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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
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The purpose of this part of ISO 13373, which covers the area of vibration condition monitoring of machines, is
to provide recommended methods and procedures for processing signals and analysing data obtained from
vibration transducers attached to a machine at selected locations for the purpose of monitoring the dynamic
behaviour of a machine.
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hdband vibration measurements provide an overview of the severity of machine vibration
brved and trended to alert machine users when an abnormal condition exists with a machine.
analysing these vibration signals further in accordance with the procedures spécified in
13373 gives the user an insight into ways of diagnosing the possible cause or,causes of the

advantages of such a monitoring programme are that machinery operators will not only be n
a machine may fail at a certain time, and that maintenance should be planned prior to the failu
ide valuable information regarding what maintenance should be planned and performed. Th

cation problems.

13373-1 contains guidelines for vibration condition manitoring of machines. This part of
that can be used for diagnostics to determine the naturée or root causes of problems.

signal processing, analysis and diagnostic procedures applied to vibration condition monitorin]
ending on the processes to be monitored,\degree of accuracy desired, resources availg
-conceived and implemented condition meénitoring programme will include consideration of m

N as process priority, criticality and cemplexity of the system, cost-effectiveness, probability
re mechanisms and identification ofsincipient failure indicators.
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itored. For example;)knowing the vibration resonant frequencies and the excitation frequs
gn and analytical<information will provide an insight regarding the vibration frequencies antid
sequently, thesfrequency range that is to be monitored. Also, knowing the machine’s initial cg
hine’s operational history, and its operating conditions provides additional information for the a

br advantages to this pre-test planning process are that it provides guidance as to what typeg

what type of analysis would be most appropriate, and what are the relevant criteria.
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Further standards on the subject of machinery condition monitoring and diagnostics are in preparation. These
are intended to provide guidance on the overall monitoring of the “health” of machines, including factors such
as vibration, oil purity, thermography and performance. Basic techniques for diagnostics will be described in
an additional part of ISO 13373, which is under preparation at present.
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part of ISO 13373 recommends procedures for processing and presenting ‘vibration data an
htion signatures for the purpose of monitoring the vibration condition of rotating machinery, and
nostics as appropriate. Different techniques are described for different-applications. Signal er
nigues and analysis methods used for the investigation of particularsmachine dynamic phe
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part of ISO 13373 includes only the most~commonly used techniques for the vibratio
itoring, analysis and diagnostics of machines. There are many other techniques used to de
Bviour of machines that apply to more in-depth vibration analysis and diagnostic investigations
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3.1

1683, Acoustics — Preferred reference quantities for acoustic levels

Signal conditioning

General

Virtually all vibration measurements are obtained using a transducer that produces an analog electrical signal
that is proportional to the instantaneous value of the vibratory acceleration, velocity or displacement. This
signal can be recorded on a dynamic system analyser, investigated for later analysis or displayed, for example,
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on an oscilloscope. To obtain the actual vibration magnitudes, the output voltage is multiplied by a calibration
factor that accounts for the transducer sensitivity and the amplifier and recorder gains. Most vibration analysis
is carried out in the frequency domain, but there are also useful tools involving the time history of the vibration.

Figure 1 shows the relationship between the vibration signal in the time and frequency domains. In this display,
it can be noted that there are four overlapping signals that combine to make up the composite trace as it
would be seen on the analyser screen (black trace). Through the Fourier process, the analyser converts this
composite signal into the four distinct frequency components shown.

Key
X time 1\ “time domain oscillogram
Y amplitude/magnitude 2 frequency domain spectrum

Z frequengy
Figure 1 — Time and frequency domains
Figure 2 is p simpler example of a composite trace from a single transducer as seen on the analyser screen.

In this case, there are only three overlapping signals, as shown in Figure 3, and their distinct frequencies| are
included in Figure 4.

A A A LA A
M v \J v v V\

X
Key
X time
Y amplitude

Figure 2 — Basic spectra composite signal
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A
Y
X
Ke
X fime
Y pmplitude
Figure 3 — Overlapping signals
A
Y
X
Key
X frequency
Y pmplitude

Figure 4 — Distinct frequencies

For|many investigations, the relationship between vibration on different structure points, or differgnt vibration
direftions, is as important as™the individual vibration data themselves. For this reason, multi-channel signal
analysers are available with™ built-in dual-channel analysis features. When examining signals with this
technique, both the amplitude and phase relationships of the vibration signals are important.

3.2| Analog and-digital systems

3.2/1 General

The| analog signal from a transducer can be processed using analog or digital systems. Traditionally, analog
systems were used that involved filters, amplifiers recorders integrators-and other components-which modify
the signal, but do not change its analog character. More recently, the advantages of digitizing the signals have
become more and more apparent. An analog-to-digital converter (ADC) repeatedly samples the analog signal
and converts it to a series of numerical values. Mathematical routines on computers can then be used to filter,
integrate, find spectra (see 4.3.2), develop histograms or do whatever is required. Of course, the digitized
signal may also be plotted as a function of time. The analog signal, as well as the digitized one, contains the
same information on the premises of an appropriate choice of the sampling frequency.

When using either an analog method or a digital method, it is important to know the sensitivity of the signal to
be measured. The sensitivity is the ratio of the actual output voltage value of the signal to the actual
magnitude of the parameter measured. To obtain adequate signal definition, the signal of interest should be
significantly greater than the ambient noise levels, but not so large that the signal is distorted (e.g. so that the
peaks of the signal are clipped).

© 1SO 2005 - All rights reserved 3
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3.2.2 Digitizing techniques

The most important parameters in the digitizing process are the sampling rate and the resolution. It is
important to ensure that no frequencies are present above half the sampling rate. Otherwise, time histories will
be distorted or fast Fourier transforms (FFT) will show aliasing components that do not really exist (see 4.3.7
for further information about aliasing). The sampling rate will be determined by the type of analysis to be
performed, and the anticipated frequency content of the signal. If a plot of vibration versus time is desired, it is
recommended that the sampling rate be of about 10 times the highest frequency of interest in the signal.
However, if a frequency spectrum is desired, an FFT calculation requires that the sampling rate needs to be

greater than 2 times the highest frequency of interest to be measured. Anti-aliasing filters are used to
eliminate any. high-frnnllmnr‘y noise or other high-frnnlllnnr\y companents that are abaove half the Qamr\ling ate.

When digitigzing, the number of bits used to represent each sample shall be sufficient to provide the reqyired
accuracy.
3.3 Signpal conditioners
3.3.1 Gerneral
The vibratipn signals from transducers usually require some sort of signal cenditioning before they|are
recorded il order to obtain proper voltage levels for recording, or to eliminate™noise or other unwanted
components. Signal conditioning equipment includes transducer power supplies, pre-amplifiers, ampliflers,
integrators and many types of filters. Filtering is discussed further in 3.4.
3.3.2 Integration and differentiation
Vibration records can be in terms of displacement, velocity or.acéeleration. Usually one of the parametefs is
preferred because of the frequency range of interest (low-frequency signals are more apparent when uging
displacement, and high-frequency signals are more apparent when using acceleration) or because off the
applicable g¢riteria. A vibration signal may be converted to a different quantity by means of integratiop or
differentiatipn. Integrating acceleration with respectio time gives velocity, and integrating velocity gjves
displacemept. Double integration of acceleration will produce displacement directly. Differentiation does| the
opposite of integration.
Mathematidally, for harmonic motion, the following relationships apply:

displacement: x = [v dr = [[(ad) dr=-1/e? a (1)

velocity: O J.a dr (2)

dz
. v d%x
accelefation: g=—~—=—1 (3)
dt dtz

where wis the‘angular frequency of the harmonic vibration with o= 2xf.
NOTE See also 4.3.12.

A common vibration transducer is the accelerometer, so integration is much more common than differentiation.
This is fortunate since differentiation of a signal is more difficult than integration, but special care shall be
taken when integrating signals at low frequencies. A high-pass filter should be used to eliminate frequencies
lower than those of interest before integrating.

3.3.3 Root-mean-square vibration value
The root-mean-square (r.m.s.) value of the vibration signal is commonly used in vibration evaluation standards.

Criteria often apply to r.m.s. vibration values within a certain frequency range. This is the most used quantity
of vibration over a given time period. Other measures of a vibration signal can be confusing when there are

© I1SO 2005 — All rights reserved


https://standardsiso.com/api/?name=dc7707ec44d5a4e2b99f77bc19dbde01

ISO 13373-2:2005(E)

many frequency components, or when there is modulation, etc. However, the r.m.s. value is a mathematical
quantity that can be found for any signal, and most instruments are designed to find that quantity (see
Figure 5). Alternatively, the r.m.s. value may be found by using a spectrum analyser, by integrating the
spectrum between the upper and lower frequencies of interest.

A vibration signal may be filtered as required and displayed on an r.m.s. meter if the reading does not change
significantly in a short time period. However, if the indicated output varies significantly, an average over a
certain period of time shall be obtained. This may be done with an instrument that has a longer time constant.

b) Non-sinusoidal signal
Key|

1 peak value
2 fr.m.s. value

Figure 5 — R.m.s. value

3.3.4 Dynamic range

Thel dynamic range is the ratio(between the largest and smallest magnitude signals that a particular analyser
can|accommodate simultan€ously. The magnitudes of the signals are proportional to the output|voltages of
the fransducers, usually in_millivolts.

The|l dynamic range.inZanalog systems is usually limited by electrical noise. This is usually not a goncern with
respect to the transducer itself, but filters, amplifiers, recorders, etc., all add to the noise level, and the result
may be surprisifigly high.

In djgital systems, the dynamic range is dependent on the sampling accuracy, and the sampling rate shall be
adepjuate for the frequencies of concern. The relationship between the number of bits, N, used tq sample an
analog.signal and the dynamic range D (if one bit is used for the sign) is as follows:

6(N-1)=DdB 4)

Therefore, a dynamic signal analyser (DSA) with 16 bits of resolution will have a dynamic range of 90 dB, but
any inaccuracies will reduce the dynamic range.

3.3.5 Calibration

The calibration of individual transducers is well covered in the referenced documents (e.g. ISO 16063-21), and
is usually carried out in the laboratory before their use in situ. It is recommended, however, that a calibration
check be carried out for any field installation. The field calibration check normally does not include the
calibration of the transducer, but does include the rest of the measuring/recording system, such as amplifiers,
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filters, integrators and recorders. Most often it involves the insertion of a known signal into the system to see
what output relates to it. The signal may be a d.c. step, a sinusoid or random noise, depending on the type of
measurement.

Certain transducers, such as displacement transducers or proximity probes, are precalibrated. However, in
this case, their calibrations should be checked in the field in conjunction with the surface being measured,
since proximity probes are sensitive to shaft metallurgy and finish. Calibration of these probes is carried out in

place with micrometre spindles, and the outputs for each are noted.

When chec

Strain gauges are also often calibrated in the field after they are installed. The most desirable calibration-i
a known load to be applied to the component being measured. If that is not practical, a shunt calibratien
be made where a calibration resistor is connected in parallel with the strain gauge, thus changing the-app3

resistance
factor.

3.4 Filte

There are three basic types of filters available for signal conditioning and analysis:

low pajg

high pz

bandpa
Low-pass fi
and they b

Examples g
that are uny

High-pass fjlters are mainly used to exclude low-frequency transducer noise (thermal noise), or some g

unwanted (
although of

Bandpass filters, when included (for.analysis, are used to isolate distinct frequency bands. Very com

bandpass fi
measuremsg

king the calibration of seismic transducers in the field, a shake table is required.

bf the gauge by a known amount, which is equivalent to a certain strain determined, by the g4

ring

S,
ss, and
SS.
Iters, as the name implies, are transparent only“for the low-frequency components of the sig
ock out the high-frequency components above the filter limiting frequency (cut-off frequer

f application are anti-aliasing filters (see 4:3.7), or filters that exclude high-frequency compon
vanted for special investigations (e.g. gearmeshing components for balancing).

omponents from the signal, prior to analysis. This can be important since such compons
no interest, can dramatically-reduce the useful dynamic range of the measurement equipment.

ter types are the octave filters or 1/n octave filters, which are especially used to correlate vibra
nts with noise measurements.

Filtering is

the spectra|with botk high and low amplitudes, for instance, they cannot usually be analysed with the s
level of acguracy ‘because of limitations in the dynamic range of the analyser. In such cases, it may

necessary

articularly important when analysing signals with large dynamic ranges. If there are frequencig

filter{out the high-amplitude components to examine more closely those of low amplitude.
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nal,
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Filtering is also important for separation of informative signals and disturbances (as electronic noise is in the
high-frequency range or seismic waves are in a very low-frequency range).

When filters are used to isolate a particular frequency component to examine the waveform, care shall be
taken to ensure that the filter sufficiently excludes any component of frequencies other than those of interest.
Simple filters, analog as well as digital, do not have very sharp cut-off characteristics, because the filter slope
outside of the transmission band is poor.

EXAMPLE A particular filter with a 24 dB per octave slope will pass about 15 % of a component with twice the

frequency, and about 45 % of a component with 1,5 times the cut-off frequency. To improve the filter's suppression
characteristics, several simple filters can be cascaded, or a higher-order filter can be used instead.
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4 Data processing and analysis

41 General

Data processing consists of raw-data acquisition, filtering out unwanted noise and/or other non-related signals,
and formatting the measured signals in the form required for further diagnosis. Therefore, data processing is
an important step towards achieving a fruitful and meaningful diagnosis. The device that acquires the vibration
signals from the transducer should have adequate resolution in both amplitude and time. If digital data
acquisition is utilized, then the amplitude resolution should be high enough for the application. A higher
number of bits of resolution provide the ability to obtain greater accuracy and sensitivity, but it typically

reqyiires more expensive hardware and greater processing power.

Ond

fornpats so that the diagnosis is made much easier for the user. Examples of such formats incl
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e the signals are acquired, the next step is to process them and then display the outputs.in va

5, polar plots, Campbell diagrams, cascade and waterfall plots and amplitude decay-plots. The
clause, therefore, is to present these various methods of presentation available to the user
rmine better the conditions of machines.

Time domain analysis

1 Time wave forms

he past, waveform analysis was the primary method of. vibration analysis. An instantaneo
us time strip chart or oscillograph was usually analysed\graphically, and broadband peaks

e these broadband techniques are still being used, it-is helpful to look at the waveform with

e basic techniques in mind. For example, a scratched\journal can be detected by looking at wa

eness, etc.

e these time-domain signatures can portray waveforms that provide basic information re
re of a phenomenon occurring in a machine, the more in-depth frequency analysis technique]
3 may be required.

analysis of waveforms is based on the principle that any periodic record may be repres
brposition of sinusoids having'frequencies that are integral multiples of the frequency of thq
res 6 to 9 show several examples of waveforms.

re 6 is essentially.a.6ne-cycle sinusoid with a constant amplitude. The double amplitude (or pq
e vibration is obtained by measuring the double amplitude of the trace, and multiplying by the 5
measuring and.recording system, which is found by calibration. The frequency is found by ¢
ber of cyclesin a known time period. The time on an oscillograph is indicated by timing lines,
ving the\paper speed. For the trace shown, there are 60 timing lines per second; therefore,
cate, that the fundamental period, 7, is 0,2 s, and hence the frequency, f=1/T, is 5Hz.
oved if the number of cycles in a longer section of the record is used.

rious useful
ide Nyquist
objective of
in order to
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vere noted.
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veform data
mechanical

garding the
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ented as a
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Figure 7 is the superposition of two sinusoids with three cycles of the lowest frequency shown. The
components can be separated by drawing sinusoidal envelopes (upper and lower limits) through all the peaks
and troughs as shown. The amplitude and frequency of the low-frequency component is that of the resulting
envelope. The vertical distance between envelopes indicates the peak-to-peak value of the high-frequency
component, and the high frequency can usually be counted. In this example, it can be found that the
frequencies differ by a factor of three. When the frequency ratio of two superimposed sinusoids is high, they
may be separated as shown; in all other cases a Fourier analysis is more useful.
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NN
012 3 &5 6 7 8 910 112
NN
0 0,2 X>
Key
X time, s
Figure 6 — Waveform characteristics
Key
a8  Cycle.
Figure 7 — Superposition
4.2.2 Bearing

Often signals look like the trace of Figure 8, where the envelopes are out of phase, causing bulges and waists.
This signal is caused by two components that are close in frequency and amplitude. This is called beating,
which is a special case of superposition. An example of beating is the two blade frequencies of the twin
propeller drives of a ship added together. The peaks of the two signals alternately add and subtract. Other
characteristics of beating are that the lengths of the beats are about the same, and the spacing between the
peaks at the bulges is different than that at the waists. The distances between the envelopes at the bulges
and waists represent the sums and differences, respectively, of the peak-to-peak values of the two
components. Another example is the vibration that is forced by two coupled machines (compressors or others),
driven by asynchronous electrical motors.

8 © I1SO 2005 — All rights reserved
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VAAVERY,

1 2 3 4 X
Key
X |time, s
Y |amplitude

a Peak-to-peak value at waist: 0,2.

b | Peak-to-peak value at bulge: 0,7.

¢ |Waist.

d  |Bulge.

e Vibration cycle: 0,33 s corresponds to 3 Hz.
f Beat cycle: 2 s corresponds to 0,5 Hz.

Figure 8 — Examiple of beating

EXAMPLE If the components’ amplitudestare X, for the major and X, for the minor, measurements show that
Xn 1 X,=0,7 and X, — X, =0,2, the solution“being X,,=0,45 and X,=0,25. These record amplitudes| have to be
mulfjplied by the system sensitivity to get actual amplitudes. The major frequency can be found by counting the number of
peaks as described before (in Figure 8.it is 3 Hz). This frequency is also an integral multiple of the beat freqpiency, in this
casg 6 times. The frequency of the-minor component is either one more (7) or one less (5) times the beat frequency. The
spag¢ing of the peaks at the waist-indicates which one it is, since it reflects the major component. In Figure 8 the spacing is
narrpwer so the major component has the higher frequency. In Figure 8, the beat frequency is 0,5 Hz apd the minor
frequency is 5 times that, i.e.\2,5 Hz.

It should be noted that-the beat frequency is the difference between the frequencies of both components, but
the pverage peak’frequency is equal to one-half the sum of both. A simple rule for calculating the frequencies
is:

fo =fiv=Jn )]

whdre

Jfp s the beat frequency;
Jm is the frequency of the major component;
Jn s the frequency of the minor component.
In the example shown in Figure 8, by counting the peaks, there are 6 peaks in 2 s, which means f,, = 3 Hz.

The beat cycle is 1 cycle in that same time period, which means f, = 1/(2 s) = 0,5 Hz. Inversing Equation (5) to
become f,, = f,, — /., Yields the frequency of the minor component f;, = 3 Hz - 0,5 Hz = 2,5 Hz.
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4.2.3 Modulation

Figure 9 shows the trace of a modulated vibration signal. It looks similar to beating but there is actually only
one component whose amplitude is varying with time (modulating). This is distinguishable from beating
because the spacing of the peaks is the same at the bulges and the waists. Also, the length of the bulges may
not be the same. Gear problems often result in modulation of the gear mesh frequency at the gear rotational
frequency.

Unfortunately, many vibration records contain more than two components, and may involve modulation and
perhaps beating as well. Such records are extremely difficult to analyse, but the analyst may be able to find
sections of_the record in which one component is fnmr\nrnrily dominant_and obtain the frnnlllnnr‘y and

amplitude of that component in that section.

Figure 9 — Modulation
4.2.4 Envelope analysis

Envelope analysis is a process for the demodulation of low-levelccomponents in a narrow frequency band,
which are [obscured by a high-level broadband vibration (impulse-excited free vibration, gear meshing
vibration, ahd others). Envelope detection provides a means<for recognizing flaws earlier and with grgater
reliability. Ifs most common application is in analysis ofi\gears and rolling element bearings where a
low-frequency, generally low-amplitude repetitive event (such as a defective tooth entering mesh or a spalled
ball or rollgr striking a race) excites high-frequency-résonance(s), resulting in the high frequency beging
modulated by the defect frequency. A sample of an envelope trace is shown in Figure 10.

It should bg noted that the modulated component heeds to be separated previously by narrow band filtering.

4.2.5 Monitoring of narrow-band frequency spectrum envelope

Monitoring of narrow-band frequency spectrum envelope detects any penetration of an envelope, which is
usually an alarm limit, around a reference spectrum. The constant-bandwidth envelope, where the frequency
difference is the same number of lines at low and high frequencies, is generally used for constant-speed
machines.

A constant-percentage bandwidth envelope increases the frequency difference (offset) between the envelope

and the monitored component proportionally to the increase in frequency. This method has advantages
because all harmonic components will remain in the same frequency band over small speed changes.
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Amplitude limits for individual frequency components are of two types. A constant-percentage offset is the
most commonly used because it is the simplest to calculate and only requires a single reference spectrum.

A more representative method is to calculate a statistical mean for each segment in the envelope, and then
set the alarm limit 2,5 to 2,8 standard deviations above the mean. The statistical calculation requires 4 or 5
high-resolution spectra, and then automatically accounts for normal differences in amplitude variation

commonly observed in the machinery spectra.

4.2.
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large rotating machinery with sleeve bearings, it is common practice to use shaft orbit
rmine the movement of the shaft within the bearing clearance space. However, care should
re that the shaft orbit display is not distorted unnecessarily by the effects of shaft’mec
trical run-out. Proper interpretation of the orbit can yield insight into the nature of the forcing f
possible to determine whether the rotor whirl is forwards (in the direction,_0f rotation) or
inst the rotation). Orbit presentations are displayed as either unfilterednor filtered sign
dband (unfiltered) and single-frequency (filtered) orbit plots are shown in Figure 11.

/\ /_\

a) Unfiltered b) Filtered

Figure 11 — Shaft orbits

synchronous (4~x)-filtered display is common; however, other harmonics or sub-synchronous
displayed in<ah-0rbit presentation to further describe or solve a problem. A mark (point, hig
h provides\a~shaft reference (e.g. once-per-revolution signal), gives information about the
veen thewibrational and the rotational frequencies.

orbit. plot presents the dynamic motion of the centre of the rotating shaft at the measuremer

orbi

d 90° apart.
analysis to
be taken to
hanical and
inction. It is
backwards
bls. Typical

frequencies
nlight, etc.),
relationship

t plane. An

issSometimes called a | iQQﬂjﬁl 1S Inl"nthfﬂfinh The transducers for the orbits should he the sar

e type and

should be mounted orthogonally (90° apart). If the transducers are not orthogonal, the orbit will be skewed. In
the case of a notched shaft, the convention is blank — bright. Blank indicates the beginning of the notch, bright
indicates the end of the notch. Therefore, in Figure 11 the whirl direction is clockwise.

The direction of shaft rotation, clockwise or counter-clockwise, is independently determined depending upon
the view direction. If the whirl direction is the same as the direction of rotation, the vibration is referred to as
forward whirl. Backward whirl is when the whirl direction is opposite from the direction of rotation. In Figure 11,
since both the rotation and the whirl directions are clockwise, the whirl is forward.
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427 D.c.

shaft position

To determine the d.c. shaft position, displacement transducers are frequently used to give indications of the
relative loading of sleeve bearings by their eccentricity ratios. The attitudes of the journals within their bearings
as measured from the d.c. part of the signal (i.e. the gap) is very useful in monitoring large machines. The d.c.
position can validate appropriate bearing lift and correct shaft position. Care should be taken, however, to

avoid misre

presentation due to d.c. signal drift over a long period of time.

4.2.8 Transient vibration
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eed vibration is usually described as the vibration information obtained during the start-up

and

conditions of a machine train. The vibration data are usually displayed in presentation forr
cade (waterfall) diagrams, Bode plots, polar diagrams (Nyquist diagrams) and Campbell diagrz

bration of a structure occurs when it is excited by an instantaneous force. It may be @ single p
hting excitation of short duration. When the excitation ceases, the structure tendso vibrate &
Liencies while the damping in the system causes it to decay exponentially.

he time history of the structural response after the force stops is a combination of decrea
An example of a damped sinusoid is given in Figure 12. It can be-neted that the compg
Jue to superposition of the natural modes of the system are excited simultaneously by
us forcing. In general, the higher frequency components decay rapidly and the compg
rogressively degenerates into a damped sinusoidal response-of the lowest frequency mode,
ency modes having been damped out.

ling element bearings are often detected from repeated:high-frequency transient responses to
cts.
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a  Exponential decay of peak amplitude envelope.
b Composite waveform.
¢ Waveform of lowest frequency mode.
d Degenerated waveform.

Figure 12 — Transient vibration
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4.2.9 Impulse

Impulse response is the time history of the vibratory response of a mechanical system to an impulse that can
be represented as a force, F, applied over a very small period of time, At, where the impulse is the integral of
F,-dt from ¢ to (¢ + Af), see Figure 13.

Inm

any cases, impulse response is used to identify resonance frequencies in stationary structures.

YA

o
s At X
Key
X fime
Y force

4.2.10 Damping

Figure 13 — Impulse-excitation

Damping is the mechanism by which vibratory motion is converted to other forms of energy, usually heat,
resdlting in decaying vibration magnitudes. The amount of damping, ¢, is often proportional to the vibratory
veldcity and, even when it is not, it is often assumed to be for purposes of mathematical analysig. A system
has| critical damping, ¢, if it has the smallest amount of damping required to return the system to its
equyjlibrium position without oscillatiorm. Nf the system’s damping is less than critical, it will ogcillate with
decpying amplitudes (see Figure 14 and ISO 2041). For a multi-degree-of-freedom system, some modes may
have less than critical damping and'some may have more.
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Figure 14 — Decaying amplitudes due to damping
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If the amplitude of the decaying vibration of a particular mode, X, is plotted versus the time duration, the
logarithmic decrement, d, is:

where 7 is the number of cycles for the amplitude to decay from X; to X, 4.

The loss factor is a common measure of the relative damping in a system. The logarithmic decrement, d, is
related to the loss factor, 4, by & = di=.

NOTE 1  Typically, the symbols used to denote the loss factor include %, z and 5. Those for the logarithmic decrement
include a an¢7t.

The loss fagtor can also be found in terms of the decay rate, X', in decibels per second, as follows:
h=X' (27,3 fn) (7)

where f,, is the natural frequency in hertz.

The amount of damping, ¢, in a system is indicated by Q, which is the magnification-factor at the undamniped
natural frequency. The magnification factor is a function of frequency and is the,ratio of the system’s dynamic
displacement amplitude to the static displacement of the system if it were subjected to a constant force of the
same magnitude. Provided that there is no significant interaction between¢the modes, then for a partiqular
mode, Q may be found from:

0 = 1/(Rclc,) (8)

From measpred response curves, Q may be approximated for.a(particular mode from the ratio of the resopant
frequency, f;, to the difference between the frequencies at the half-power points (0,707 times the maximum
amplitude) pn each flank of the curve:

0- 11 ©)
where
fr is the resonant frequency;

Af=fo 1 f1 with f; and f, being the half-power points.
The magnification factor is related to the logarithmic decrement by the following approximation:
Q0 ~ 1/d 10)

NOTE 2  If the damping is small, Q = 1/h.

As an example, \Figure 15 shows a typical representation of the O factor derived from a Bode plot. A sinilar
result can |II:- obtained from a Ir_\nlnr dingrnm

Damping is a useful quantity when investigating the cause and effect of vibration in rotating machinery. A
mode near the operating speed may be acceptable as long as it is well damped and therefore not contributing
to the response. Alternately, a mode with very little damping may be so sensitive that the machine will respond
violently, or may not even be able to pass through a resonant speed.

4.2.11 Time domain averaging

Each signal contains components that are synchronous with processes or motions in the monitored machine
or equipment, as well as non-synchronous ones (with an origin that is independent of the system under
observation). These components can be separated by frequency analysis (see 4.3). Another common
technique applied to identify these occurrences is called time domain averaging. In this process, each data
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sample is synchronized to different rotating elements via a reference pulse or a trigger. The averaging, which
can range from a few samples to more than 200, is computed in the time domain, and a spectrum is obtained
only based on the resulting averaged time waveform. Those time signal parts which are non-synchronous with
the reference progressively cancel each other. The more averages the better, the number depends on the
application.

In time domain averaging, the corresponding samples are actually algebraically added for each record, and
then divided by the number of records. The result is that the desired repeating waveform remains intact while
all other averages tend toward zero (including other repeating waveforms). The rate at which they decay away
equals the square root of the number of averages.

NOTE 100 averages (records) will reduce the unwanted signals by a factor of ten; 10 000 averages will[reduce them
by alfactor of 100.
A
Y
Rmax
Rnsx/ V2
f. X
Key
X frequency
Y fesponse
Figure 15 — Q factor

Thig technique is very useful for the identification of which rotor in a multiple-rotor machine is the [source of a
vibration_phenomenon. It may be used to detect various faults, such as damaged gears, blades|and rolls in
papef-machines.

EXAMPLE 1 A good example is in the case of a turbine-driven pump with gear drive with different shaft speeds, where
there is a once-per-revolution synchronizing trigger on each shaft. The signal from an accelerometer mounted on the
gearbox may be analysed using time domain averaging in which the process is repeated for each synchronizing trigger.
Using the turbine shaft trigger, the signal reduces to a sinusoidal waveform indicating the degree of unbalance in the
turbine shaft. Using the pump shaft trigger, the signal reduces to a periodic pattern at vane passing frequency, indicating a
fixed radial offset of the pump shaft within its housing.

EXAMPLE 2 Another example is where strain gauge bridges are mounted on two large hydroturbine blades, and their
signals brought out by means of telemetry. A once-per-revolution trigger is used to synchronize the time domain averaging
process. After several averages to reduce the flow noise, an uneven pattern may emerge which is identical for each blade,
but offset in time by the rotational angle between the blades. The diagnosis is an uneven flow through the series of wicket
gates that feed the turbine. The pattern is then used to re-adjust the gates to even out the flow and reduce the dynamic
stresses on the blades.
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Although very effective, time domain averaging, by its very nature, cannot show asynchronous events such as
antifriction bearing faults.

The averaging of complex frequency spectra of successive realizations normally requires a steady-state
vibration condition. If there is an unsteady excitation frequency or a changing rotational speed, the simple time
domain averaging does not apply. Instead of this, the signal needs to be sampled in constant intervals of the
exciting process (e.g. equidistant rotor angle intervals or other positions; this can be done by means of an
encoder). The result of the succeeding frequency transformation is an ordering spectrum instead of a
frequency spectrum. For impulse response signals, averaging may be executed in the time domain by event
triggering, e.g. a trigger tuned by the excitation impulse.

The sourcq of the trigger is not limited to rotating equipment. Other applications, for instance, are psliper
machine bdlts, conveyor belts, etc. In addition, the source of the signal is not limited to vibration. lt(may be a
process signal related to the machine in question that can identify a malfunction or a process parameter [that
should be monitored for fault development. A frequency multiplier may also be used instead of triggering from
different shafts, e.g. in the case of multiple shafts such as in a gear box.

4.3 Frequency domain analysis
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| of vibration analysis is done in the frequency domain becausg. the various sources of vibrg
be isolated by the frequencies at which they occur. A single ‘channel analysed in the frequd
bs a great deal of information, but often it is important toxrelate vibration to a second channg
se or amplitude reference, or both.

4.3.2 Fourier transform

The basic technique for converting a broadband time trace to discrete frequencies, or frequency bands, i
the applicdtion of the Fourier transform (FT), axmathematical technique that identifies the sinusgidal
component$ that make up the total vibration signal;-<including any mechanical or electrical noise that may be
present. This analysis can be realized with the-help of a computer and signal processing software, by spegcial
devices (which are usually called a Fourier analyser), or by hardware microchips (DSPs). More commpnly
used in anglysers now is a more efficient.mathematical routine, the fast Fourier transform (FFT).
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relationship between the bandwidth of the frequency lines (or bins), the frequency span and
e time trace. In.Figure 16, the bandwidth is 2 Hz, which is 100 frequency lines between 0 and
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effects-of aliasing (see 4.3.7), higher frequency components can be falsely identified as Ig
A\nti-aliasing filters should be used in order to avoid this possibility.
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The result of a Fourier transform is a complex spectrum, which can be displayed as
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of each frequency component.

From a practical viewpoint, the magnitude spectrum has more information; therefore, the phase spectrum is
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Figure 16 — Maghnitude frequency spectrum

4.3.3 Leakage and windowing

When sampling a waveform, leakage: can occur if the sample contains a non-integral number of [cycles. The
result is smearing of frequency, domain peaks because the sample inaccurately represents the wayeform from
whi¢h it was taken. A windowfunction reduces these errors by correcting for this leakage. The Hanning
windlow does an acceptable, job for sine waves that are periodic and non-periodic as time records. Although
the Hanning window is_mest commonly used, there are other types of windows that are available fand may be
usefl to enhance the Signal.

For|transient events a Uniform (rectangular) window produces better results. The Hamming window gives a
narfower spectral peak than the Hanning window at higher levels, in exchange for flaring skirts fyrther down.
The| Blackman window, and its derivatives Blackman Exact and Blackman Harris, give a wider pgak than the
Hanning, but with even lower skirts. The Flat Top window can improve amplitude accuracy over the Hanning
windlow) at the expense of being able to resolve small signals that are closely spaced to large pnes in the
frequency domain. It gives the widest peak, with skirts equivalent 1o the Hanning, but the Top of the peak is
flattest for the most accurate level readings with changing frequencies. By correcting sampling bias, windows
improve asynchronous waveform plots such as spectrum, cascade and waterfall. The Flat Top window can
also be used for calibration.

NOTE Time domain windows for Fourier Transform analysis are described in ISO 18431-2.

4.3.4 Frequency resolution
The mathematics of an FFT requires that the frequency span of interest be divided into a finite number of

sections, and the amplitude of vibration within each section is displayed as a vertical line, sometimes referred
to as a “baseband” spectrum. The number of sections is referred to as the number of lines of resolution (LOR),
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N_or- There may be more than one frequency component at frequencies within a single LOR bin, and the
analyser includes this total energy and displays it as a single line at the centre frequency of the bin.

It is important to have a sufficient number of LOR to distinguish between closely spaced frequency
components, and to use a frequency span that includes all frequencies of interest. Normally, at least 400 LOR

are used, but many machines require finer resolution than that. The following relationship applies:

NLOR =/max/B (1)
where

N_or ip the number of lines of resolution;

Jmax 1B the maximum frequency of interest;

B is the bandwidth (line spacing).
As the relationship shows, for the same frequency range of interest, the finer the resolution, the smallen the
bandwidth.
4.3.5 Recpord length
A single reglization of the Fourier transform requires only a short record lenhgth, T, and the length of regcord
required forlan FFT is dependent on the bandwidth, B, as follows:

T=1/B 12)
The length pf record available may restrict the resolution. As:an example, if a spectrum has a span of 100 Hz
and a resoltition of 400 lines, the bandwidth shall be 1/4 Hz;;and the record length shall be at least 4 s. For the
same resollition, if the span increases by a certain factor;\the record length decreases by the same factor,|and
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The presence of sidebands can be very helpful in the detection of broken rotor bars in large induction motors
by measuring the decibel down values. The decibel down, Ly, is equal to 20 times the logarithm of the ratio of

the rotor ba

r fault peak value to the line frequency value. Mathematically, this relationship is:

Ly =20 1g(/4/l,) dB (13)
where
1y is the amplitude of the sideband,;

lef is the amplitude at line frequency (50 Hz or 60 Hz).

18
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As shown in Figure 17, the spectrum for a motor with no problems consists of a clear peak at the line
frequency and sidebands equally spaced on either side. The magnitude of the sidebands may be over 60 dB
down from the magnitude of the line frequency (60 Hz in this case).
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Figure 17 — Motor with no problems

Figdre 18 is the spectrum for a motor with.a fault. In this case, there is a distinct peak at line frequency and
eleVated sidebands at the rotor bar faultfrequencies.
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Figure 18 — Motor with a fault
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It can be noted that the structure of the sidebands in the frequency domain has the same information as the

envelope spectrum in the time domain.

4.3.7 Aliasing

Aliasing is a false representation of a frequency that can result when the sampling rate of a digital analyser is
too low to describe that frequency adequately. It is much the same as when a point on a disc appears fixed if
the sampling frequency from a strobe is exactly coincident with the disc rotational frequency. However, if the
frequencies are not exactly synchronized, the disc will appear to be rotating slowly. Similarly, if a sine wave is

sampled too slowly, it will appear to be a lower frequency. This is eliminated by low-pass filtering the signal
before sampt i f i — his
is clearly presented in Figure 19. By comparing the frequency of the high-frequency sine wave and| the
sampling interval, it can be shown that the sampling frequency is lower than one-half the signal frequehcy.
Therefore, the dotted low-frequency signal will be analysed as an aliasing signal instead of,the actdally
measured gne. This is why the sampled amplitudes (the marked joint points in both curves) cerrespond td the
measured high-frequency signal, as well as to the low-frequency aliasing signal.
When the gampling rate is set exactly at two times the maximum expected frequency,\this is known as| the
Nyquist frequency. In practice, most sampling rates are set at greater than two times_the maximum frequency
(about 2,56|times) to allow for a low-pass filter without a sharp cut-off.
Digital analysers today use anti-aliasing filters that remove all frequencies‘above 40 % of the sampling rate,
before the ime data are sampled and converted to digital data; therefore,"with most digital analysers, aliasing
is no longer a problem. However, the analyst should confirm this before analysing the data.
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Figure 19 — Aliasing
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4.3.8 Synchronous sampling

Rather than sampling at a fixed rate with respect to time, an external signal may be used in many analysers to
control the sampling rate. Normally, the sampling rate will be some multiple of the external signal frequency.
This is most often used with rotating machinery, where a revolution marker is used to determine the sample
rate. The sample rate would be greater than two times the highest-order vibration of interest. There are four

major advantages to this procedure, as follows.

a)

If the speed of the machine changes, most frequency components which are related to th
frequency (blade, vane, gear mesh, etc.) will stay in the same frequency bin, rather than sp
energy over more than one bin.
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All orders of vibration are in the centre of a frequency bin where its amplitude is mea
accurately.

It is possible to average the series of digitized measuring values without consideration of chg
rotational speed.

All orders of vibration will maintain the same phase angle with respect to thelexternal signal.
that the spectra can be averaged vectorially, reinforcing the pertinent orders of vibration,
other signals not associated with that rotational speed, including most noise signals, to averag

result of the Fourier transform of a synchronously sampled signal is-the ordering spectrum X(n
I corresponds with one vibration period per one rotor revolution.

noted that digital order tracking is an approach used in practice (see 4.6).

bn performing synchronous averaging, care should also bé& taken to avoid averaging out any ng
als of significance (e.g. bearing instability).

D  Spectrum averaging

ending on the component frequencies of*the signal, a single FFT requires only a fraction of a
seconds of record. However, a modulating signal may require a longer time period to establ
rage amplitude. Therefore, averaging successive FFTs is a very important function of analy
channel is available, the absolute”amplitudes in each bin are averaged without regard to
raging of the complete spectrum (real and imaginary part) requires a synchronization of each
ctrum by a process-dependent trigger signal.

re are other averaging techniques that may be applied, such as frequency domain averagi
nique quickly becomes very complicated and is therefore used only for special applications.

y analysers doyhowever, perform exponential averaging, which weights the FFTs with an e
basing functien, thereby weighting the signal in favour of the most recently recorded data. Thi
ten usedfor'studies of transient vibration in which the amplitudes are exponentially decreasing

thertype of averaging found on analysers is peak averaging. This finds the maximum amplitu
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n4ime period of all the FFTs in each of the frequency bins and displays those peaks. Note tha

t each peak

is the average amplitude within its own time record.

4.3.10 Logarithmic plots (with dB references)

With vibration records, there are usually many frequency components with greatly varying amplitudes. Many
of the components with small amplitudes are important but, when plotted on a linear scale, can hardly be seen.
A logarithmic plot, which compresses the large components and enlarges the small, shows all the significant
components, as well as the level of noise present. The amplitude, X, is plotted as level, L, in decibels:

L =20 Ig(X/X,) dB (14)
where X, is a reference value.
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Sometimes the frequency axis is also displayed in a logarithmic scale for better recognition, or for separation

of the low-frequency components. On the abscissa, the decibel unit is not used (see 4.7).

Differences in decibels are equivalent to ratios, examples of which are shown in Table 1.

Table 1 — Differences in decibels and equivalent ratios

Diffe(zjr;nce Ratio
0 1
6 2
20 10
26 20
40 100
60 1 000

Ratios smaller than one are reflected by negative decibel values, e.g. a ratio of 1/2is'-6 dB.

Reference pMalues for logarithmic levels are specified in ISO 1683, except for displacement. For vibrgtion

analyses, the values given in Table 2 may be used.

Table 2 — Reference values for logarithmic levels

Quantity Reference value
Acceleration 10-6 m/s?
Velocity 109 m/s
Displacement 102 m
Power 1012w

4.3.11 Zoom analysis

Often frequency components are _too close together to distinguish between them on a normal FFT, w
generally consists of 400 lines‘(base band); however others exist. Some analysers have higher resolution

hich
but

often zoom|spectra are usedto get better resolution. A zoom analysis creates a spectrum with a frequgncy

scale that does not startat.zero but at another free eligible frequency, so that the selected number of lineg
utilized to gxpand the.ftequency range of interest. The bandwidth is correspondingly narrower; however,
record lendth will_still’be related to the bandwidth. One problem in using the zoom spectra is that
frequencieg mustibe more stable because of the narrower bandwidth.

g ofthe e of zoom spe is in ge analysis When apnlied il re in sidebhz

of the gear mesh frequency and the spacing of the sidebands will indicate the faulted wheel. A similar zoom

are
the
the

Inds

approach may also be useful to identify faults in rolling element bearings. Figure 20 shows the advantages of
performing zoom analysis. Note that the frequency components not visible in the original zoomed spectrum

are now visible.
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Key|
Section of original spectrum.

Higher resolution translated spectrum.

Figure 20 — Zoom analysis

4.3.12 Differentiation and integration

Diffgrentiation and integration are important in vibratien ‘analysis when signals shall be converted between
disglacement, velocity and acceleration. For rotatingmachinery, the vibration signal is often dominated by the
synghronous component, and can therefore be harmonic motion. The following formulae then fake on the
follqwing appearance in the time domain (see also 3.3.2):

displacement: x = x-sinwt (15)

velocity: Vv =wX-COSmt =V ~COS wt (16)

acceleration: a =-w?ilsinwt = - sinwt = —a - sinwt 17)

and
acceleration{ ~¢’=a - sinwt (18)
. a -

velogaitys Vv =——-COSwt = —V - COS Wt (19)

[0
. a . 4 . A .

displacement: x = ——Sinwt=——-sinwt = —x-sinwr (20)

W w

The displacement lags the velocity by 90°, and the velocity lags the acceleration by 90°. To convert between
quantities in the frequency domain, both differentiation and integration may be carried out by dividing or
multiplying, respectively, each component by its angular frequency. Most analysers include these functions for
the frequency domain.

It is stressed that to utilize accurately the integration and differentiation formulae, the vibration signal must be

predominantly synchronous. It is necessary to check to determine if the 1 x component is greater than 90 % of
the unfiltered, or direct, component. Otherwise, each spectral frequency shall be converted separately.
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4.4 Display of results during operational changes

4.41 Amplitude and phase (Bode plot)

When a harmonic vibration signal is expressed in terms of an amplitude and phase, a second signal is
required as a reference for the phase. It may be a shaft revolution marker, the vibration at a different location
or direction, a measured force or some other appropriate reference. The frequency(ies) of the second signal
shall be considered in relation to the frequencies of interest. For example, a shaft revolution marker could be
used as a phase reference for rotational frequency or any of the higher harmonics of rotational frequency.

The phase

When the tvo signals represent different quantities (e.g. force, velocity, acceleration), care shall be-taken to
interpret the physical significance properly. Note that, for any sine wave, the displacement lags the velocity by
90°, and tHe velocity lags the acceleration by 90°. Very often, signal-conditioning equipment changes| the
phases of the signals, and differences between channels shall be compensated for.

The amplityde and phase of a sine wave may be plotted as a function of time. However,-when the amplifude
and phase pf a machine vibration is plotted against the machine speed, it becomes/ayBode plot, as shown in
Figure 21.

Y'y

Key

X speed
Y amplitude
Y’ phase, degrees

8  Resonarcé-

Figure 21 — Amplitude and phase (Bode plot)

4.4.2 Polar diagram (Nyquist diagram)

In a polar diagram, each point represents an amplitude/phase vector for a discrete frequency as shown in
Figure 22. If the diagram includes several vectors for different rotating speeds, or other parameters, by
showing only the connecting line between their tips, it is known as a Nyquist diagram.

A polar diagram shall have a phase reference, such as a shaft revolution marker, that indicates each 360°

rotation of the shaft. Polar diagram (and/or Bode plots) are used to identify accurately the location (speed) of
any resonances of the rotor/bearing/support system.
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2108

NOTE The parameter is the rotor speed (r/min).

Figure 22 —{Polar diagram (Nyquist diagram)

443 Cascade (waterfall) diagram

The| cascade or waterfall diagram provides a simple comparison of several frequency analy
three-dimensional form,0f spectra display that clearly shows vibration signal changes related
parameter (such as-speed, load, temperature, time) taken for specified parameter values, such as

Thel sample caseade spectrum of Figure 23 is an overall picture of many vibration spectra for a mg
starf-up/coast-down region. Normally, the cascade spectrum display provides frequency (Hz or org
maghine rotational speed and vibration amplitude of the discrete frequency components. In s
howeyer;. the machine speed may be substituted by another variable (e.g. time, load), in which ca

ses. It is a
to another
ime.

chine in the
ers) versus
bme cases,
se it is then

called-a_waterfall diagram. When using machine speed for this display, it is necessary to reg

speed/phase reference signal.

ord a rotor

The cascade spectrum of Figure 24 shows the fundamental rotor speed (1 x) and any other significant

harmonic. It also shows the presence of rotor critical speeds, if in the transient speed range.
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Figure 23 — Waterfall (cascade) plot
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Figure 24 — Turbine cascade plot
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