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PAPERTEXT

Condition-Based Maintenance (CBM) is widely usednemnage the condition of rotating machinery. Thenyuire a number of CBM tools to detect a&
tic and vibration signals. One such methedhe Fast Fourier Transform (FFT). FFT convertst@ration signal from time domain to its equivalerg-
quency domain representation. Unfortunately, tleeesdramatic assumptions made related to the progeenf FFT. The paper will provide evidence
this approach may not be the perfect tool for fdeliection and diagnosis. The paper celebratesthéttimitations of FFT and does not muffle thepe:
bilities of our developed diagnosis culture. Them as to challenge researchers to come up with samgimore developed to eventually take use o
processing power we have today.
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1. Introduction y(t) = x; sin(w,t) - x, sin(w,t)

A growing number of companies have recognized that €ond
tion Based Main_tena_nce (CBM) concepts such as 9" analyses, In normal system theory, we assume that signals are additive.
ultrasound and vibration technologies are necessary if they are [owever ly using “log” as’our operator, we can change the

meltllntaln Z'gh alnd plal?ned Iev_els_ of gperatlond Th_? am 1S _inultiplication into and addition. Cepstrum transfoansignal
collect and analyses key monitoring data to identify potentl rom the “multiplication domain” into the “additive domain” and

Erl(?blerps, rledu’ce regctlon t@gﬁnd ivelntulally |ncre_(la1_sedtlae re“the signal components can then be handled as additive. Fer add
tlity of a plant's equipment. technologies are utilised to tive signals we have a “known mathenatics.” This is the main

predict failure patterns of an asset and allow maintenance to %undation of the “Cepstrum Transform Theory”. Figure 2 below
scheduled based upon condition and not time i.e. perfor i

Mepicts the main idea behind the transforms [4].
maintenance based upon need. CBM is seen as a set oémaint P nt ! [4]

nance actions based on real-time or near-real time assessment ofFast Fourier Transform is often labeled as a mystical black
equipment condition which is obtained from embedded sensoi3ox, yet it is the first tool that is used for signal processing of
and/or external tests & measuremdais Within the CBM soa- CBM signals. To effectively use FFT, we need to understand its
ty and its applications, the FFT is widely used, often without groperties, assumptions and limitations.

full understanding of its assumptions. FFT is a computerised

mathematical algorithm used for transforming vibration signals

from time domain into frequency domain. Its origin is in the « y
Fourier Transform developed by Joseph Fourier shown in Figure

1.
a b c d
Multiplicative
DD~
a b c d
Additive

Figure 2 Additive versus multiplicative processes.
2. What isfunny about FFT?

As mentioned earlier FFT has a number of restrictions that i
Figure 1. Jean Baptiste Joseph Fourier (1768-1830), painting ~ fluence its behavior in signal analysis. In fact we may claim that
from Wikipedia it is strange that FFT is used in the first place in conditionimon
toring as it’s suited well to monitoring only to a very limit num-

o ] ) _ ber of fault types- periodic and stationary signals
FFT can be helpful in diagnosing faults associated with lunba

ance, misalignment, eccentric components and damaged bea Clearly FFT is a good tool to diagnose imbalance assuming
ings, gears and motor electric faults. the machine is running at constant speed or the speed is not

changing rapidly. According to a large number of handbook

Cooley and Tukey [4] are generally referred to as therninave \yhich examine condition monitoring of rotating machinery fault
tors of the Fast Fourier Transform, or the FFT algorithm. TthpeS such as bent Shaft’ misa"gnment, looseness and lcracks
FFT algorithm represents an efficient way to calculate tre Di they all discuss an indication as to the multiples of running speed

crete Fourier Transform, DFT, from sampled sequences of da{g the spectrum i.e. there are harmonic components in the spe

with length N = N1IN2. (1). FFT uses a sampled signal and findgum. However, the funny thing is that this is not true at all i.e.
a one second periodic signal composed of sinusoids that fit thiere is no vibration at the harmonics of the running speed when
samples. The FFT algorithm implicitly extends the time record othese faults are present (the reader is encouraged to doran exe
the sampled signal to make it “periodic”. If the sampled signal  cise and to imagine how the above named faults could create

doesn’t contain an integer multiple of cycles of the underlying harmonics of the running speed). Instead the indication Bf ha

periodic signal(s), additional frequency components are-intr monics is a result of how FFT treats the change of vibration
duced in the FFT result. To reduce the effects of spectral leakaggynal from sinusoidal to something twisted or flattened.

“noise” in the frequency domain) it is necessary to apply a
“window” to the sampled data before taking the FFT. A “win-
dow” is a scaling factor applied to each data point that has the 2.1. Basic cases of distorted vibration signals
result of minimizing the effects of discontinuities in the periodic

extension of the sampled waveforn2) (n vibration analysis, . oo -
components can start add like a multiplication of componentg'.Sted fault types could be the cause of vibration at the harmonics

Modulation is such a system. Two vibration components artgf th? running speed it shou_ld pe the opposite i.e._ very easy to
being“combined like the following equation: Imagine how bent shaft, misalignment etc. can influence the

Assuming the reader found it difficult to imagine how the
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vibration so that it is not sinusoidal anymore and becomes di
torted and flattened. Here, it should be remembered that in-Foul
er Transform everything is assumed to be sinusoidal i.e. is mac
to look as if it is composed from continuous sinusoidal ammp
nents and thus the introduction of harmonic vibration comp
nents is logical even though they are not present in the originc
signal. It is confusing to the author of this paper how ‘thiake
believe’ world exits in the literature i.e. the authors talk about %3

harmonics of the running speed.

1 T T T

0.3

0

_1 I 1 1

In order to illustrate the characteristic frequencies of machinc 0 0.05 0.1 0.13 0.2
faults and how peak amplitudes appear at certain orders of tt t; sec

rotating speed three principal cases are described:

Case: distortion of the signal symmetry (positive and negative
side): In Figure 3 the distortion in the negative side of the signe,
generates an amplitude peak at the second harmonic 2x of t
rotation speed (in fact at all even harmonics) as shown in Figul
4. Non-symmetric clipping (or duty cycle) generate even harmo

ics!

VY

0 0.03 0.1 0.13 0.2

fj=ec

Figure 3. Time signal of case one fault.

| |
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Figure 4. Frequency spectrum of case one fault.

Case 2: Both-sided distortion (from sinusoidal) of the signa
(signal is symmetric): This type of distortion is shown in Figure
5. Symmetric clipping generate odd harmonics! In the spectrun
an amplitude peak is observed at the third harmonic 3x of th
rotational speed (in fact at all even harmonics) as showngin Fi
ure 6. Consequently we can claim that the both-sided distortion
of the time signal with some degree of flatness generates peaks at

the odd harmonics of the rotatalrspeed in the spectrum.

Figure 5. Time signal of case one fault.

| |
50 100 150

f i H=
Figure 6. Frequency spectrum of case three fault.

Figure 7. Time signal of case one fault.

50 100 150
f;Hz
Figure 8. Frequency spectrum of case two fault.

The main conclusions from these three cases are as follows:

Case 3 one-sided distortions of the signal peaks combinetd The distortion of signal symmetry is related to the even ha
with unsymmetrical of the signal. The time signal is shown in monic components in the FFT spectrum.

Figure 7 and the corresponding spectrum in Figure 8. As is log
cal to expect this third case is a combination of the first @ad s
cond case and as a logical result of that both even and odd ampl

tude peaks can be seen in the spectrum.

2. The distortion of signal shape from sinusoidal is related to the
odd harmonic components in the FFT spectrum.

In the light of the above explanation it is easy to understand
that the diagnosis of bent shaft and different types of misalig
ment is not accurate and therefore not reliable. In addition it is
important to remember that the level of vibration at the running
speed influences the level of the imagined harmonics that are
seen. The fact is #t although the diagnosis based on make-
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believe harmonics is not optimal it has been and is widelh
used. However, it can logically be claimed that a signal analysi
method that would indicate the changes caused by the abo
named faults as one indicator would be an improvement. i#owe
er, it is not the purpose of this paper to go further in theldeve
opment of new methods but just to indicate the drawbacks ¢

limitations of current practices.

3. lllustration of the fault cases
The rotational speed dependent vibrations in machines a
caused by several types of machine faults. The most commc
faults in rotating machines are imbalance, bent shaft, looseness,
misalignment, and fatigue crack. The basic idea of sevegi d
nodic approaches are based on the assumption that these faults The physical explanation is that the bent shaft fault distorts the
signal symmetry rather than the shape of the signal peaks. That
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are distorting the system response. Tayl®94) has illustrated

50 100 150
£; Hz

Figure10. Frequency spectrum of bent shaft fault.

this phenomenon for a high number of faults. The basic gssummeans the bent shaft is pushing on one side of the bearing more
tion is that when a fault distorts the vibration response ofsa sy than on the other side which sounds rather understandable

tem the FFT based spectrum will contain harmonics of the sha§
speed . The characteristic frequencies of these machine faults are

well documented in the condith monitoring literature, as so-

marized i.

Fault type Characteristic frequencies
Imbalance 1xrpm
Bent shaft Ixrpm, 2xrpm

Misalignment

1xrpm, 2xrpm, 3Xrpm

Fatigue defect

Ixrpm, 2xrpm

Gear fault

Sidebands

In order to gain an understanding of how these characterist
frequencies are related to specific faults, the following section t

to describe it in a simple manner.
3.1. Bent shaft

2. Misalignment

3.2.1. Angular misalignment

o ] ) It is well know that high amplitudes in the spectrum at2kx,
Table 1. The characteristic frequencies of several machine fault;,q3x time the running speed indicate angular misalignment. It
is expected that the amplitude peak at 3x is larger than thé-ampl
tude peak at 2x.

In order to generate sue@spectrum, there is a need for a-di
tortion event that occurs three times each revolution. It is hard to
imagine a physical explanation for such an excitation. However,
based on the discussed distortion case, the bent shaft can be e
plained by a combination of the first and second distortion cases.

Thus, it is a case of unsymmetridato-side peak distortion of
ffie time signal as shown in Figuid. The FFT spectrum in
TEiqure]12 shows the distortion with weak 2x and strong 3% ha

monics.

1

As shown in Table 1 the bent shaft fault is diagnosed whe
high amplitudes are detece3td in the spectrum at the runnir 0.3

speed and at two times the running speed frequency. In order
generate such signahere is a need for a distortion event that

occurs two times each revolution. It is hard to find a physica
explanation for that kind of phenomenon. However, based on tf_ -
discussed distortion cases, the bent shaft can be explained by
first distortion case, as shown in Figur&4.0.

VYUY

Figure 9. Time signal of bent shaft fault.
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01 0.13
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Figure12. Frequency spectrum of angular misalignment fault.
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Physically this means that the angular misalignment fault (as I
shown in Figurelland 12) distorts the signal peaks rather than
the signal symmetry. That can be explained with the assumption
that the misaligned shatft is pushing on all sides of the bearing as
shown i _Figurp13. At certain points due to the phase shift, a
pushing action on one part of the coupling is suddenly occurring
and that distorts the force on the other part of the coupling. f=<==<=<=====g=<=-
Therefore, the distortion is seen as a flat distortion. However,
these distortions are not perfectly equal and therefore they intr
duce small distortion for the signal symmetry.

Bent shaft ) o
Figure 15. The contact phenomenon of parallel misalignment.

1 T T T

Bearing

|
Figure 13. A shaft with angular misalignment. 0 0.03 0.1 0.13 02

fzec

Figure 16. Time signal of parallel misalignment fault.

The response is distorted from both sides due to the nrisalig
ment fault Figure 14, and consequently the 3x harmonic cemp
nent can be seen in the FFT spectrum. However, the distortion T T
almost equal on both sides (in the time signal) over the conta
cycle and therefore the 2x harmonic component is weak.

1 1
50 100 150
£, H=
Figure 17 Frequency spectrum of parallel misalignment fault.

3.3. Fatigue fault

Figure 14. The contact phenomenon of angular misalignment. . - . . . .
g P 9 9 The key element in recognizing fatigue failure is that it 5 ty

3.2.2. Parallel misalignment ical that cracks influence the vibration of the components in such
. . . . a way that the signals become distorted i.e. non-linear. This is
It is well know that high amplitudes in the FFT spectrum aly,e {6 the fact that during vibration the crack is typically open
1x, 2x, and 3x running speed and the 2x is larger than 3-x ha$art of the time and then closed part of the time and consequently
monic components indicates parallel misalignment In order tQ; ation is not sinusoidal, but flattened when the crack is closed.
generate such signal, there is a need for a distortion event thatrq time signal of fatigue defect is illustrated in Figure G-

OCC;‘]rS three tmeidunng”e?ch.re\l/.olutlon. '; |s|d|'ff|cullt tf? eXpIa'r?sequentIy the asymmetry introduces even harmonics into the
such an event. The parallel misalignment fault is similar to thoctrym as can be seen in Figie

angular misalignment fault. However, the distortion due to the
bushing action is not equal on both sides of each part, as shov 1
in Figure 15. Therefore, it generates an unsymmetrical tim
signal. 0.5

The parallel misalignment fault can be explained as a comb ¢
nation of the first and third distortion cases, as shown in Figur
16. However, the severity of distortion is higher at one side tha-o.s- .
on the other i.e. the asymmetry of the time signal is higher tha
in the case of angular misalignment. The spectrum of paralle -3 03 04 06 08
misalignment fault is shown Figure 17. tsec

Figure 18. Time signal of fatigue defect.
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nature. Maybe there is a need for an update as to the need and use
of FFT.
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5. Conclusion

The FFT assumption is based on stationary signals and the
fact that a waveform can be constructed using a combination of
sinusoids (sine and cosine with different phase and amplitude=
Fourier Transforms). When a waveform deviates from the perfect
sinusoidal shape, harmonics will arise. This waveform change is
easier to investigate in frequency domain that in time domain.
We can relate the different harmonics to different deformations
of the time signal like symmetric and non-symmetric distortion.
This information can be useful when troubleshooting machinery.
L When signals are not stationary or cannot be divided into sines

An unusual use .Of FFT IS In the case of gear fqults _Wt?en Mand cosines, the FFT will generate amplitude scaling errors. Also,
searchers and engineers discuss sidebands. Again thisés so hen we have signals that are combinations of “harmonics”,

thing that do_es not exist in reali_ty but is t_he re_sults of Fouriehoise and transients, a more advanced methodology must be used
Transform. Figure20 shows the simulated time signal of a 9€alhan just look the FFT result on the screen and reading the mar

where one tooth is missing. The corresponding spectrum IS, What we see might not be what “reality” is about. Hence, a

shown in F'g%”"?l- Naturally a much. more meaningful analysis better awareness of these challenges and how to remedy them in
can be done in time frequency domain. the CBM society is of interest. Naturally we can expect that this
development will take some time but we could aim for the-cel
bration in 2018 when it comes a quarter of a millennium since

I - Joseph Fourier’s birth. It should be noted that this work has not

been aimed to criticize the work of Fourier on the contrary his
work and legacy is exceptional. FFT is still the most widely used
tool in condition monitoring of rotating machinery even though
the technique is often misused or at least misunderstood.

1 L
50.667 75.3
f,Hz

1
100 353 125.167 150

Figure 19. Frequency spectrum of fatigue defect.

3.4. Gear fault

10 T T T

_10 I I I
3 02 0.23

fjzec

Figure20. Time signal of gear fault.
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