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reword

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

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 analyzing
data obtained from vibration transducers attached to a machine at selected locations for the purpose of
monitoring the dynamic behaviour of a machine.

Broadband vibration measurements provide an overview of the severity of machine vibration that can
be observed and trended to alert machine users when an abnormal condition exists with a machine.
Processing and analyzing these vibration signals further in accordance with the procedures specified
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1 contains guidelines for vibration condition monitoring of machines. This part of ISO 13
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Condition monitoring and diagnostics of machines —

Vibration condition monitoring —

Part 2:
Processing, analysis and presentation of vibration data

1
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Scope

5 part of ISO 13373 recommends procedures for processing and presenting, vibratio

analyzing vibration signatures for the purpose of monitoring the vibratiofi eondition
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hinery, and performing diagnostics as appropriate. Different techniques-are described f

applications. Signal enhancement techniques and analysis methods used for the inves
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ficular machine dynamic phenomena are included. Many of these. techniques can be
br machine types, including reciprocating machines. Example formats for the paramete
monly plotted for evaluation and diagnostic purposes are alsogiven.

5 part of ISO 13373 is divided essentially into two basic)approaches when analysin
als: the time domain and the frequency domain. Some approaches to the refinement of]

restilts, by changing the operational conditions, are also cevered.
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5 part of ISO 13373 includes only the most commonly used techniques for the vibration condition

itoring, analysis and diagnostics of machines,\There are many other techniques used to

the|behaviour of machines that apply to more inzdepth vibration analysis and diagnostic inv|
nd the normal follow-on to machinery-condition monitoring. A detailed descriptign of these
techniques is beyond the scope of this pakt of ISO 13373, but some of these more advan
purpose techniques are listed in Clause S:for additional information.
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3

3.1

Signal conditioning

General

Virtually, all vibration measurements are obtained using a transducer that produces an analogue
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 analyzer, investigated for later
analysis or displayed, for example, 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.
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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 analyzer screen (grey trace in the XY plane). Through the Fourier
process, the analyzer converts this composite signal into the four distinct frequency components shown.

Y

1 2
Key
X  time 1 time domaintoscillogram
Y  amplithde/magnitude 2 frequency.domain spectrum

Z  frequepcy
Figure 1 — Time and frequency domains

Figure 2 i a simpler example of a compositertrace from a single transducer as seen on the analyzer
screen. In this case, there are only three.overlapping signals, as shown in Figure 3, and their distjnct
frequencief are included in Figure 4.

Y

Key
X  time
Y amplitude

Figure 2 — Basic spectra composite signal
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Y
/ '\t
X
Key
X | time
Y | amplitude
Figure 3 — Overlapping signals
Y
X

Key
X | frequency
Y | amplitude

Figure 4 — Distinct frequencies

For|many investigations, the relationship between vibration on different structure points, ¢r different
vibfation directions, is as important as the individual vibration data themselves. For this reason,
multi-channel signal analyzers are available with built-in dual-channel analysis featufres. When
examining signals with this technique, both the amplitude and phase relationships of th¢ vibration
signals‘are important.

3.2 Analogue and digital systems

3.2.1 General

The analogue signal from a transducer can be processed using analogue or digital systems.
Traditionally, analogue systems were used that involved filters, amplifiers, recorders, integrators and
other components which modify the signal, but do not change its analogue character. More recently,
the advantages of digitizing the signals have become more and more apparent. An analogue-to-digital
converter (ADC) repeatedly samples the analogue 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

© IS0 2016 - All rights reserved 3
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function of time. The analogue signal, as well as the digitized one, contains the same information on
premises of an appropriate choice of the sampling frequency.

When using either an analogue method or a digital method, it is important to know the sensitivit

the

y 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).

3.2.2 Digitizing techniques

The most important parameters in the digitizing process are the sampling rate and the resolutie
is importapt to ensure that no frequencies are present above half the sampling rate. Otherwise, t
histories will be distorted or fast Fourier transforms (FFT) will show aliasing components.that do

h. [t
ime
not

really exisf (see 4.3.7 for further information about aliasing). The sampling rate will be [determined

by the typg of analysis to be performed and the anticipated frequency content of the signal. If a
of vibration versus time is desired, it is recommended that the sampling rate be,of about 10 ti
the highes} frequency of interest in the signal. However, if a frequency spectruimis desired, an
calculation requires that the sampling rate needs to be greater than two times the highest freque
of interestfo be measured. Anti-aliasing filters are used to eliminate any high=frequency noise or of
high-frequency components that are above half the sampling rate. When digitizing, the number of
used to regresent each sample shall be sufficient to provide the required accuracy.

3.3.1 Geperal

The vibrat]on signals from transducers usually require-some sort of signal conditioning before they
recorded in order to obtain proper voltage levels for recording, or to eliminate noise or other unwaf
components. Signal conditioning equipment includes transducer power supplies, pre-amplifi
amplifiers|integrators and many types of filtersi.Filtering is discussed further in 3.4.

3.3.2 Infegration and differentiation

Vibration fecords can be in terms of displacement, velocity or acceleration. Usually, one of
parameterf is preferred because 0f)the frequency range of interest (low-frequency signals are n
apparent yhen using displacément, and high-frequency signals are more apparent when u
acceleratiOf) or because of th&applicable criteria. A vibration signal can be converted to a diffe

quantity by means of integration or differentiation. Integrating acceleration with respect to time g
velocity, and integrating velocity gives displacement. Double integration of acceleration will prod
displacemgnt directlyiBPifferentiation does the opposite of integration.

plot
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Mathematically, for harmonic motion, the following relationships apply:

displacement:

x:fvdt:ff(adt)dt:—iv:—ia
® 2

velo

dx ) i
v=—-= | adt =iwx =——a

AL

“ul

(0]

city:

acc¢leration:

wheére w is the angular frequency of the harmonic vibration with w = 2nf.

NOTI

2
= v o dx 2

L2

= = = —w°x=iwv
de dtz

E See also 4.3.12.

e8]

(2)

3

A cpmmon vibration transducer is the accelerometer, so integration is much more common than

differentiation. This is fortunate since differentiation of a signialris more difficult than integ
spefial care shall be taken when integrating signals at low/frequencies. A high-pass filter
usefl to eliminate frequencies lower than those of interestbefore integrating.

3.3
Thd

stamdards. Criteria often apply to r.m.s. vibration values within a certain frequency range.

mog

confusing when there are many frequemncy components, or when there is modulation, etc

the
des

speftrum analyzer, by integrating the spectrum between the upper and lower frequencies o

Av
cha
ave
long

3 Root-mean-square vibration value
root-mean-square (r.m.s.) value of the vibration signal is commonly used in vibration
t used quantity of vibration over a given time period. Other measures of a vibration sig

r.m.s. value is a mathematical quantity that can be found for any signal, and most instr
gned to find that quantity (see Figure 5). Alternatively, the r.m.s. value can be found

hge significantly in a Short time period. However, if the indicated output varies signi
rage over a certain period of time shall be obtained. This can be done with an instrumen
per time constant:

ration, but
should be

evaluation
This is the
rnal can be
. However,
iments are
by using a
[ interest.

bration signal may be filtered as required and displayed on an r.m.s. meter if the reading does not

ficantly, an
f that has a
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1 2

b) Non-sinusoidal signal

Key
1  peakvalue

2 r.m.s. vplue

Figure 5 — Peak and r.m.s. values

3.3.4 Dypnamicrange

The dynanpic range is the ratio between the largest andsmallest magnitude signals that a particfilar
analyzer cpn accommodate simultaneously. The magnitudes of the signals are proportional to|the
output voltlages of the transducers, usually in milliyolts.

The dynamic range in analogue systems is usually limited by electrical noise. This is usually npt a
concern with respect to the transducer itselfibut filters, amplifiers, recorders, etc., all add to the npise
level, and the result can be surprisingly high

In digital systems, the dynamic rangeis‘dependent on the sampling accuracy, and the sampling rate shall
be adequatg for the frequencies of concern. The relationship between the number of bits, N, used to sample
an analogu signal and the dynaimic range D, in decibels, (if one bit is used for the sign) is as follows:

6(N-1)=D 4)

Therefore,[a dynamic\Signal analyzer (DSA) with 16 bits of resolution will have a dynamic range of
90 dB, but pny inaceuracies will reduce the dynamic range.

3.3.5 Calibration

The calibration of individual transducers is well covered in the referenced documents (e.g. SO 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, 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 can 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 pre-calibrated.
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.

6 © IS0 2016 - All rights reserved
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When checking the calibration of seismic transducers in the field, a shake table is required.

Strain gauges are also often calibrated in the field after they are installed. The most desirable calibration
is for a known load to be applied to the component being measured. If that is not practical, a shunt
calibration may be made where a calibration resistor is connected in parallel with the strain gauge,
thus changing the apparent resistance of the gauge by a known amount, which is equivalent to a certain
strain determined by the gauge factor.

3.4 Filtering

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

— |low pass;

— |high pass;

— |bandpass.

Low-pass filters, as the name implies, are transparent only for the low-frequency components of

m|
the|signal, and they block out the high-frequency components above_the filter limitingffrequency
(cut-off frequency). Examples of application are anti-aliasing filters'\(see 4.3.7), or filters that exclude
high-frequency components that are unwanted for special investigations (e.g. gear meshing chmponents
for palancing).

Hig
son
suc
mex:

Ban

h-pass filters are mainly used to exclude low-frequency transducer noise (thermal
e other unwanted components from the signal, prior to analysis. This can be impo
h components, although of no interest, can dramatically reduce the useful dynamic rg
jsurement equipment.

dpass filters, when included for analysis, areased to isolate distinct frequency bands. Ve

ba

vibration measurements with noise measurements.

Filtering is particularly important when analysing signals with large dynamic ranges. I
frequencies in the spectra with both high and low amplitudes, for instance, they cannot

ana
In s
tho

Filt
int
Wh
be t

of i
bec

pass filter types are the octave filters or-1/n octave filters, which are especially used 4

noise), or
rtant since
nge of the

'y common
o correlate

F there are
usually be

yzed with the same level oftaccuracy because of limitations in the dynamic range of the analyzer.

uch cases, it can be necessary to filter out the high-amplitude components to examine m
be of low amplitude.

he high-frequencyyrange or seismic waves are in a very low-frequency range).

en filters arédarsed to isolate a particular frequency component to examine the waveformn
aken to ensure that the filter sufficiently excludes any component of frequencies other
hterest-Simple filters, analogue as well as digital, do not have very sharp cut-off chan
huse the filter slope outside of the transmission band is poor.

ore closely

bring is also important for separation of informative signals and disturbances (as electrofnic noise is

, care shall
than those
acteristics,

EX

MPLE

t with twice

A p:n'firn]nr filter with 2 24 dRB peroctave c]npp will pass about 15 04 of 2 componen

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.

4

4.1

Data processing and analysis

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

© IS0 2016 - All rights reserved 7
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the application. A higher number of bits of resolution provide the ability to obtain greater accuracy and

sensitivity,

but it typically requires more expensive hardware and greater processing power.

Once the signals are acquired, the next step is to process them and then display the outputs in various
useful formats so that the diagnosis is made much easier for the user. Examples of such formats include
Nyquist plots, polar plots, Campbell diagrams, cascade and waterfall plots and amplitude decay plots.
The objective of this clause, therefore, is to present these various methods of presentation available to

the user in

order to determine better the conditions of machines.

4.2 Time domain analysis

4.2.1 Ti]ne wave forms

In the pag
vibration ¥
peaks wer
waveform
detected b

bottom can indicate a rub, mechanical looseness, etc.

While thes
the nature
described 1§

The analys
a superpos
waveform.

t, waveform analysis was the primary method of vibration analysis. An instantane
rersus time strip chart or oscillograph was usually analyzed graphically, and”broadb
b noted. While these broadband techniques are still being used, it is helpfulto look at

 looking at waveform data from displacement transducers, a waveform with a clipped to

e time-domain signatures can portray waveforms that provide-basic information regarg
of a phenomenon occurring in a machine, the more in-depth/frequency analysis technig
n 4.3 can be required.

ition of sinusoids having frequencies that are integral multiples of the frequency of
Figure 6 to Figure 9 show several examples of waveforms.

Figure 6 i
peak-to-pe
multiplyin
The freque
oscillograp
there are €
0,2 s,and |
section of

Figure 7 ig
component

the peaks :

5 essentially a one-cycle sinusoid with a_constant amplitude. The double amplitude
nk) of the vibration is obtained by measuring the double amplitude of the trace,

b by the sensitivity of the measuring ahd recording system, which is found by calibrat
ncy is found by counting the number of cycles in a known time period. The time or
h is indicated by timing lines, or'simply by knowing the paper speed. For the trace sho
0 timing lines per second; therefore, the 12 lines indicate that the fundamental period,

ence the frequency, f= 1/T,is\5 Hz. Accuracy is improved if the number of cycles in a loy

he record is used.

the superposition of two sinusoids with three cycles of the lowest frequency shown.
s can be separated’by drawing sinusoidal envelopes (upper and lower limits) throug}
ind troughs as,shown. The amplitude and frequency of the low-frequency component is

ous
and
the

with some of the more basic techniques in mind. For example, a scrat€hed journal can be

p or

ling
ues

is of waveforms is based on the principle that any, periodic record can be representedl as

the

(or
and
ion.

an
wn,
[ is
ger

The
all
that

of the resullting envelope."The vertical distance between envelopes indicates the peak-to-peak value of

the high-fr
be found tH
sinusoids i

equency component, and the high frequency can usually be counted. In this example, it
at the freguencies differ by a factor of three. When the frequency ratio of two superimpd
5 high, they can be separated as shown; in all other cases, a Fourier analysis is more usef

can
sed
1.
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Key

Key)

4.2

Oftg

time, s
Figure 6 — Waveform characteristics
Cycle.
Figure 7 — Superposition
2 Beating
i 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.
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a  Peak-tofpeak value at waist: 0,2.
b Peak-to{peak value at bulge: 0,7.
¢ Waist.
d  Bulge.
e  Vibratign cycle: 0,33 s corresponds to 3 Hz.
f Beat cydle: 2 s corresponds to 0,5 Hz.
Figure 8 — Example of beating

EXAMPLE If the components’ amplitudes are Xy, for thesmajor and X, for the minor, measurements show
that Xp, + X = 0,7 and Xy, — X = 0,2, the solution being X, 20,45 and X,, = 0,25. These record amplitudes haye to
be multiplidd by the system sensitivity to get actual amplitudes. The major frequency can be found by cournfting
the number]of peaks as described before (in Figure,8,+t is 3 Hz). This frequency is also an integral multip|e of
the beat frejquency, in this case six times. The frequency of the minor component is either one more (7) or|one
less (5) timgs the beat frequency. The spacing of the peaks at the waist indicates which one it is, since it reflects
the major cpmponent. In Figure 8, the spacing iS narrower so the major component has the higher frequencjy. In
Figure 8, the beat frequency is 0,5 Hz and«the minor frequency is five times that, i.e. 2,5 Hz.
It should b¢ noted that the beat frequency is the difference between the frequencies of both components,
but the av¢rage peak frequency is‘equal to one-half the sum of both. A simple rule for calculating|the
frequencie is:

fo=fmt/ (5)
where

fvo  i§ the'beat frequency;

fm  is the frequency of the major component;

fn

is the frequency of the minor component.

In the example shown in Figure 8, by counting the peaks, there are six peaks in 2 s, which means
fm =3 Hz. The beat cycle is 1 cycle in that same time period, which means f, = 1/(2 s) = 0,5 Hz. Inversing
Formula (5) to become f;, = fiy - fp, yields the frequency of the minor component f, =3 Hz- 0,5 Hz=2,5 Hz.

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
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bulges might 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 can involve modulation
and perhaps beating as well. Such records are extremely difficult to analyze, but the analyst might be
able to find sections of the record in which one component is temporarily dominant, and obtain the
frequency 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-level components in a narrow| frequency
banld, which are obscured by a high-level broadband vibration (impulse-excited free vibration, gear
meghing vibration, and others). Envelope detection provides a medns for recognizing flaws earlier
and with greater reliability. Its most common application is in analysis of gears and rollihg element
bearings where a low-frequency, generally low-amplitude repetitive event (such as a defeftive tooth
entéring mesh or a spalled ball or roller striking a race) excitésyhigh-frequency resonance(s)), resulting
in the high frequency being modulated by the defect frequenhcy: A sample of an envelope trage is shown

in Higure 10.

It should be noted that the modulated component needs to be separated previously by narrow band
filtgring.

Figure 10 — Envelope analysis

4.2/5 Monitoring of narrow-band frequency spectrum envelope

Monitoring ©f) narrow-band frequency spectrum envelope detects any penetration of an envelope,
whilch is uSually an alarm limit, around a reference spectrum. The constant-bandwidth envelope, where
thelfrequency difference is the same number of lines at low and high frequencies, is generally used for
maghines with constant rotational speed.

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.

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 high-resolution spectra or 5 high-resolution spectra, and then automatically accounts for
normal differences in amplitude variation commonly observed in the machinery spectra.
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4.2.6 Shaft orbit

Orbit analysis can be performed on any machine using displacement transducers usually mounted
90° apart. On large rotating machinery with sleeve bearings, it is common practice to use shaft orbit
analysis to determine the movement of the shaft within the bearing clearance space. However, care
should be taken to ensure that the shaft orbit display is not distorted unnecessarily by the effects of
shaft mechanical and electrical run-out. Proper interpretation of the orbit can yield insight into the
nature of the forcing function. It is also possible to determine whether the rotor whirl is forwards (in
the direction of rotation) or backwards (against the rotation). Orbit presentations are displayed as
either unfiltered or filtered signals. Typical broadband (unfiltered) and single-frequency (filtered)
orbit plots re shown in Figure 11

PR T

a) Unfiltered b) Filtered

Figure 11 — Shaft otbits

The synchjronous (1x) filtered display is common;\however, other harmonics or sub-synchrorous
frequenciep are displayed in an orbit presentation.to further describe or solve a problem. A mark (pgint,
highlight, ¢tc.), which provides a shaft reference (e.g. once-per-revolution signal), gives information
about the rffelationship between the vibrational-and the rotational frequencies.

The orbit plot presents the dynamic motion of the centre of the rotating shaft at the measurement plane.
An orbit i sometimes called a Lissajous presentation. The transducers for the orbits should be|the
same typeland should be mounted orthogonally (90° apart). If the transducers are not orthogonal,[the
orbit will He skewed. In the casg-ef-a notched shaft, the convention is blank-bright. Blank indicates|the
beginning pf the notch, brightindicates the end of the notch. Therefore, in Figure 11 the whirl direction
is clockwige.

—

The direction of shaft retation, clockwise or counter-clockwise, is independently determined depenjing
upon the viiew direetion. If the whirl direction is the same as the direction of rotation, the vibratign is
referred tolas forward whirl. Backward whirl is when the whirl direction is opposite from the directign of
rotation. In Figure-11, since both the rotation and the whirl directions are clockwise, the whirl is forwprd.

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

4.2.8 Transient vibration

Transient speed vibration is usually described as the vibration information obtained during the start-up
and coast-down conditions of a machine train. The vibration data are usually displayed in presentation
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formats such as cascade (waterfall) diagrams, Bode plots, polar diagrams (Nyquist diagrams) and
Campbell diagrams.

Transient vibration of a structure occurs when it is excited by an instantaneous force. It can be a single
pulse or an oscillating excitation of short duration. When the excitation ceases, the structure tends to
vibrate at its natural frequencies while the damping in the system causes it to decay exponentially.

Therefore, the time history of the structural response after the force stops is a combination of decreasing
sinusoid(s). An example of a damped sinusoid is given in Figure 12. It can be noted that the composite
waveform due to superposition of the natural modes of the system is excited simultaneously by the
instantaneous forcing. In general, the higher frequency components decay rapidly and the composite
waveform progressively degenerates into a damped sinusoidal response of the lowest fregugncy mode,
thehigher frequency modes having been damped out.

Faults in rolling element bearings are often detected from repeated high-frequencyrtrahsient responses
to ball or race defects.

Y

X |time

Y |amplitude

a  |Exponential decay of peak amplitude envelope.
b [Compesite waveform.

¢ |Wayeform of lowest frequency mode.

d Degenerated wavelorm.

Figure 12 — Transient vibration

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 t to (t + At), see Figure 13.

In many cases, impulse response is used to identify resonance frequencies in stationary structures.
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Key
X time
Y force

4.2.10 Damping

At

Figure 13 — Impulse excitation

Damping i$ the mechanism by which vibratory motion is cohverted to other forms of energy, usually
heat, resulting in decaying vibration magnitudes. The amount of damping, c, is often proportiondl to
the vibratdry velocity and, even when it is not, it is often assumed to be for purposes of mathematical
analysis. Alsystem has critical damping, c, if it has the'smallest amount of damping required to retfurn
the system to its equilibrium position without oscillation. If the system’s damping is less than critjcal,
it will oscillate with decaying amplitudes (see Eigure 14 and ISO 2041). For a multi-degree-of-freedom

system, some modes can have less than critical damping and some can have more.

Key
X time
Y amplitude

14

Y
N
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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:

d =1/nIn(X1/Xn+1)

where

n is the number of cycles for the amplitude to decay from X to X;+1.

(6)

The loss factor is a common measure of the relative damping in a system. The logarithmic decrement, d,
is rn]afnd tothe loss Far‘fnr, h' ]’\y h = r]I/‘rr

NOTE1  Typically, the symbols used to denote the loss factor include h, z and 5. Those for the |logarithmic
dectement include o and A.
The loss factor can also be found in terms of the decay rate, X’, in decibels per secorid, as follgws:
_ !/

h=x'/(273 f,) (7)
whgre

fn is the natural frequency, in hertz.
Theg amount of damping, ¢, in a system is indicated by @Qwhich is the magnification faftor at the
undamped natural frequency. The magnification factor jis-afunction of frequency and is the fatio of the

sysfem’s dynamic displacement amplitude to the static diSplacement of the system if it wer¢ subjected
to alconstant force of the same magnitude. Provided\that there is no significant interaction between the
modles, then for a particular mode, Q can be found from:

Q=1/(2¢/cc) (8)
From measured response curves, Q can,be approximated for a particular mode from the ratio of the
respnance frequency, fy, to the difference between the frequencies at the half-power points (,707 times
the[maximum amplitude) on each flank of the curve:

fr
= Jr 9

Y ©)
wheére

fr is the resonance frequency;

Af=far=f{f with f1 and f; being the half-power points.

Thg magnification factor is related to the logarithmic decrement by the following approximdtion:

Q=m/d

(10)

NOTE 2  Ifthe dampingis small, Q = 1/h.

As an example, Figure 15 shows a typical representation of the Q factor derived from a Bode plot. A
similar result can be obtained from a polar diagram.

Damping is a useful quantity when investigating the cause and effect of vibration in rotating machinery.
A mode near the operating speed can be acceptable as long as it is well damped and therefore not
contributing to the response. Alternately, a mode with very little damping can be so sensitive that the
machine will respond violently, or might not even be able to pass through a resonance speed.
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Figure 15— Q factor

e domain averaging

contains components that are synchronous with processes or motions in the monitq

- equipment, as well-as'non-synchronous ones (with an origin that is independent of
er observation). Fhese components can be separated by frequency analysis (see 4

mmon technique-applied to identify these occurrences is called time domain averaging.

domain avetaging process, each data sample is synchronized to different rotating elemg
nce pulse-ora trigger. The averaging, which can range from a few samples to more than !
d in the'time domain, and a spectrum is obtained only based on the resulting averaged
Thosertime signal parts which are non-synchronous with the reference progressively ca
The'more averages the better, the number depends on the application.

red
the
.3).

bnts
P00,
ime
ncel

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

reduce them by a factor of 100.

16

100 averages (records) will reduce the unwanted signals by a factor of ten; 10 000 averages will
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This technique is very useful for the identification of which rotor in a multiple-rotor machine is the
source of a vibration phenomenon. It can be used to detect various faults, such as damaged gears, blades
and rolls in paper machines.

EXAMPLE1 Agoodexampleisinthe 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 can be analyzed 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.

ple s = oturbine blades,
thelr 51gnals brought out by means of telemetry A once- per revolutlon trlgger is used to syndhronize the
domain averaging process. After several averages to reduce the flow noise, an uneven patternmfight emerge
ith is identical for each blade, but offset in time by the rotational angle between the blades,The |[diagnosis is
an yneven flow through the series of wicket gates that feed the turbine. The pattern is thefjused to fe-adjust the
gatds to even out the flow and reduce the dynamic stresses on the blades.

Altlhough very effective, time domain averaging, by its very nature, cannot show asynchrornous events

such as antifriction bearing faults.

The
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4.3
The

averaging of complex frequency spectra of successive realizations normally requires a s
ation condition. If there is an unsteady excitation frequency ©r a changing rotational
ple time domain averaging does not apply. Instead of this, thé.signal needs to be sampled
rvals of the exciting process (e.g. equidistant rotor angle\intervals or other positions;

e by means of an encoder). The result of the succeeding -frequency transformation is a
Ctrum instead of a frequency spectrum. For impulsewrésponse signals, averaging can be ¢
time domain by event triggering, e.g. a trigger tuned by the excitation impulse.

hine belts, conveyor belts, etc. In additionfthe source of the signal is not limited to v

hmeter that should be monitored for fault development. A frequency multiplier can al
ead of triggering from different shafts; e.g. in the case of multiple shafts such as in a geaf

Frequency domain analysis

1 General

reat deal of vibration analysis is done in the frequency domain because the various
ation can usually be isolated by the frequencies at which they occur. A single channel 4

bnd channelas either a phase or amplitude reference, or both.

2  Feurier transform

source of the trigger is not limited to rotating€quipment. Other applications, for instancg,

eady-state
speed, the
n constant
this can be
n ordering
pxecuted in

are paper
ibration. It

' be a process signal related to the machine in question that can identify a malfunction or a process

50 be used
box.

sources of
nalyzed in

frequency domain gives a great deal of information, but often it is important to relate vilpration to a

basic technique for converting a broadband time trace to discrete frequencies, or

frequency

bands, is by the application of the Fourier transform (FT), a mathematical technique that identifies the
sinusoidal components that make up the total vibration signal, including any mechanical or electrical
noise that might be present. This analysis can be realized with the help of a computer and signal
processing software, by special devices (which are usually called a Fourier analyzer), or by hardware
microchips (DSPs). More commonly used in analyzers now is a more efficient mathematical routine, the
fast Fourier transform (FFT).

The time wave form of a vibration signal is converted into distinct sinusoidal components as a function
of frequency by means of the FFT, as shown in Figure 16. There are several important basic factors
to take into account when setting up an FFT analyzer to convert a time wave form into a meaningful
frequency spectrum. There is a relationship between the bandwidth of the frequency lines (or bins),
the frequency span and the length of the time trace. In Figure 16, the bandwidth is 2 Hz, which is
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100 frequency lines between 0 Hz and 200 Hz. These parameters should be chosen to optimize the
frequency range of interest.

Due to the effects of aliasing (see 4.3.7), higher frequency components can be falsely identified as lower
frequency. Anti-aliasing filters should be used in order to avoid this possibility.

The result of a Fourier transform is a complex spectrum, which can be displayed as
— amplitude and phase, or

— real and imaginary part

of each freqquency component.

From a prpctical viewpoint, the amplitude spectrum (magnitude spectrum) has more informatjon;
therefore, the phase spectrum is mostly ignored.

Y
ST

LAL

0 50 100 150 200 X

Key
X  frequer|cy, Hz
Y amplityde (arbitrary unit)

Figure 16 — Amplitude frequency spectrum

4.3.3 Lepkageand windowing

When sampling'a waveform, leakage can occur if the sample contains a non-integral number of cyg¢les.
The result ;O S 11ICdl ;lls Uf fl CblblcllLy C‘lUlllaill lJ‘:Cl}\D bcpauoc thc aaluylc ;llabbul atcl_y 1':1.11 COClltD the
waveform from which it was taken. A window function reduces these errors by correcting for this
leakage. The Hanning window does an acceptable job for sine waves that are periodic and non-periodic
as time records. Although the Hanning window is most commonly used, there are other types of
windows that are available and can be used to enhance the signal.

For transient events a Uniform (rectangular) window produces better results. The Hamming window
gives a narrower spectral peak than the Hanning window at higher levels, in exchange for flaring skirts
further down. The Blackman window, and its derivatives Blackman Exact and Blackman Harris, give a
wider peak than the Hanning, but with even lower skirts. The Flat Top window can improve amplitude
accuracy over the Hanning window at the expense of being able to resolve small signals that are
closely spaced to large ones in the frequency domain. It gives the widest peak, with skirts equivalent
to the Hanning, but the top of the peak is flattest for the most accurate level readings with changing
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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
es within a
le LOR bin, and the analyzer 1ncludes this total energy and displaysitasa smgle lme afl the centre
uency of the bin.

frequency
ly, at least
blationship

INLOR = fmax/B (11)

whére

Nior is the number of lines of resolution;

fmax
B

is the maximum frequency of interest;
is the bandwidth (line spacing).

As 1
the

he relationship shows, for the same frequency range of interest, the finer the resolution, the smaller

bandwidth.

4.3/5 Record length

A single realization of the Fourier transform requires only a short record length, T, and th
recprd required for an FFT isidependent on the bandwidth, B, as follows:

e length of
T=1/B (12)

Thd

length of record-available can restrict the resolution. As an example, if a spectrum ha
Hz and a reSolution of 400 lines, the bandwidth shall be 1/4 Hz, and the record length
t 4 s. Forthe-same resolution, if the span increases by a certain factor, the record length
he same factor, and the bandwidth becomes wider by the same factor.

100
lead
by 1

If al machine changes rotational speed slightly during a test, it is important to have the

S a span of
shall be at
decreases

bins wide

enough’ to include each frequency component of interest in a single bin. In the case of a la

rge change

in the machine speed, the signal needs to be sampled at constant angular intervals and the succeeding
ordering spectrum be processed (see 4.2.11 and 4.3.8).

4.3.6 Amplitude modulation (sidebands)

Amplitude modulation as it is seen in the time domain is shown in 4.2.3. An FFT of a modulating sine
wave will show the sine wave’s frequency and sidebands on either side of that frequency, at a distance
from it which is equal to the modulating frequency. If the modulation is itself a sine wave, the sidebands
will be distinct and only one will appear on each side of the main frequency. This can occur with a
gear mesh frequency when one of the gears is eccentric or worn. If the modulation is periodic, such as
once per revolution, but not sinusoidal, there will be several distinct sidebands. If the modulation is not
periodic, the sidebands will be smeared and indistinct.
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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, Lp, is equal to 20 times the logarithm of
the ratio of the rotor bar fault peak value to the line frequency value. Mathematically, this relationship is:

Lp=20

where

1

1g(I1/Iref) dB

(13)

is the amplitude of the sideband;

e

Iref

Fahhl X
T ecy

As shown In Figure 17, the spectrum for a motor with no problems consists of a clear peak at.the [line
frequency jand sidebands equally spaced on either side. The magnitude of the sidebands canbe ¢ver

60 dB dowh from the magnitude of the line frequency (60 Hz in this case).

Key
X  frequer
Y  vibratid

cy, Hz
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10 0'dB
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0,001

53,75 56,25 58,75 61,25 63,75 66,25 X

n magnitude (arbitrary-unit)

Figure 17 — Motor with no problems

Figure 18 is the speCtrum for a motor with a fault. In this case, there is a distinct peak at line frequgncy

and elevated sidebands at the rotor bar fault frequencies.

20
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Figure 18 — Motor, with a fault

It can be noted that the structure of the sidebandsiin the frequency domain has the same infdrmation as
thelenvelope spectrum in the time domain.

4.3]7 Aliasing

Alidsing is a false representation of.a frequency that can result when the sampling rate pf a digital
anallyzer is too low to describe that'frequency adequately. It is much the same as when a poipt on a disc
appears fixed if the samplingfrequency from a strobe is exactly coincident with the disd rotational
frequency. However, if the frequencies are not exactly synchronized, the disc will appear to pe rotating
slowly. Similarly, if a sineywave is sampled too slowly, it will appear to be a lower frequency. This is
eliminated by low-pagsfiltering the signal before sampling to ensure that it contains no| frequency
conjponents above.half the sampling frequency. This 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
sanjpling frequency is lower than one-half the signal frequency. Therefore, the low-frequ¢ncy signal
will be analyzed as an aliasing signal instead of the actually measured one. This is why the sampled
amplitudes.(the marked joint points in both curves) correspond to the measured high-frequgncy signal,
as well'as'to the low-frequency aliasing signal.

When the sampling 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 analyzers today use anti-aliasing filters that remove all frequencies above 40 % of the sampling
rate, before the time data are sampled and converted to digital data; therefore, with most digital analyzers,
aliasing is no longer a problem. However, the analyst should confirm this before analyzing the data.
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Figure 19 — Aliasing

4.3.8 Synchronous sampling

Rather than sampling at a fixedJ)rate with respect to time, an external signal can be used in m
analyzers fo control the sampling rate. Normally, the sampling rate will be some multiple of the exte
signal frequency. This isinost often used with rotating machinery, where a revolution marker is u
to determine the sample-rate. The sample rate should be greater than two times the highest-of
vibration df interest-Ttere are four major advantages to this procedure, as follows.

a) If the rotatienal speed of the machine changes, most frequency components which are relate
the rofational frequency (blade, vane, gear mesh, etc.) will stay in the same frequency bin, raf

any
rnal
sed
der

 to
her

than spreading the energy over more than one bin

b) All orders of vibration are in the centre of a frequency bin where its amplitude is measured

more accurately.

c) Itis possible to average the series of digitized measuring values without consideration of changes

in the rotational speed.

d) All orders of vibration will maintain the same phase angle with respect to the external signal. This
means that the spectra can be averaged vectorially, reinforcing the pertinent orders of vibration,
but causing other signals not associated with that rotational speed, including most noise signals, to

average to zero.

The result of the Fourier transform of a synchronously sampled signal is the ordering spectrum X(n).

The order n = 1 corresponds with one vibration period per one rotor revolution.
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It is noted that digital order tracking is an approach used in practice (see 4.6).

When performing synchronous averaging, care should also be taken to avoid averaging out any
non-harmonic signals of significance (e.g. bearing instability).

4.3.

9 Spectrum averaging

Depending on the component frequencies of the signal, a single FFT requires only a fraction of a
second or a few seconds of record. However, a modulating signal can require a longer time period
to establish a stable average amplitude. Therefore, averaging successive FFTs is a very important

fun
wit

syn|

The

|

tec

Ma

exp|

dat

exp

And
dur

tha

4.3

Wit
Many of the components with small amplitudes-are important but, when plotted on a linea

har
sho

leve

wh

Sonpetimes, the frequency axis is also displayed in a logarithmic scale for better recogni

sep

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

Rat

ction of analyzers If nn]y one channel is available the abhsolute nmp]ifndpc in each hin are averaged

hout regard to the phase. Averaging of the complete spectrum (real and imaginary patt)
chronization of each successive spectrum by a process-dependent trigger signal.

re are other averaging techniques that can be applied, such as frequency domain)averagi
nique quickly becomes very complicated and is therefore used only for spegidbapplicati

y analyzers do, however, perform exponential averaging, which weights the FFT
pnentially increasing function, thereby weighting the signal in favour-of the most recentl
h. This technique is often used for studies of transient vibratign-in which the amp
pnentially decreasing.

ther type of averaging found on analyzers is peak averagifg. This finds the maximum
ing a given time period of all the FFTs in each of the frequency bins and displays those
each peak is the average amplitude within its own tinie record.

10 Logarithmic plots (with dB references)

h vibration records, there are usually many frequency components with greatly varying ¢
ly be seen. A logarithmic plot, which compresses the large components and enlarges
wvs all the significant components, as.well as the level of noise present. The amplitude, X, i
I, L, in decibels:

bre

Xref is areferencevalue.

hration of the\low-frequency components. On the abscissa, the decibel unit is not used (s¢

Table 1 — Differences in decibels and equivalent ratios

requires a

hg, but this
ns.

s with an
y recorded
itudes are

amplitude
eaks. Note

mplitudes.
- scale, can
the small,
b plotted as

(14)

fion, or for
e 4.7).

Diff((eilisence Ratio
0 1
6 2
20 10
26 20
40 100
60 1000

ios smaller than one are reflected by negative decibel values, e.g. a ratio of 1/2 is -6 dB.
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Reference values for logarithmic levels are specified in ISO 1683. For vibration analyses, the values

given in Table 2 should be used.

Table 2 — Reference values for logarithmic levels

Quantity Reference value
Acceleration 10-6 m/s2
Velocity 10-9m/s
Displacement 10-12m
Power 10-12W

4.3.11 Zo

Often, freq
generally c
but often 7
frequency

number of
narrower;

Z0oom spec]

An example of the use of zoom spectra is in gear fault analysis. #When applied, a fault will resu

sidebands
A similar 2
shows the
the origina

pm analysis

1lency components are too close together to distinguish between them on a narmal FFT, wl
bnsists of 400 lines (base band); however, others exist. Some analyzers havé higher resolut
oom spectra are used to get better resolution. A zoom analysis creates d spectrum wi
Scale that does not start at zero but at another free eligible frequericy, so that the sele

however, the record length will still be related to the bandwidth. One problem in using
ra is that the frequencies must be more stable because of thenarrower bandwidth.

bf the gear mesh frequency and the spacing of the sidebands will indicate the faulted wh
oom approach can also be useful to identify faultstin rolling element bearings. Figurg
hdvantages of performing zoom analysis. Note thatthe frequency components not visibl
| zoomed spectrum are now visible.

of-original spectrum

nich
ion,
th a
ted

ines are utilized to expand the frequency range of interest. The bandwidth is correspondingly

the

t in
eel.
b 20
e in

Key
a  section
b  higher

esolution transiated spectrumn

Figure 20 — Zoom analysis

4.3.12 Differentiation and integration

Differentiation and integration are important in vibration analysis when signals shall be converted
between displacement, velocity and acceleration. For rotating machinery, the vibration signal is often
dominated by the synchronous component, and can therefore be harmonic motion. The corresponding
formulae then take on the following appearance in the time domain (see also 3.3.2):
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displacement:

X = X - sinwt

velocity:

V= X coswt = V- coswt

acceleration:

(15)

(16)

and|

acc

velgcity:
a .
vV =——-cosot = —V-cosot
0]
displacement:
a Voo L
X = ———-sinot = ——-sinwt = —Xx - sinot
2 ©
0]
The displacement lags the velocity by 90°%_and the velocity lags the acceleration by 90°.

bet
div
the
Itis
mu
of t

4.4

4.4

Wh
req

a = —w’% - sinot = —ov - sinot = —a - sinot

bleration:

a = d-sinot

veen quantities in the frequency domiain, both differentiation and integration can be car
ding or multiplying, respectively,;each component by its angular frequency. Most analyZ
be functions for the frequency domain.

stressed that to utilize aceutrately the integration and differentiation formulae, the vibr3
t be predominantly symchronous. It is necessary to check if the 1x component is greater
he unfiltered, or direct; signal. Otherwise, each spectral frequency shall be converted sej

Display of results during operational changes

1 Amplitude and phase (Bode plot)

hired as a reference for the phase. It can be a shaft revolution marker, the vibration at

loca

(17)

(18)

(19)

(20)

To convert
ried out by
ers include

tion signal
than 90 %
arately.

en a harmonic vibration signal is expressed in terms of an amplitude and phase, a second signal is

a different

tioh or rhrnr‘hnn a2 measured force or some other annranriate roference. The Frnnnn
Pror

ncy(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 may be expressed as between 0° and 360°, or + 180°.

When the two 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.
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The amplitude and phase of a sine wave can be plotted as a function of time. However, when the
amplitude and phase of a machine vibration is plotted against the machine rotational speed, it becomes
a Bode plot, as shown in Figure 21.

Y

Key

180 \

X  rotatiopal speed

Y  amplity

de

Y’ phase, Iegrees

a resona

4.4.2 Po

In a polar
in Figure 2

ce

Figure 21 — Amplitude and phase (Bode plot)

ar diagram (Nyquist diagram)

iagram, each point represents an amplitude/phase vector for a discrete frequency as shgwn

.Ifthe diagram includes severalvectors for different rotational speeds, or other parameters,
by showing only the connecting line between their tips, it is known as a Nyquist diagram.

A polar diggram shall have a phaserreference, such as a shaft revolution marker, that indicates gach

360° rotati
(rotational

speed) of any resonafices of the rotor/bearing/support system.

n of the shaft. Polar didgram (and/or Bode plots) are used to identify accurately the location
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Figlire 2458 a cascade plot of a 3 000 r/min (50 Hz) steam turbine during start-up and coast-

T~ —

—_——

270°

E The parameter is the rotor rotational speed (r/min).
Figure 22 — Polar diagram (Nyquist diagram)
3 Cascade (waterfall) diagram

cascade or waterfall diagram provides a simple comparison of several frequency an:
ree-dimensional form of spectra display\that clearly shows vibration signal changes
her parameter (such as rotational spe€d, load, temperature, time) taken for specified
es, such as time.

sample cascade spectrum of Figure 23 is an overall picture of many vibration spectra fof
e start-up or coast-down region. Normally, the cascade spectrum display provides frequ
brs) versus machine rotatienal speed and vibration amplitude of the discrete frequency cc
ome cases, however, the machine speed may be substituted by another variable (e.g. 1

llyses. It is
related to
parameter

a machine
ency (Hz or
mponents.
ime, load),

Vhich case it is then called a waterfall diagram. When using machine speed for this dfisplay, it is

bssary to record a rotor speed/phase reference signal.

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

significant

monic. It alseshows the presence of rotor resonance speeds, if in the transient speed ranige.

shape ‘ef/the plot will vary, depending on the type of machine and the operation. Fg

r example,
down.
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