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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-govermmental, in liaison with 1SO, also take part in the work. ISO collaborates closely with

Internation
Internation
The main

adopted b

Internation

Attention id
rights. ISO

ISO 16063
Subcommi

This first e

ISO 16063
shock tran

— Part 1
— Part 1
— Part 1
— Part1
— Part2

—  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.

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

P: Primary vibration calibrationsby the reciprocity method
3: Primary shock calibration using laser interferometry
1: Vibration calibration,by comparison to a reference transducer

P: Shock calibration by comparison to an accelerometer, velocity or force transducer
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21 was prepared by Technical Committee ISO/TC 1084 Wechanical vibration and shqck,
ltee SC 3, Use and calibration of vibration and shock measuting instruments.
Hition of ISO 16063-21 cancels and replaces ISO 5347-3:1993, which has been technically revisgd.
consists of the following parts, under the general title Methods for the calibration of vibration and
sducers:

Basic concepts
1: Primary vibration calibration by laserinterferometry
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Introduction

The 1SO 16063 series of standards is concerned with methods for the calibration of vibration and shock
transducers under both standard laboratory conditions and in the field.

As such, the intended user group of this part of ISO 16063 is wide, ranging from metrologists in mechanical
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ration to technicians evaluating the vibration characteristics of a machine or structure, or huma
ibration. The key to the application of this part of ISO 16063 is in the careful detailed specifi
luation of measurement uncertainty, i.e. the error budget and computation of expanded
ociated with the measurement of vibration.

s part of 1ISO 16063 is particularly intended for those engaged in vibration measurement
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Scope

s part of ISO 16063 describes the calibration of rectilinear vibration transducers by comparison.
nly describes calibration using direct comparison to a standard calibrated by primary mg
thods described can be applied between other levels in the calibration\hierarchy.

s part of ISO 16063 specifies procedures for performing calibrations’ of rectilinear vibration tran
nparison in the frequency range from 0,4 Hz to 10 kHz. It is primarily intended for those who are
et 1ISO standardized methods for the measurement of vibration under laboratory conditions,
ertainty of measurement is relatively small. It can also be used under field conditions,

ertainty of measurement may be relatively large.

m knowledge of all significant sources of uncertainty affecting the calibration, the expanded
be evaluated using the methods given in this* part of ISO 16063. It also covers the asse
ertainties for calibrations performed using a check standard.

mparison calibrations made in accordance-with this part of ISO 16063 need to allow for the eny
ditions of the reference transducer calibration.

TE
hdards.

Transducer calibrations made“under extreme environmental conditions are covered by other

Normative references

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

O
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For dated
referenced

2041:1990, Vibration and shock — Vocabulary

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

ISO 16063-11:1999, Methods for the calibration of vibration and shock transducers — Part 11: Primary
vibration calibration by laser interferometry

Guide to the expression of uncertainty in measurement (GUM). BIPM, IEC, IFCC, I1SO, IUPAC, IUPAP, OIML,
1993")

1)

Corrected and reprinted in 1995.
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3 Uncertainty of measurement

3.1 All users of this part of ISO 16063 are expected to make uncertainty budgets according to Annex A to
document their level of uncertainty (see example in Annex D).

To help set up systems fulfilling different requirements two examples are given. System requirements for each
are set up and the attainable uncertainty is given. Example 1 is typical for calibrations under well-controlled
laboratory conditions with the requirement to obtain a high accuracy. Example 2 is typical for calibrations
where less than the highest accuracy can be accepted or where calibration conditions are such that only less
narrow tolerances can be maintained. These two examples will be used throughout this part of ISO 16063.

a) Example 1

The r¢ference transducer is calibrated by primary means and documented uncertainty. The calibration
may b transferred to a working standard for practical reasons. The temperature and otherreonditions are
kept within narrow limits during the comparison calibration as indicated in the appropriateclatses.

b) Example 2

The rgference transducer is not calibrated by primary means, but has a traceable calibration, as defined
in VIM (see [2]), with the corresponding uncertainty documented. The calibration may be transferred o a
working standard for practical reasons. The requirements on other parameters and instruments gre
indicated in the appropriate clauses.

3.2 For poth examples, the minimum calibration requirement for the reference transducer is calibration
under suitgble reference conditions (i.e. frequency, amplitude and-.femperature). Normally the conditions |will
be chosen|as indicated in ISO 16063-11.

It is applicable for the following parameters:
Frequency range: 20 Hz to 5 000 Hz, optionally 0,4 Hz to 10 000 Hz (see Note 1)

Dynamic range: 10 m/s2 to 1 000 m/$? r.m.s., optionally 0,1 m/s? to 1 000 m/s2
(frequency dependent)

NOTE The indicated frequency ranges are-not mandatory and single-point calibrations are also acceptable.

At any given frequency and amplitude of acceleration, velocity or displacement, the dynamic range will| be
limited by the noise floor and the amount of distortion produced by the excitation apparatus (if no filtering is
used) or ifs maximum powet._(Techniques are also used to counteract the inherent distortion at large
displacements for spring-centrolled exciters by changing the waveform of the input voltage.) Typical maximum
values for|electrodynamic\wvibration exciters designed for the frequency range from 10 Hz to 10 kHz @re
200 m/s? tp 1000 m/s2¥.m.s. acceleration, 0,5 m/s to 1 m/s r.m.s. velocity and 5 mm peak displacement. The
lower limit$ will be.set by the noise in the two measurement channels, and by the bandwidth used. Typjcal
values used for.measurement are 50 m/s2 to 100 m/s? r.m.s. acceleration or 0,1 m/s r.m.s. velocity. For
calibrators) values between 1 m/s2 and 10 m/s? r.m.s. are normally used. A graph similar to the one shown in
Annex C if useful when considering the ranges covered.

When measurements are performed at the lowest frequencies, the limiting factor is normally displacement. At
1 Hz, typical values for long-stroke vibrators are 1 m/s2 to 2 m/s2 r.m.s. acceleration or 0,1 m/s to 0,3 m/s
r.m.s. velocity.

3.3 The attainable uncertainties (expanded uncertainties calculated using a coverage factor of 2 in
accordance with 1ISO 16063-1) for the two examples are given in Table 1. In practice, these limits may be
exceeded depending on the uncertainty with which the reference transducer has been calibrated, the
response characteristics of the reference transducer and the transducer to be calibrated, the vibratory
characteristics of the exciter and the instrumentation used in the measurement apparatus. It is the
responsibility of the laboratory or end user to make sure that the reported values of expanded uncertainty are
credible.

2 © ISO 2003 — Al rights reserved
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Table 1 — Attainable uncertainties of magnitude and phase shift of the complex sensitivity

Parameter Example 1 Example 2
Magnitude
For accelerometers (0,4 Hz to 1 000 Hz) 1% 3%
For accelerometers (1 000 Hz to 2 000 Hz) 2% 5%
For accelerometers (2 kHz to 10 kHz) 3% 10 %
For displacement and velocity transducers (20 Hz to 1 000 Hz) 4 % 6 %
Phase shift @
At reference conditions P (i.e. the level and frequency at which the 1° 33
reference transducer was calibrated)
Outside reference conditions 2,5° 5°

@ Phase shift measurement is not mandatory.
b Recommended reference conditions are as follows (from ISO 16063-11:1999, Clause 2):
—  frequency in hertz: 160, 80, 40, 16 or 8 (or angular frequency w in radians per second: 1000,500, 250, 100 or §0),

— acceleration in metres per second squared (acceleration amplitude or r.m.s. value): 100,50, 20, 10, 5, 2 or 1.

NOTE The expanded uncertainties given as examples (e.g. 1 %) are based on'concrete uncertainty budgetg such
as given in Annex D as an example (resulting expanded uncertainty 0,84 %).

4 | Requirements for apparatus and environmental conditions

4.1 General
The¢ examples referred to in this clause are those_described in Clause 3.

If the recommended specifications listed below are met for each item, the uncertainties given in Clause 3
shquld be obtainable over the applicable~frequency range depending on the uncertainty with|which the
refegrence transducer has been calibrated; and the response characteristics of the reference trangducer and
trapsducer to be calibrated. Other combinations of requirements can, however, lead to the same yncertainty.
Special instrumentation may be kequired in order to meet the expanded uncertainties given in Clause 3 at
frequencies less than 1 Hz. It7is- mandatory to document the expanded uncertainty using the methods of
Annex A.

4.2 Environmentalconditions
These shall be the_following.

Example 1 Example 2
Ropm temperature (23 £5)°C (23+10) °C
Relative humidity 75 % max. 90 % max.

4.3 Reference transducer
This should preferably be calibrated together with the amplifier.
a) Example 1
The transducer shall be calibrated in accordance with suitable primary methods or by comparison against

a transducer calibrated in accordance with suitable primary methods (see ISO 16063-11 or other parts)
with an expanded uncertainty of 0,5 % (magnitude) and 0,5° (phase shift) at selected reference frequency

© 1SO 2003 — Al rights reserved 3
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and acceleration (the uncertainties are those obtained when calculating expanded uncertainties using a
coverage factor of 2). Higher uncertainty values are accepted at high and low frequencies.

Example 2

The transducer shall be calibrated by suitable and known methods with traceability to a primary reference
transducer and an uncertainty of less than 2 % (magnitude) and 2° (phase shift) at selected reference
frequency and acceleration (the uncertainties are those obtained when calculating expanded
uncertainties using a coverage factor of 2). Higher uncertainty values are accepted at high and low
frequencies.

The referdnce transducer may be of the so-called back-to-back type meant for direct mountng of the
transducer|to be calibrated on top of it in a so-called back-to-back configuration (see Figure 1). It may @lsg| be
a transduder with normal mounting provisions used underneath a fixture in line with the transdugcer to|be
calibrated.|lt is not recommended to mount the two transducers side by side as rocking motions,will'often| be
present, causing large errors in many circumstances. For calibrators, the reference transduéer may be|an

integral paft of a moving element.

Subclauses 4.4 to 4.8 specify characteristics of apparatus that contribute to the uncertainty of measurement.

4.4 Vibnation generation equipment

This shall fulfil the requirements given in Table 2.

Table 2 — Vibration generation equipment

Parameter Unit Example 1 Example 2

Frequency juncertainty % <0,1 <0,2
o .

Frequency fstability % of reading over.the 0,1 0,2
measurement period
o .

Acceleration amplitude stability % of reading over.the 0,1 0,3
measurement period

Total harm bnic distortion at o <5 <10

frequencieg > 20 Hz

Total harmgnic distortion over the % <10 <20

whole freqyency range

Transverse, bending and rocking

<10atf<1kHz
%

acceleratiof <30atf>1kHz
Hum and npise (/> 10 Hz) dB below full output > 50 > 40
Hum and npise (/< 10 Hz) dB below full output > 20 > 10

The hum |and noise will only be important when inside the measurement bandwidth used. For every
combination of frequency, acceleration and load that is used during calibration, the magnitude of the
transverse, bending and rocking accelerations, hum and noise shall be consistent with the uncertainties given
in Clause 3.

Static or dynamic base strain introduced to the transducer from the attachment surfaces shall not unduly
influence the calibration result.

All mounting surfaces between any two transducers compared shall have flatness and roughness
specifications suitable for the purpose. If the highest frequency range is used, strict tolerances are necessary.
The surface on which the transducer is to be mounted shall have a roughness value, expressed as the
arithmetical mean deviation Ra of <1 pm. The flatness shall be such that the surface is contained between
two parallel planes 5 um apart, over the area corresponding to the maximum mounting surface of any

© ISO 2003 — Al rights reserved
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transducer to be calibrated. The drilled and tapped hole for connecting the transducer shall have a
perpendicularly tolerance to the surface of < 10 um, i.e. the centreline of the hole shall be contained in a
cylindrical zone with 10 um diameter and a height equal to the hole depth.

The mounting surface of the vibration exciter should be perpendicular to the direction of motion. Any deviation
from perpendicularity should be taken into account in the uncertainty budget, see Annex A.

3
L
6
5
[ ]
1 ? 7
O
8
9
10
Key
1 |exciter 5 reference transducer 8 distortion meter for occasional checks
2 |amplifiers 6 transducer to be calibrated 9 oscilloscope for visual inspectioT (optional)
3 |power amplifier 7 voltmeter 10 phase meter (optional)
4 frequency generator and indicator

Figure 1 — Example of a measuring system for vibration calibration by comparison to a
reference transducer

NOTE 1 Multisine, sine or random generators can be used in conjunction with frequency analysers. Typically Fast
Fourier Transform (FFT) analysers are used for random and multisine signals and Single-Sine Correlation or Frequency
Response Analysers (FRA) are used for single-sine signals. The distortion is then normally of no importance. Therefore
analysers are normally preferred instead of broadband r.m.s. voltmeters which, although fundamentally more accurate, are
sensitive to distortion and other signals at frequencies differing from the measurement frequency. Measurement of
coherence can be used to estimate whether or not the signal-to-noise ratio and the linearity of the transducers are within
well-defined limits when spectral averaging is used. With random excitation and 64 averages a minimum coherence limit

© 1SO 2003 — Al rights reserved 5
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of 0,98 will ensure that the errors due to signal-to-noise ratio and linearity are less than 0,9 % for a dual channel
measurement. In rare cases, broadband excitation can, however, create unwanted (transverse) vibration or output signals
at a measuring frequency due to non-linear behaviour of shaker or transducer at other frequencies.

NOTE 2

4.5 Volt

The items in 4.3 and 4.4 may be integrated into a calibrator.

age measuring instrumentation

Two alternative set-ups are considered.

a) A single—oltmeter mnncllring true rm-s at transducer gmplifinr r\llhr'_\l it is used The o |1'p| s from-the
referepce transducer and the transducer to be calibrated are measured consecutively and the referepce
transducer output at least twice. This equipment shall fulfil the requirements given in Table 3.

Table 3 — Voltage measuring instrumentation — Single voltmeter
Parameter Unit Example 1 Example 2
Frequency frange Hz 1 to 10 000 1to 10 000
o .

Maximum deviation from linearity . o of rea(jlng. for max. 0,1 0,3

difference in signal levels

Maximum deviation between two

consecutive reference transducer % 0,1 0,3

measurements

NOTE The last row describes the repeatability of the measurement. Thisncludes more than the voltmeter repeatability but is

treated here

as a general requirement.

b) Anins
have t

he characteristics specified in Table 4.

Table 4 — Voltage-measuring instrumentations

trument measuring voltage ratio between transducer amplifier outputs is used. This equipment shall

Parameter Unit Example 1 Example 2
Frequency frange Hz 1to 10 000 1to 10 000
Maximum yncertainty % 0,2 0,5

4.6 Distortion measuring instrumentation

Distortion measuring.jnstrumentation (limited use, see Note) capable of measuring total harmonic distortion of

1% 10109

o shall,have the characteristics specified in Table 5.

Tabte-5—Distortiommeasuringimstrumentation

Parameter Unit Example 1 Example 2
Frequency range Hz 1 to 50 000 1 to 50 000
Maximum uncertainty % of reading 10 10

NOTE

Distortion measurement is only needed for sine calibration and is not included in the standard procedure. It is used to

check the performance of the vibration generating equipment initially and then only with suitable intervals or in case of doubt.

© ISO 2003 — Al rights reserved
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An oscilloscope or similar display may be used for examining the waveforms of the transducer signals.

Its

use is strongly recommended but not mandatory.

4.8 Phase shift measuring instrumentation

Thi

s equipment shall have the characteristics specified in Table 6.

Table 6 — Phase shift measuring

Parameter Unit Example 1 Example 2
Frequency range Hz 1 to 10 000 1 to 10 P00
Mgximum uncertainty ° (degree) 0,2 0,5
5 | Calibration
5.1 Preferred amplitudes and frequencies
Six frequencies, each with associated acceleration (amplitudel or' r.m.s. value) and equally cqvering the

tramsducer range, should preferably be chosen from the following series.

a)

b)

Va

acq
An

5.2

Acceleration (m/s2):

— 1, 2, 5,10 or their multiples of ten.

If broadband signals are used, these values-are the total r.m.s. values.
Frequency:

— selected from standardized one-third-octave frequency series (see ISO 266).

ues chosen should preferably be the same as those used in the reference transducer calibrg

elerations. The résulting uncertainty component shall be taken into account in the uncertainty b
nex A).

Measurement requirements

If broadband signals are lised, the desired range should be covered in one or more calibrations.

tion. If the

traIsducer is to be calibrated at frequencies and accelerations other than those at which the refgrence has
be¢n calibrated, the.Characteristics of the reference transducer should be assessed at those frequ

encies and
udget (see

WH
the

en-a calihration is to he nerformed ||e|nr1 a2 new set Up-or-a-hew +r9ner1||r\nr itis aood practice-t
Lig S g

calibration more than once to ensure suff|C|ent repeatablhty

carry out

It is important to ensure that cable motion and base strain do not appreciably affect the measurement results,
particularly at low frequencies. Altering the attachment of the cable, the mounting of the transducer, or both,
and noting changes in the measurement results or harmonic distortion may be used to evaluate effects due to
these causes. If the measured sensitivity or distortion does not change significantly when compared to the
uncertainty in the calibration, then these influences may be neglected. The mounting conditions of the
transducer should also be repeatable. This can be verified by remounting the transducer several times and
measuring the sensitivity after each successive attachment of the transducer.

If the transducer under test is not being calibrated in combination with an associated signal conditioner or
amplifier, then the gain and frequency response (i.e. magnitude and, if needed, phase shift) of the complex
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sensitivity of the signal conditioner or amplifier used with the transducer under test should be determined in a
traceable fashion at all measurement frequencies. The sensitivity and frequency response of the reference
(transducer plus amplifier) shall also be determined in a traceable fashion at all measurement frequencies.

If any variations, significant compared to the desired uncertainty, are found in the above tests, these should be
quantified by making a sufficiently large number of repeated measurements to get a good estimate of the
variance. This shall then be included in the final uncertainty statement. This is especially important if the
measurement is not made at the frequencies and amplitudes at which the reference transducer was calibrated.

5.3 Cali

bration procedure

The surfad
verify that
and the sp

Mount the
fixture on

torque. Bsg
transducer
transducer
in Figure 1
instrument
accuracy.

Measure th

Determine
80 Hz), an
20 m/s? or
results shg

es of the reference transducer (or fixture) and the transducer to be calibrated shall be examineq
they are free from burrs, etc. and that they comply with the manufacturer’s flatness specificati
pcifications of Clause 4.

reference transducer (see 4.4) and the transducer to be calibrated back-to-backsor in-line o
he exciter or on the exciter with integral working reference transducer using~the recommen
low approximately 5 kHz, good fixtures with known characteristics may,be) Used between
5. At higher frequencies, the direct back-to-back configuration or integral working refere
shall be used. An example of a block diagram of a typical laboratory calibration apparatus is shg
. The voltmeter, selector, generator and phase meter are often.substituted by a two-chan
ption (e.g. dual-channel analyser with internal generator or voltage ratio meter) with suffic

e ratio of the two outputs and the relative phase shift, if needed.

the sensitivity at the reference frequency, for acceleremeters preferably at 160 Hz (second cho
i at the reference acceleration, for accelerometers:preferably at 100 m/s2 (other choices: 10 m
50 m/s2), then determine the sensitivity at other calibration frequencies and accelerations.
Il be given in absolute terms and/or as a relafive deviation (percentage or decibels) and degr

deviation ffom the sensitivity at the reference point.

In the casg¢ of stud-mounted transducers, a thinAfilm of light oil, wax or grease should be used between

mounting
frequencie

6 Expr
If the refer:
magnitude
following fq

Magni

urfaces of the transducer(s) and exgiter, particularly in the case of calibrations performed at h
5 (see ISO 5348 for details).

pssion of results

bnce transducer and\the transducer under test respond to the same vibration quantity, calculate
S, and the phase~shift ¢, of the complex sensitivity of the transducer to be calibrated using
rmulae:

tude: Phase shift:

_Y_251

| to
bNs

h a
led
the
nce
wn
nel
ent

ce:
s2,

The

1%

es

the
igh

the
the

Po=@o21+ @9

are the magnitude and phase shift of the complex sensitivity of the reference transducer;
is the output from the reference transducer;

is the output from the transducer to be calibrated;

is the phase shift between the outputs from the transducer to be calibrated and the reference

transducer.
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If the two transducers measure different vibration quantities, calculate the sensitivity of the transducer to be
calibrated, using the following formulae.

a)

If the magnitude and phase shift of the complex acceleration sensitivity S, ¢, were measured:

b)

wh

Th

Magnitude: Phase:
S,=2nf 8, Py =0, —90°
S, =47%£%s 0, =@, —180°
If the magnitude and phase shift of the complex velocity sensitivity S, ¢, were measured:
Magnitude: Phase:
Sy =2nf S, @5 =9, —90°
bre
S, ¢, are the magnitude and phase shift of the complex acceleration sensitivity;

@, are the magnitude and phase shift of the complex velogity sensitivity;
@, are the magnitude and phase shift of the complex displacement sensitivity;

f is the frequency of the vibration, in hertz.

e phase shift is undetermined within modulus 480° until definitions of directions for the transduce

and electrical signals are specified (see 1ISO_16063-1:1998, 3.3, and Annex B for guidance).

Fo
of 1
the

wh

7

In

calibrators designed to provide one.@epmore fixed amplitude(s) at one or more frequencies, the
he transducer to be calibrated is obtained by using the specified amplitude 4 and the measured
formula

s==
A

bre A and S must fefer to the same vibration quantity.

Reporting the calibration results

hddition to the calibration method and instrumentation with calibration due dates, at least th

cor

rs, motions

sensitivity
output X' in

e following

ditions and characteristics shall be stated when the calibration results are reported.

a)

b)

Ambient conditions, Example 1:

— temperature of the transducer if measured, or

— ambient air temperature and estimated difference from transducer temperature if this is not

measured.
Ambient conditions, Example 2:

— estimated transducer temperature.
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c)

f)

10

Mounting technique:

— m

— m

aterial of mounting surface,

ounting torque (if stud mounted and optional for Example 2) or adhesive used,

— characteristics of mounting components or adapters (if used),

— oil or grease or wax (if used),

— C3@DIe 1IXNg,

— ofientation (vertical or horizontal).

All amplifier settings (if adjustable) when the transducer is calibrated in combination with a signal

condit

— gain,

— cuit-off frequencies and slope of filters.

Calibr

— values of calibration frequencies and vibration amplitudes,

— values of sensitivity (magnitude and phase shift, if measured),

— C(

— €

Cover
distrib

oner or amplifier:

htion results:

herence of the measurement if measured,
panded uncertainty of the calibration (calculated in accordance with Annex A).

hge factor, if different from £ =2 (corresponding to a confidence level of 95 % for a normal
ition).
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Annex A
(normative)

Expression of uncertainty of measurement in calibration

A.1 _Calculation of expanded uncertainty of measurement, U

1:2003(E)

A.1.1 Purpose of U
Th
acq
Me
Spe
COf

b

b

uncertainty of measurement in calibration shall be expressed by the "expanded" uncerts
ordance with GUM, based on the approach recommended by the International Committee for W
asures (CIPM). The purpose of U is to provide an interval y — U to y + U within‘which the vald
cific quantity subject to calibration and estimated by y, can be expected o lie with high pro
fidently assertthat y — U < Y < y + U, the expanded uncertainty U shall be.determined as follows

A.1.2 Corrections
Every effort has to be made to identify each effect that significantly) influences the measurement reg
corhpensate for such effects by applying the estimated corrections or correction factors.

If an effect influencing the measurement result is appropriately described by a probability
(preferably probability density, see A.1.3) having a significant expected value (in particular for an as|
disfribution), the latter shall be treated as systematic error and compensated by correction.
A.1.3 Standard uncertainty estimation

Ea
as

ch component of uncertainty that contributes to the uncertainty of the measurement shall be repr|
fandard deviation u;, termed "standard-uncertainty", equal to the positive square root of the varia

me standard uncertainties cantbe’ obtained as statistically estimated standard deviations by th¢

sh3ll be evaluated as the standard deviation of a probability distribution describing the scientific ju
all [possible values of the respective quantity (type B evaluation of standard uncertainty). The ju

inty" U in
eights and
e of Y, the
bability. To

D.

sult and to

distribution
ymmetrical

esented by
hce ulz

b statistical

alysis of series of observations (type A evaluation of standard uncertainty). Other standard umcertainties

igement of
igement is

baged on all informatioh-available about the quantity. In particular, if there is no specific information about the

possible values of a@uantity responsible for systematic effects except that these values are within
b_|and b, a uniferm distribution over the interval [b_; b, ] may be used to represent this informati
stahdard uncertainty b/+/3 where b=(b, —b_)/2. The expected value is (b, +5_)/2 to b
correction inlthis case.

If

n influénce quantity can be considered uniformly distributed (rectangular probability density) but

he bounds
bn. It has a
2 used for

s known to
[ynomial of

ion model.

EXAMPLE The sensitivity S of an accelerometer to sinusoidal accelerations in the nominal measurement direction is
calculated from the output, voltage or charge amplitude x, stimulated by a vibration, acceleration amplitude 4, using the
formula S =x/a. Among the various disturbing effects influencing the measurement result in calibration, there may be a
significant transverse motion component from the vibration exciter, acceleration amplitude a1, transformed into an error
component ezr in the output, in conjunction with the accelerometer's transverse sensitivity, S;. It is assumed for this
example that the acceleration to be measured and the transverse acceleration have the same frequency and that there is
no phase angle difference. As the transverse sensitivity is usually sinusoidally dependent on the angle g between the
direction of maximum transverse sensitivity (ST’max) and the direction of a transverse excitation, the error component can
be expressed by

e;71 =871 a1 = ST max 4T max COS B
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If the values of the maximum transverse sensitivity (ST,maX) and the maximum transverse acceleration (dtmax) are
known while the angle g is not, it is reasonable to assume a rectangular distribution of g within the interval [—n; n]. hus,
the influence quantity, i.e. transverse acceleration, with rectangularly distributed angle g leads to a measurement error
component et whose probability density is described by

v
2

b 11— | E5T
b

—b<ezr <b

wlest)-

b=St max? T,max

(often referrpd to as arcsin distribution). The associated standard uncertainty is
u (eﬂ = b/\/E

The expectgd value E{e;7} is zero in this case. This is the best estimate of the error e;r.

A.1.4 Combined standard uncertainty

The "combined standard uncertainty" u;, as the standard uncertainty)'of the measurement of Y, shall|be
determined by combination of the individual standard uncertainties (and'covariances as appropriate) using fthe
law of progagation of uncertainty. Accordingly, the combined standard uncertainty is obtained from

N 2 N=1 N
wbl= B[Z] w2 S % 2L b 4o

i=1
This equatfon is based on a first-order Taylor series-approximation of

Y =f(Kq, X Xy) (A-2)
where Y is the measurand determined(from N input quantities X, X5, ..., X, through a functional relationship| /.
An estimate of the measurand X,'\denoted by y, is obtained from Equation (A.1) using input estimates x4, x5 ...,
)t;];; for the Jalues of the input.quantities. Thus the output estimate, which is the result of measurement, is giyen

y:f(x1,x2,...,xN) (/ 3)

partial derjvatives 0//0X; evaluated at X;=x;. The symbol u(x;x;) designates the estimated covariahce
associatedlwith x and X

In Equatio’rlx (A97the symbols 0f/ 0x; are often referred to as sensitivity coefficients c,. They are equal to the

For the case where no significant correlations are present, Equation (A.1) is reduced to

o) (B2 2 a4

i=1

NOTE The first-order Taylor series approximation of Equation (A.2) resulting in Equation (A.1) is only applicable if the
model function f'is sufficiently linear with respect to the variation of the input estimates x; within the ranges characterized
by the uncertainties u(x;). This is not the case in the example given in A.1.3 if the angle £ is considered to be an input
quantity X,. To overcome this obstacle, which similarly exists with other influence quantities acting in measurements within
calibrations of vibration and shock transducers, an adequate model has been introduced (see reference [4]). To briefly
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specify this model for the example above, a factor (1-e;1/x) with ez /X <<1 is introduced, as an input quantity X, into
the functional relationship used for calculating the measurand. Equation (A.2), specially tailored to the example, is reduced
to three input quantities

Y:j1X31A%iA%)
where

Y is the measurand (sensitivity S);

X, isthe accelerometer output (voltage or charge amplitude x);

X, is the acceleration amplitude;

X3 2(1*6);1'/)2) .
Thys, the relationship

_ X4

Y =
X3

X3

car| be established. The first Taylor series approximation can be used now, deading to the relative combinged standard
undertainty

u(y) ‘J("(WJZ*("(XZ)T*[M(“)]Z
y X1 X2 X3

if tHere are no significant correlations.

Usihg the symbols introduced in the Example, the latter refationship can be written as follows:

ug(S) _ [@)ﬂ(u_mjﬂ[u(eﬂ/f))z
s\ z a 1

where

u(x)/x is the relative standard‘uncertainty of the output voltage amplitude measurement;
u(a)/a the relative standard uncertainty in acceleration amplitude measurement;
u(ez /%) =u(eer)/x ., with u(ezr) = b/\2 as explained in the Example.

Acdordingly, further factors whose deviations from the value 1 are similarly expressed by the relative error cpmponent of
the|respective.guantity (e.g. voltage, acceleration or the sensitivity as a whole) might be introduced as inppt quantities
(X4] X, ..9),-allowing the variety of uncertainty sources to be taken into account separately.

A- | Sl = VIO P T T- V-4 PG I-Y 1V
- YT EAPNATrATUTOTIeTTiaTity

The "expanded uncertainty" U shall be determined by multiplying u by a coverage factor £:
U= kug

where a value of k=2 should preferably be used. If it can be assumed that the possible values of the
calibration result are approximately normally distributed with approximate standard deviation u., the unknown
value can be asserted to lie in the interval defined by U with a level of confidence, or probability, of
approximately 95 %.
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A.1.6 Reporting the result

When reporting the result of the measurement y, the expanded uncertainty and the value of the coverage
factor k used, if different from k = 2, shall be stated. In addition, the approximate coverage probability or level
of confidence of the interval may be stated.

A.2 Calculation of expanded uncertainties at reference conditions

A.2.1 Ca

culation of the relative expanded uncertainty U..,(S) for the sensitivity magnitude

The relativ
each of th

calibrated fransducer) is calculated from the following formulae:

Urel(s

with th

“c,rel(

where S is
u(xi,x]-) is t
values.

NOTE 1
the same ny

NOTE 2

that the conjbined uncertainty approximates the normal distribution (see GUM:1993, G.6.6).

Table A1
cannot be

e expanded uncertainty of measurement of the magnitude of the complex sensitivity, Ug(S),
e applied frequencies, accelerations and amplifier gain settings (if an amplifier is part’ of

)= kuc,rel(S)
e coverage factor k = 2 (see A.1.5);
2 N-1 N
_uc(S) 1 o 2 o o
L 103 onl LTS AP VD M entr el G2
i i=1 j=i+1 ! J
A R TN U Y
= Z(%J Uurel; " (S)+2 Z _Z gg”rel(xi,xj)
i i=1 j=i+1 ! J
the sensitivity and f(x,, x,,...,xy) is the estimated sensitivity and x; are the estimated input valy
ne estimated covariance of Xp%; (zero if .uncorrelated). The last part uses u. to indicate rela

The correlation terms in the above relationship can often be omitted by assigning correlated terms, if any
mber i. This approach may lead t@ significant simplifications (see reference [4]).

It is assumed that the effectivesnumber of degrees of freedom is large enough (say greater than 10) to assy

ists a number of uncertainty sources. Although it is believed to contain all the important sourceg

for
the

es.
ive

, to

me

s it

guaranteed to~be’complete because this part of ISO 16063 covers a wide range of different
systems and methods, and*hew ones might be implemented.

14
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Table A.1 — Uncertainty components for determination of S

Standard Relative
. uncertainty . uncertainty
i component Source of uncertainty contribution
”(xi) urel,i(y)
1 u(Sy) The combined standard uncertainty for the reference transducer and ampilifier Upg) 4(S)
combination at specified conditions
2 u(ip p) | Conditioning amplifier gain Upg) 2(S)
ulitg) Voltage rafio measurement (often two correlated measurements) 1 e1.3(5)
4 u(ip 4) | Effect of total harmonic distortion on voltage ratio measurement e 4(S)
u(ip ) | Effect of hum and noise on voltage ratio measurement e 5(5)
{ uiip ) Effect of transverse, rocking and bending vibration on output voltage ratio el 6(5)
T u(ip o) | Effect of base strain on output voltage ratio e 7(S)
ulip ) Effect of mounting parameters (torque, cable fixing, dummy mass, etc.) on e 8(S)
output voltage ratio
) u(ip ) Effect of relative motion on output voltage ratio el o(S)
10 u(Sy ) | Reference stability over time e 10(S)
1 u(ziR‘ ) Effect of temperature on output voltage ratio ey 11(S)
1 u(f) Vibration frequency measurement u el,12(S)
13 u(ziR‘ ) Effect of non-linearity of transducers on ogtput voltage ratio ey 13(S)
11 u(ziR‘ ) Effect of non-linearity of amplifiers on output voltage ratio ufs) 14(S)
16 u(ip g) |Effect of gravitation on transducers’on output voltage ratio ey 15(5)
16 ”(’21%, ) Effect of magnetic field from ‘exciter on transducers on output voltage ratio u el,16(S)
17 u(ip g)  |Effect of other environmental parameters on output voltage ratio Ul 17(5)
18 u(Sge) Residual effects on'sensitivity measurement and on the sensitivity of the Ujer 18(S)
transducer to be.calibrated (e.g. random effect in repeated measurements;
experimentalstandard deviation of arithmetic mean)
NJTE 1 If the method chosen uses a working reference transducer, which at certain intervals is calibrated by the reference
trapsducer then the above calCulation needs to be made twice, and the result of the first calculation is used as inpuf to the final
calpulation.
NJTE 2 The sources-of*uncertainties may be subdivided and numbered in a way differing from that used in this table, provided that
ea¢h effect significantly influencing the measurement result has been taken into account (see A.1.3).
A.2.2 Calculation of the expanded uncertainty U(A¢) for the phase shift
Thé expanded uncertainty of measurement of the phase shift Ag of the complex sensitivity S, at gach of the

applied frequencies, accelerations and amplifier gain settings (if an amplifier is part of the calibrated
transducer) is calculated from the following formulae:

U(Ap) = ku(Ap)

with the coverage factor k£ = 2 (see A.1.5);

u(Ap)= >

1

!

g\’ 2 SR SIS
gj ut(Ap)+2 D ggj“(xi,xj)

i=1 j=i+1 !
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where Ag is the phase shift of the complex sensitivity and g(xq,x,,...,xy) is the estimated phase shift and x; are
the estimated input values; u(x,.,xj) is the estimated covariance of XjpX; (zero if uncorrelated).

NOTE 1 The correlation terms in the above relationship can often be omitted by assigning correlated terms, if any, to
the same number i. This approach may lead to significant simplifications (see reference [4]).

NOTE 2  Itis assumed that the effective number of degrees of freedom is large enough (say greater than 10) to assume
that the combined uncertainty approximates the normal distribution (see GUM:1993, G.6.6).

Table A.2 lists a number of uncertainty sources. Although it is believed to contain all the important sources it
cannot be guaranteed to be complete because this part of ISO 16063 covers a wide range of different

systems amdmrethods;amdmewones llligill bemptermented:
Table A.2 — Uncertainty components for determination of A¢
tanda'rd Uncertainty
) urjcertainty s f rtaint contribution
i cqmponent ource of uncertainty v )
u(x;) e
1 u(Apq) The combined standard uncertainty on phase shift for the reference transducer uy(Ap)
and amplifier combination
2 u(App) Conditioning amplifier phase shift uncertainty uy(Ap)
3 u(p) Phase measurements uz(Ap)
4 u(@y) Effect of the total harmonic distortion on the phase measurement uy(Ap)
5 u(oy) Effect of hum and noise on the phase measurement us(Ap)
6 u(er) Effect of transverse, rocking and bending vibration on the output phase ug(Ap)
7 u(@,) Effect of base strain on the output phase uz(Ap)
8 u(oy) Effect of mounting parameters (torque, cable fixing, dummy mass, etc.) on ug(Ap)
output phase
9 u(oR) Effect of relative motion on.output phase ug(Ap)
10 u(Apy) Reference transducer phase stability over time uqo(Ap)
11 u(er) Effect of temperature.on output phase uq4(Ap)
12 u(g) Effect of non-linearity of transducers on output phase uy5(Ap)
13 u(q@) Effect of fion-linearity of amplifiers on output phase uy3(Ag)
14 u(pg) Effectof/gravitation on transducers on output phase uq4(Ap)
15 u(gg) Effect of magnetic field from exciter on transducers on output phase uy5(Ap)
16 u(og) Effect of other environmental parameters on output phase uy6(Ap)
17 | u(Ap,, Agyre) |Residual effects on phase shift measurement and on the output phase of the uy7(Ap)
’ transducer to be calibrated (e.g. random effect in repeated measurements;
experimental standard deviafion of arithmefic mean)
NOTE 1 If the method chosen uses a working standard transducer, which at certain intervals is calibrated by the reference

transducer, then the above calculation needs to be made twice, and the result of the first calculation is used as input to the final
calculation.

NOTE 2 The sources of uncertainties may be subdivided and numbered in a way differing from that used in this table, provided that
each effect significantly influencing the measurement result has been taken into account (see A.1.3).
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A.3 Expanded uncertainties over the complete frequency and amplitude range

A.3.1 Calculation of the relative expanded uncertainty U, (S;) for the magnitude

The relative expanded uncertainty of measurement of the magnitude of the complex sensitivity, U, (S}),
calculated in accordance with A.2.1 is only valid for the calibration frequencies, accelerations and amplifier
settings (if an amplifier is part of the calibrated transducer). The relative expanded uncertainty of
measurement of the magnitude of the complex sensitivity, U,¢((S;), for the complete frequency and amplitude

ran

ge, is calculated from the following formulae:

wh

NO
the

NO
tha

Ta
carl
SYS

Urel(St) = kug r)(St)

with the coverage factor k = 2 (see A.1.5);

2 N-1 N
uc,rel(St):%ft) :Sit Z (%fl} uiz(St)"' 2 ; Z ggu(x[,xj)
i i=1j=i+1 %Y
ere
Si is the sensitivity determined for the complete frequeéncy and amplitude range;
S(xq,:%9,...,x)  is the estimated sensitivity;
x; is the estimated input values;
u(xi,xj) is the estimated covariance of X (zero if uncorrelated).

TE 1 The correlation terms in the above relationship can often be omitted by assigning correlated tern
same number i. This approach may lead to significant simplifications (see reference [4]).

TE 2 It is assumed that the effective-number of degrees of freedom is large enough (say greater than 1(
the combined uncertainty approximates’'the normal distribution (see GUM:1993, G.6.6).

ple A.3 lists a number of unCertainty sources. Although it is believed to contain all the important
not be guaranteed to be jcomplete because this part of ISO 16063 covers a wide range
tems and methods, andynew ones might be implemented.

is, if any, to

) to assume

sources, it
pf different
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Table A.3 — Uncertainty components for determination of S;

Standard .
. Uncertainty
. uncertainty . ibuti
i | component Source of uncertainty contribution
uly)
u(x;)
1 u(S) Uncertainty of the magnitude of the sensitivity calculated at the calibration uy(Sy)
frequencies, amplitudes and ampilifier settings in accordance with A.2.1.
2 u(eTy A) Conditioning amplifier tracking (gain deviations for different amplifications) us(Sy)
3 u(e__¢ p) [ Conditioning amplifier frequency response (gain deviations for different u,(Sy)
frequencies)
4 ufe, ¢ 1) |Transducer frequency response deviations from theoretical curve (sensitivity u(Sy)
deviations from assumed curve at different frequencies)
5 u(p o a) | Amplitude effect on amplifier gain ug(Sy)
6 ulp 5 1) |Amplitude effect on sensitivity (magnitude) of transducer ug(Sy)
7 d(e; a) Instability of amplifier gain and effect of source impedance u7(S;)
8 (e; 1) Instability of transducer sensitivity (magnitude) ug(S;)
9 ufeg ») | Environmental effects on amplifier gain ug(Sy)
10 ufeg 1) Environmental effects on transducer sensitivity (magnitude) uy0(Sy)
11 uley 1) | Additional effects of mounting parameters (torque, cable fixing, dummy mass, uq4(Sy)
etc.) on transducer sensitivity (magnitude)
A.3.2 Calculation of the expanded uncertainty U(A¢g,) for the phase

The expan
accordanc
amplifier ig
the complg
formulae:
U(Agpy

with th

uc(Adg

where

ded uncertainty of measurement of the phase"shift Ag, of the complex sensitivity S;, calculateq
b with A.2.2, is only valid for the calibration)frequencies, accelerations and amplifier settings (if

x sensitivity, U(S;), for the completefrequency and amplitude range is calculated from the follow

= kuy(Aey)
e coverage factor k = 2+(see A.1.5);
2 N-1 N
og 2 g og
= o (A +2 e _° X
t) Z [a)w] uj ( q)t) Z A . O u('xl )C])
i i=1 j=i+1 ! J

1 in
an

part of the calibrated transducer). The expanded uncertainty of measurement of the phase shifft of

ing

Agy

is the phase shift of the complex sensitivity determined for the complete frequency and

amplitude range;

g(xq.x9,....xy)  is the estimated phase shift;

NOTE 1

NOTE 2

18

is the estimated input values. u(x;x;) is the estimated covariance of x;x; (zero if

J J

uncorrelated).

The correlation terms in the above relationship can often be omitted by assigning correlated terms, if any, to
the same number i. This approach may lead to significant simplifications (see reference [4]).

It is assumed that the effective number of degrees of freedom is large enough (say greater than 10) to assume
that the combined uncertainty approximates the normal distribution (see GUM:1993, G.6.6).
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Table A.4 lists a number of uncertainty sources. Although it is believed to contain all the important sources, it
cannot be guaranteed to be complete because this part of ISO 16063 covers a wide range of different
systems and methods, and new ones might be implemented.

Table A.4 — Uncertainty components for determination of Ay,

Standard .
. Uncertainty
) uncertainty . ibuti
i | component Source of uncertainty contribution
u(xi) u|(y)
u(Ag) Uncertainty of the phase shift of the sensitivity calculated at the calibration 1(Ag)
frequencies, amplitudes and amplifier settings in accordance with A.2.2
? u(e*r o) | Conditioning amplifier tracking (phase deviations for different amplifications) LH(Agy)
u(e*_ ¢ o) | Conditioning amplifier frequency response (phase deviations for different Us(Agpy)
frequencies)
4 u(e* ;1) |Transducer frequency response deviations from theoretical curve (phase Uy (Ag,)
deviations from assumed curve at different frequencies)
u(e* 5 a) |Amplitude effect on amplifier phase Us(Ag,)

{ ule*, 5 1) |Amplitude effect on sensitivity (phase) of transducer Us(Agpy)

T u(e®; p) Instability of amplifier phase and effect of source impédance (Ag)

u(e®; 1) Instability of transducer sensitivity (phase) Ug(Agy)

D u(e*z ) | Environmental effects on amplifier phase Ug(Ap,)
10 u(e*z 1) | Environmental effects on transducer sensitivity (phase) ulo(Ag,)
il u(e*y, 1) [Additional effects of mounting parameters (torque, cable fixing, dummy mass, uf1(Ag)

etc.) on transducer sensitivity (phase)
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Annex B
(normative)

Definitions of amplitude sign and phase shift between mechanical

motion and vibration transducer electrical output

B.1 Mot

An object K

B.2 Cogrdinate system

on

as normally 6 degrees of freedom: 3 degrees for linear motion and 3 degrees for rotationalmotic

All motiong are measured in a coordinate system, and for linear motions a Cartesiancoordinate system with x,
y and z cogrdinates is recommended.

Angular mption can be measured in the same coordinate system with the addition of a rotation angle. The
angular m¢tion is specified in a polar coordinate system with the coordinate axes as rotational axes and fthe
sign for thg rotation is defined by using the right-hand grip rule (with the’thumb in the direction of the axes, [the
fingers willlpoint in the positive rotational direction).

B.3 Transducer types

Several different vibration transducer types are availablé.*Accelerometers, velocity transducers, displacement
(proximity)|probes are typical transducers.

B.4 Units

Amplitudeg for vibration signals are specified in either linear or rotational units. The units for the quantitie$ of

acceleratign, velocity and displacemeént (length) are metres per second squared, metres per second @nd
metres, regpectively, and the unit for phase (angle) is either degrees or radians. The units for the quantitie$ of
angular acgeleration, angular velocity and angular displacement (plane angle) are radians per second squared,
radians pef second and radians, respectively, and the unit for rotational phase (angle) is either degreeg or
radians.

B.5 Definition-of coordinate system

The coordinate system is here defined relative to the transducer. One of the axes is parallel to the transducer

main axis, and the positive direction is from the measuring surface and through the transducer.

B.6 Definition of polarity or sign for motion

A linear motion (acceleration, velocity or displacement) has a positive sign when the motion is in the positive
direction of the axis parallel to the transducer main axis.

A rotational or angular motion has a positive sign when the motion is in the same direction as the positive
angle.

This definition is independent of the mounting of the transducer (contact or non-contact transducer).
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B.7 Definition of sensitivity (magnitude and phase shift) for transducers

The transducer converts the physical parameter to another parameter, usually an electrical output signal. The
output signal could either be a voltage, current or charge value.

The sensitivity is defined as the ratio between the electrical output and a specified motion. The sensitivity
includes a value with sign and a phase shift specification based on the previous definition of coordinate
system, motion and the conversion in the transducer.
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Annex C
(informative)

Nomogram for conversion between acceleration, velocity and
displacement

Figure C.1 _shows a nomogram for conversion between acceleration, velocity and displacement of vibration
magnituderl(r.m.s. or peak or peak-to-peak values) at discrete frequencies. If different parameters areruged,
the factor V2 (r.m.s. to peak) or 242 (r.m.s. to peak-to-peak) should be used. With two known parameters,
the other two can be found.

For example, if the frequency and acceleration level are known, use the nomogram shown/to read the
corresponding velocity and displacement magnitude(s) off the respective scales.
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