximate the obtained series of displacement values by solving the following system of N+ 1
equations for the three unknown parameters, 4, B and C, using the least-squares method as shown in
Equation (25):

s(t;)=Acoswt;-Bsinwt; +C (25)
where

i=0,12 .., N;

A=5cosgg;
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his

B=3§sing,;

C is aconstant;

w is the vibration radian(s) frequency, o =2xnf ;

@, is the initial phase angle of the displacement;

N +1 denotes the number of samples synchronously taken over the measurement period given in 10.3.
From amongtheTesutting parameter vatues of this—sime—approximmation ™ the parameter; €, s ot usedimn
context.

10.4.4 Cdlculate the displacement amplitude, s, and the displacement initial phase angle, ¢, ,/from
parameter [values, 4 and B, obtained through sine approximation using Equations (26) and (27):

§:\/:12 +B?

Py =49

10.4.5 Cd
(17):

B
rctan—
A

lculate the amplitude, @ , and initial phase angle, e, froms and ¢, using Equations (2)

the

(e)

®7)

and

If an angulpr velocity transducer is being calibrated, calculate the amplitude, €, and the initial phase, @) of
the angulaf velocity from @ and ¢4 using Equations (5) and (18):

If an angular accelerometer is being calibrated, calculate amplitude, ¢, and initial phase, ¢, , of the angjlar
acceleratign from @ and ¢, using Equations (7) and (19)-

10.4.6 Approximate the series of sampled angular transducer output values, (g
ion method in accordance with 10.4:3(_Rewritten for the transducer output denoted u, the followling

approxima

system of IV +1 equations derived from Equation (28) is solved:

{u(t;)} = 4, cosot, - B, sinwt; +C;
where

A4, =idcosg,;

B, =4sing, ;

C, is|a constant;

u i

the angular transducer output amplitude:

u(t,»)} , by the sipe-

@, is the output initial phase angle.

Calculate the angular transducer output amplitude, i, and the initial phase angle, ¢, , from the parameter
values, 4,, and B, obtained by sine approximation using Equations (29) and (30):

ii=+A42 +B?

u

B
@, = arctan—*

28

u

(29)

(30)
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If a rotational angle transducer is being calibrated, calculate the magnitude, S, , and the phase shift, A¢, , of
its complex sensitivity from the values, # and ¢, , obtained in 10.4.6, and the values, & and @ , Obtained

in 1

0.4.5 using Equations (3) and (20).

If an angular velocity transducer is being calibrated, calculate the magnitude, S, , and the phase shift, 4¢,,
of its complex sensitivity from the values, # and ¢, , obtained in 10.4.6, and the values, & and @ , Obtained

in 1

If an angular accelerometer is being calibrated, calculate the magnitude, S,

0.4.5 using Equations (4) and (21).

, and the phase shift, 4¢,,, of its

complex sensitivity from the values, # and ¢, , obtained in 10.4.6, and the values, @ and @p , Obtained

in 10475 using Equations (6)and (22

WH

calpulated and reported in accordance with Annex A. In A.1.1, A.1.2, A.1.3.1 and A.2.1, the 'magni
complex sensitivity is denoted by S.

11

WH
corl

a)

b)

en the calibration results are reported, the expanded uncertainty of measurement in calibration shall be

Reporting of calibration results

en the calibration results are reported, in addition to the calibration method, at least th¢

ditions and characteristics shall be stated:

ambient conditions:

— temperature of angular transducer,

— ambient air temperature;

mounting technique:

— material of mounting surface,

— mounting torque (if the angulartransducer is stud-mounted),
— oil or grease (if used),

— cable fixing,

— orientation (about vertical or horizontal axis),
— all amplifier settings (if adjustable), for example:

—=\'gain,

— cut-off frequencies of filters;

c)

calibration results:
— values of calibration frequencies and amplitudes,
— values of sensitivity (magnitude and phase shift, if measured),

— expanded uncertainty of measurement, coverage factor k if different from & = 2.
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Annex A
(normative)

Uncertainty components in primary angular vibration calibration of

vibration and shock transducers by laser interferometry

A.1 Calgulation of the relative expanded uncertainty for the sensitivity (magnitude)
and the expanded uncertainty for the phase shift for calibration frequencies,
amplitudes, and settings of amplifier gain and cut-off frequencies
A.1.1 Calculation of U(S) for methods 1A and 1B
In accordance with 1SO 16063-1, the relative expanded measurement uncertainty of the sensitiyity
(magnitudg), U, (S), for the calibration frequencies, amplitudes, and settings of (amplifier gain and cut-off
frequencieg shall be calculated from Equations (A.1) and (A.2):
Urel (L ) = kug re1(S) (A.1)
Ug (S) 1 2
Ugrel(S) = =— D ui(s) (A.2)
S S -
with the colerage factor k£ =2 (see Table A.1).
Table A.1 — Uncertainty components for methods 1A and 1B
ui::aenr(tjaai;dt Uncertairnty
i y Source of uncertainty @ contribution
component ()
Y(x;) !
ulity) measurement of output/voltage of angular transducer (voltmeter) u4(S)
2 ufiip) measurement of-output voltage of effect of total distortion on angular transducer us(S)
3 . measurement of output voltage of effect of transverse and rocking motion angular
ufuit) 2 u3(S)
transducet(iransverse sensitivity)
4 ufSq) effectof'displacement quantization on displacement measurement u4(S)
ufSH) effeet of trigger hysteresis on displacement measurement us(S)
6 (Sp) filtering effect on displacement measurement (frequency band limitation) ug(S)
7 tvr) effect of voltage disturbance on displacement measurement (e.g. random noise in (s)
“YVD the photoelectric measuring chain) “1
effect of motion disturbance on displacement measurement (e.g. total distortion;
8 u(Syp) relative motion between reference surface of angular transducer and spot sensed by ug(S)
interferometer)
- effect of phase disturbance on displacement measurement (e.g. phase noise of
9 u(Spp) : : ug(S)
interferometer signal)
10 u(dﬁnt) interferometer function (conversion displacement into rotational angle) u10(S)
11 u(frg) vibration frequency measurement (frequency generator and indicator) u11(S)
12 (Sre) residual effects on sensitivity measurement (e.g. random effect in repeat (s)
HORE measurements; experimental standard deviation of arithmetic mean) 12
@  The sources of uncertainties may be subdivided and numbered in a way differing from that used in the above table, provided that
each effect significantly influencing the measurement result has been taken into account.
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A.1.2 Calculation of U(S) for methods 2A and 2B

U,e(S) for methods 2A and 2B shall be calculated as described in A.1.1 but using the uncertainty components

in Table A.2.
Table A.2 — Uncertainty components for methods 2A and 2B
ui::aenrgaai;dt Uncertainty
i y Source of uncertainty @ contribution
component
L ul(y)
u\A)
1 u(ity) measurement of output voltage of angular transducer (voltmeter) u4(S)
2 u(ip) measurement of output voltage of effect of total distortion on angular transducer us(S)
. measurement of output voltage of effect of transverse and rocking motion-on-angular
3 u(iiy) v u3(S)
transducer (transverse sensitivity)
4 u($z) effect of minimum-point resolution on displacement measurement u4(S)
5 u(Syp) effect of voltage disturbance on displacement measurement (e'g.hum and noise) us(S)
effect of motion disturbance on displacement measuremefit (e.g. relative motion
6 u(Smp) between angular transducer reference surface and spot sensed by the ug(S)
interferometer)
7 u(dﬁnt) interferometer function (transformation displacement to rotational angle) u7(S)
8 u(frg) vibration frequency measurement (frequency.generator and indicator) ug(S)
9 (Sxe) residual effects on sensitivity measurement (e.g. random effect in repeat (s)
UORE measurements; experimental standard deviation of arithmetic mean) “9
@ | The sources of uncertainties may be subdivided and -aumbered in a way differing from that used in the above table, provided that
eagh effect significantly influencing the measurement result has been taken into account.
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A.1.3 Calculation of U (S) and U(A¢) for methods 3A and 3B

A.1.3.1 Calculation of U (S)

U,e((S) for methods 3A and 3B shall be calculated as under A.1.1 but using the uncertainty components in
Table A.3.

Table A.3 — Uncertainty components for methods 3A and 3B

Standard

unc . Uncertainty
i o Source of uncertainty? contribution
component )
(x:) )
R angular transducer output voltage measurement (waveform recorder; e.g. ADC
1 ufity) . u4(S)
resolution)
R voltage filtering effect on angular transducer output amplitude measurement
2 ufuip) o uz(S)
(frequency band limitation)
R effect of voltage disturbance on angular transducer output voltage measurement (e.g.
3 ufiip) . u3(S)
hum and noise)
R effect of transverse, rocking and bending angular transducer on aceelerometer output
4 ufuiT) ug(S)

voltage measurement (transverse sensitivity)

effect of interferometer quadrature output signal disturbanee on displacement
5 u(Ppm @) amplitude measurement (e.g. offsets, voltage amplitude'deviation, deviation from 90° us(S)
nominal angle difference)

interferometer signal filtering effect on displacement amplitude measurement

6 u(PwF) (frequency band limitation) ug(S)
7 ( ) effect of voltage disturbance on displacement amplitude measurement (e.g. random (s)
“HMVD) I noise in photoelectric measuring chaifis) “1
effect of motion disturbance on:displacement amplitude measurement (e.g. drift;
8 u((;nM_MD) relative motion between accélerometer reference surface and spot sensed by the ug(S)
interferometer)
9 ( ) effect of phase disturbance on phase amplitude measurement (e.g. phase noise of (s)
MAMPD) | interferometer sigrials) “9
10 ”(fént) interferometerfunction (transformation displacement to rotational angle) u10(S)
11 ulfec) vibratiop<frequency measurement (frequency generator and indicator) u11(S)
residual effects on sensitivity measurement (e.g. random effect in repeat
12 | ulSre) 4 (69 P ura(S)

measurements; experimental standard deviation of arithmetic mean)

@  The soyrces of-uncertainties may be subdivided and numbered in a way differing from that used in the above table, provided that
each effect gignificantly influencing the measurement result has been taken into account.
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A.1.3.2 Calculation of U(A¢)

In accordance with ISO 16063-1, the expanded uncertainty of measurement of the phase shift, U(Ag), for the
calibration frequencies, amplitudes, and settings of amplifier gain and cut-off frequencies shall be calculated
from Equations (A.3) and (A.4):

U(Ap) = kug(Ap) (A.3)

uc (Ap) = \/Zu 2(Ap) (A4)

Y

=

with the coverage factor k =2 (see Table A.4).

Table A.4 — Uncertainty components for measurement of phase shift, 'U(A¢)

Standard .
uncertaint Llncertalnty
i y Source of uncertainty @ contribution
component ()
u(x;) !
angular transducer output phase measurement (waveformirecorder; e.g. ADC
1] o) |09 Pute ( g ur(Ag)
resolution)
9 (0. £) voltage filtering effect on angular transducer output‘phase measurement (frequency (Ag)
HiPuF band limitation) U289,
effect of voltage disturbance on angular trarisducer output phase measurement
3 up) (e.g. hum and noise) u3(A9)
effect of transverse and rocking motion 6n angular transducer output phase
4| D 2 g PP us(Ap)

measurement (transverse sensitivity)

effect of interferometer quadrature output signal disturbance on displacement phase
5 u(osq) measurement (e.g. offsets, veltage amplitude deviation, deviation from 90° nominal us(Ag)
angle difference)

interferometer signalfiltering effect on displacement phase measurement (frequency

6 “osF)  |pand limitation) ug(A9)
4 ( ) effect of voltage disturbance on displacement phase measurement (e.g. random (Ap)
%5 vD noise in phofoelectric measuring chains) UTAP.
effectefmotion disturbance on displacement phase measurement (e.g. drift; relative
8 u(@s Mp) motion between accelerometer reference surface and spot sensed by the ug(Ag)
interferometer)
9 ( ) effect of phase disturbance on displacement phase measurement (e.g. phase noise (Ag)
“PsPD" | of interferometer signals) o\,
1 wp, 1nt) | interferometer function (transformation displacement to rotational angle) u10(A@)

residual effects on phase shift measurement
11 u(ApRrg) (e.g. random effect in repeat measurements; experimental standard deviation of u11(Ap)
arithmetic mean)

@  The sources of uncertainties may be subdivided and numbered in a way differing from that used in the above table, provided that

each effect significantly influencing the measurement result has been taken into account.
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A.2 Calculation of the relative expanded uncertainty for the sensitivity (magnitude)
and the expanded uncertainty for the phase shift over the complete frequency and
amplitude range

A.2.1 Calculation of U (S}

The relative expanded measurement uncertainty of the sensitivity (magnitude), U,(S;), calculated in
accordance with A.1.1, A.1.2 or A.1.3.1, is valid only for the calibration frequencies, amplitudes, and settings
of amplifier gain and cut-off frequencies. The relative expanded measurement uncertainty of the sensitivity,
U, (S), for the complete frequency and amplitude range, at any time during the interval between successive
calibration$, shall be calculated from Equations (A.5) and (A.6):

Urel (L t) = kg re| (St) (A-5)
Ug rel St) Lo (St) :1 2”12 (St) (A.6)
’ S S

i

with the cojerage factor £ =2 (cf. ISO 16063-1; see Table A.5).

TalI)Ie A.5 — Uncertainty components for measurement of sensitivity (magnitude), U, (S;)

u?\i:aehrgaalm Uncertairnty
i y Source of uncertainty 2 contribution
component ()
(x;) !
1 (s) uncertainty of sensitivity calculated at calibration frequencies, amplitudes and (S)
! amplifier gain settings in accordance with A.4v1, A.1.2 or A.1.3.1 ot
2 u(pr p) reference amplifier tracking (deviations in\gain for different amplification settings) us(St)
3 u(eL £A) deviation from constant amplitude-frequency characteristic of reference amplifier u3(St)
deviation from constant amplitude-frequency characteristic of reference angular
4 “GLiP) | transducer ua(S)
5 u(d a ) amplitude effect on gain_of reference amplifier ug(St)
6 u(d ap) amplitude effect on-sensitivity (magnitude) of reference angular transducer ug(St)
7 ule p) instability of refererice amplifier gain and effect of source impedance on gain u7(Sy)
8 ule p) instability of sensitivity (magnitude) of reference angular transducer ug(St)
9 u(pe A) environmental effects on gain of reference amplifier 1g(St)
10 u(pe p) environmental effects on sensitivity (magnitude) of reference angular transducer u10(St)
@  The soyrces of Uncertainties may be subdivided and numbered in a way differing from that used in the above table, provided that
each effect dignificantly influencing the measurement result has been taken into account.

A.2.2 Calculation of U(Agy)

The expanded uncertainty of measurement of the phase shift of the complex sensitivity, U(A¢;), calculated in
accordance with A.1.3.2, is only valid for the calibration frequencies, amplitudes, and settings of amplifier gain
and filter cut-off frequencies. The expanded uncertainty of measurement of the phase shift, U(A¢g), for the
complete frequency and amplitude range, at any time during the interval between successive calibrations,
shall be calculated from Equations (A.7) and (A.8):

U(Apy) = kug (Apy) (A7)
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