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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.
International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft International Standards
adopted by the technical committees are circulated to the member bodies for voting. Publication as an
International Standard requires approval by at least 75 % of the member bodies casting a vote.

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

ISO 16063-15 was prepared by Technical Committee ISO/TC 108, Mechanical vibration and shock,
Subcommittee SC 3, Use and calibration of vibration and shock measuring instruments.

ISO 16063 consists of the following parts, under the general title Methods for the calibration of vibration and
shock transducers:

— Part 1: Basic concepts

— Part 11: Primary vibration calibration by laser interferometry

— Part 12: Primary vibration calibration by the reciprocity method

— Part 13: Primary shock calibration using laser interferometry

— Part 15: Primary angular vibration calibration by laser interferometry
— Part 21: Vibration calibration by comparison to a reference transducer
— Part 22: Shock calibration by comparison to a reference transducer
The following additional parts are under preparation:

— Part 23, addressing the angular vibration calibration by comparison to reference transducers
— Part 31, addressing the testing of transverse vibration sensitivity

— Part 32, addressing the resonance testing

— Part 41, addressing the calibration of laser vibrometers

— Part 42, addressing the calibration of seismometers
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INTERNATIONAL STANDARD ISO 16063-15:2006(E)

Methods for the calibration of vibration and shock transducers —

Part 15:
Primary angular vibration calibration by laser interferometry

1 Scope

This part of ISO 16063 specifies the instrumentation and procedures used for primary angular vibration
calibration of angular transducers, i.e. angular accelerometers, angular velocity transducers and rotational
angle transducers (with or without amplifier) to obtain the magnitude and the phase shift of the complex
sensitivity by steady-state sinusoidal vibration and laser interferometry. The methods specified in this part of
ISO 16063 are applicable to measuring instruments (rotational laser vibrometers in particular) and to angular
transducers as defined in 1ISO 2041 for the quantities of rotational angle, angular velocity and angular
acceleration.

It is applicable to a frequency range from 1 Hz to 1,6 kHz and a dynamic range (amplitude) from 0,1 rad/s? to
1 000 rad/s? (frequency-dependent).

These ranges are covered with the uncertainty of measurement specified in Clause 3. Calibration frequencies
lower than 1 Hz (e.g. 0,4 Hz, which is a reference frequency used in other International Standards) and
angular acceleration amplitudes smaller than 0,1 rad/s? can be achieved using method 3A or method 3B
specified in this part of 1SO 16063, in conjunction with an appropriate low-frequency angular vibration
generator.

Method 1A (cf. Clause 8: fringe-counting, interferometer type A) and method 1B (cf. Clause 8: fringe-counting,
interferometer type B) are applicable to the calibration of the magnitude of complex sensitivity in the frequency
range of 1 Hz to 800 Hz and under special conditions, at higher frequencies. Method 2A (cf. Clause 9:
minimum-point method, interferometer type A) and method 2B (cf. Clause 9: minimum-point method,
interferometer type B) can be used for sensitivity magnitude calibration in the frequency range of 800 Hz to
1,6 kHz. Method 3A (cf. Clause 10: sine-approximation method, interferometer type A) and method 3B
(cf. Clause 10: sine-approximation method, interferometer type B) can be used for magnitude of sensitivity
and phase calibration in the frequency range of 1 Hz to 1,6 kHz. Methods 1A, 1B and 3A, 3B provide for
calibrations at fixed angular acceleration amplitudes at various frequencies. Methods 2A and 2B require
calibrations at fixed rotational angle amplitudes (angular velocity amplitude and angular acceleration
amplitude vary with frequency).

NOTE 1 The numbering 1 to 3 of the methods characterizes the handling of the interferometer output signal(s)
analogous to ISO 16063-11: number 1 for fringe counting, number 2 for minimum-point detection and number 3 for sine-
approximation. Each of these signal handling procedures can be used together with interferometer types A and B specified
in this part of ISO 16063.

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

ISO 16063-1:1998, Methods for the calibration of vibration and shock transducers — Part 1: Basic concepts

3 Uncertainty of measurement
The limits of the uncertainty of measurement applicable to this part of ISO 16063 shall be as follows:
a) for the magnitude of sensitivity:

— 0,5 % of the measured value at reference conditions,

— < 1 % of the measured value outside reference conditions;

b) for the phase shift of sensitivity:
— 0,5° of the measured value at reference conditions,

— < 1° of the reading outside reference conditions.

Recommended reference conditions are as follows:

— frequency: 160 Hz, 80 Hz, 40 Hz, 16 Hz or 8 Hz (or radian frequency, «: 1 000 rad/s, 500 rad/s, 250 rad/s,
100 rad/s or 50 rad/s);

— angular acceleration: (angular acceleration amplitude or r.m.s. value): 100 rad/s2, 50 rad/s2, 20 rad/s?,
10 rad/s?, 5 rad/s2, 2 rad/s? or 1 rad/s2.

Amplifier settings shall be selected for optimum performance with respect to noise, distortion and influence
from cut-off frequencies.

The uncertainty of measurement is expressed as the expanded measurement uncertainty in accordance with
ISO 16063-1, for the coverage factor k& = 2 (referred to, in short, as “uncertainty”).

4 Requirements for apparatus

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 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,
8 and 10).

n .
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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 amplifier/angular vibration exciter combination

431 General
A power 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 effects 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 interferometer
type B, a maximum lateral motion (including eccentricity) of 2 um is tolerated, which can be achieved 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.
4.3.2 Electro-dynamic angular vibration exciter

An electrodynamic vibration exciter is based on the Lorentz force acting on electric charge carriers when
these move through a magnetic field.

In analogy to common electrodynamic vibration exciters designed to generate rectilinear vibration, 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 angular vibration.
In the working frequency range (i.e. 1 Hz to 1,6 kHz), the amplitude of angular acceleration is proportional to
the amplitude of the electric current carried through the coil. An example of an angular vibration exciter is
shown in Figure 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 described in
Reference [14].
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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.

A .
Copyright International Organization for Standardization © ISO 2006 - A” I'|ghts reserved
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO 16063-15:2006(E)

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 vibration exciter and the interferometer shall be mounted on the same heavy block or on two
different heavy blocks so as to prevent relative motion due to ground motion, or to prevent the reaction of the
vibration exciter's support structure from excessively influencing the calibration results.

When a common seismic block is used, this should have a moment of inertia at least 2 000 times that of the
moving mass. This causes less than 0,05 % reactive angular vibration of angular transducer and
interferometer. If the moment of inertia of the seismic block is smaller, its motion generated by the vibrator
shall be taken into account.

To suppress disturbing effects of ground motion, the seismic block(s) used in the frequency range of 1 Hz to
1,6 kHz should be suspended on damped springs designed to reduce the uncertainty component due to these
effects 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 value shall -
be used. Under laboratory conditions (i.e. at an atmospheric pressure of 100 kPa, a temperature to 23 °C and
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 set to zero :
or switched off.

4.6 Interferometer

4.6.1 General
The interferometer may be used to transform
— the rotational angle, @(z), into a proportional phase shift, ¢(¢), of the interferometer output signal,

— the angular velocity, (Xr), into a proportional frequency shift, f;(z) (Doppler frequency), of the
interferometer output signal.

For both transformations, a homodyne or a heterodyne interferometer (cf. Figures 3 to 8 and 10) and a one-
channel or two-channel arrangement (cf. Figures 3 to 8 and 10) may be used.

The first transformation of @(r) into ¢ (¢) is specified in this part of ISO 16063 as a standard procedure
whereas the latter transformation of (X¢) into f(r) 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.

A 1A~ AR~ AT
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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 interfering with the linearly polarized reference beam, the two components with
perpendicular polarization shall be separated in space using appropriate optics (e.g. a Wollaston prism or a
polarizing beam splitter), and detected by two photodiodes.

The two outputs of the modified Michelson interferometer shall have offsets of less than + 5 % in relation to
the amplitude, 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 the
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 uncertainty of measurement of
Clause 3, the above tolerances shall be complied with at least for small rotational angles of up to 2 x 102 rad.
For greater amplitudes, greater tolerances are permitted.

EXAMPLE For a rotational angle of 2,5 x 1072 rad (i.e. angular acceleration amplitude of 1 rad/s? at a frequency of
1 Hz), the tolerances can be extended to + 10 % for the offsets and for the relative amplitude deviations, and to + 20° for
the deviation from the nominal angle of 90° (see also NOTE 1 of 10.2).

The tolerances stated above are valid without correction of quadrature fringe measurement errors in
interferometer. If the correction procedure after Heydemannl®l is applied, greater tolerances are permitted.

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

An interferometer of type A (cf. 4.6.2) or B (cf. 4.6.3) shall be used with a light detector to sense the
interferometer 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, (2, .,
using Equation (1):

Jmax :%::R (1)

where

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

As is the displacement 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.
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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.

For method 3A, a quadrature interferometer with retro-reflectors, measuring and reference reflectors shall be
used. In the homodyne interferometer version shown in Figures 7 and 9, the light source is a stabilized single-
frequency laser. The diameter of the laser beam is expanded by lenses to reduce the divergence of the beam.
The polarized laser beam is split by the beam splitter into a measuring beam and a reference beam. The
reference beam is reflected and shifted in parallel by a retro-reflector (reference reflector). As the 4/8
retardation waveplate is traversed twice, a path difference of 1/4 is obtained. At the same time, the reflected
laser beam is split into two beams, each with a direction of polarization orthogonal to the other, that show a
phase shift of 90° (i.e. circular polarization). The measuring beam is also shifted in parallel when reflected by
the retro-reflector mounted on the measuring table, retaining its linear polarization. The linearly polarized
reflected measuring beam and the circularly polarized reference beam are superimposed. When passing the
Wollaston prism, which is inclined by 45° with reference to the direction of polarization of the reflected
measuring beam, two linearly polarized beam components are obtained whose directions of polarization are
perpendicular to each other. After separation of the two components in space, two different interference
systems are derived having a phase shift of 90° with respect to each other. The two photodetectors transform
the relevant parts of the light intensities into electrical signals that show a sinusoidal and a cosinusoidal
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
interferometer) with a light detector for sensing the 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. Figures 2, 4
and 6).

The angular acceleration, the angular 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 described in
References [12] and [13]). An optical reflection grating is located on the air-borne measuring table of the
angular vibration exciter, concentrically to the axis of rotation (cf. Figure 2). The light beam emitted by a
frequency-stabilized single-frequency He-Ne laser is split into two parallel beams striking the grating
symmetrical to the axis of rotation at the angle at which the first-order beams diffracted by reflection
(according to the diffraction formula for oblique incidence) return into the direction of the incident beam. The
first-order diffracted light beams are superposed in the optical arrangement. When the moving part is rotated,
these light beams undergo a frequency change opposite in sign and of the same amount that is proportional to
the tangential velocity and, thus, also to the angular velocity. The interfering beams give rise to a light intensity
whose significant 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.
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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

4.71 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 phase of the sinusoidal rotational angle). Different techniques are to be used for methods 1A, 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 counting instrumentation shall have the following characteristics:

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

The counter 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 bandpass filter or spectrum analyser with the following characteristics shall be used:

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

b) bandwidth: <12 % of centre frequency;

c) filter slopes: equal to or greater than 24 dB per octave;
d) signal-to-noise ratio: greater than 70 dB below maximum signal;
e) dynamic range: greater than 60 dB.

Instrumentation for zero detection (not needed with spectrum analyser), with a frequency range from 800 Hz
to 1,6 kHz shall 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 recorder with a computer interface capable of analog-to-digital conversion and storage of the two
interferometer quadrature outputs and the accelerometer output shall be used. The amplitude resolution, the
sampling rate and the memory shall be sufficient for calibration in the intended amplitude range with the
uncertainty specified in Clause 3. Typically, an amplitude resolution 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.
For methods 1A, 1B, 2A and 2B, an r.m.s. voltmeter shall be used. For methods 3A and 3B, special voltage-

measuring 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 total harmonic distortion of <1 % to 5 % and
with the following characteristics shall be used.

a) frequency range: < 1 Hz to = 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 oscilloscope for optimizing the interferometer and for checking the waveform of the interferometer and
accelerometer signals, with a frequency range from 1 Hz to 2 MHz minimum, may be used.

4.11 Other requirements

The transducer to be calibrated shall be structurally rigid. The base strain sensitivity, the transverse sensitivity
and the stability of the angular accelerometer/amplifier combination (if calibrated as a single unit) shall be
taken into account in the calculation of the uncertainty of measurement (cf. Annex A).

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

Methods 1B, 2B and 3B can be applied to calibrate rotational laser vibrometers if the motion parameter is
sensed simultaneously by the standard device (cf. 4.6 and 4.7) and by the laser interferometer being
calibrated. If the motion sensing periods of both measurement systems are different, the rotational vibration

amplitude 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) room temperature: (23 + 3) °C;

b) 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) 3angular 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) frequency:

— selected from the standardized one-third-octave frequency series (in accordance with 1SO 266)
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 A1, B1, A2, B2, A3 and B3 have in common that the interferometer (type A or B) senses a
displacement at a point situated at a distance, R, the “effective radius”, from the axis of rotation of the circular
measuring table of the angular vibration exciter. From the displacement amplitude, § sensed by the

interferometer, the amplitude of the rotational angle, @, is obtained using Equation (2):

&= (2)

>U|¢4>

where R is 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, the
measurement 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 helium-neon type, which is known a priori. In interferometer type B, this is the gating constant, g (groove
length, i.e. grating constant of 0,333 33 um of a sine-phase diffraction grating having 3 000 grooves/mm). The
measure, g, shall be accurately known (from length measurements carried out by the manufacturer of the
diffraction grating).

NOTE If the grating constant is not known with sufficient accuracy, the angular quantization interval A®, which
corresponds to one interferometer signal period, can be determined by a special diffraction grating interferometer
calibration!'3]. Then, the expression As = R A@ with the displacement quantization interval As (e.g. As = g in a single-beam
arrangement of interferometer type B, cf. Figure 8) can be used to eliminate the radius, R; cf. Equation (2), which is 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) sensitivity (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):

Sa= (6)
where

& = 4n? x f2<13 (7)
where

u is the amplitude of the angular transducer output, u, (e.g. output voltage of an angular
accelerometer);

Q2 s the 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 specified 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.

NOTE At the frequency of 800 Hz and an angular acceleration amplitude of 1 000 rad/s?, the rotational angle
amplitude is 4 x 1075 rad. This corresponds to a displacement amplitude of 2 um if a retro-reflector or a diffraction grating
is arranged 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 diameter). 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
Clause 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. 1000 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 Equation (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, 2, 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 optimizing the interferometer (see 4.6), determine the sensitivity of the transducer to be calibrated at the
angular vibration frequencies and angular acceleration amplitudes demanded (see Clause 6) by measuring
either the fringe frequency with the counter (see 4.7.2) (fringe counting in accordance with Figure 3 and

Figure 4 may be used) or the ratio between the angular vibration frequency and the fringe frequency with a
ratio counter (cf. 4.7.2).

8.3 Expression of results

See also B.2.

8.3.1 Method 1A (retro-reflector interferometer)

Calculate the displacement amplitude from the fringe frequency readings calculated in Equation (9) using
Equation (10) for the two-beam arrangement shown in Figure 3:

As = 4 (10)
or Equation (11) for the single measuring beam arrangement shown in Figure 7:

As = A2 (11)
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, 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) and (7).

a
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8.3.2 Method 1B (diffraction-grating interferometer)

Aa
Key
1 diffraction grating
2 calibration object
3 interferometer
4 angular acceleration exciter

a8  See also Figure 1.

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

Calculate the displacement amplitude from the fringe frequency readings calculated in Equation (9) using
Equation (12) for the two-beam arrangement shown in Figure 4:

As =gl2 (12)
or Equation (13) for the single-beam arrangement shown in Figure 8:
As=g (13)

where g is the grating constant of the diffraction grating (groove length, i.e. grating constant of 0,333 33 ym of
a sine-phase diffraction grating having 3 000 grooves/mm).

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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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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frequency generator (4.2)
power amplifier (4.3)
angular exciter (4.3)
angular transducer
retro-reflector

6 interferometer (4.6)
7 laser (4.5)

8 beam splitter

9 light detector

10 amplifier

11
12
13
14
15

2 1 k=
6
;
1 8 1
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\
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/
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3 b=
14 -_—
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I
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with ratio counter (4.7.2)
counter (or ratio counter) (4.7.2)
voltmeter (4.8)

distortion meter (4.9)
oscilloscope (4.10)

Figure 4 — Example of a measuring system for method 1B
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9 Methods using minimum-point detection (methods 2A and 2B)

9.1 General

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 An 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 position of
the reference 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 possible to calculate
the displacement amplitude sensed by the interferometer using Equation (14):

§:§n:xn><§s—n (14)

s is the displacement amplitude sensed by the laser interferometer;
x, are 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. To obtain the relevant values of the rotational angle
amplitude, Equation (2) is to be used. The angular velocity amplitude, €2, and the angular acceleration
amplitude, & , are calculated from Equations (5) and (7), respectively. The calculation of the sensitivity of the
angular transducer 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 3,83170 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
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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

detector signal after reaching a maximum value, returns to a minimum value. This minimum value is minimum

point No. 1 at which the displacement amplitude has a defined value depending on the type and configuration
- of the interferometer (cf. 9.3).

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

5::, NOTE 1 The sensitivity of an accelerometer can also be determined using the Bessel function of first kind and zero

" order by modulating the position of the reference mirror at a frequency that is small relative to the frequency of calibration,
and setting the centre frequency of the bandpass filter, or frequency analyser, to that of the modulation frequency of the

mirror (see Reference [3]).

NOTE 2  Modulation of the position of the reference mirror can also be used to 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.

9.3.1 Method 2A (retro-reflector interferometer)
Calculate the displacement amplitude § =35, 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 = A2 [cf. Equation (11) for the single-beam arrangement shown in Figure 7 where the wavelength of
the laser of the red helium-neon type 4= 0,632 81 um].

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

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

§=35, (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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1 frequency generator (4.2) 7 laser (4.5) 12 bandpass filter tuned to vibration frequency (4.7.3)
2 power amplifier (4.3) 8 beam splitter 13 voltmeter

3 angular exciter (4.3) 9 light detector 14 voltmeter (4.8)

4 angular transducer 10 amplifier 15 distortion meter (4.9)

5 retro-reflector 11 spectrum analyser (4.7.3) 16 oscilloscope (4.10)

6 interferometer (4.6)

Figure 5 — Example of a measuring system for method 2A
(homodyne retro-reflector interferometer, minimum-point detection)

10 :
Copyright International Organization for Standardization © ISO 2006 - A” rlghts reserved
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO 16063-15:2006(E)

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;

where g is the grating constant of the diffraction grating (groove length, i.e. grating constant of 0,333 33 pym of
a sine-phase diffraction grating having 3 000 grooves/mm). '

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

For the single-beam arrangement shown in Figure 8, the amplitude, s, converted into the amplitude of the
rotational angle using Equation (2) is the same as §, taken from Table 2 [cf. Equation (15)]. For the 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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1 frequency generator (4.2) 7 laser (4.5) 12 bandpass filter tuned to vibration frequency (4.7.3)
2 power amplifier (4.3) 8 beam splitter 13 voltmeter
3 angular exciter (4.3) 9 light detector 14 voltmeter (4.8)
4 angular transducer 10 amplifier 15 distortion meter (4.9)
5 diffraction grating 11 spectrum analyser (4.7.3) 16 oscilloscope (4.10)
6 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 3,203 3
4 0,670 9 21 3,3615
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 a8  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 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) and (7).

When the calibration results are reported, the expanded uncertainty of measurement in calibration shall be
calculated and reported in accordance with Annex A.

10 Methods using sine approximation (methods 3A and 3B)

10.1 General

This method is applicable to sensitivity magnitude and/or phase calibration in the frequency range from 1 Hz
to 1,6 kHz.

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.
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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):

90 = 9o —T/2 (18)
and the initial phase, ¢, of the angular acceleration, « , is calculated from Equation (19):

Py =Pp —T (19)
The phase shift, Ap , of rotational angle transducers is calculated from Equation (20):

Apyp =@, — 0o (20)
The phase shift, Ap,,, of angular velocity transducers is calculated from Equation (21):

Ao =0, —90 (21)
The phase shift, Ag,, , of angular accelerometers is calculated from Equation (22):

Apy =@y —Pq (22)
In Equations (20), (21) and (22), ¢, is the initial phase of the output of the transducer being calibrated.
10.2 Procedure applied to methods 3A and 3B
See also B.4.

Install the equipment 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 phase 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 angular 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 full 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 error
component > 0,3 % in the sensitivity magnitude measurement and > 0,3° in the phase shift measurement 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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frequency generator (4.2) 6 interferometer (4.6) 10 digital waveform recorder (4.7.4)
power amplifier (4.3) 7 laser (4.5) 11 voltmeter (4.8)
angular exciter (4.3) 8 light detectors 12 distortion meter (4.9)
angular transducer 9 amplifier 13 oscilloscope (4.10)

retro-reflector

Phase shift of 0°.
Phase shift of 90°.
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Figure 7— Example of a measuring system for method 3A
(homodyne retro-reflector interferometer, sine approximation)
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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 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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beam splitter
retro-reflector
wollaston prism
light detectors
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Figure 9 — Modified Michelson interferometer with retro-reflector(s) and quadrature output
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1 interferometer 9 low-pass filter
2 laser 10 measurement signal
3 Braggcell 11 reference signal
4  quartz generator 12 transient recorder
5 photodetector 13 quadrature signal synthesis
6 synthesis generator 14 digital filtering
7 angular accelerometer 15 algorithms
8 angular accelerometer exciter (air-borne) 16 measurement results (vibration and shock parameters)
a  90°.
().
c Z(ti).

4 arctan y(1,)/z(1).

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 same or at a
lower sampling rate than that for the conversion of the interferometer output signals. The three sampling
processes shall start and end at the same points of time and at least for the two interferometer signals be
synchronized by a single system clock.

The quadrature signals shall be equidistantly sampled during a measurement time ¢y <t <ty + Tjeas - 1h€
series of measurement values, {u1(tl~)} and {u, (tl-)} , sampled within 5 <<ty +Tyeas shall have a
sampling interval, Ar =¢; —¢;_4 = const.

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

Transfer 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 steps.
10.4.2 Calculate a series of modulation phase values from the sampled interferometer output values,

{u4(t;)} and {uy (1)}, using Equation (23):

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

Uq (tl-)
where n=0,12,....
Choose an integer number, n, so that discontinuities of gpoq (tl-) are avoided for the values nn.
A procedure for calculating the number, #, is described in Reference [10].

Calculate a series of displacement values, {S(ti)} , using Equation (24):
A
s(ti):4_¢’Mod(ti) (24)
T

- 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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B=3§sing,;

C is a constant;

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 among the resulting parameter values of this “sine approximation”, the parameter, C, is not used in this
context.

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

§=+4%+B? (26)
0, = arctan% (27)

10.4.5 Calculate the amplitude, @ , and initial phase angle, g, from § and ¢, using Equations (2) and
(17):

If an angular velocity transducer is being calibrated, calculate the amplitude, €, and the initial phase, 9o, of
the angular velocity from @ and ¢4 using Equations (5) and (18).

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

10.4.6 Approximate the series of sampled angular transducer output values, (gu(t,)} , by the sine-
approximation method in accordance with 10.4.3. Rewritten for the transducer output denoted u, the following
system of N +1 equations derived from Equation (28) is solved:

{u(t;)} = 4, cosot, - B, sinwt; +C, (28)
where

A4, =iucosg,;

B, =using, ;

C, is aconstant;

u

u is the angular transducer output amplitude;
@, 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 = /42 + B2 (29)

u

B
o, = arctanA—” (30)

u
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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 10.4.5 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, i and ¢, , obtained in 10.4.6, and the values, @ and ¢, , obtained
in 10.4.5 using Equations (4) and (21).

if an angular accelerometer is being calibrated, calculate the magnitude, S, , and the phase shift, A¢,,, of its
complex sensitivity from the values, i and ¢, , obtained in 10.4.6, and the values, @ and ¢, , obtained
in 10.4.5 using Equations (6) and (22).

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

calculated and reported in accordance with Annex A. In A.1.1, A.1.2, A.1.3.1 and A.2.1, the magnitude of the
complex sensitivity is denoted by S.

11 Reporting of calibration results

When the calibration results are reported, in addition to the calibration method, at least the following
conditions and characteristics shall be stated:

a) ambient conditions:
— temperature of angular transducer,
— ambient air temperature;
b) mounting technique:
— material of mounting surface,
— mounting torque (if the angular transducer is stud-mounted),
— oil or grease (if used),
— cable fixing,
— orientation (about vertical or horizontal axis),
— all amplifier settings (if adjustable), for example:
— g@ain,
— 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.

oo 29
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Annex A
(normative)

Uncertainty components in primary angular vibration calibration of
vibration and shock transducers by laser interferometry

A.1 Calculation 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 sensitivity
(magnitude), U,q(S), for the calibration frequencies, amplitudes, and settings of amplifier gain and cut-off
frequencies shall be calculated from Equations (A.1) and (A.2):

Urel (S) = kug re|(S) (A1)
ue (S
() =221 57 (s) (A.2)

1

with the coverage factor k =2 (see Table A.1).

Table A.1 — Uncertainty components for methods 1A and 1B

Standard .
uncertaint Uncertainty
i y Source of uncertainty @ contribution
component ()
u(x;) !
u(ity) measurement of output voltage of angular transducer (voltmeter) u4(S)
2 u(itp) measurement of output voltage of effect of total distortion on angular transducer us(S)
R measurement of output voltage of effect of transverse and rocking motion angular
3 u(iiy) 2 u3(S)
transducer (transverse sensitivity)
4 u(Sq) effect of displacement quantization on displacement measurement u4(S)
u(Sp) effect of trigger hysteresis on displacement measurement us(S)
6 u(Sg) filtering effect on displacement measurement (frequency band limitation) ug(S)
. effect of voltage disturbance on displacement measurement (e.g. random noise in
7 u(Syp) ) . . u7(S)
the photoelectric measuring chain)
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::aenr(tjaai;dt Uncertainty
i y Source of uncertainty @ contribution
component ()
u(x;) !
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) vt 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 measurement (e.g. relative motion
6 u(Smp) between angular transducer reference surface and spot sensed by the ug(S)
interferometer)
7 u(cﬁnt) 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 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.1.3 Calculation of U (S) and U(A¢) for methods 3A and 3B

A1.31

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
ui::aenr(tjaai;dt Uncertainty
i y Source of uncertainty? contribution
component ()
u(x;) '
R angular transducer output voltage measurement (waveform recorder; e.g. ADC
1 u(tty) . u4(S)
resolution)
R voltage filtering effect on angular transducer output amplitude measurement
2 u(up) L uo(S)
(frequency band limitation)
R effect of voltage disturbance on angular transducer output voltage measurement (e.g.
3 u(tip) : ug(S)
hum and noise)
R effect of transverse, rocking and bending angular transducer on accelerometer output
4 u(uiT) i ug(S)
voltage measurement (transverse sensitivity)
effect of interferometer quadrature output signal disturbance on displacement
5 u(Ppm @) amplitude measurement (e.g. offsets, voltage amplitude deviation, deviation from 90° us(S)
nominal angle difference)
6 (Hu1 ) interferometer signal filtering effect on displacement amplitude measurement (s)
HPMF (frequency band limitation) “e
7 (% ) effect of voltage disturbance on displacement amplitude measurement (e.g. random (s)
“PMVD) I noise in photoelectric measuring chains) “1
effect of motion disturbance on displacement amplitude measurement (e.g. drift;
8 u((/A)M’MD) relative motion between accelerometer 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)
“PMPD) | interferometer signals) “9
10 u(dﬁnt) interferometer function (transformation displacement to rotational angle) u10(S)
11 u(frg) vibration frequency measurement (frequency generator and indicator) u11(S)
12 (Sxe) residual effects on sensitivity measurement (e.g. random effect in repeat (s)
“\PRE 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.1.3.2 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)

us(ap)= [Yuf (Ap) (A4)

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

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

Standard .
uncertaint Uncertainty
i y Source of uncertainty @ contribution
component ()
u(x;) !
angular transducer output phase measurement (waveform recorder; e.g. ADC
1] ) | Pute ( g ur(Ag)
resolution)
2 (0. £) voltage filtering effect on angular transducer output phase measurement (frequency (Ag)
HiPuF band limitation) U289,
effect of voltage disturbance on angular transducer output phase measurement
3 up) (e.g. hum and noise) u3(A9)
effect of transverse and rocking motion on angular transducer output phase
4| ulp,n 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, voltage amplitude deviation, deviation from 90° nominal us(Ag)
angle difference)

interferometer signal filtering effect on displacement phase measurement (frequency

6 “osF)  |pand limitation) ug(A9)
7 ( ) effect of voltage disturbance on displacement phase measurement (e.g. random (Ap)
%5 vD noise in photoelectric measuring chains) UTAP.
effect of motion 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\,
10 w(@gp,Iny) |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,e(Sy), for the complete frequency and amplitude range, at any time during the interval between successive
calibrations, shall be calculated from Equations (A.5) and (A.6):

Urel (St) = kg re| (St) (A.5)
ue (S
vor(s0) 22 1 52 (s, w5)

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

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

Standard .
uncertaint Uncertainty
i y Source of uncertainty @ contribution
component ()
u(x;) !
1 (s) uncertainty of sensitivity calculated at calibration frequencies, amplitudes and (S)
“ amplifier gain settings in accordance with A.1.1, A.1.2 or A.1.3.1 ot
2 u(er p) reference amplifier tracking (deviations in gain for different amplification settings) us(St)
3 ue, £ ) deviation from constant amplitude-frequency characteristic of reference amplifier u3(St)
deviation from constant amplitude-frequency characteristic of reference angular
4 u(eg tp) ug(Sh)
transducer
5 u(e an) amplitude effect on gain of reference amplifier ug(St)
6 u(e| ap) amplitude effect on sensitivity (magnitude) of reference angular transducer ug(St)
7 u(e p) instability of reference amplifier gain and effect of source impedance on gain u7(Sy)
8 u(e p) instability of sensitivity (magnitude) of reference angular transducer ug(St)
9 u(eg p) environmental effects on gain of reference amplifier 1g(St)
10 u(eg p) environmental effects on sensitivity (magnitude) of reference angular transducer u10(St)
@  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.

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)

24 - - :
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2
A(Dt Zul A(ﬂt
i

with the coverage factor k = 2 (cf. ISO 16063-1; see Table A.6).

(A.8)

Table A.6 — Uncertainty components for measurement of phase shift of the complex sensitivity, U(A¢g,)

Standard .
] Uncertainty
. uncertainty s f rtainty @ contribution
! | component ource of uncertainty w0)
u(x;) !
1 u(A ) uncertainty of phase shift calculated at calibration frequencies, amplitudes and (Agy)
¢ amplifier gain settings in accordance with A.1.3.2 Pt
2 u(e*T’A) reference amplifier tracking (deviations in phase for different amplification settings) up (Apy)
3 u(e*LyfyA) deviation from linear phase-frequency characteristic of reference amplifier uz (Agpy)
4 u(e’Lfp) |deviation from linear phase-frequency characteristic of reference angular transducer ug (Apy)
5 u(e’Lan) |amplitude effect on phase shift of reference amplifier us (Apy)
6 ue’ap) |amplitude effect on phase shift of reference angular transducer ug (Apy)
N instability of reference amplifier phase shift, and effect of source impedance on
! ulein) phase shift u7 (Apy)
8 u(e’| p) instability of reference angular transducer phase shift ug (Apy)
9 u(e’ep) environmental effects on phase shift of reference amplifier ug (Agy)
10 u(e’g p) environmental effects on phase shift of reference angular transducer uqg (Agy)
@  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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Annex B

(normative)

Equations for the calculation of the angular quantities of rotational angle,

@, angular velocity, £, and angular acceleration, «, and of the
sensitivities of angular transducers: rotational angle transducers, S, of

angular velocity transducers, S, and angular accelerometers, S,

In accordance with ISO 2041 and ISO 16063-1, the complex sensitivity of a vibration and shock transducer is
(B.1)

B.1 General

given in Equation (B.1):
$ = Sexp j(ap)
where the magnitude, S, is described by Equation (B.2):
(B.2)
(B.3)

5':

EHEY

and the phase shift, Ap , of the complex sensitivity to a motion quantity, x, is described by Equation (B.3):

Ap =9, —¢y
represents the rotational angle, @, the angular velocity, €, or the angular acceleration, «;

where
represent the amplitudes of these four quantities, respectively;

, @, Q and &
accelerometer).
Equations (B.2) and (B.3) for magnitude and phase shift are specifically valid for rotational angle transducers,
(B.4)

=

is the amplitude of the angular transducer output, u, (e.g. output voltage of an angular

Y

(B.5)

as given in Equations (B.4) and (B.5):

|:>

5(17:"

S

Apy =0, — 0y
for angular velocity transducers, as given in Equations (B.6) and (B.7):

5 u

S =
)

A(/)Q = (l7u - (pQ
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and for angular accelerometer, as given in Equations (B.8) and (B.9):

(B.8)
a :(pu _(Da (Bg)

The motion quantity measured by laser interferometry specified in this part of ISO 16063 is the rotational
angle, @ (i.e. amplitude, @ ) in all six methods 1A, 1B, 2A, 2B, 3A and 3B, and initial phase, Py ] in
methods 3A and 3B. Using the values & and Py obtained with the laser interferometer, the amplitude, Q,
and initial phase, ¢,, of the angular velocity are calculated as given in Equations (B.10) and (B.11):

.é=27€><f(5 (B.10)

0o =0y~
Qe (B.11)

and the amplitude, & , and initial phase, ¢, of the angular acceleration are calculated as given in
Equations (B.12) and (B.13):

A 2 =
a=4nx f“@ (B.12)

VT (B.13)

The two interferometer types specified in this part of ISO 16063 use a laser of the red helium-neon type
whose ultimate line in the emission spectrum has a wavelength of 0,632 81 um. For interferometer type A (i.e.
retro-reflector interferometer), the displacement corresponding to the separation of two fringes (intensity
maxima or intensity minima) as given in Equation (B.14) for the two-beam arrangement shown in Figures 3
and 5:

As = 1/4 (B.14)
or as given in Equation (B.15) for the single measuring beam arrangement shown in Figure 7:
As = /2 (B.15)

The measuring table of the angular exciter shall behave as a rigid body in the specified frequency range up to
1,6 kHz, so that the initial phase, ¢, at the same time represents the initial phase, Q4 as given in
Equation (B.16):

P9 =95 (B.16)

The two interferometer types A and B basically have in common that they sense a displacement at a point
situated at a distance, R (“effective radius”), from the axis of rotation of the circular measuring table of the
angular vibration exciter. From the displacement amplitude, s, sensed by the interferometer, the rotational
angle amplitude is obtained from Equation (B.17):

b =

%|%>

(B.17)

The displacement sensed by the interferometer and the effective radius are explained specifically for each of
the two interferometer types.
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For interferometer type A (i.e. retro-reflector), three systematic effects, in particular, which affect the
measurement result as a function of the rotational angle, are taken into account.

The basic characteristic of the retro-reflector interferometer is the nonlinear function between the
displacement amplitude, §, sensed by the interferometer (i.e. the component acting in the direction of the
incident beam) and the rotational angle amplitude (measured) as given in Equation (B.18):

§=Rsind® (B.18)

For small rotational angle amplitudes, ®@<3°, Equation (B.18) can be replaced with Equation (B.19), which is
approximately valid with a relative deviation < 0,05 %:

§=R-& (B.19)

If needed, a corrected result can be calculated using Equation (B.20):

3
sino~a_-2_
3 (B.20)

The above equations are valid if the interferometer is ideally adjusted such that the two incident laser beams
are parallel and the edges of the retro-reflectors as well as the axis of the rotary measuring table (i.e. moving
part) are perpendicular to the plane formed by the two incident laser beams. A deviation, ¢, from these
directions causes a systematic error, As, because the path difference deviates by the factor, cos¢ (the so-
called “cosine error”), from the displacement to be measured as given in Equations (B.21) and (B.22):

As = —s(cosp—1) (B.21)
A® = -d(cosp—1) (B.22)

Moreover, when subjected to rotational motion, an angle, ¢, between the direction of the incident laser beam
and the direction of motion of the retro-reflector occurs that causes a transversal shift, Ay , of the laser beam at
the photodetector surface as given in Equation (B.23):

Ay = 2s-sind (B.23)

As the laser light beam travelling from the (fixed) reference retro-reflector to the photodetector is not displaced,
the interference pattern is shifted in the transverse direction. The retro-reflector interferometer described in
this part of ISO 16063 (cf. Figures 3, 5 and 7) makes use of concentric circular fringes (i.e. divergence
between measuring and reference laser light beams). It is advisable to minimize the transverse shift of the
fringes by choosing as small a divergence as possible. This can be achieved using a telescope.

An obstacle to achieving greater rotational angle amplitudes, rather, is the interferometer maladjustment due
to the parallel shift of the incident and reflected measuring laser light beams when the cube corner is rotated
about the axis of the measuring table of the angular vibration exciter.

For interferometer type A, the radius, R, is not a precisely definable quantity. As a retro-reflector is used to
prevent tilting from affecting the measurement results, the incident beam and the reflected beams are
displaced with respect to one another. Another source of uncertainty is the determination of R. R is the
distance between the two retro-reflectors in the two-beam arrangement or the distance between the retro-
reflector and the axis of rotation in the single-beam arrangement.

For the interferometer type B (i.e. diffraction-grating interferometer), the displacement corresponding to the
separation between two fringes (intensity maxima or intensity minima) for the two-beam arrangement shown
in Figures 4 and 6 is given in Equation (B.24):

As=g/2 (B.24)

20 .
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%: or for the single-beam arrangement shown in Figure 8 as given in Equation (B.25):
As=g (B.25)
where g is the grating constant (manufacturing period), e.g. the groove length of
g =1/(2400) mm = 0,416 6 pm for a reflecting sine-phase grating with 2 400 grooves/mml13]. Equations (B.19)

and (B.20) are valid for interferences generated by the diffracted laser light beams of first order based on
Equation (B.26):

ki =sing +sinf_ (B.26)
g

where

k is the diffraction order (k = +1);

A the wavelength of the laser light;

a angle of the incident laser beam;

B angle of the diffracted laser beam.
As the diffraction-grating interferometer senses the displacement described at any point of the lateral surface
of the circular disk forming the measuring table (i.e. circular displacement), the rotational angle amplitude is
limited by the angular range covered by the diffraction grating, unless the whole lateral surface (i.e. 360°) is
covered by the diffraction grating, or by any technical limitation except for interferometer type B (e.g.
maximum rotational angle of angular vibration exciter). It is another advantage compared to interferometer
type A that the radius of the disk on which the diffraction grating is situated (lateral surface) is an accurately

defined and measurable quantity. However, interferometer type B requires compliance with much tighter
tolerances than does interferometer type A as regards the transverse motion (maximum eccentricity of 2 pm).

B.2 Procedures for methods 1A and 1B

For both interferometer types A and B, and, thus, in methods 1A and 1B, the number of signal periods (e.g.
intensity maxima) is as given in Equation (B.27):

N =45/ As (B.27)
which can be rewritten as Equation (B.28)

4 s

§:

(B.28)

where
fis the frequency of the angular vibration exciter;
f; is the (mean) fringe frequency;

As=1/2.

Inserting the expression for As, i.e. Equations (B.14) or (B.15) for the type A interferometer and
Equations (B.19) or (B.20) for the type B interferometer, and using Equation (B.17) to transform the
displacement into a rotational angle, the rotational angle amplitude, @ , is obtained. The angular velocity
amplitude, 2, and the angular acceleration amplitude, & , are calculated from Equations (B.10) and (B.12),
respectively. To calculate the sensitivity of an angular transducer, Equations (B.4), (B.6) and (B.8) are applied.
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B.3 ‘Procedure for methods 2A and 2B

ConSidering the frequency spectrum of the intensity and adjusting the angular vibration amplitude to the level
at which the component of the same frequency as the vibration frequency is zero, it is possible to calculate the
displacement amplitude sensed by the interferometer, as given in Equation (B.29):

§=x x22 (B.29)

where x, are the arguments corresponding to the zero points of the Bessel function as given in Table 1. To
obtain the corresponding values of the rotational angle amplitude, Equation (B.17) is used. The angular
velocity amplitude, 0, and the angular acceleration amplitude, & , are calculated from Equations (B.10) and
(B.12), respectively. To calculate the sensitivity of an angular transducer, Equations (B.4), (B.6) and (B.8) are
employed.

B.4 Procedure for methods 3A and 3B

When the angular vibration exciter generates a sinusoidal displacement at a spot sensed by the interferometer
of type A or B at a distance, R (effective radius), from the axis of the rotary moving part (measurement table)
as given in Equation (B.30):

s=5cos(wt+g,) (B.30)
then the angular transducer output signal follows the relationship given in Equation (B.31):

u=ucos(wt+e,). (B.31)
The output of the first photodetector can be written as Equation (B.32):

uq(t) = i1 COS Pp1og (1) = 1i4 COS[ g + Py COS(@ £ + ) | (B.32)

where the modulation phase is composed of the initial phase angle of the photodetector signal,
@o, and a modulation term, ¢,,, as given in Equation (B.33):

PMod = Po + @M COS(@  + ;) (B.33)
The amplitude, ¢y, of ¢y is proportional to the displacement as given in Equation (B.34):
oM =omcos(@t+ ) (B.34)

where ¢y, is given by Equation (B.35):

. §
O = 27‘CE (B.35)

It is presupposed that there is no phase shift between the displacement, s(t), and the sinusoidal phase term,
(OM (t) .
A second photodetector output that is in quadrature is then expressed as given in Equation (B.36):

up(t) = iy COS Ppoq(t) = iip COS| g + Py COS(@ £ + ¢ ) | (B.36)

where i, =iiy.
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The quadrature signals are equidistantly sampled during a measurement time g <t <tg + Tyjeas - 1he series
of measurement values, {u1(t,»)} and {uy(t;)}, sampled within g <7 <y + Tyeas have a sampling interval
At =t; —t;_q4 =const.

From the two quadrature signals, the displacement values, s; = s(t,.), are successively calculated during the
measurement time as given in Equation (B.37):

s; = s(¢;) :%(/’M(ti) :%(arctan%+nnj (B.37)

where n=0, 1, 2, ....

The required procedures, especially the calculation of the arctan function with successive “phase unwrapping”
(see Reference [10]), are standard procedures in digital signal processing. From the values, s(z;), the
parameters s and ¢, of the displacement can be calculated by solving the system of N +1 equations of the

form of Equation (B.38), which is linear with respect to the parameters:

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

(B.38)
where
n=0,1 2, ..;
A=5cosp,, B=§sing,; (B.39)

C is a constant.

N +1 denotes the number of samples synchronously taken over the above-mentioned measurement time.
Parameters 4, B and C are calculated using the least-squares sum method (sine approximation). From their
values, the displacement amplitude, §, and the displacement phase, ¢, , can be obtained as given in
Equations (B.40) and (B.41)

- 2, p2
s=VA°+B (B.40)
o, = arctan% (B.41)

To obtain the corresponding values of the rotational angle amplitude and its initial phase, Equations (B.16)
and (B.17) are used. The angular velocity amplitude, 2, and the angular acceleration amplitude, & , are
calculated from Equations (B.10) and (B.12), respectively. To calculate the magnitude and the phase shift of
the complex sensitivity of an angular transducer, Equations (B.4) to (B.9) are used.

The above relationships, especially Equations (B.32) and (B.36), presuppose ideal conditions that are not
fulfilled in reality. Under practical conditions, the signals from the photodetectors deviate with respect to their
amplitudes, 4,1, , and the nominal phase shift, n/2, and different offsets, ig4, g, , can occur. The
influences from non-ideal quadrature signals within the tolerance ranges stated in 4.6 are briefly characterized
in Note 1 of 10.2 (for a detailed investigation, cf. Reference [7]).
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