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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies

(ISO memb

er bodies). The work of preparing International Standards is normally carried out through 1SO

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 llalson with 150, alsO take part In the WOrK. 150 cCollaboraies Cclosely Wwiin the

Internationg

Internationg

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

| Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part2.

The main thsk of technical committees is to prepare International Standards. Draft International Standards

adopted by
Internationg

Attention is

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

ISO 184311 was prepared by Technical Committee ISO/TC 108, Mechanical vibration and shock.

the technical committees are circulated to the member bodies for voting./Publication ag an
| Standard requires approval by at least 75 % of the member bodies casting'a.vote.

drawn to the possibility that some of the elements of this document miay be the subject of pgtent

ISO 18431 [consists of the following parts, under the general title Mechanical vibration and shock — Signal

processing:
— Part1:
— Part 2:
— Part4:
The followir
— Part 3:

— Part 5:

General introduction

Time domain windows for Fourier Transform analysis
Shock response spectrum analysis

g parts are under preparation:

Bilinear methods for joint time-frequency analysis

Methods for time-scale-analysis
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Introduction

In the recent past, nearly all data analysis has been accomplished through mathematical operations on
digitized data. This state of affairs has been accomplished through the widespread use of digital signal
acquisition systems and computerized data-processing equipment. The analysis of data is therefore primarily
a digital signal-processing task.

The

experimental mechanics that includes all steps from experimental design through data eva
undrstanding.

Thig

sensitivity have been included. The data considered in this part of ISO 184371 are consider
seqpence of time samples of a physical quantity, such as a component of velocity, acceleration, d

analysis of experimental vibration and shock data should be thought of as a part ofcthe

process of
uation and

part of ISO 18431 assumes that the data have been sufficiently reduced so thdt’the effects of instrument

ed to be a

splacement

or force. Experimental methods for obtaining these data are outside the scope of this part of ISO 18431.
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INTERNATIONAL STANDARD ISO 18431-1:2005(E)

Mechanical vibration and shock — Signal processing

Part 1:
General introduction

1 |Scope

Thig part of ISO 18431 defines the mathematical transformations, including the-physical units, that convert
each category of vibration and shock data into a form that is suitable for quantitative comparispn between
experiments and for quantitative specifications. It is applicable to the analysis of vibration that is deterministic
or random, and transient or continuous signals. The categories of signals areydefined in Clause 6.

Extieme care is to be exercised to identify correctly the type of signal being analysed in orden to use the
correct transformation and units, especially with the frequency domrain analysis.

The| data may be obtained experimentally from measurements of a mechanical structure or obfained from
nunjerical simulation of a mechanical structure. This category of data is very broad because thefe is a wide
variety of mechanical structures, for example, microscapic instruments, musical instruments, gutomobiles,
manufacturing machines, buildings and civil structures.“The data can determine the response of machines or
of humans to mechanical vibration and shock.

2 [Normative references
Thel| following referenced documenis-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
docpment (including any amendments) applies.

1ISO[2041:1990, Vibration @nd shock — Vocabulary

3 |Terms and.definitions
For the purposes of this document, the terms and definitions given in ISO 2041 and the following apply.

31
aliaking
false representation of spectral energy caused by mixing of spectral components above the Nyquist frequency
with those spectral components below the Nyquist frequency

3.2
confidence interval
range within which the true value of a statistical quantity will lie, given a value of the probability

3.3

data
sampled measurements of a physical quantity
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statistical degrees of freedom
number of independent variables in a statistical estimate of a probability

3.5
frequency

resolution

difference between two adjacent spectral lines

3.6
number of

lines

number of spectral lines that are displayed

3.7

Nyquist frgquency

maximum U
IN=]
where
N s

is

s

3.8

sable frequency available in data taken at a given sampling rate

s /2

he Nyquist frequency;

he sampling frequency

record length

number of

3.9
sampling
measuremse
mechanical

3.10
sampling f|
number of 3

3.1
sampling i
number of (

3.12
sampling p
duration of

3.13

ata points comprising a contiguous set of sampled.data points

nt of a varying physical quantity at a séquence of values of time, angle, revolutions or g
independent variable

Fequency
amples per unit of time for uniformly sampled data

nterval
nits (e.g. time, anglge, revolutions) between two successive samples

eriod
ime between two successive samples

ther

sampling r

ate

number of samples per unit of time, angle, revolutions or other mechanical, independent variable for uniformly

sampled da

3.14
side-lobes

ta

sequence of peaks in the frequency domain caused by the use of a finite time window with the Fourier

Transform

3.15

signal bandwidth

interval ove

r frequency between the upper and lower frequencies of interest
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3.16

spectral leakage

width of the peak in the power spectrum due to a single spectral component caused by using a finite window
with the Fourier Transform

4 Symbols and abbreviated terms

ADC analog-to-digital converter

B signal bandwidth

B, equivalent noise bandwidth

C, amplitude scaling factor

DF1 Discrete Fourier Transform

E{} expectation operator that computes the statistical mean value or average value
F(n time-dependent force

H,(m) frequency response function of the first type

Hy(#) frequency response function of the second type

K summation limit of time delay & or length of window w(k)

1 number of data blocks

L record length

L level in units U, for amplitude histogram of signal x(z)

N data block length: the number of sampled points that are transformed
O (k,m) wavelet transform of x(n)

P (m)  power spectral density of signal x(n)

P, bw(m) low frequency part of the power spectral.density of signal x(n)
Py low(m) low frequency part of the power speetral density of signal x2(n)
Py(m)  cross power spectral density of signal x(n) with y(n)

(0] quality factor of a single degree=of-freedom system

R _(m)  r.m.s. spectrum of signal x(n)

S(n,n)  short-time Fourier Transform of x(n)

T total time of a block of digital data = NA¢

V(k,m)  Cohen class filter for smoothing the Wigner distribution

X(m Discrete Fourier transform of x(n)

Y(m Discrete Fourier transform of y(n)

b number.of increments, also known as bits, in an ADC

¢ (kn) aute-covariance of x(n)

cxy( ,n) « \€ross-covariance of x(n) with y(n)

e (1) energy spectral density of signal x(n)

exy(m) cross energy spectral density of signals x(n) and y(n)

f frequency = mAf

N Nyquist frequency, the highest frequency present in a sampled signal
In natural frequency of a single degree-of-freedom system

Js sampling frequency = 1/A¢

i index of data block

k index of time shift

/ index of summation

m index of frequency or scale

Tn) mean of non-stationary signal x(n)

© 1SO 2005 - All rights reserved 3


https://standardsiso.com/api/?name=59e76fc5ce892ad72947477fbe07dc16

ISO 18431-1:2005(E)

x mean of stationary signal x(n)

n index of time

P lower limit of summation

q upper limit of summation

r upper limit of summation

r.(kn)  auto-correlation of non-stationary data x(n)
F(k) auto-correlation of stationary data x(n)

ro(kn)  cross-correlation of non-stationary data x(n) with y(n)
ro (k) cross-correlation of stationary data x(x) with 3:(x)
t time = nAt

v(n) variance of the non-stationary data x(n)

v, variance of the data x(n)

w(n) wlindow function

x(n) physical data in the time domain

y(n) physical data in the time domain

At shmple period

Af friequency resolution

& r¢lative random error

yxyz(m) cpherence function

Un) npise component of measured signal

w(n) mother wavelet

0,2 sfatistical variance of x

Z(m,n)  Qohen class Wigner distribution using Cohen class:filter V(n,m)
Q (m,n) Wigner distribution of signal x(n)

5 Signdl conditioning

5.1 Cautionary overview

The electrigal signal from a transducer shall be properly conditioned for digitization by an analog-to-digital
converter (ADC). This signal conditioning requires the determination of several parameters associated with
amplificatiop, filtering and digitization. The selection of these parameters is very important for the acquisjtion
of data that|is appropriate for(signal processing.

5.2 Filtefing

Before the [signal-.can be successfully digitized by the ADC, the signal shall be low-pass filtered to preyent
aliasing. Alipsing occurs when there are components of the signal at a frequency that is too high. The highest
frequency ip the signal is limited by the sampling frequency, £, of the ADC. The range of settings of fare
found in the specifications of the ADC. The highest frequency component of the signal may be no greater than
Jn =152, which is known as the Nyquist frequency. The upper frequency of the low-pass filter depends on the
roll-off characteristics of the filter and the spectral properties of the signal. If the phase of the data is important,
attention shall also be paid to the phase characteristics of the filter.

The following test should be performed to check the adequacy of the low-pass filter. A signal should be
digitized and recorded. Then a Fourier transform should be performed on the data. The amplitude of the
Fourier-transformed signal at the Nyquist frequency should be less than or equal to the expected noise level
of the Fourier-transformed signal at the frequency of interest. If this is not the case, then the sampling rate
should be increased or the upper frequency of the low-pass filter should be lowered.

4 © I1SO 2005 — All rights reserved
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In addition to the low-pass filter, a high-pass filter may also be required because a non-negligible d.c.
component of the signal may reduce the useful range of the ADC. Reducing or eliminating this offset prior to
digitizing is preferable unless the d.c. component or low-frequency components are important.

The external analog anti-aliasing filtering considerations for a sigma delta ADC are different. The analog
signal shall meet the Nyquist criterion for the high frequency 1-bit digitizer, not the frequency for the end result.
With sigma delta digitizers, the manufacturer usually includes the low-pass filter needed for the analog input

and

5.3

an internal digital low-pass filter to match the output sample rate.

Sampling

The
inpy
the

NOT
speq

The

may
exa

Ano
larg

The

6

6.1

The
part
dete

ADC converts an analog signal into a sequence of integers. The output integers are propord
t over a range of voltage. This range of voltage is given in the specifications of the ADG-and
broper gain setting discussed in 5.1.

E The number of increments 4 in the largest output number determines the dynamig,range of the A
ified in terms of decibels, 65 + 1,8 dB.

sequence of numbers is sampled at a rate called the sampling frequeney, f;, discussed in §
be resampled to order track the signal into samples that are equal increments of units other th
mple angular displacement or degrees.

ther parameter to be selected is the number of samples, the-récord length. The record len
e enough to capture the whole signal if the signal is transientorlimited in time.

sampling frequency, f;, fixes the following parameters:
the maximum (Nyquist) frequency  fy = f5/2

the sampling interval At =1/f§

Determination of signal type

Signal taxonomy

signals that make uphe‘data are considered to be approximate members of idealized categq
of ISO 18431, the signals are categorized by the taxonomy shown in Table 1.The category of
rmines the methods’ of analysis. If an inappropriate analysis is used, then the results may be

ori
of

filtefing and processing to determine the characteristics of the two signals are very different. The ty

to

meghanical environment for equipment requires random, non-stationary transients to be sufficient
so thatthe mechanical conditions can be experimentally modelled with deterministic, non-periodic {

conclusive. Usually data contain a mixture of two types of signals. For example, a signal may
deterministici. non-periodic transient signal and a random, stationary, continuous signal. Thé

described determines the signal conditioning digitization and data analysis. For example,

ional to the
determines

DC, which is

.1. A signal
an time, for

gth shall be

ries. In this
signal often
misleading
be the sum
b triggering,
pe of signal
specifying a
y described
ransients.

The signal taxonomy shown in Table 1 implies the decision tree required to determine the nature of the signal
of interest and also the subsequent data analysis.
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Table 1 — Signal taxonomy

Decision Deterministic Random
tree
Periodic Non-periodic Stationary Non-stationary
Sinusoidal | Harmonic Non- Transient Ergodic Non-ergodic | Transient | Continuous
harmonic
sinusoidal
Example Vibration Vibration | Vibration | Vibration Fluid Vibration Vehicle Vibration
signals from from gears from from modal | dynamic from jet vibration during
imbalanced rolling impact noise engine with |from pothole | rocket take-
rotor bearings several off
operating
states
Appropriate r.m.s. r.m.s. r.m.s. Energy Power Power Energy Power
spectral
transform

6.2 Deterministic signals

6.2.1 Desfription of deterministic signals

Determinist|c signals do not contain components that average to zero when/subsequently captured signalg are
averaged tqgether.

NOTE A deterministic signal can reoccur over time or it can occur 6nly once. Deterministic signals are caused Hy an
event. If the gvent recurs over time, a deterministic signal has the same\behaviour each time. The event can be accespible
for use or no}. The event can be periodic, continuous or impulsive intime.

6.2.2 Periodic signals

6.2.2.1 Description of periodic signals

These signgls are generated from a periodic: excitation and appear steady over subsequent signal captyres.
Also they do not decay significantly with-tifme over the duration of the signal capture.

6.2.2.2 Sinusoidal signals

Sinusoidal $ignals consist of'single frequency components. This single frequency component is described by
its amplitude and phase relative to a reference.

NOTE $inusoidalsignals are usually caused by a sinusoidal event in a linear system.

6.2.2.3 Harmonic signals

Complicated periodic signals contain harmonically related components, the phase of which is related to a
reference excitation signal. The Fourier series may be applied to this case with the lowest frequency being the
inverse of the period of the signal.

A time history that is periodic may be represented by a superposition of sinusoids whose frequencies are
integral multiples of the fundamental frequency. The Fourier series includes a constant, which represents the
mean value and the sinusoidal terms and frequencies 1, 2 f, ..., nf, where fis the fundamental frequency and »
is an integer limited in magnitude by the frequency range of interest or the nature of the physical phenomenon
being analysed. The average values and the amplitudes of the sinusoidal components are obtained from the
integrals defined in ISO 2041:1990, A.18, under the definition of Fourier coefficients.

6 © I1SO 2005 — All rights reserved
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6.2.3 Non-periodic signals

6.2.3.1 Description of non-periodic signals

These signals are of two types. One type contains frequency components that are not harmonically related.
The other type decays over time.

6.2.3.2 Non-harmonic sinusoidal signals

These signals contain a non-harmonic sequence of spectral components that are related by the internal

4 £ Ll [ i ook lo ' Lotk bk 1
CcO MUTTTTIS UT UTC TITatlTinic, ©.Y. yTdl TallUS UTdl TTave TatliuTial DUl TIUT TTIITYTT vdiutTo.

These signals are composed of sinusoids whose frequencies are not all integral multiples~offa common
fundamental frequency. Such a vibration can be viewed as a superposition of a number,of periodic vibrations
whdre each periodic vibration includes those of the sinusoids that are harmonically, related. Fdurier series
canpot be used since periodicity is not present. The discrete frequency components ©f, either periodic or multi-
sinysoidal vibration data may be isolated individually by narrowband pass filtering\provided the bandwidth of
the filter is smaller than the difference of adjacent discrete frequencies (see 5.2 and 5.3).

6.2.3.3 Transient signals

Tramsient signals decay rapidly and therefore contain a continuous_distribution of spectral comppnents. The
power spectral density is an inappropriate description of these sighals.

6.3| Random signals

6.3.1 Description of random signals

Rarjdom signals can originate with or without any reference excitation signal. They differ from deterministic
sigrjals by varying either over time or over subsequent measurements.

Forlthe purpose of analysis, a set of statistically independent blocks of data is required.
6.3.2 Stationary signals

6.3.2.1 Description of stationary signals

A slationary signal possesses statistical characteristics that do not change over time. Thus they do not
incrpase or decrease,over time.

6.3.2.2 Ergodic signals

An ergodicrsignal has statistical properties that permit averages over time to replace averages over ensemble.

6.3.2:3—Non=ergoditsigmals

A non-ergodic signal has statistical properties that must be generated by the performance of several
experiments.

EXAMPLE There may be statistical variations between machines that cause the signal of interest to be
characterized through an average of measurements taken with a sequence of machines. Averages over time of a signal
taken from a single machine do not produce a meaningful statistical average over a set of machines.

© 1SO 2005 - All rights reserved 7
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6.3.3 Non-stationary signals

6.3.3.1

Description of non-stationary signals

A non-stationary signal has time-dependent statistical properties.

6.3.3.2

Continuous signals

A continuous, non-stationary random signal must be described by statistical characteristics that are functions
of time. Because the signal is continuous, the signal must be decomposed into the power spectrum.

6.3.3.3  Transient signals
A transient,| non-stationary random signal must be described by statistical characteristics that ane functiorls of
time. This time-limited signal should be decomposed into an energy spectrum.
This may be characterized by a Fourier spectrum, which is a continuous function of frequency, namely all
frequencieq are present and the spectrum defines the distribution of magnitude and phase with frequency.|lt is
analogous fo the Fourier series used to describe periodic data with the assumption that the periodicily is
arbitrarily Igng. Thus, the frequency terms are spaced arbitrarily closely.
7 Analysis of signals
7.1 Preprocessing of signals
7.1.1 Purpose of preprocessing
The signal is considered to be a set of samples x(n), 0 << (N — 1) that represent measurements of a physical
quantity of p mechanical system at time samples nA#:-The random signal x;(n), 0 <n<(N-1), 0<i< (I+ 1),
consists of | statistically independent blocks of data;~The recorded signal may be analysed in the time domain
as a functign of the time sample n or as a functioen of the frequency sample m, or as a function of both fime
and frequency. The purpose of signal analysis;-for random or deterministic signals, is to determine underlying
behaviour gr causes of the mechanical process being measured.
Before progessing the signal to generate time domain products, the digitized signal is often preprocessed with
linear filtery to remove unwanted(narrow band, or out-of-band, noise. This preprocessing may be performed
using the Fourier Transform.
7.1.2 Fourier Transform
The sequerjce of data.samples with physical units U in the time domain, x(n), is transformed into the frequency
domain by the discrete Fourier Transform equation defined in this document as:

A1

S n=0

(1)

This equation approximates the definition of the continuous Fourier Transform in ISO 2041. Note that the units
of X are U/Hz or U s for transient signals.

The inverse Discrete Fourier Transform also approximates the continuous inverse Fourier Transform and is
defined in this part of ISO 18431 as

© I1SO 2005 — All rights reserved
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Often the data are conditioned with a window function that decreases the effects of discontinuities at » = 0 and

N - 1. These window functions are defined in the time domain as w(n) and are used in the forward transform
as

N-1 ;2
1 —l—nm
Y(m)z—Zw(n)x(n)e N (3)
fs n=0
NOTE The above definitions of the Fourier Transform differ from some mathematical descriptions that fail to

incorporate the units of the quantities being transformed.

After the blocksize N and the sampling frequency f; are chosen, the following relevant parameters, aire fixed:
— |total time T = Nifg
— |frequency resolution  Af'=fJ/N

If tHe frequency resolution Af'is required to be less than some value, then.the N must be increased or f
decfeased to achieve the necessary resolution.

7.1.3 Signal filtering
A tine domain signal is filtered through the use of a low-pass, high*pass, band-pass or band-rejectfilter.
7.2] Time domain analysis

7.2/1 Appropriate data for analysis

Time domain analysis may be performed on a_vibration time-history as recorded or after being filtered by an
applopriate bandwidth filter to improve the signal-to-noise ratio.

7.2.2 Magnitude analysis

The| objective of this analysis is tOwdetermine the variation of the vibration magnitude as a function pf time. The
linear signal of a deterministic ;non-periodic transient signal can be plotted in terms of physical ynits U as a
functi%n of time. Alternatively the magnitude of the signal |x(n)| or the squared magnitude of the signal
|x(r )| may be plotted inferms of physical units U or U2 respectively as a function of time.

7.2.3 Statistical’analysis

7.23.1 Purpose of statistical analysis

Stallistical analysis of random data is carried out in order to determine the statistics of various fungtions of the
Signai as o functiomof tinre:

7.2.3.2 Distribution function analysis

The objective of instantaneous value analysis is to determine the cumulative distribution function or the
probability density function of the instantaneous values of the vibration data. The cumulative distribution
function at any level L; is obtained by measuring the percentage of time samples that does not exceed that
level. The probability density function between the two levels L; and L;,, is obtained by measuring the
percentage of time that the instantaneous value lies between L; and L;, 4.

© 1SO 2005 - All rights reserved 9
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7.2.3.3 Moment analysis

A random, time domain signal may be described in terms of its moments. The first statistical moment is
commonly called the mean value. The definition of the mean value is

x(n)=E{x(n)} (4)
where the expectation is performed as an average over S statistically independent blocks of data.

If the signal is stationary, then the mean does not vary as a function of time. If the signal is stationary and
ergodic thefTthe expectation operator £ IS an average over vV = o time samples

f=%2x(n) (5)

If a non-stgtionary signal is considered to be wide-sense stationary over a time intervalyof K samples |and
ergodic, thgn the expectation operator £ is an average over K > S samples

K1

x(n)=%2x(n—k) (6)

k=0

If the numper of samples over which the signal is considered to be wide-sense stationary and K is
insufficiently large, the average shall be taken over a number of¢statistically independent measurements I,
IK > S samples

I-1 4 K1

1

— 7
G (7)
The second moment about the mean of a randomcsignal is commonly called the variance and is defined as

2
} (8)

If the signg| is stationary, then theymean and variance does not vary as a function of time. If the signal is
stationary gnd ergodic, then thetexpectation operator E is an average over N > S time samples

x(n) =

NIA

i=0

x(n)=x(n)

Vx(n) T E{

1 N-
vi(n) FZ (9)

If a non-stationary’signal is considered to be wide-sense stationary and ergodic over an interval of K samy
then the expectation operator E is an average over K > S samples

_Kk=0

If the number of samples over which the signal is considered to be wide-sense stationary and K is
insufficiently large, the average shall be taken over a number I of statistically independent blocks of data,
IK > S samples

es,

x(n—k)—x(n—k)

2
| (10)

]11
2%

i=0 " k=0

x(n =

(11)

5 xi(n—k)—x(n—k)‘z

NI—\
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7.2.4 Covariance analysis

The similarity between time-delayed subcomponents of a signal are shown in the two-time covariance function.
For a deterministic non-periodic transient signal, the auto-covariance is

Cx (k,n)=x(n)x(k) (12)
For two deterministic non-periodic transient signals, the cross-covariance is

¢y (k) = x(n)y (k) (13)

Forla random non-stationary transient signal, the auto-covariance is

¢ (ko) = E{(x(n)—x(n))(x(k)—x(k))} (14)

Forjtwo random non-stationary transient signals, the cross-covariance is

€. (ko) = E{(x(n)=x(n)) ()~ »(8) | (15)

7.2.p Correlation analysis

7251 Purpose of correlation analysis

Corfelation analysis is a means of determining certain\characteristics of a single stationary vibration time-
histpry, or the relation between multiple different stationary time-histories, by comparing the vibratjon value at
one|time with the vibration value at another time.#the signal is random and stationary, then theg correlation
depends only on the time differences. If the signal is random and non-stationary, then the correlatipn depends
on gach time.

7.26.2 Auto-correlation analysis
Autp-correlation analysis is employed to examine the magnitude and time delay characteristics pf record of
datg and thus serves as a substitute for or supplement to spectral analysis and statistical analysis. The units
of the autocorrelation are U2.

For [non-stationary signals, the correlation function is the average of the product of the signal at time » and the
delgy &

rxx(k,n)zE{x(n)x(n—k)} (16)

whdre the'average is taken over independent data blocks. The number of data blocks in the avergge must be
sufflciently large.

If the signal is stationary, the correlation function is a function of the time delay &
rxx(k):E{x(n)x(n—k)} (17)

If the signal is non-ergodic, the average is taken over independent data blocks.
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Ty (k)

for — L
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is ergodic, the correlation function is found by averages over the data record:

:( L Zq:x(n)x(n—k)

g-p+1)=
+1<k<L-1:p=max(0,k),g=min(L—1 L-1+k)

The record length L must be sufficiently long so that the average over (p — ¢ + 1) is statistically sufficient.

7.25.3

Cross-correlation analysis

Cross-corrg

vibrational §me-histories representing distinct measurements. The units of the autocorrelation are U3,

For non-stq
delay k&

r

Xy(k,l

where the &
sufficiently

If the signal
iy (k)
If the signal

If the signal

Fxy (k)
for — 1

The record

7.2.6 Con

The convol
convolution

v(n)

lation analysis is employed to determine shared magnitude and time delay characteristics for

tionary signals, the correlation function is the average of the product of the signal at time »

)= E{x(n)y(n=k)f

verage is taken over independent data blocks. The number of data-blocks in the average mug
arge.

5 are stationary, the correlation function is a function of the time delay «:

= E{x(n)y(n —k)}

is non-ergodic, the average is taken over independent data blocks.

is ergodic, the correlation function is found by*averages over in the data record:
q

1 ZX(n)y(n—k)

(¢-p+1),2
+1<k <L-1: p=max(0k)g=min(L-1,L-1+k)

ength L must be sufficiently long so that the average over (p — ¢ + 1) is statistically sufficient.

volution product

ution productds the sum of the product of two time histories at a sequence of time lags.
is perforated on transient signals. The linear convolution of x,(¢) with x(¢) is defined as

1 q

(18)

two

and

19)

t be

20)

21)

The

p z X4 (n—k)x2 (k)

s p——

for—-N+1<n<N-1:p=max(-N+1+n,0), g =min(N —1n)

The units of y are U 4U , s. The circular convolution is defined in terms of the Fourier transform

1 N-1 N-1 —iﬁlm N1 7iﬁlm iﬁmn
F Zx1(l)e N X2(1)e e
S m=0{ /=0 =0

(22)

(23)

The duration of the transient signal should not exceed N/2 time samples to avoid wrap-around errors. This is
usually accomplished by increasing the length of the data by including a sequence of zeros at the end of the

record.

12
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7.2.7 Shock response spectrum

A transient vibration or shock may be defined in terms of the response of an idealized mechanical system that
is excited by the vibration. Conceptually, an array of single-degree-of-freedom systems is subjected to the
vibration or shock to be analysed. The single-degree-of-freedom systems have different natural frequencies
() but the same Q factor. The time-history may result from applying base acceleration or as a force F(¢)
directly to the masses. Each simple system responds in a manner dependent solely on its natural frequency
and Q factor. In its simplest and most common form, the shock response spectrum is a plot of the maximum
response experienced by each simple system in response to the applied time-history as a function of the
natural frequency of the systems. In principle, the maximum response is described by a number of
interconnected points, obtained by analysing a sufficient number of simple systems to define adequately the

varigtion of the spectrum with natural frequency. The maximum response is usually expressed|in terms of
absplute acceleration, but relative displacement, pseudo-velocity and equivalent static accelération are also
quite common.
7.28 Impulse response function
The| impulse response function is computed to be the inverse Fourier TransformJof the frequengy response
fungtion. The inverse Fourier Transform must be limited to the interval where the signal-to-ngise ratio is
suff|ciently large.
7.3| Frequency domain analysis of signals
7.31 Objective of frequency-domain analysis
Thel objective of spectral analysis of vibration is to determiné the characteristics of the vibration as a function
of frequency. Appropriate methods of spectral analysis.forvibration are described in this subclause.
7.3.2 Windowing
If thHe frequency components of a periodic signal coincide with the spectral lines mAf (an integra] number of
peripds in the total time), the Fourier tranSform can be simply applied. If the total time does not gomprise an
integral number of periods, leakage lobes in the frequency domain will occur. Suppression of the Igbes can be
obtained by use of a suitable window function w(z) in the time domain.
Thel| application of a smoothing.window function in the time domain will moderate the magnitude [of the side-
lobgs of the spectral peaks."However the application of a smoothing window also introduces spreading of
each spectral peak into-adjacent frequency samples. Thus a correction for the levels of the spgctral peaks
mugt be introduced.
Thelamplitude scaling constant is
SN
C, :—Zw(n) (24)
n=0
and the equivalent noise bandwidth
N-1
32 wE ()
N2 S
Be = n= 5 =5 (25)
( > } :
~ 2. w(n)
N n=0
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7.3.3 R.m.s. spectrum

The amplitude spectrum is used to quantify the components of sinusoidal, harmonic and non-harmonic signals

and is defined as
S
R (0)= 25| (0)
J2f N
R () = 25| () [for1<m< 2 1)

Windowing

of the time domain signals is assumed. The units of this quantity are U r.m.s.

7.3.4 Energy spectral density

The energy,
the energy

exx(m

Time winddg
quantity arg

If the transi
€y (m

The averag
variance de

spectral density is suitable for transient signals. For a deterministic non-stationary, transient si
spectral density is

:2|X(m)|2 (for1<m<%—1]

wing of transient signals is rarely done and no amplitude scaling is necessary. The units of
U2s/Hz, U2/Hz2 or U2s2,

pnt signal is random, then the energy spectral density is déefined to be

:E{|X(m)|2} (for1<m g%—q

e is taken over a sufficient number of*independent data blocks and is described in 7.5.
fined in Equation (11) shall be performed-with the energy spectral density of a random signal.

7.3.5 Power spectral density

This is also

known as the auto spectral.density.

Random, continuous signals are described by the power spectral density.

The power

P

XX

(m

where the 3

spectral density is-computed as the average

:E{ |X(m)|2} [for1<m<%—1j

verage is taken over various times in a long time record. The units of this quantity are U2/Hz. |

2f3
FC2NB,

signal is no

1-nrgndir‘7 then the nypnrf:\finn shall he taken over an ensemble of indnpnndnnf data blocks.

gnal

27)

this

28)

The

29)

the

Random stationary ergodic and non-ergodic signals are described by the power spectral density, where the
expectation is accomplished by an average over a sufficient number of statistically independent data blocks.

NOTE A random non-stationary continuous signal is described by the Fourier transform of the auto-correlation
function
K 7i2—nkm
Pxx(m,n) Lerx(k,n)e N

where the auto-correlation function is determined with a sufficiently large value of K to ensure that the complete response

is estimated.
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7.3.6 Cross-spectral density

The frequency domain relationship between two signals may be displayed as the cross-spectral density. For
transient signals described by the energy spectral density the cross energy spectral density is used:

exy(m):2X*(m)Y(m) (for0<m < N/2-1) (30)

The units of this quantity are U2s/Hz, U2/Hz2 or U2s2.

For signals described by the power spectral density the cross power spectral density is used:

Py (m)=2X"(m)¥(m) (for0<m<N/2-1) (31)

Thel cross-spectral densities are complex quantities. The magnitude and phase of this\quantity are displayed
as g function of frequency mAf.

7.3.f Coherence function

Thel coherence function 7fy is a dimensionless measure of the relationship between two signals in the
frequency domain. The coherence function is plotted as a function,of mAf. For two deterministic [signals, the
conplex coherence function is the following ratio of either energy

2
y2.(m)= ] (for 0 <m < N/2-1) (32)
exxeyy
or ppwer spectra
P 2
y2 (m)="-"1— (for 0 <m < N/2L£3) (33)
PPy

7.3.8 Frequency response function

Thel vibration time-history of\a deterministic response may be related to the input by finding the ratip of the two
sigrjals in the frequency(domain.

If the input and output signals are deterministic, periodic, sinusoidal signals, the complex values |of the input
and|response signals must be determined.

If the inputsand output signals are deterministic, periodic, complicated signals, at least one complgte period of
the Jnput and response signal must be captured in the time window.

If the mput—andoutput signals—are determinisStic, mon-perfodic, atmost-periodic signats, them the input and
response signal must be captured in a sufficiently long time window so that the frequencies are well resolved.
In general, a suitable window function must be used to well resolve the spectral content of the signals. In
addition, the windows must be long enough to include the time-delay of the response in a large mechanical
system.

If the input and output signals are deterministic, non-periodic transient signals, the complete input and
response signals must be captured in the time window.
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The frequency response function from signals defined with energy spectral densities is defined either as the
ratio of the cross-energy spectral density of the input and response to the energy spectral density of the input

signal

H1(m)

_ eyx(m)

€ (m)

(34)

or as the ratio of the energy spectral density of the response and the cross energy spectral density of the input
and response

e m
H2(m :M 35)
eyx(m)
For periodic or non-harmonic signals, the values of m in Equations (38) and (39) must be Jlimited to| the
frequencieq where a signal is present. Often most frequencies contain only noise.
The frequemcy response function derived from signals defined with power spectral densities is defined ag the
ratio of the |cross-power spectral density of the input and response to the power spectral density of the input
signal
P, .(m
Hq(m _ Bl 36)
P, .(m)
or as the ratio of the power spectral density of the response and the eross power spectral density of the ipput
and responge
P, (m
Hy(m)=—2 (m) 37)
Py (m)
In each cage, the units of the frequency response-function are Uy/U)C regardless of whether the inputs |and
outputs were described by energy or by power spectra.
The frequemcy response function is only«valid at frequencies where the correlation coefficient and input signal
are high.
The cohergnce function yfy may.be used to estimate the measurement noise. To estimate the energly or
power spectrum of the noise a(w)’present in the input x(n)
2
e, (m = [1 4 (m)}exx (m)
or
P 2/ o
va(m)—Ll—}/ T P ()

Likewise, the energy or power spectrum of the measurement noise in the output y(n)

vy (m)=[1=72 (m)] e, (m)

or

16
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