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SYNOPSIS

The - natﬁne of the vibration signals from the rotating
electricai méchines depends wupon their mechanical assembly,
rotational speéd, base alignment, states of the bearings, and
electrical conditions. The vibrations affect the mechanical life
span and electrical performance characteristics, and may bring
about a situation resulting in the fallure of overall machine
system. It is essential to carry out the detailed analysis of
the recorded vibration signal for taking the necessary precautions
for avoiding the mechanical and electrical problems due to
vibrations in electrical machines. The present work deals with
the development of software for the analysis of the vibration
signals recorded from an electrical machine. By using the
developed software, the detailed analysis and feature extraction
from the vibration signal in respect of amplitude, duration,
velocity, acceleration, and periocdicity have been carried out in
this work.As the vibration transducer of high frequency response
was not available to record the signal from electrical machines,
the developed software has been tested using vibration signal
from the'vibraiion table.The transducer used was a pieZOreslstiQé
based seismic accelerometer having a frequency range upto 100 Hz]
The vibration signal was picked up using this accelerometer énd
processed and digifized by an ADC card fitted within the computeﬁ
system. The digitized signal was stored and analyzed by using the
developed sbftware.b The test results are conststent and reliablé
and establishes the authenticity of the method to be used for real

time vibration signal analysis of rotating electrical machines.
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main methods are discussed: (i} overall level monitoring, (ii)
frequency spectrum monitoring, and (iii) cepstrum monitoring.

In overall level monitoring, the measurement taken is the rms
value of the vibration level over preselected bandwidth. The
strength of ihe overall level technique is its simplicity. It
requires only the simplest of the instrumentation.The use of this
method 1s a common feature in any installations. The accuracy of
the method depends on the operator. The sensitivity of the method

is also low, particularly when a defect is at an early stage.

Frequency spectrum analysis is a ‘post’ time domain signal
analysis. This method of analysis 1is generally employed once
one’s suspiclious are aroused by anamalies in time domain signals

taken using overall level monitoring.

Cepstrum analysis is a ‘post’ épectral analysis tool. The
cepstrum analysis 1is used in examining the behaviour of gear
boxes. By using this method of analysis one can easily find out

side bands present in the vibration spectra of the gear boxes.

Chapter 5 lays down the foundations for building FFT compﬁter
program. It provides a thorough description of Fourier transform,

DFT, and FFT algorithm.

Chapter 6 provides a detail discussion of wvaricus algorithms
and flowcharts developed for the analysis of vibration signals

from rotating electrical machines.

Chapter 7 provides several results taken by using software

developed in chapter 6.

Chapter 8 gives the conclusion of the present work carried
out in the dissertation. It also suggests the scope for the

future work.



CHAPTER 1
INTRODUCTION

1.1 GENERAL

From the moment the rotating electrical machines are put into
use, they are subjected to wear and tear. There 1is continuous
deterioration in the state of the machines and may finally result
in the break down. Thus sooner or later,there arise the necessity
to provide their replacement. If the machine is simple, cheap and
easily detachable from the other machines, the most straight
forward way 1is to keep a reserve machine in the store for its
immediate replacement. It would be good to know the real
conditions of the sources of defect being developed during the
normal operations of the machine. Xnowing this, it would be
possible to carry out the repair, overhaul or replaceﬁent

whenever it is required in a planned manner.

Several ‘decades of international professional experiences and
practices have dictated that the mechanical vibrations of
electrical machines are the right parameters to be measured to
indicate the best technical condition of the machine . Thus it is
in the best interest that we must know the trends of changes in
the technical condition and vériational characteristics of the

machine.

The vibration signal of a machine to be tested can be
obtained by wusing vibration transducers and data acquisition
system. The fault inside machine changes amplitude and frequency
of the vibration signal recorded from time to time from the
.machine. The analysis of the vibration signals from the machine is
much sensitive method for indicating the defects. Another
advantage of the spectrum analysis of the vibration signal is the
general ability to identify the causes of vibrations (the sources
of the defects) on the basis of frequency domain analysis during

normal operation without dismantling the machine system. Thus



the engineers can kncw before starting their maintenance Qork as
what has to be looked into when the machine is switched off. Of

course, this procedure may also shorten the maintenance time.

1.2 CAuses oF VIBRATION

The causes of vibration in a machines on the basis of

their controllability are classified as follows:

(i) Predictable and Controllable
(a) existing force harmonics
(b) slot harmonics
(c) Saturation harmonics
(d) vent sections in the rotor and stator
(e) fan blade design
(ii) Predictable, specifiable, verifiable, but variable
(a) supply with harmonic content
(b) eccentric assembly of rotor and stator
(c) dynamic eccentricity of the rotor
(iil)Random verifiable only by in-process quality control
(a) asymmetry in the stator or rotor winding
(b) bearing defect
(c) bent shaft end
{d) Jjournal ovality

(e} 1loose assembly

1.3 THE TRANSDUCER USED FOR VIBRATION SIGNAL RECORDING

According to the requirements of the measuring technique and,
in particualar the modern signal processing technique, the
mechanical signal is converted into an electrical signal by using

vibration transducer.

There are two types of vibratlon-measuring transducers. The
first type are non-contact transducer. There are two kinds of
non-contact transducer. in general use : electrodynamic and

capacitive transducers. The second group of vibration-measuring



~ transducer includes the so-called contact transducers. In this
case, the transducer 1is directly and rigidly fixed to the
vibrating body. The commonest type of contact transducer is the

piezoelectric transducer.

1.4 ORGANIZATION OF THE THESIS

After introduction in first chapter, chapter 2 provides a
general discussion of the type of transducers and conditioners
needed to effectively measure the vibrations. Vibration sensing

revolves around the measurement of three related-quantities :

(1) displacement,
(ii) velocity, and

(iii) acceleration.

Which quantity one should measure depends on the size of the
machine being monitored, and the frequency range in which one is
interested. The signal conditioner system comprises the cable
connecting the transducer to the amplifier. There are two general
types of pre-amplifier used for this purpose, one voltage

amplifier and the other one is charge amplifier.

Chapter 3 gives an introduction to the vibration in rotating
electrical machines. The principle areas of vibration in
electrical machines are : (i) the stator core response to the
attractive force developed between rotor and stator, (ii) the
response of the stator end windings to the electromagnetic forces
on the conductors, (iii) the dynamic behaviour of the rotor, and
(iv) the response of the shaft bearings to vibration transmitted

from the rotor.

Chapter 4 provides a fairly general discussion on the

vibration monitoring of rotating electrical machines.

The defects of rotating electrical machines can be identified

by mere. than one methods of vibration signal analysis. Here three



main methods are discussed: (i} overall level monitoring, (ii)
frequency spectrum monitoring, and (1ii) cepstrum monitoring.

In overall level monitoring, the measurement taken is the rms
value of the vibration level over preselected bandwidth. The
strength of fhe overall 1level technique is its simplicity. It
requires only the simplest of the instrumentation.The use of this
method 1is a common feature in any installations. The accuracy of
the method depends on the operator. The sensitivity of the method

is also low, particularly when a defect is at an early stage.

Frequency spectrum analysis is a ‘post’ time domain signal
analysis. This method of analysis 1s generally employed once
one’'s suspicious are aroused by anamalies in time domain signals

taken using overall level monitoring.

Cepstrum analysis is a ‘post’ spectral analysis tool. The
cepstrum analysis is used in examining the behaviour of gear
boxes. By using this method of analysis one can easily find out

side bands present in the vibration spectra of the gear boxes.

Chapter 5 lays down the foundations for building FFT compﬁter
program. It provides a thorough description of Fourier transform,
DFT, and FFT algorithm.

Chapter 6 provides a detail discussion of various algorlithms
and flowcharts developed for the analysis of vibration signals

from rotating electrical machines.

Chapter 7 provides several results taken by using software

developed in chapter 6.

Chapter 8 gives the conclusion of the present work carrled
out in the dissertation. It also suggests the scope for the

future work.



CHAPTER : 2
VIBRATION MEASUREMENT

2.1 GENERAL

Vibration is related to the osclillatory motion in a physical
system. It 1is generally interpreted as symmetrical or
nonsymmetrical fluctuations in the rate at which acceleration is
applied to an deect‘ Vibrations may be periodic or non-periodic
(random) in nature. The measurement of vibrations includes
determination of its displacement, velocity, acceleration, and
frequencies. The measuring device is usually selected as per the
expected ranges of frequencies. Its ease and ability to obtain
‘accurate results are also Important considerations. With
low-frequency vibration, there are advantages in the measurement
of displacement. At the higher frequencies, the excursion or
displacement range usually becomes quite small, and therefore
there is advantage in the measurement of acceleration. It may be
difficult tao measure displacement accurately in high frequency

ranges.

2.2 VIBRATION SENSORS

Vibration sensing is one of the most important monitoring
tool -available to the operator of electromechanical plant. The
procedures of vibration measurements have reached to a high
degree of sophistication and generally revolve around the

measurement of following three related quantities:

(i) displacement,
- (11) velocity, and

(iii)acceleration.

Out of the above three Which quantity one should measure,
depends on the size of the physical system being monitored and the

frequency range in which one is interested. If we take the example
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of machines of similar type and size, it can be stated that there
may be more or less constant vibrational velocity. It is observed
that as the speed increases, there is the fall in the level of
displacement and increase in the level of accelerations. This
suggests that as the frequencies of‘.inter‘est rise it is better to
progress from a displacement device to a velocity transducer, and
ultimately to an accelerometer for the measurements. As a guide.
the approximate frequency ranges of application are as shown in
figure (2.1)[1].

Care must be exercised, however, when monitoring systems
which have small moving masses for 1In such circumstances
transmitted forces may be small, and displacement will usually

provide the best indication of condition.

- The vibration transducers are characterized according to

the quantity they measure.

2.2.1 DISPLACEMENT TRANSDUCERS

A

These are basically non-contacting probes or proximeters.
These devices operate by using an high frequency source to
generate an electromagnetic field at the probe tip. The system
energy 1is thus dependent upon the local geometry of the area
surrounding the probe tip. If it changes, for example, when the
target surface rﬁoves with respect to the probe, the system energy
also changes. This change is readily measured and is related to
the displacement of the target surface from the probe tip. It
should be noted that such systems measure the relative motion
between the probe and the target; hence the vibration of the
housing in which the probe is mounted is not readily measured by
this technique [1].

Sensitivities of the order of 10 mv/micron displacement are
easily achievable with displacement probes, and they find wide
application in situations where heavy housing ensure small

external movements. The measurements of eccentricity and
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airrerential movements due to expansion are therefore most easily
achieved using proximity transducers. They can also be effectively
applied to measure rotational speed by sensing the passage of key

ways on shafts.

As mentioned earlier, displacement 1s most effectively
measured at the lower frequencies even though the frequency range
of eddy current systems can extend above 10kHz. They are
relatively robust transducers and the driving and detection
circuits are straightforward. Essentially the high frequency
signal applied to the probe is modulated by the passage of the
target, and the demodulated signal used as the measurement
quantity. Consideration of figure(2.2), which illustrates the
basic displacement measurement principle, shows that the output
of the system will depend not only on the displacement between the
probe and the target, but also on the material of which target is
made. This is because the éddy current reaction of the target, and
hence the system energy, is dependent upon both the conductivity
and permeability of the material. Proximity probes generally
requires calibration for each target material. Care must also be
taken when \mounting the probe to ensure that conducting and
magnetic surfaces around the probe tip do not cause unnecessary
disturbance of the applied high frequency field and that the
target surface is smooth with no surface or magnetic

disturbances [2].

2.2.2 VELOCITY TRANSDUCERS

Velocity transducers are used in the frequency range from 10
Hz to 1 KHz. These are designed using a spring mass system with
a natural frequency less than 10 Hz, and letting the mass take the
form of a permanent magnet, as illustrated is Fig.(2.3) [2]. The
magnet is then surrounded by a coil which is securely attached to
the housing. Whenever the housing is placed in contact with a
vibrating surface, the housing and coil move with respect to the
magnet and cause an emf to be induced in the coil, as per the

expression
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e=IB*V (2.1)

where e is the induced emf , 1 1is the effective length of the
conductor in the coil, B is the radially directed flux density

(which is constant), and V is the velocity in the axial direction.

The transducers are relatively delicate but have the
advantage of producing large output signal thereby requiring

little or no signal conditioning .
2.2.3 Accelerometers

As per practice, the velocity and displacement are commonly
measured using accelerometers and other required parameters are

derived by integration.

Accelerometers produce an electrical output which is directly
proportional to the acceleration to which they are subjected. In
present time the piezoelectric device has become almost
universally accepted accelerometric transducer.These are used for
all the specialised vibration measurements. These are physically
robust than the velocity transducer and have higher frequency
range. This has become more important as techniques involving

frequencies well above 1 KHz have been adopted.

The construction of a typical piezoelectric accelerometer is

shown in Figure (2.4) [2]. When the transducer is subjected to

vibration, the seismic mass, which 1is held against the
piezoelectric element, exerts a force upon it. This force is
proportional to the acceleration. Under such conditions the

piezoelectric elements, which 1is wusually a polarised ceramic
material, generates a proportional electric charge across its
faces. The output can then be conditioned using a charge
amplifier. The velocity or aisplacement signals are recovered by
integration. The device has the advantage of being a self

generating source. Nowlintegrated circuit piezoelectric devices

11
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TABLE 2.1 : APPLICATION

OF VIBRATION TECHNIQUES
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are avallable which have the output signal conditioning resident
in the accelerometer encapsulation. When using piezoelectric
accelerometers the natural frequency of the device is designed to
be above the usual operating range. A typical frequency response
is given in Figure (2.5) [3]. This limits the useful operating
range to around 30% of the natural frequency. Being low output at
low frequencies, the normal operation range of pilezoelectric
accelerometers is generally from 1 KHz to 8 KHz. Some small

devices are available for ranges extending 200 KHz [3].

There is an extremely wide range of piezoelectric
accelerometers available today, from very small devices that will
measure shocks of high acceleration, in excess of 108 ms_z, to
large devices with sensitivities greater than 1000 pc/msn2 [4].
Highly sensitive devices, on the other hand, are physically large
so as to accommodate the increased seismic mass required to
generate the high output. In all such cases, care must be taken
when mounting accelerometers since they can be easily destroyed
through over-tightening.

Table 2.1 provides a short summary of the area of application

of each of the transducer types discussed above [4].
2.3 Mounting of sensors

The piezoelectric accelerometer are brought into contact with
the vibrating body. There are various methods of fixatlion, which
‘are illustrated in Figure (2.68) [5]. Out of these, the method
employing a stud bolt is the‘best. Beeswax or even epoxy resin
gluing is also very good. The quality of fixation depends on how
much the fixation modifies the natural frequency of ‘the
transducer. The methods shown in Figure (2.6)a,b,c and d do not
alter the operating frequency range of the transducer in practice.
A fast method for attaching the sensor to bodies made of
magnetizable material, like most electrical machines, 1is the
magnetic mounting shown in Figure (2.6)e. Of course, this latter .

solution does not provide a mechanical coupling as good as a

14
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bolted mounting, so the operating frequency range of the sensor is
reduced to less than one third. For standard transducers, this
range still gives a relatively high cut-off frequency (about 2 to
3 KHz) that meets the requirements of standard vibration

measurements [5].

Feeler mounting is acceptable only up to 800 Hz. When the
measuring system is set up, due attention is paid to avoid the
formation of a ground loop through the sensor housing and the
ground wire of the signal cable, since the ground current flowing
through the instrument might invalidate the results of the
measurements. An insulated bolt and an insulating disk under the

sensor provides an acceptable solution as shown in Figure(2.6)c.
2.4 Charge generator model of the accelerometer with cable

A good approximation of the charge generator model for
frequencies well below the natural frequencies is shown is Figure
(2.7) [8]. The electrical characteristics of the connecting
coaxial cable between the plezoelectric accelerometer and the
signal conditioner is included in the mathematical representation
of the complete accelerometer model, since these parameters
directly affect the overall transfer function. The output voltage

e, for the system shown in figure(2.7) can then be expressed as

Ksx
e = (2.2)
® Re Ca Ce s2 + (Cc + Ca + Ca —g%—)s + —%5
where, Ca = internal capacitance of accelerometer, Rc = cable
resistance, Cc = cable capacitance, Rp = Iinterface input

resistance, K = proportionality constant, and X = deflection in

the crystal.
The deflection X is related to the equivalent charge gqa as qa

= DgX where Dq is the characteristic constant of the plezoelectric

material.

16



The basic limitation of this type of accelerometer can be

inferred from Eqn. (2.2) wherein

1}
o

eo(jw) (2.3)

w=0

To compensate for this lack of dc response, several schemes
of circuitry are possible in the signal conditioner that
interfaces with the accelerometer. One approach is to integrate

the signal so that integrated output

éé(s) = eo(s)/s (2.4)

A second method (voltage amplifier) uses an amplifier with an
extremely high input impedance to minimize the loading. Assuming
that Rc = 0 Eq(2.2) becomes

Ksx

e (s) = (2.5)

1
(Ca + Ccls +—§5

If the input impedance of the signal conditioning stage Rp is

5
very large, the circuit provides a very low cut-off frequency.

In terms of the input acceleration y, the overall transfer
function (including the dynamic response of the spring mass
system) of the complete system may be shown to be

e '

° = 5 Kic 3 5 (2.6)

y {RcCaCcs +(Cc+Ca+Ca _ﬁ5)5+—ﬁ5} (s™+2&wns+wn™)

2.5 Signal conditioners
The signal conditioning system employing a piezoelectric -
transducer comprises the cable connecting the transducer to the

amplifier, signal amplifier and signal modifier.

The input cable connecting the transducer 1is usually low

17
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capacitance, low noise, low microphonic coaxial cable with high

insulation resistance between the leads.

The output signal of the plezoelectric crystal, that is the
potential difference across the crystal armature, is directly
proportional to the acceleration of the transducer housing and,
consequently, to that of the vibréting body. This signal,
hoverer, is very small, and so it requires amplification. There
are two general types of pre-amplifier, namely voltage amplifier
and charge amplifier. The output voltage of voltage amplifiers is
proportional to the input voltage. These have simple construction
and are relatively cheap. At low frequencies, these are quite
sensitive to the resistance and capacitance of the cable
connecting the sensor with the pre-amplifier. In a charge
amplifier, the output voltage is proportional to the charge on the
sensor. This pre-amplifier 1is more expensive but it |is
insensitive to the cable impedance, so we can use longer cables to
connect the sensor with the amplifier and the pre-amplifier may be
located far away from the vibrating body. At the same time, the
pre-amplifier also serves as an Impedance transformer, matching

the sensor with the instrument following the amplifier.

2.5.1 Voltage amplifier

1 N R A N I R R o .

[he voltage follower amplifier sultatie for piecoeielil o
devices 1is shown 1in Figure (2.8)a, which 1is designed for
non-inverting operation with unity gain [B]. Figure (2.8)b shows
the equivalent circuit of the accelerometer along with the
connecting cable and voltage follower. This configuration takes
advantage of the high input impedance of the amplifier, which
results in very low leakage path across the transducer and cable
capacitance. The low frequency response of the transducer, cable,
and amplifier combination is thus improved. With operational
amplifiers having FET input stages, an input impedance of the

order of lollohms can be obtained.

If the other characteristics of the amplifier are assumed to

19



be 1ideal, then the input current of the amplifier iin(figure
2.8a)can be determined as
e e

€1 - % i
= 7
R + Rp iin (2.7)

where Ri is the internal input resistance of the amplifier
and Rp is the resistance to ground. Since the open loop dc gain of

the amplifier is very large (order 106), it can be shown that

eo%el. Then
€1
Rp = iin (2.8)
Under such assumptions, the voltage follower «can be

approximated by the equivalent circuit shown in Figure (2.8)b.
Thus the complete transfer function given by Egq. (2.6) can be

rewritten (neglecting cable resistance) as

Ks 1

eo(s) = 1 5 y (2.9)
(Cc + Cals 5 s~ + 2Cwns + wn
P
And equation (2.9) can be further written as
K (Cc+Ca) Rps 1 -
e (s) = y (2.10)
o “{Cc+Ca) Rp(Cc+Ca)s‘+ 1 (sz+2Cwns+wn )
K ] [ Tis ] 1 ”
[ C TS T2 g2 2
Where C = Cc + Ca, and t1 = Rp(Cc + Ca)

It can be seen from Eq. (2.11) that the static sensitivity is
lower for higher values of cable and piezoelectric crystal
capacitances. Apart from this, the steady-state response is zero.
Thus, 'static response cannot be obtained in this mode of
operation. In practice, the value of Rp and C are suitably chosen
to obtain reasonably good sensitivity as well as required low

frequency response. The high frequency limitation 1in  this
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configuration is 1imposed by the response of the spring-mass

system,
2.5.2 Charge amplifier

In the voltage amplifier configuration, it is seen that the
frequency response depends on the cable capacitance. It means
‘that for each cable length only a particular calibration is
valid. To aveoid such difficulty, a charge amplifier
configuration, where the charge generated by the device is

converted to a proportional output voltages, is preferred.

The circuit arrangement of a basic charge amplifier is as
shown is Figure (2.8a) [6]. Assuming ideal conditions under which
there would be no current flow into the input termina! of the
operational amplifier,

dq _ . _ .. . .

T—l—kx (2.12)
where x is the deflection of the crystal due to input acceleration
and K is a proportionality constant. The voltage across the feed

back capacitor cf(under ideal conditions) can be expressed as

e = 11 Iidt (2.13)
° ¢
£ .
= -gx (2.14)
£

As mentioned earlier, the above equation represents an ideal
condition. In practice, such a circuit would go to saturation
because of the bias currents through the operational amplifier,
charging the capacitor Cf To prevent saturation, a resistor Rf
providing an alternate path is connected across Cf as shown in

figure (2.8b). The transfer function for the circuit is written

as

%‘(S) R — (2.15)
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where, '1:2 = Rf Cf

The overall transfer function is obtained as,

° -k 2 1 (2.16)

y 2 52 + 2¢wns + wn2

Eq. (2.16) is identical in form with that obtained for a voltage
amplifier and piezoelectric accelerometer combination given by Eq.
{(2.11). This also exhibits similar low frequency response
limitations. However, the distinct advantage here is that both
static sensitivity and low-frequency response are independent of
the cable capacitance and crystal capacitance. Low-frequency
response depends only on the circuit components C_.and R.. In this

f f
case, the static sensitivity 1s not lost even with longer cables.

In general, it is advisable to include signal filtering after
the signal amplifier stage (either voltage follower or charge
amplifier) in the instrumentation system. It consists of a
low-pass filter adjusted to the cut-off frequency of the most
frequency-restrictive component in the system, which is usually
the accelerometer. The signal conditioner is generally designed
with a low-pass filter network to eliminate the accelerometer

resonance errors and influences of extraneous noise signals.

Signal trahsmission from the filter output to the recorder or
other display units is usually through a cable whose effect can be
ignored as the signals are of high amplitudes are fed from low

impedance sources.
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CHAPTER-3
VIBRATION OF ROTATING ELECTRICAL MACHINES

3.1 GENERAL

The electrical machine, its support and base structure, and
the load connected to its shaft form a complete mechanical system.
The vibration frequency of the overall system depends on many
factors. The machine is free to vibrate at its own natural
frequency, or can vibrate at any other frequency. This result in
a complex vibration which may be unacceptable and its progressive
increase may damage the machine and may even results in total
failure. The vibration in electrical machines may be in the

following areas([7]:

(i) the stator core may respond to the attractive force
developed between rotor and stator,

(ii) there may be response of the stator end windings to the
electromagnetic force on the conductors,

(iii) these may be due to the dynamic behavicur of the

rotor,

(iv) the response of the shaft bearings to vibration

transmitted from the rotor may induce vibration.

These four areas are inter-related. The bearing
mis-alignment or wear may quite easily result in eccentric running
which in turn may stimulate the vibrational modes of the

stator[7].

3.2 STATOR CORE RESPONSE

The stator and its support structure comprise a thick-walled
cylinder which is slotted at the bore and rests inside a

thin-walled structure. The unit may or may not be cylindrical [8].

The forces acting on the stator core are a result of the
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interaction between the air gap flux wave and the currents flowing
in the windings embedded in the stator slots. The forces acting
on the end winding are due to the interaction between the end
leakage flux and the winding currents. The precise nature of the
applied force 1is a function of the form of the current
distribution and the geometry of the air gap and end region.
Disturbances to either, due to rotor eccentricity or damaged areas
of the rotor for example, alter the harmonic components of the
force wave and initiate a different response from the stator core,
particularly if the applied forces stimulate any of the natural

modes of the system [8].
3.3 Rotor dynamics

The motion of the rotor in response to transverse unbalanced
forces, and to torsional forces, applied either due to system
disturbances on the electrical side or to rotor defects within the

machine may contribute to vibrations.
3.3.1. Transverse response

To examine the response of the rotor to unbalanced forces& a
distinction is drawn between rigid and flexible rotors. Rigid
rotors are considered as a single mass acting at the bearings.
It has been shown that the rotor and its beérings can be modelled
by the differential equation[89],

(M + ms)X + Cx + Kx = mro> (3.1)
where,

M = mass of the rotating disc at the bearings

m = equivalent unbalance mass on the shaft,

ms = support system mass,

.r = effective radius of the equivalent unbalanced mass,

C = damping constant of the support system, and

K = stiffness of the support systen.

The peak displacement for sinusoidal motion is given by the

solution to (3.1), and is [9],
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W
- (]
X = (3.2)

Here, wo the natural frequency of the rotor support

system. The natural frequency is given as

K C
M+ ms) , and D +

2 /KM + ms)

By dividing the displacement the specific unbalance e, we
have

e = -—QL (3.3)

Figure (3.1) shows the displacement per specific unbalance

versus normalized frequency.

In case of long slender rotors operating at higher speeds(as
in two pole machines), specifically in case of the larger
turbogenerators which have restricted rotor raddi, the foregoing
analysis 1is insufficient. In these case, the distribution of
unbalance is considered. It has been shown that it is possible to
calculate the natural frequencies for general problems of a rotor
with a flexural rigidity EI, and mass per unit length m, which are
both function of position (x) [9]. The displacement u, for any
X, is given by the solution of ,

2 2 oo
@ (EIx) 22y - ®m u=% (3.4)
2 2 n
dx dx , n=1
where fnis the nth unbalanced force. And
w o= fm(x) g2 (x) dx (3.5)
n n ' :
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with gn(x) the nth solution of equation (3.4).

The solution for coupled sysiem comprising several rotors
including the electrical machine and the machine it is driving or
driven by is extremely complex. It is usual to assume that the
stiffness of the couplings between rotors are low, and therefore,
decouple each rotor, allowing them to be considered individually

as described above [9].
3.3.2 Torsional response

The torsional oscillatory behaviour of a turbine generator,
is complicated. The generator is effectively linking a complex
steam rainsing plant and prime mover to a large interconnected
electrical network in which huge quantities of energy are being
transported. The possibility for forced torsional oscillation of
the rotor of the generator is clearly high because of its great
length and relatively small radius [10]. The nature of such
oscillations depends upon the form of disruptions that occur in
either the mechanical or the electrical system, Disturbances in
the electrical system are very important. It has been established
that under some circumstances, they can give rise to conditions

which may consume shaft life due to fatigue.
3.4 Bearing response

The bearings are mainly responsible for the transfer of the
rotor force to the stator. It is important to be able to
determine the vibrational response of the bearings to these
external forces so that there may not be any confusion with
vibrational frequencies generated by the defects in the bearings.
External forces may also result in a relative vibration of the
rotor with respect to the hqusing and an absolute vibration of the

complete bearing housing[11].

This action needs consideration for bhoth rolling element

bearings and oil-lubricated sleeve bearings.
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3.4.1 Rolling Element Bearings

Thev rolling element béarings produce very precisely
identifiable vibrational frequencies. Due to there oil film, the
'Pelative motion between the housing and the shaft is small. It is
possible to detect the vibrations associated with the bearingé'

using an accelerometer mounted directly on the bearing housing.

The characteristic frequencies of such bearings depend on the
geometrical size of the various elements and are reported'by many
works. Table 3.1 summarizes these frequencies and their origins
[11). A schematic view of a typical rolling element bearing is
shown in figure (3.2).

Besides the frequencies given in Table 3.1, there are also
higher frequencies generated by electric deformation of the
| rolling elements, and the excitation of the natural modes of the
rings that comprise the inner and outer races. These effects are

secondary to the principal components.

The magnitudes of the components given in Tane 3.1 are often
lost in the general noisé.background when the degree of damage is
small, but because of their precise nature they present an
effective route for monitoring progressive bearing degradation. A
simple instrument could be devised using an accelerometer mounted -
on the bearing housing to detect the amplitude of vibration at
these characteristic . frequencies. Once the characteristic
frequencies are known, it is possible to enhance the performance
of the instrument by the use of highly selective filters and
weighting functions so as to be able to identify bearing faults at

an earlier stage.

When monitoring the vibration due to rolling element bearing,
it is always prudent to try and achieve gocd base-line data. This
is because once the bearing becomes significantly worn, the
spectrum of vibration it emits becomes more random again, although

at a much higher level than the base value for a good bearing.
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Defect Frequency Comment
Quter race n N d .
-—2 . 6_6 o l.-—D cos?) Ball passing frequency
on the outer race.
n N d
Inner race -. ;—B- . (14 s cos?) Ball passing frequency
on the inner race.
Bl defecti ) N(l(d)2 zﬂ Ball- spin-f
efective — . = (1- (=) -cos-#) -| -Ball- spin-frequency.
TRRT R Y P Trequency
) 1 d . .
Train defect E . 6—0- (1- ;— €o0s%) ‘1 Caused by irregularity
in the train,

= nunber of balls
N = protational speed in rev/min
d = ball diameter
D = ball pitch diameter
# = ball contact angle with the race

_w—

TABLE 3.1 CHARACTERISTICS FREQUENCY OF ROLLING ELEMENT BEARINGS
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Clearly if no base line is available and no history has been built
up, 1it. is possible for specific  defects to be masked by the

increase in general background level [11].

Machinery exhibit a small degree of unbalance. This tends
to modulate the characteristic frequencies of the bearings and

produces side bands at the rotational frequency.

Vibration monitoring is obviously highly suitable for
monitoring the performance of rolling element bearings and has

gained wide acceptance throughout the industry.
3.4.2 Sleeve Bearings

The shaft is supported by a fluid film pumped'in under high
pressure between the bearing linear and the shaft by the motion of

the shaft in sheer bearings.

Now because of the compliance of the oil film and the limited
flexibility of the bearing housing itself, vibrations measured at
the housing are of low amplitude [12]. Also, because the liners
of the bearing will inevitably be a soft material such as white
metal, small defects are difficult to identify by measuring the
absolute vibration of the housing. These factors point to the use
of displacement transducers as the effective tool. But these are
useful at the lower frequencies only. Higher frequencies (above 3
times the rotational frequency say) are best measured absolutely

with an accelerometer mounted on the bearing housing.

It is worth keeping in mind, however, that as the bearing is
more heavily loaded, due to an increase in rotor load, the
thickness of the oil time will decrease with a commensurate loss
in'flexibility. This increases the vibration detectable at the
bearing and will allow more information to be derived from the

measurement.

A much more important cause for concern in the sleeve bearing
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is the onset of instability in the oil film. This can result in
oil whirl and subsequently oil whip, 1in response to unusual
loading of the bearing. Figure (3.3) shows the forces acting upon
the shaft in a sleeve bearing, and illustrates that the shaft is
supported by a wedge of oil Just at the point of minimum

clearance.

The oil film circulates at half the shaft speed. But because
of the pressure difference on either side of the minimum clearance
point, the shaft precesses at Jjust below half speed. This motion
is called o0il1 whirl and is a direct result of the pressure

difference which is due to viscous loss in the lubricant.

Instabilities occur when the whirl frequency corresponds to
the natural frequency of the shaft. Under such conditions the oil
film may no longer be able to support the weight of the
shaft [12].

Details of the mechanisms involved in o0il whirl, and its
development into the more serious instability called oil whip,
which occurs when the shaft speed 1is twice its natural

frequency [12].

Thus care must be taken such that that either the machine
does not operate at a speed higher than twice the first critical
speed of the rotor shaft, or if it must, then oil whirl must be

suppressed.
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CHAPTER - 4
VIBRATION MONITORING OF ROTATING ELECTRICAL MACHINES

4.1 OVERALL LEVEL MONITORING

This simple form of mdnitoring is the most commonly used
technique for vibrations measurements. But as an aid to the
-diagnosis of fault in electrical machines, it may have fairly
limited utility. In this method, the measurement taken is simply
the rms value of the vibration level over a preselected band
width. The usual band width is 10 Hz to 1 kHz, or 10Hz to 10kHz,
ahd in practice the measurement of parameter is vibration velocity
taken at the bearing cap of the machine under surveillance [4].
The technique is in use because over the years a considerable
statistical base regrading machinery failures has been built up.
This has resulted in the publication of recommended running
vibration standards [13]. These standards give dfagnostic
information as an indication of overall health. Many operators
use a strategy, based on such information, to aid maintenance
scheduling. The guidance given by vibration standard VDI 2056 is
given in Table (4.1) [13]. These criteria are based snlely on
machine rating and support systems and utilize a 10Hz to 1 kHz
bend width. Essentially it is recommended that when vibration
levels change by 8 dB or more, care must be exercised, and when
the change exceeds 20 dB action should follow. These limits can
be relaxed in case subsequent frequency analysis shows that the
cause of the increase in level is due to a rise in the higher
frequency componenﬁs. In such cases change of 16 dB and 40 dB
respectively are more appropriate figures. Another useful set of
criteria 1is given in the car_ladian government specification
CDA/MS/NVSH107 [4]. This specification relates primarily to
measurements taken on bearings, and it is here that overall level
measurement is most commonly employed. This specification has a
broader bandwidth then VDI 2056, namely 10 Hz to 10 KHz, but still

relies on overall velocity vibratlon mneasurement. Table (4.2)

34



81T°6

82"0

Sv-e

TL O

8°T

ww ) ALID0TdNn TYNOILVHEIN

(i/

5 dnouyn

W dnoun

M dnoun

2T T

poaads 3UIYDdDEW SPIIIXKD
AouanhaxF [euxnjeu
2SOYM SUOTIEPUNOF
AAE3aYy pue pPIHIX

Y3 IM Sauryarew apbxer]

poon

sSuoIjepunoy
[eroads uo MmpAac
03 dn X0 MIGL-ST

SAUTYOEW WNIPIW

poon

MM ST 03 dn
Sautyoew [IewWws

poon

arqemoy v

21qemo]I 1Y

a[qexaiol 3snp

a[qexaiol 3snp

BIISSIWIS I ON

AaTxidp ae

D[ISSTWII JON

S1qemoI 1y

(G"Zx)>dp 8
d[qexajiol j3snp

IISSIWI3g 3 ON

(ZAT-ZHAT) €IA33 TI) A3 II3nag uorjeaqrin

958Z 1dn JHYANYLS 'TUNOILUHIIN

T'¥ ATVl

35



TABLE 4.2 : VIBRATION LIMITS FOR MAINTENANCE AS GIVEN
IN CANADIAN GOVERNMENT STANDARD CAD/MS

/NUSH1@7
New Machines Horn Machines
Type of 3 ) full load _
hr life hr life operation> *
Plant 10 Sexrvice _Overhaul

@-16099 10680-10060Level lnnegiatelg

All measurements in mm sec

Boiler auxiliaries

Largg steam
turbines

Mo tor—-generator
sets

rump drives

Fan drives at far
end i

Motoxrs (genexral)

1.0 3.2 5.6 10.0
1.8 18.0 18.0 32.0
1.0 3.2 | 5.6 18.0
1.4 5.6 10.0 18.0
1.0 2.2 5.6 18.9
0.25 1.8 2.2 5.6

# In this column the levels must not be esceeded in
any octave band.

TABLE 4.3 : DIAGNOSIS USING COUERALL LEVEL MEASUREMENTS

Ualue of F Trend

Defect

F < 1 Decreasing
F = 1 Steady -
F 2> 1 Increasing

Gil whirl.

; N P uR P et ‘A - -
Uibalance-indicative of eccentrici-

ty or perhaps faulty rotor cage.

Misalignment—-static ecentricity.
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Figure 4.1 : Levels of spectral analysis
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Narrow band
Narrow
Constant Narrow
1/3 Octave Frequenc Constant
Band jumd( Bandwidth feemdl Frequenc
Bandwidt



Frequency

MmM<P» Mo X

—

TABLE 4.4 : OCTAVE AND THIRD OCTAVE BANDS
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gives a section of the specification related to elecirical
machines. The overall level technique is simple. It requires
only the simple instrumentation. It also provides an ideal
method for use with portable instruments, but it make: heavy
demands upon technical personnel. The sensitivity of the
technique is also low, particularly when a defect is at an early
stage, and there is little help on offer to aid diagnosis without
further sophisticated techniques being employed [4].

However, it has been as indicated that it may be possible to
effect a limited diagnosis by taking two overall level
measurement: Va, the peak velocity, and x the peak to peak
displacement [4.2]. These quantities are then used to define the
parameter , '

F= 232 Nx (4.1)

Va

Where, N 1is the speed, in rev/min, of the machine.
Accordingly, the interpretations suggested by Table (4.3) may be
appropriéte.

4.2 Frequency spectrum Monitoring

There are various levels of spectral analysis, these may be
regarded as a continuum extending from the overall level reading
to the narrow band with constant fﬁequency bandwidth presentation,
as shown in Figure (4.1) [14].

In the octave band and 1/3 octave band techniques, the
spectrum Is split into discrete bands, as defined by Table 4.4.
The bands are by definition, such that when the frequency is
scaled logarithmically, the bands are of equal width. The
constant percentage band is one which is always the same
percentages of the central frequency, whilst the constant
frequency band width is an absolutely fixed band width form of
analysis which can give very high resolution, provided the

instrumentation is of a sufficiently high specification.
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The effect that the change of bandwidth has on the processed
signal output highlights precisely why the narrow band techniques
are superior to the overall level technique as diagnostic tools
(14]. For example, a certain transducer may provide an output
that may be interpreted in the ways shown in Figure 4.2. It is
apparent that the components around frequency fl dominate the
overall level reading, and the shape of the 1/3 octave result.

Important changes, say of f_, and f3, or even the presence of other

2
components, could go largely unnoticed except by the use of narrow
band methods. This 1is crucial because the flexibility of the
system may be such that important components are masked by those

closer to resonance in the mechanical structure of the machine.

The narrow band spectrum also allows the operator to trend
the condition of the machine most effectively. This requires that
an initial base-line spectrum is taken and subsequent spectrum are
compared with it. The use of digitally derived spectra means that
the results of such comparisons can be computed quickly since the
spectra reduce to a simple sequence of numbers at discrete
frequencies, as closely spaced as required within the limitations
of the instrumentation. In this way criteria such as VDI 2056 can

be applied for each frequency.

Because of the large amounts of data generated using narrow
band methods, it is frequently convenient to predetermine the
operational limits, on the basis of one of the vibration
standards, and to construct on operational envelop around the base
line spectrunm. This can take account of the wider 1limits
allowable at higher frequencies. It can also be used to
automatically flag warnings when maintenance limits are reached.
The basic of this technique is shown in Figure (4.3) [14].

The techniques discussed up to now are general types. In
order to identify not Jjust unsatisfactory overall performance, but
to pinpoint specific problems, it is necéssary to examine discrete
frequencies, or groups of frequencies. Induction motors in

particular require a high degree of frequency resolution applied’
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TABLE 4.5 : VIBRATION FREQUENCIES RELATED 10 SPECIFIC
ELECTRICAL MACHINE FAULTES

Fault type

|Important Fregencies]

Comments

Unbalanced rotor

Misalignment of
rotor shaft

Generates looseness
of shaft in bearing
housing

0il whirl and whip
in sleeve hearings

Rolling element
bearing damage

General electrical
problexns

y

fh Zf, ] 3f1‘ ] 4r:l'

t, 1. %,

4 * 9

(0.43 to 0.48)fr

See equations in
Table 3.1 for exact
frequencies in the
range 2-68 iz diue
to el;nent reso-
nance.

nfl‘ ’ "f's

e o

i wibpation.

Uery tovmon alsa causes
urbalanced magnetic

pull which gives 2f
r

Also manifests as stat-
ic eccentricity; there-
fore set components
yenerated from this
source,below,

Generates a clipped
time waveforn; therefo-
re produces a high
number of harmonics,

Pressure fed bearings
only.

Comnon source of
vibration.

Bearing faults can also
be diagnosed using the
Shock Pulse Method.

A problev can usually
be identified as having
electrical origins by
sinply pemeving the
supply,
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TABLE 4.3 (contd.)

Fault type

Important Frequencies

Comments

Broken rotor bars
in induction
wachines

Stator winding
faults

D.C. machines
commutator faults

r=

f
f

s

rotational frequency

|
s?pply frequency
an integer
number of commutation s

slip

If the fault disappears
then the problenm is
associated with electr-
ical aspect of the

wachine, '

May be difficult to
detect due to the low
level .Speed, leakage
field or current chan-
ges may be preferred
as a woni toring param-
eter.

Difficult to differen-
tiate between fault
types using vibration
nonitoring alone,

Unbalanced rotor
conponents can also
be generated.

quence
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to their vibration signals since the speed of rotation is close to
the electrical supply frequency. This tends to generate side
bands spaced at s and 2s around the harmonics of the supply

frequency, where s 1is the slip frequency of the machine.

Obviously, vibration can occur in electrical machinery as a
result of either electrical or mechanical action. In order to
summaries the dominant frequencies for a given defect, Table 4.5
has been compiled, principally by distilling the information
[13,3].

. 4.3 Special Vibration Monitoring Technique
In addition to the more conventional vibration monitoring
techniques described in section 4.2 and 4.3, there are a number of
specialised techniques which have established themselves as
powerful diagnostic tool.
Cepstrum Analysis
thematicaily the cepsirum, Cyt) of a function is descr‘ibéd
as the inverse Fourier transform of the logarithm of the power
spectrum of the function; i.e. if we define the power spectrum
P(t) of a function g(t) as
P_(£) = F{g(t)}? . (4.2)
g8
then the corresponding cepstrum is

-1
C = F 1 P . .
(1) {log gg(f) } . (4.3)

Where F and F | represent the forward and backward Fourier

transforms.
The dimension of the parameter t is time. The magnitude

of the cepstrum with respect to time intepvalwiis displayed in the

same way as the spectrum is illustrated with respect to frequency.
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The use of the cepstrum has found favour in examining the
behaviour of gear boxes because such items of equipment tend to
produce many families of side bands in their vibration spectra,
due to the variety of meshing frequencies and shaft speeds that
may be present [15]. The cepstrum essentially highlights
periodicvity in complicated signals, and hence identifies clearly
various families of side bands. The 1identification of various
side bands in a rich signals may be practically impossible using
spectral analysis, but these are picked up by cepstrum as shown
in figure(4.4). This figure provides an excellent review of the

use of cepstrum analysis applied to gearboxes [15].

cepstrum are in seconds it is usual practice to refer to the
horizontal quantity as quefrency, and the peaks in the cepstrum as
the rahmonics. This is done to firmly identify the methodology
with that of spectral analysis.

Clearly if this technique can identify side bands with ease,
them it may hold significant possibilities for the identification
of faults in induction machines, particularly when they are fed
form harmonic rich inverters. It is a ‘post’ spectral analysis
tool, in much the same Wé.y as spectral analysis 1is generally
employed once one's suspicions are aroused by anomalies in time

domain signals taken using overall level monitoring.
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CHAPTER - 5
FAST FOURIER TRANSFORM (FFT)

5.1 General

The FFT 1s a computationally efficient method for computing
the discrete Fourier transform (DFT) that can compute the discrete
Fourier transform much more raridly than other available

algorithms.
5.2 The_Discrcete Fowrier-Trensiorm -

The slne and coslne components of a perlodic waveform are
determined by the discrete Fourief transform (DFT). These
components find more use than the shape of the waveform itself.
The waveform f(t) is sampled at N time intervals t0= 0. t1=T.tk =
kT..... tN~1= (N-1)T. The full sampling interval is S=NT (Figure

5.1).

By using the notation fk = f(tk), the DFT of fk is defined as
F_ = ; 1 £ e TN (5.1)
=0
It may be noted that
ei¢ = cos ¢ + 1 sin ¢, e_i¢ = cos ¢ - 1 sing, e®= eiZn
= 1, and e-iw= -1. '

The significance of the DFT coefficients is that Fois
the Fourier coefficlent at frequency O (dc component), F1 is the
Fourier coefficient at frequency 1 (1 cycle per S), and Fn is the

Fourier coefficient at frequency n(n cycles per S).,

To see that this is so, let us calcualte a few Fourier
coefficients [16])
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N-1
F =Y f

o (the sum of all amplitudes)
k=o : '

k’

Consider the case where fk = C ( a constant). Then FO =
NC and all other Fourier coefficients are zero. Let us next
- consider the example of a sine wave with M complete cycles per

sampling interval S :

fk = sin (2nkM/N)

N-1
k=0

Pue to the orthogonal nature »f *he £ine and cosine series

for this fk,
N-1 > -IN
¥ - isin”(2rkM/N) =
k=0

7]
"

|

N-1 ~iN
T isin®(2nkM/N) =— ——

k=0 2

T
<<
i

and all the other Fourier coefficients are zero. It can be seen
that nth Fourier coefficient describes the amplitude of any since
wave component having n complete cycles per sampling interval. The

coefficient a, and b, are related as

J J
N-1
f =Y a, cos (2njk/N) + b, sin (2rjk/N)
kL J J
J=0
NOw let us perform the discrete Fourier transform of fk :
N-1 N-1 -
Fn = ¥ [ ¥ a, cos (2rnjk/N) + b, sin (2njk/N) K j
k=0 j=0 J
X [cos (2unk/N) - isin(2rnk/N;]
since
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N-1

_ -i2nk ~Znkn/N
F(N+n) = {L fk e e
) k=0
- i2nkn/N
-i2nkn -
= Z=o fk e = Fn

Between N/2 and N Samples per S, we have the following results :

N-1
_ -i2nk +2itka/N
F(N-n) = IL fi e ©
k=0
N-1 - +i2wkn/N
= Z fk o
k=0 —
« » m
.If f 1s real, then F(N—n)_ F‘n and FN/2 is real (
denotes the’ complex conjugate). F(N/Z) is the Fourier coefficient

at frequency N/2 (1 cycle per 2T). This is the highest frequency
that the DFT can determine. All Tlourier ccefficients for higher
frequencies are either edual to or the complex conjugates of
coefficients for lower frequencies. Thus, there are only N/2

independent Fourier coefficients.

If the sampling frequency is inadequate,
higher-frequency components of the true waveform f(t) will appear
as lower frequency components in the DFT. This is called frequency
aliasing. There is no way to correct the data after the sampling
has been performed. The usual solution to this problem is to uée a
low-pass analog filter (anti-aliasing filter) that eliminates all

frequencies above fs/2 before sampling [16].

Sampling Theorem : The sampling frequency fsmust be at least
twice the highest frequency in the signal to recover completely
the continuous signal from its sampled ccunterpart. Each Fourier
coefficient Fn 1s In general complex, the real part describing the
cosine~line amplitude and the 1imaginary part describing the

- sine-like amplitude. Thz mcdulus, or magnitude Fn is defined as
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G = Re(F )2 + Im (F )2
n n n

and the phase angle ¢n is given by tang¢ n = Im (Fn(/Re(Fn).

N-1
fk =Y

F

n +i2nmnk/N
—_ e

N

n=0

The same function is obtalned by first performing the forward and

then the inverse transformations given before.

Let us see as what happens if we evaluate fk outside the

sampling interval S.

N-1 Fn +i2nn +i2nnk/N .
N ¢ e =y

We see that, given a set of N Fourier coefficients, the
constructed function repeats endlessly with a periodicity S = NT.
This 1is analogous to the previous result that, glven a set of N
samples, the Fourier coefficients repeat endlessly with a

periodicity N = S/T.
5.3 The Fast Fourier Transform

Consider the discrete Fouriler transform.

-1
X, (k)
=0

X(n) = éiZan/N

™M=
o]

If
o

[

..... , N-1 (5.2)

~

It may be noted that equation (5.2) describes the

computation of N equations. For example. if N = 4 and if we let

W o= e-iZn/N (5.3)

then equation (5.2) can be written as
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[e]

X(0) = x_(0) wo + x (1) W+ x_(2) W+ x (3
X(1) = x_(0) W% + x (1) W'+ x_(2) W + x_(3)W°
X(2) = x_(0) WO+ x (1) W x_(2) W'+ x ()W
X(3) = x_(0) W0 + x (1) W+ x_(2) W « x (3°  (5.4)

Equations (5.4) can-be more easily represented in matrix

form as

—X(O]W W W wO-‘ -xo(o)_
1X (1) w?_., ,,WL_ __. __w:i ] xa(_l_)._ L
X(2) Wl Wl P v (2) 5 5)
x@ ] [ Wow W W) [k @]
or more compactly as
Xtm) = ¥ x, (0 (5.6)

In equation (5.5) W and.xo(k) are complex. It requires N2
complex multiplications and . (N}(N-1) complex additions to perform
the required matriX»computation. The FFT reduces the number of
multiplications and additions required in the computation of
equation (5;5)

5.3.1 Intuitive Development

To illustrate the FFT algorithm, it is convenient to choose
the number of sample points of X, (k) according to the relation
N=27, where ¥ 1is an integer. Recall that Eq. (5.5} results from
the choice of N=4=2y = 22;ltherefore, we can apply the FFT to the

computation of equation (5.5).

The first step in déveloping the FFT algorithm for this

example is to rewrite equation (5.5) as
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X(0)] 1 1 1 1 [ xo(o)'

x(nl =11 w W x (1)

X(2) T R Y x (2)| (5.7
3 1 :

k@] |1 W W@ W | x @]

Matrix equation (5.7) is derived from (5.5) by using the
relationship WK = wPkmed(N) "1y 1oy be recalled that [nk mod(N)]

is the remainder upon division of nk

w6 = wz- | (5.8)

since

-Jjan
wnk = wB = exp[[ i ] (8) ] = exp [-j3n]

' ~-Jj2n
"k mod N _ w2 - exp[[ - ](2)} = exp [-jn} (5.9)

The second step in the development is to factor the square matrix

in equation (5.7) as follows :

[ X(0)] [ 1 w9 0o o1 o wW® o] %, (0)]

X(2) 1 w o oo 1 o W x, (1)

xnl o o 1 w1t o W o x_(2) (5.10)
| X(3)] o o 1 Wwlo 1 o W %, (3)

Multiplication of the two square matrices of equation (5.10)
yields the square matrix of equation (5.7) with the exception that
rows land 2 have been interchanged (The rows are numbered 0,1,2,
and 3). Note that this interchange has been taken into account in
(5.10) by rewriting the column vector X(n). Let the row

interchanged vector be denoted by

54



X(0)
X(n) ={X(2)
X(1)
X(3) ' ‘ (5.11)

This factorization is the key to the efficiency of the FFT
algorithm. Having accepted the fact that equation (5.10) is
correct, one can examine the -number of multiplications required

to compute the equation. First let

- — . o - -
[X(0) e ‘10w 0] [x(0)
X7(1) —To 1 0 Wl |x
_ (o)
X, (2)| = 1 0o & ol |x(2)
] Q
X, (3) o 1 o0 W x_(3) (5.12)

That is, column vector xlfk) is equal to the product of the two

matrices on the right in equation (5.10).

Element Xl(O) is computed by one complex multiplication and
one complex addition (Wo is not reduced te unity in order to

devélop a generalized result).
x.(0) = x (0) + W x _(2) (5.13)
1 o o

Element  x,(1} is ~ also determined by one complex
multiplication and addition .. Only one-complex addition is required

to compute x1(2). This follows from the fact that W° = -WZ; hence

x. (2) = x (0) + Wox (2)

1 o) 0 lo}
x (0) - Wx (2) (5.14)
(o] (@]

where the complex multiplication w°x0(2) has already been computed
in the determination of XI(O) (Eq. 5.13) . by the same reasoning,
x1(3) is computed by only one complex addition and no
multiplications. The intermediate vector xl(k) is then determined

by four complex additions and two complex multiplications (17].

55



Term x2(0) is determined by one complex multiplication and

o]
addition.Element xz(l) is computed by one addition because W =
-wz. by similar reasoning, x2(2) is determined by one complex

multiplication and addition, and x2(3) by only cne addition.

By continuing the computation of equation (5.10), we have

[ X(0)] [x,(0)] [ 1 Ww° o 0 0] [x,(0]
X(2) %, (1) 1 W o 1 o0 x, (1)
x| T @7 o o 1 1 wl %, (2) (5.15)
X(3) %,(3) o o o 1 w x,(3)
x,(0) = x,(0) + w°x1 (1) (5.18)

Computation of X(n) by means of equation (5.10) requires a
total of four complex multiplications and eight complex additions.
tomputation of X{n) by (5.5) requires sixteen complex
multiplications and twelve complex additions. Note that the matrix
factorization process introduces zeros into the factored matrices
and, as a result, reduces the required number of multiplications.
For this example, the matrix factorization process reduced the
number of multiplications by a factor of two. Since computation
time is largely governed by the required number of
multiplications, we see the reascon for the efficiency of the FFT. .

algorithm.

For N = 27 the FFT algorithm is then simply a procedure for
factoring an NxN matrix into y matrices (each NxN) such that each
of the factored matrices has the special property of minimizing
the number of complex multiplications and additions. If we extend
the results of the previous example, we note the FFT requires Ny/2
= 4 complex multiplications and Ny = 8 complex additions, whereas
the direct method (Eq. (5.5) requires N? complex multiplications

and N(N-1) complex additions. If we assume that computing time
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is proportional to the number of multiplications, then the

approximate ratio of direct to FFT computing time is given by

N 2N
= — (5.17)

Ny/2 ¥

which for N = 1024 = 210 is a computational reduction of more than

200 to 1. Figure (5.2) shows the relationship between the number
of multiplications required using the FFT compared to direct

method.

The matrix factoring procedure does introduce one
discrepancy. Recall that the computation of equation (5.10) yields
X(n) instead of X(n); that is

[ X(0)] [ X(0)]
X(2) X(1)
X(n) = insteal of X(n) =
x{1) X(2) (5.18)
| X(3) ] | X(3)]

This rearrangement is inherent in the matrix factoring
process and is a minor problem because it is straight forward to

generalize a technique for unscrambling X(n) to obtain X(n).

Rewrite X(n) by replacing argument n with its binary

equivalent

[ X(0)] [ X(00)]

X(2) X(10)

x(1)| becomes X(01) (5.19)
| X(3)] | | X(11) ]

Observe that if the binary arguments of equation (5.18) are
flipped or bit reversed (i.e. 01 becomes 10, 10 becomes 01 , etc.)
then
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[ X(00)] | [ X(00)]
X(10) X(01)
X(AY = | x(01)| flips to X(n) = X(10) (5.20)
| X(11)] | X(11)]

It is straightforward to develop 'a generalized result for
unscrambling the FFT. For N greater than 4, it is cumbersome to
describe the matrix factorization process analogous to equation
(5.10). For this reason we interpret equation(5.10) in a graphical
manner. Using this graphical formulation we describe sufficient

generalities to develop a flow grabh for a computer program.
5.3.2 Signal flow graph

Figure (5.3) shows the conversion of equation (5.10) into the
signal flow graph . The data vector or array xo(k) are
represented by a vertical column of nodes on the left of the
graph. The second vertical array of nodes is the vector xl(k)
computed in equation (5.12), and the next vertical array
corresponds to the vector xz(k) = X(n), equation (5.15). In

general, there will be y computational arrays where N= 2 (8

The signal'flow graph is interpréted as follows. Each node is
entered by two solid lines representing transmission paths from
previous nodes. A path transmits or brings a quantity from a node
in one array, multiplies the quantity by wp, and inputs the result
into the node in the next array. Factor wP appears near the
arrowhead of the transmission path;..absence of this factor impltes
that WP = 1. Resuits entering a node from the two transmission

paths are combined additively.

To illustrate the interpretation of the signal flow graph,
consider node x1(2) in Fig. (5.3). According to the rules for

interpreting the signal flow graph,
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X2  =x,(0) + wzxo(z) (5.21)

which is simply equation (5.14) . Each node of the signal flow

graph is expressed similarly.

The signal flow graph 1is then a concise method for
representing the computations required in the factored matrix
equation (5.10) . Each computational column of the graph
corresponds to a factored matrix; y vertical arrays of N points
each (szy) are required. This graphical presentation describe

clearly the matrix factoring process for large N.

Figure(5.4) shows the signal flow graphAfor N=16 . With a
flow graph of this size, it is possible to develop general
properties concerning the matrix factorization process and thus

provide a framework for developing a FFT computer program flow

chart.
5.3.3 Dual nodes

Figure(5.4) reveals that in every array we can always find
two nodes whose input transmission paths stem from the same pair
of nodes in the previous array. For example, nodes xl(O) and x1(8)
are computed in terms of nodes xo(O) and xo(8). It may be noted
that nodes xo(8) do not enter into the computation of any other

node. We define two such nodes as a dual node pair.

Since the computation of a dual node pair is independent of
other nodes, it is possible to perform in-place computation. To
illustrate, note from Fig. 5.4 that we can simultaneously compute
Xl(O) and x1(8) in terms  of xo(O) and xo(8) and return the
results to the storage locations previously occupied by xo(O) and
xo(8). Thus the storage requirements are limited to the data array
xo(k) only. As each array is computed, the results are returned

to this array.
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FIGURE 5.4 : EXAMPLE OF DUAL NODES.
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Dual Node Spacing

Let us now investigate the spacing (measured vertically in
terms of the index k) between a duel node pair. The following
discussion will refer to Fig. 5.4. First, in array I = l.a dual
node pair , say xl(O); x1(8), is separated by k= 8 = N/21 = N/21.
In array 1 = 2 , a dual node pair, say x2(8); x2(12). is
separated by k=4 = N/21= N/22. Similarly, a dual node pair, x3(4);
x3(8) , in array 1 = 3 is separated by k=2=N/21= N/23, and in
array 1 = 4, a dual node pair, x4(8); x4(9), is separated by k=1 =

N/21 = N/24.

Generalizing these results, we observe that the spacing
between dual nodes in array 1 is given by N/21. Thus, if we
consider a particular node xl(k), then its dual node is xl(k +

N/21)This property helps to 1identify a dual node pair.
Dual Node Computation

The computation of a dual node pair requires only one complex
multiplication. To clarify this point, consider node x2(8) and its

dual xé(12). shown in Fig. 5.4. The transmission path stemming

from node x1(12) are multiplies by W4 and le prior to input at

nodes x2(8) and x2(12), respectively. It is important to note that

w4 = - wlz and that only one multiplication is required since the

same data x1(12) is to be multiplied by these terms. In general,
if the weighting factor at one node is wp, then the weighting

_wp+N/2

factor at the dual node is Wp+N/2. Because wP = , only one

multiplication is required in the computation of a dual node
pair. The computation of any dual node pair is given by the
equation pair(17]

(k + N/21) (5.22)

x,(k) = x, (k) + WP

1-1 X1-1

1, _ Iy _ P I
x) (k+ N/27) = x, ,(k + N/27) Wx,_y (k + N27)

In computing an array, we normally begin with node k = 0 and
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sequentially work down the array, computing the equation pair
(5.22) . As stated previously, the dual of any node in the lth
array is always down N/21 in the array. Since the spacing is N/2°,
then it follows that we must skip after every N/21 node. To
illustrate this point, consider array 1 = 2 in Fig. 5.5 . If we
begin with node k = 0, then according to our previous discussions,
the dual node is always located down by 4 in the array until we
reach node 4. At this point a set of nodes previously encountered;
that is, these nodes are the dual for nodes k = 0,1,2, and 3. it
is necessary to skip-over nodes k = 4,5,6 and 7. Nodes 8,9,10, and
11 follow the original convention of the dual node being lccated 4
down in the array. In general, if we work from the top down in
array I, then we will compute equation (5.22) for the first N/21
nodes, skip the néxt N/2% , etc. We know to stop skipping when we

reach a node index greater than N-1.
5.3.4 W P Determination

Based on the preceding discussions, properties of each array
have been defined with the exception of the value of p in equation
(5.22). The Value of p is determined by (a) writing the index k in
binary form with ¥ bits, (b) scaling or sliding this binary number
¥ - 1 bits to the right and filling the newly opened bit position
on the left with zeros, and (c) reversing the order of the bits.

This bit-reversed number is the term p.

To illustrate this procedure, refer to Fig. 5.5 and consider
node x3(8). Since ¥y = 4.k =8, 1 =3, then k in binary is 1000.
We scale this number -1 = 4-3 = 1 places to the right and fill in
zeros; the result each 0100. We then reverse the order of the bits
to yield 0010 or integer 2. The value of p is then 2.

Let us ’now consider a procedure for Implementing this
bit-reversing operation. We know that a binary number, say
1

: 3 2
a4a3a2a1’can be written in base 10 as a4 X 2 + a3 X 2 + a2 X 2

+ a,x 20. The bit reversed number which we are trying to describe
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FIGURE 5.6 : EXAMPLE OF BIT-REVERSING OPERATION FOR N = 16.
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0
in then given by a x 23 + a, X 22 +'a3 X 21 + a, X 2. If we

1

describe a technique for determining the binary bits Ay, B4, 8,
and a, then we have defined a bit -reversing operation.

Now assume that M is a binary number equal to a4a3a2a1.Divide
M by 2 , truncate, and multiply the truncated results by 2. Then
compute [a4a3a2a1.-2 (a4a3a2.)]. If the bit a, is 0, then this
difference will be zero because division by 2, truncation, and
subsequent multiplication by 2 does not alter M. However, if the
bit a, is 1, truncation changes the value of M and the above
difference expression will be non-zero. We observe that by this

technique we can determine if the bit a, 1s 0 or 1.

We can identify the bit a, in a similar manner. The
appropriate difference expression is [a4a3a2.— (a4a3.)]. If this
difference is zero, then a2 is zero. Bits a:3 and a4 are determined
similarly. This procedure will form the basis for developing a

bit-reversing computer routine .
5.3.5 Unscrambling the FFT

The final step in computing the FFT is to unscramble the
results analogous to equation (5.20) . Recall that the procedure
for hnscrambling the vector X(n) is to written in binary and
reverse or flip the binary number. We show in Fig. 5.6 the results
of this bit reversing operation; terms x4(k) and x4(i) have simply
been Interchanged where i is the integer obtained by bit-reversing

the integer k.

Note that a situation similar to the dual node concept exists
when we unscramble the output array. If we proceed down the array,
inferchanging x(k)with the appropriate x(i), we will eventually
encounter a node which has previously been }nterchanged. For
example, in Fig. 5.6 , node k = O remains in its location, 'nodes k
= 1,2 and 3 are interchanged with nodes, é, 4, and 12,

respectively . The next node to be considered is node 4, but this

66



node was'previously interchanged with node 2. To eliminate the
possibility of considering a node that has previously been
interchanged, we éimply check to see if i (the integer obtained by
bit-reversing k) is less than k. If so, this implies that the node
has been interchanged by a previous operation;, With this check we

can insure a straightfobward unscrambling procedure [17].



" CHAPTER - 6
ALGORITHM, FLOWCHART AND SOFTWARE

6.1 General

In this dissertation a software package has been developed
for the analysis of vibration signals, The computer program is
written in ‘C’ language. The program is written for the

extraction of the following features of vibration signals.

(i) Acceleration,

(ii) Velocity,

(111) Displacement,

(iv) Fundamental frequency component and harmonics, and

their frequencies,
(v) Periodicity, and

(vi) Overall level of vibration velocity.

This chapter gives the details of algorithms, flowcharts and

software. The complete computer program is listed in appendix-2.
6.2 Analysis of Vibration Signal

In vibration measurements, the quantity to be measure is
vibration acceleration (from the surface of the electrical
machines) from which vibration velocity and vibration displacement
are obtained by integration, then later being the quantities to be
processed and evaluated. The frequency spectrum of the
acceleration (or, either velocity or displacement if considered
better) is determined by means of the software. The cepstrum of
the vibration is determined to fined out periodicity and side,
bands of the vibration. The resultant r.m.s vibration velocity in
frequency range 10 Hz to 1000 Hz is determined by using frequency
spectrum of vibration velocity. The algorithms and flow charts
developed are discussed as follows. The complete flow chart is

shown in ?ig (6.6).
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FIGURE 6.1 @ (CONTD.)
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8.2.1 Fourier Transform Computation

The details of algorithm and mathematical background of
Fourier transform have already been discussed in chapter 5.
Fourier transform computation has been performed with the FFT

algorithm.

FFT computation flow chart

We first compute array 1 = 1 by starting at node k = O and
working down the array. At each node k, we compute the equation
pair (5.22) where p is determined by the procedure described in
chapter 5. We continue down the array computing the equation pair
(5.22) wuntil we reach a region of nodes which must be
skipped-over. We skip over the appropriate nodes and continue
until we have computed the entire array. We then proceed to
compute the remaining arrays using the same procedures. Finally we
unscramble the final array to obtaln the desired results. Figure

6.1 shows a flow chart for computer programming the FFT algorithm.

Box 1 describes the necessary input data. Data vector xo(k)
is assumed to be complex and is indexed as k = 0,1,....... ,
N-1. If xo(k) is real, then the imaginary part should be set to
zero. The number of sample points N must satisfy the relationship

N = 27,where ¥ is an integer.

Initialization of the various ©program parameters is
accomplished in Box 2. Parameter 1 1is the array number being
considered. We start with array I=1. The spacing between dual
nodes is given by the parameter N2; for array I = 1, N2 = N/2 and
is initialized as such. Parameter NUl is the right shift required
when determining the value of p in Eq. (5.22); NUl is initialized
to ¥-1. The index k of the array is initialized to k =0; thus we

will work from the top and progreés down the array.

Box 3 checks to see if the array ! to be computed is greater
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than y. If yes, then the program branches to Box 13 to unscramble
the computed results by bit inversion. If all arrays have not been

computed, then we proceed to Box 4.

Box 4 sets a counter I = 1. This counter monitors the number
of dual node pairs which have been considered. Recall from Sec.
5.3.4 that it is necessary to skip certaln nodes in order to
ensure that previously considered nodes are not encountered a
second time. Counter [ is the control for determining when the

program must skip. .

Boxes 5 and S‘perform the computation of'Eq. (5.22) . Since k
and 1 have been initialized to O and 1, respectively, the initial
node considered is the first node of the first array. To determine
the factor p for this node, recall that we must first scale the
binary number k to the right -1 bits. To accomplish this, Qe
compute the integer value of k/27-1 = k/2NUI and set the result to
M as shown in box 5. According to the procedure for determining p,
we must bit reverse M where M is represented by ¥ = NU bits. The
function IBR(M) denoted in Box 5 is a speclal function routine for

bit inversion; this routine will be described later.

Box 6 1is the computation of Eq. (5.22). We compute the
product WPx(k + N2) and assign the result to a temporary storage
location. Next we add and subtract this term according to Eq.

(5.22) . The result is the dual node output.

We then proceed down the array to the next node. As shown in

Box 7, k is incremented by 1.

To avoid recomputing a dual node that has been considered
previously, we check id Box 8 to détermine if the counter I is
equal to N2. For array 1, the number of nodes that can be
considered consecutively without skipping is equal to N/2 = N2,
Box 8 determiens this condition. If I is not equal to N2, then we

proceed down the array and increment the counter I as shown in Box
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9. Recall that we have already incremented k in Box 7. Boxes 5 and

6 are then repeated for the new value of k.

If T = N2 in Box 8, then we know that we have reached a node
previously considered. We then skip N2 nodes by setting k = k +
N2. Because k has already been incremented by 1 in box 7, it is

sufficient to skip the previously considered nodes by incrementing

k by N2.

Before we perform the required computations indicated by
Boxes 5 and 6 for the new node k = k + N2, we must first check to
see that we have not exceeded the array size. As shown in box 11,
if k is less than N-1 (recall k is indexed from O to N-1), then we

reset the counter I to 1 in Box 4 and repeat Boxes 5 and 6.

If K> N-1 in Box 11, we know that we must proceed to the next
array. Hence, as shown in Box 12, 1 is indexed by 1. The new
spacing N2 is simply N2/2 (recall the spacing is N/21). NUl is
decremented by 1 (NUl is equal to ¥-1), and k is reset to zero. We
then check in Box 3 to see if all arrays have been computed. If
so, then we proceed to unscramble the final results. This

operation is performed by Boxes 13 through 17.

Box 13 bit-reverses the integer k to obtain the integer i.
Again we use the bit-reversing function IBR(k) which is to be
explained later. Recall that to unscramble the FFt we simply
interchange x(k) and x(i). This manipulation is performed by the
operations indicated in Box 15. However, before box 15 is entered
it is necessayr to determine, as shown in Box 14, if i is less
than or equal to k. This step is necessary to prohibit the

altering of previously unscrambled nodes.

Box 16 determiens when all nodes have been unscrambled and
Box 17 is simply an index for k.

In Box 18, we describe the logic of the bit-reversing
function IBR(k). We have implemented the bit-reversign procedure

discussed in Sec. 5.3.5.
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When one proceeds to implement the flow graph of Fig. 6.1
into a computer program, it is necessayr to consider the variables

x(k) and N/2 as complex numbers and they must be handled

accordingly.
6.2.2 Integration of Vibration Signal

Integration of vibration signal can be performed by using any
numerical method of integration. In this case the vibration
acceleration (which is in time domain) is integrated to obtain
vibration velocity and the vibration velocity is integrated to
obtain vibration displacement. 1In this work, a different approach
of integration has been used. In this approach the acceleration
is integrated in frequency domain instead of time domain. The

method is discussed as follows:

In Fourier analysis, any steady state complex vibration
signal, however complex it may be, is represented as a combination
of number of pure sinusodal motions with harmonically related

frequencies, as expressed by the following equation :

F(t) = XISin (wt + ¢1) + x281n (2wt + ¢2) + x25in (3wt + ¢2)
+ anin (nwt + ¢n) (6.1)

As more and more terms are added to the above series, the
description of the non-harmonic periodic vibration becomes more

precise. By integrating equation (6.1), we have

X X
= 1 - 2 -
J F(t) d(t) = - Sin (wt + ¢1 n/2) + =5 Sin (2wt + ¢2 n/2)
*n
oot — Sin (nwt + ¢n - n/2) (6.2)

From equation (6.2), it is clear that after integrating
acceleration the acceleration vector is rotated backward 90° in
complex plane, and its ampfitude is modified by dividing it by its

corresponding radial frequency.
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6.2.3 Determination of Velocity from Acceleration

The method discussed in section 6.2.2 has been used here for
the determination of vibration wvelocity from vibration
acceleration in frequency domain. The amplitude of the velocity
at any frequency 1is determined by dividing the amplitude of
acceleration by its corresponding radial frequency. The phase of
the velocity at corresponding frequency is determined by

subtracting 90° from the phase of acceleration.
6.2.4 Determination of Displacement from Velocity

The amplitude of displacement at any frequency is determined
by dividing the amplitude of velocity by its corresponding radial
frequency. The phase of the displacement at any frequency is
determined by subtracting 90° from the phase of the velocity at

its corresponding frequency.

The flow <chart for determination of velocity from
acceleration, and displacement from velocity is shown in Fig.

- (6.3).
6.2.5 Cepstrum Analysis

The cepstrum analysis, which 1is discussed in detail in

chapter 4 (section 4.4.), is performed in following steps :

(1) determine power spectrum P(t) of vibration signal g(t),
(ii) determine Fourier transform ng(f) of P(t),
(i1i) determine natural logarithm of ng(f), and

(iv) determine inverse Fourier transform of log ng(f).

Power spectrum of vibration data is determined by multiplying
each vibration data by itself. If x[i] is a vibration data at

sample i, then power spectrum P[i] is determined as
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Pl[i] = x [i] * x [i]

The Fourier transform of power spectrum has been performed by
using FFT computer program. If Fourier transform of power

spectrum ng(f) is denoted by

P (f) = x + iy,
g8 Y

then the natural logarithm of ng(f) is given by relation

log {ng(f)} log |ng(f)l + i arg ng(f)

log V(x2+y2) + i tan f(y/x)

The flow chart for the determination of cepstrum is shown in

Fig. (6.4).
6.2.6 Overall Level of Vibration Velocity

Overall level of vibration velocity shows r.m.s value of
vibration velocity 1imn preselected frequency band. By using
hardware the overall level of vibration velocity 1is calculated,

first by generating the effective value of the individual harmonic

vibration components as given by following equation
1
2
- 17T
Vi _{ *T'Jo v, () at ] (6.3)
where V1e - the effective value of the 1 th harmonic vibration
components,
Vi(t) - the instantaneous wvalue of the i th harmonic

vibration component,
t - time, and

T - the duration of effective value generation.

The resultant r.m.s value of harmonic components falling
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within the range 10 Hz to 1000 Hz 1is found by the following

equation

L
2

p-
rms L Vi, (6.4)
i=1

where vrms - the resultant r.m.s vibration velocity,

i - the i th component of harmonic vibration within the
frequency range 10 Hz to 1000 Hz, and
n - the number of such components.
The r.m.s given by equation (6.4) is produced by means of
band-pass filter with cut-off frequencies of f1= 10 Hz and

f = 1000 Hz.
u

The overall vibration velocity 1level, in software, is
determined by first taking frequency spectrum of vibration
velocity. The methed which is used in this dissertation is
explained with the help of Fig. (B.7).

The resultant r.m.s value of velocity is determined by

following equation.

2
n2
Vems = | L V2 (6.5)
N i
i=nl
where vrms - the resultant r.m.s vibration velocity,
Vi - the effective value of the ith harmonic vibration
component,
N - the total no. of harmonics determined by (n1-n2)

- the ith component of harmonic vibration within the
frequency range 10 Hz to 1000 Hz.

nl & n2 are determined by the following relations:

nl = integer value of (10 Hz/Af)
nZ = integer value of (1000Hz/Af)
where Af = (fz-fl) = (fg' f,) =.... = (£ -1 )
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The flow chart for the determination of overall value is

given in Fig. (6.5).
6.3 Programming

In the software size of all the arrays used are defined
dynamically. In dynamic location of memory, the array size is
changed according to the requirement. Separate functions are
written for a particular job. This improves the clarity of logic
implemented and readability of the program. This type of approach

helps in debugging the program during the development process.

Almost all variables are global type and initialized at the
time of their declaration. The global variables are specifically
used because it is not required to pass parameters to the
function. By this way unnecessary stack operations are avoided

and program speed is slightly increased.
6.4 Organization of the Program

The normal sequence of execution of program is as follows :

(i) Message displays for maximum number of samples. Before
starting analysis it 1is important to know that how much
memory 1is available. By entering the maximum number of
samples required, approximate memory space available can be
determined.

(ii) Message displays for new vibration data., If new vibration
data is required, press key 'y’ otherwise press key ‘n’.

(iii) If new vibration data required, then

(a) Message displays for number of samples. Here required

number of vibration samples are entered.
t}b) Message for channel number. The channel number for ADC
) is entered.
(c) Message displays for sampling period. Here the value of
sampling period is entered.
(d) Message displays for calibration factor. Here the value

of calibration factor is entered so that the amplitude
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(iv)

(v)

(vi)

of vibration directly shows actual vibration acceleration

in mm s

(e) Message displays for file name for saving vibration
data.

If new vibration data is require message (iv) displays

Message displays for frequency spectrum analysis. If

frequency spectrum analysis is required, key °‘y’ 1is pressed

otherwise key ‘n’ is pressed.

If spectrum analysis is required, then

(a) Message displays for vibration data file name for
analysis.

(b) The file name of vibration data is entered through
keyboard.

(¢c) The vibration data is converted into frequency spectrum,
by using Fourier transform function(see flow chart 6.1).

(d) Vibration velocity is obtained by integrating vibration
acceleration(see flow chart 6.3).

(e) Vibration displacement 1is obtained by integrating
vibration velocity.

(f) The results are stored in tabular form.

(g) Message displays for file name for saving frequency
spectrum analysis result.

Message displays for cepstrum analysis. If cepstrum analysis

is required, key ‘y’ is pressed otherwise key ‘n’ is pressed.

If cepstrum analysis is required, then.

(a) Message displays for vibration data file name.

(b) Cepstrum analysis is performed according to the flow
chart shown in Fig. (6.3).

(c) Message displays for file name for saving cepstrum
analysis result. The result is stored in tabular form.

Message displays for overall value. If overall value of

vibration velocity is required, key ‘y’ is pressed otherwise
key ‘n’ is pressed. If key ‘y’ is pressed, then. v
(a) The message displays for velocity spectrum file name.

(b) The velocity spectrum file name is entered through key

board.
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(c) The overall velocity level is performed by using flow
chart shown in Fig. (6.4).
(d) The overall velocity level is displayed in screen.
{vii) Program is terminated. ‘
The complete computer program flow chart is shown in Fig.
(6.6.).
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CHAPTER - 7
VIBRATION ANALYSIS, TEST RESULTS, DISCUSSION

7.1 Monitoring of Rotating Electrical Machines Using Vibration

Analysis:

The principal method of monitoring the state of rotating
electrical machines is the spectral analysis of vibration velocity
signal recorded at its surface and bearing housing. Vibration
data is collected at suitable points. The vibration data is coded
to identify the measurement point, the load condition of machine,
the collection date, and the instrumentation settings. The
vibration data recorded is analyse by using spectral analysis.
The vibration velocity spectrum of current data is compared with a
base line spéctrum. The base line spectrum is, the spectrum which
is, recorded when machine was new and healthy.  Figure 7.1 shows a
diagram of a electrical machine and the points where vibration
recording 1is done. The mounting of the transducer has already

been discussed in section 2. 3.

Two case studies are discussed below in which incipient
faults on motors were identified using vibration analysis.
Case 1: Out of Balance Vibration [19]

This study refers to a sea water injection pump set,

comprising the pump derive by a 6.6 kv, 3.6 mw, 3560 rpm cage

induction machine.
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After the analysis of the vibration signal of machine it was
found that the overall radial vibration level, measured at the
motor bearings, was too high and that the principal component was
at the fundamental rotational frequency. This was diagnosed as
the case of rotor unbalance and the machine was subsequently
rebalanced.

Figure 7.2 shows the records produced by the monitoring
system before and after balancing. The overall vibration level
before rotor balancing was 10.5 mms-1 and after rotor balancing
4.7 mms_l. The level of fundamental component was reduced to 4.1

mms 1, from 10.0 mms_1 after balancing rotor.

Case 2: Identification of cracked Rotor Bars {19]

This study indicated the presence of loose bars in the rotor
of a gas booster compressor drive. The machine is a 2Z2-pole, 6.6

kv cage induction machine with a nominal speed of 3570 rpm.

The vibration spectra from this machine indicated a degree of
electromagnetically induced components, principally the twice line
frequency peak at 120 Hz, and the higher frequencies at 5, 8, 7,
and 8 times the running- speed. Although the overall level of
vibration was still relatively low, the characteristics of the
spectra held the key to the diagnosis of broken bars. A shut down
and subsequent inspection of the rotor revealed several faulty
bars, and it was considered likely that, if the machine had been
allowed to continue operating in this condition, then a

catastrophic failure would have resulted, due to rotor/stator
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contact.

The spectral changes at a 2 monthly intervals shown in figure

7.3. For comparison, the post repair spectrum is .also shown.

7.2 Test Results

Efforts were made to record the real vibration data from a
rotating electrical machine surface. But since, the vibration
transducer (in this case piezoresistive transducer) available in
the lab, was of frequency response up to 100 Hz, it could not
become possible to record the vibrations of the rotatiné
electrical machines where were in the range from 500 Hz to 1000
Hz. So the vibration signals for the performance evolution of
software were recorded from a vibration table with the available

transducer (in frequency range from 20 Hz to 80 Hz).

For testing the developed software two sets of vibration
signals were recorded from vibration table for different settings
of frequency and amplitude. Two standard signals were also
recorded from signal generator for testing the authenticity of the
developed software. One sinusoidal signal of 200 Hz frequency,
and another square signal of 2000 Hz frequency. These four
signals were tested in respect of frequency spectrum, cepstrum,
and errall level of vibrational velocity. The results are

discussed in the following sections:
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Case 1: Vibration signals recorded from the vibration table:

Vibration signal recorded for one setting of frequency and
amplitude 1is show in figure (7.4)a. The cepstrum of this
vibration signal is shown in figure (7.4)b. From the cepstrum of
this vibration it is clear that the vibration signal shown in the
figure (7.4)a is periodic and having no side bands. Figures
(7.4)c and d show the amplitude and the phase of vibration
acceleration in frequency spectrum respectively. From these two
figures it is clear that the fundamental component has frequency
approximately 60 Hz, and there are no harmonic components.
Figures (7.4)e and f show the amplitude and the phase of vibration
velocity respectively. The amplitude of the vibration velocity
is, given by the modification of amplitude of vibration
acceleration by dividing it by its radial frequency. The phase of
the vibration velocity 1is 90° backward to the phase of the
vibration acceleration. Figures (7.4)g and h show the amplitude
and the phase of vibration displacement respectively. From these
two figures it is clear that the amplitude of displacement is a
modification of the amplitude of velocity by dividing it by its
radial frequency. The phase of displacement is 90 backward to

the phase of the velocity.

In figure (7.5)a vibration signal for another setting of the
frequency and amplitude, recorded from vibration table, is shown.
The cepstrum of this vibration signal is shown in figure (7.5)b.
The cepstrum of this vibration signal shows that vibration is

periodic in nature with no side bands. The figures (7.5)c and d
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show the amplitude and the phase of the vibration acceleration in.
frequency spectrum respectively. From these figures it is clear
that vibration has fundamental component at 35 Hz, and there is no
harmonic components. Figures (7.5)e and f show the amplitude and
phase of vibration velocity in frequency spectrum respectively.
The amplitude of the velocity is modification of amplitude of
acceleration by dividing it with its radial frequency. The phase
of velocity is 90° backward to the phase of acceleration. Figures
(7.5)g and h show the amplitude and the phase of vibration
displacement in frequency spectrum. The amplitude of vibration
displacement is modified by dividing the amplitude of velocity by
its radial frequency. The phase of displacement is 90° backward

to the phase of velocity.

Case 2: Signal recorded from signal generator(recorded signal

is assumed as acceleration of the signal):

Vibration signal recorded for one setting of frequency and
amplitude is shown 1in figure (7.6)a. The cepstrum of this
vibration signal is shown in figure (7.6)b. From the cepstrum of
this vibration it is clear that the vibration signal shown in the
figure (7.6)a is periodic and having no side bands. Figures
(7.8)c and d show the amplitude and the phase of vibration
acceleration in frequency spectrum respectively. From these two
figures it is clear that the fundamental component has frequency
approximately 200 Hz, and there are no harmonic components.
Figure (7.6)e and f show the amplitude and phase of vibration

velocity respectively. The amplitude of the vibration velocity
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acceleration by dividing it by its radial frequency. The phase of
the vibration velocity is 90° backward to the phase of vibration
acceleration. Figures (7.6)g and h show the amplitude and the
phase of vibration displacement respectively. From these two
figures it 1is clear that the amplitude of displacement is a
modification of the amplitude of velocity by dividing it by its
radial frequency. The phase of displacement is 90" backward to

the phase of velocity.

7.3 Discussion

Spectrum analysis of the vibration signal recorded from the
surface of the electrical rotating machine is carried out to
provide information on the frequency composition of the vibration.
In vibration monitoring, the cause of the vibration (the source of
the defect) is identified by using spectrum analysis, on the basis
of characteristic frequency during normal operation. The
frequency analysis breaks down the vibration into its harmonic
components. If the energy contents of the individual frequency
components are nearly the same, then the analysis of vibration
velocity is performed. If the energy content of the individual
frequency components decreases with increasing frequency, then the

analysis of vibration acceleration is performed.
The unbalanced magnetic pull generates frequency components

at 1,2, and 4 times the fundamental frequency. Dynamic unbalance

and coupling misalignment also produce this effect. Even orders

104



of the fundamental frequency occur in the fram vibration spectrum

due to inter-turn winding faults on the stator.

The vibration of the end winding 1is due to the
electromagnetic forces on the coils, due to current flowing in
them. The resultant displacement are at twice ‘the supply
frequency, f. For monitoring of the amplitude of vibration of end
winding, accelerometers are installed on the end windings. The
vibration recorded from these accelerometérs are used to monitor
the amplitudes of 2f vibration at widely spaced intervals of time
in order to check that the end'winding has not slackened. The
displacement of end windings on large turbogenerators up to 150 um

is considered safe.

The vibration associated with the bearings fault are detected
by an accelerometer mounted directly on the bearing housing. The
characteristic frequency of bearings fault depend on the

geometrical size of the various elements of the bearing.

Unbalanced rotor generates vibration of frequency fr (fr is
rotational frequency). It also causes unbalanced magnetic pull
which gives 2fr vibration. Misalignment of rotor shaft generates
frequencies fr, 2fr, 3fr and 4fr. Broken rotor bars in induction
machines generates frequency components of frequencies fr + 2sfs

(s is slip and fs is supply fréquency).
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CHAPTER - 8
CONCLUSIONS AND FURTHER SCOPE

8.1 Conclusions

The work has been carried out for developing a software
package for tﬁe measurement, monitoring, analysis, and feature
extraction of vibrational signal. The work was intended to be
tested on a rotating electrical machine. But due to
non-availability of the suitable transducer, the software has been
tested on the standard signals from a function generator and real
time vibration signals from a vibration table using a
piezoresistive accelerometer. The results of analysis are
consistent and reliable and establishes the authenticity of the
method to be used for real time vibration signal analysis from
rotating electrical machines. It has been explained in the work
that the spectral analysis of the vibration signal recorded from
the surface of rotating electrical machine are one of the best

method of detecting defect inside machine without dismantling it.

Thus the vibration monitoring can be' used to find out

following defaults inside machine:

(1) The unbalance of the rotor,
(ii) The unbalance magnetic pull,
(iii) Crack in rotor bars,

(iv) The looseness of end winding,

106



(v) Fault inside bearings, and

(vi) Dynamic unbalance and coupling misalignment.

8.2 Further scope

In this dissertation the software, developed for analysis of
vibration signal has been tested on the vibration signals recorded
from vibration table and signals recorded from signal generator.
In future the work can be done on the analysis of real vibration
signals recorded by using high frequency response accelerometers
from rotating electrical machines surface. The vibration signals
from machine without defecté and machine with defects can be
compared to detect various frequency components present due to
defect inside the maqhine. The monitoring of electrical machine
can be done on the basis of frequency spectrum analysis of the
sound of the machine. A work can be done on developing a software
which can compare frequency spectrum of the machine with a
baseline spectrum and if the pre-programmed comparison criterion

is exceeded then a warring signal is generated automatically.
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APPENDIX-1
VIBRATION DATA

TABLE-1 ‘

_Frequency SpEcTROm Anacysis DaTa  For  Frg, 74
- o ACCELERATION VELOCI\TY DISPLACEMENT
ya
5
g Y |AMPLITUDE PHASE | AMPLITUDE PHASE | AMPLITUDE | PHASE
& ~ Cdegwa) (d.t&‘u—t) (da g wes
0.0 2.510e+00 0.0 2.510e+00 0.0 2.510e+00 0.0

14.0 3.296e-03 48.0 3.760e-05 -42.0 4.289e-07 -132.0
27.9 6.396e-03 47.7 3.648e-05 ~42.3 2.081e-07 -132.3
41.9 8.282e-03 65.0 3.149e-05 -25.0 1.198e-07 -115.0
55.8 9.432e-02 82.7 2.690e-04 -7.3 7.672e-07 -97.3
69.8 1.708e-02 -96.4 3.897e-05 -186.4 8.891e-08 -276.4
83.7 9.032e-03 -91.8 1.717e-05 -181.8 3.265e-08 -271.8
97.7 6.070e-03 -85.4 9.893e-06 -175.4 1.612e-08 -265.4
111.6 4.740e-03 -77.6 6.759e-06 -167.6 9.638e-09 ~-257.6
125.6 3.808e-03 -82.8 4.827e-06 —172.8 6.119e-09 -262.8
139.5 3.560e-03 ~-64.4 4.062e-06 -154.4 4.634e-09 -244.4
153.5 3.571e-03 -55.5 3.704e-06 -145.5 3.841e-09 -235.5
167.4 8.751e-03 -25.6 8.320e-06 -115.6 7.910e-09 -205.6
181.4 6.028e-03 -162.8 5.290e-06 -252.8 4.642e-09 ~342.8
195.3 2.864e-03 -134.0 2.334e-06 -224.0 1.902e-09 -314.0
209.3 2.372e~-03 -125.9 1.804e-06 -215.9 1.372e-09 -305.9
323.2 1.848e-03 -107.7 1.318e-06 -197.7 9.397e-10 -287.7
237.2 2.154e-03 -130.3 1.445e-06 -220.3 9.700e-10 -310.3
251.1 1.810e-03 -116.4 1.147e-06 -3206.4 7.272e-10 -296.4
365.1 1.941e-03 -125.4 1.165e-06 -215.4 6.997e-10 -305.4
279.0 2.398e-03 -138.4 1.368e-06 ~228.4 7.803e-10 -318.4
293.0 2.569%e-03 -9.2 1.396e-06 -99.2 7.583e~-10 -189.2
306.9 1.018e-03 -81.0 5.277e-07 -171.0 2.737e-10 ~-261.0
320.9 1.035e~03 -75.2 5.131e-07 -165.2 2.545e-10 -255.2
334.8 1.119e-03 -81.8 5.321e-07 -171.8 2.529%e-10 -261.8
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TABLE-1 (contd.)

348.8
362.7
376.7
390.6
404.6
418.5
432.5
446.4
460.4
474.3
488.3
502. 2
516. 2
530.1
544.1
558.0
572.0
585.9
599.9
613.8
627.8
641.7
655.7
669.6
683.6
697.5
711.5
725.4
739.4
753.3
767.3
781.3

1.401e-03
1.148e-03
8.170e-04
8.347e-04
7.992e-04
7.48340-04
8.185e-04
1.005e-03
8.089e-04
9.6804e-04
6.792e-04
8.424e-04
6.848e-04
6.557a-04
7.987e-04
5.8720-04
7.118e-04
5.660e-04
7.710e-04
7.402e-04
5.744e-04
7.0960-04
4.785e-04
4.7040-04
4.8392-04
7.9550-04
2.712e-04
5.099e-04
3.285e-04
5.499e-04
6.135e-04
7.6370-04

-81.9
-91.8
-90.1
-100.4
-100.8
-80.1
-94.5
-90.2
-87.0
-80.7
-90.0
-80.4
~77.8
-96.5
-101.5
-94.9
-88.3
=70.7
-88.5
-103.8
-86.6
-100.5
-69.6
-88.2
-74.3
-51.1
-89.5
-64.9
-104.9
-81.1
-94.4
-108.8

6.395¢-07
5.0360-07
3.452e-07
3.401e-07
3.144e-07
2.827e-07
3.012e-07
3.583e-07
2.796e-07
3.249e-07
2.214e-07
2.669e-07
2.111e-07
1.969e-07
2.336e-07
1.675e-07
1.979e-07
1.537e-07
2.045e-07
1.919e-07
1.456e-07
1.760e-07
1.161e-07
1.118e-07
1.127e~07
1.815e~07
6.068e-08
1.119e-07
7.072e-08
1.162e-07
1.273e-07

1.556e-07
117

-171.9
-181.8
-180.1
-190.4
-190.8
-170.1
~184.5
-180.2
-177.0
-170.7
-180.0
-170.4
-167.8
-186.5
-191.5
-184.9
-178.3
-160.7
-178.5
-193.8
-176.6
-190.5
-159.6
~-178.2
-164.3
~-141.1
~179.5
-154.9
-194.9
-171.1
~184.4
-198.8

2.918e-10
2.2100-10
1.459e¢-10
1.386e-10
1.237e-10
1.075e-10
1.108e-10
1.277e-10
9.667e-11
1.090e-10
7.216e-11
8.45%e-11
6.510e-11
5.910e-11
6.834e-11
4.776e-11
5.508e-11
4.176e-11
5.427e-11
4.976e-11
3.692e-11
4.364e-11
2.819e-11
2.657e-11
2.623e-11
4.142¢-11
1.357e-11
2.454e-11
1.522e-11
2.454e-11
2.640e-11
3.170e-11

-261.9
-271.8
-270.1
-280.4
-280.8
~-260.1
-274.5
-270.2
-267.0
-260.7
-270.0
-260.4
-257.8
-276.5
-281.5
-274.9
-268.3
-350.7
-268.5
-283.8
-266.6
-280.5
-249.6
-268.2
-254.3
-231.1
-269.5
-244.9
-284.9
-261.1
-274.4
-288.8



TABLE-2

Feequency  SPEcTRUM Anarysis DATA For Fic. 7s

N ACCELERATION VELOCITY DISPLACEMENT

o

g AMPLITUDE | PHASE |AMPLITUDE | PHASE AMPLITUDE PHASE
E (deguery (dagree) (degmery
0.0 - 2.508e+00 0.0 2.508e+00 0.0 2.508e+00 0.0

14.0  1.714e-03 175.4 1.956e-05  85.4 2.231e-07 -4.6
27.9  1.298e-03 169.4 7.404e-06  79.4 4.224e-08 ~10.6
41.9  3.792e-03 -160.5 1.442e-05 =-250.5 5.484e-08 -340.5
55.8  2.135e-03 114.8 6.089e-06  24.8 1.737e-08 -65.2
69.8  3.670e-03 126.9 8.373e-06  36.9 1.910e-08 -53.1
83.7  1.124e-02 120.4 2.136e-05  30.4 4.062e-08 -59.6
97.7  9.437e-03 -60.4 1.538e-05 -150.4 2.507e-08 -240.4
111.6 3.430e-03 -63.3 4.892e-06 -153.3 6.976e-09 -243.3
125.6 2.420e-03 -70.6 3.067e-06 ~-160.6 3.888e—09 -250.6
139.5 1.196e-03 -80.0 1.365e-06 ~-170.0 1.557e-09 -260.0
153.5 9.873e-04 -91.2 1.02d4e-06 -181.2 1.062e-09 -271.2
167.4 9.77l1e-04 -80.7 9.289e-07 ~170.7 8.831e-10 -260.7
181.4  2.310e-03 103.4 2.027e-06  13.4 1.779¢-09 -76.6

195.3 2.616e-04 i75.3 2.132e-07 85.3 1.737e-10 -4.7
209.3 9.916e-05 -152.5 7.542e-08 -242.5 5.736e-11 -332.5
323.2 3.168e-04 -136.9 1.546e-07 ~226.9 1.102e-10 -316.9
237.2 3.660e-04 147.6 2.456e-07 57.6 1.648e-10 -32.4
251.1 1.250e-03 .135.3 7.925e-07 45.3 5.023e-10 -—44.7
265.1 5.854e-03 124.9 3.515e-06 34.9 2.110e-09 -55.1
279.0 3.99;e~03 -60.5 2.276e-06 -150.5 1.298e-09 -240.5
293.0 1.643e-03 -57.9 8.926e-07 -147.9 4.849e-10 -237.9
306.9 1.318e-03 -66.1 6.833e-07 ~156.1 3.543e-10 -246.1
320.9 1.037e-03 -64.3 5.143e-07 -154.3 2.551e-10 -244.3
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TABLE-2 (contd.)

334.8
348.8
362.7
376.7

390.6

404.6
418.5
432.5
446.4
460.4
474.3

488.3"

502.2
516.2
530.1
544.1
558.0
572.0
585.9
599.9
613.8
627.8
641.7
655.7
669.6
683.6
697.5
711.5
725.4

7.825e-04
5.439e-04
1.175e-03
5.830e-04
6.827e-04
4.076e-04
6.500e-04
6.442e-04
7.7590-04
2.929e-04
1.795e-04
1.963e-04
3.261e-04
3.777e-04
3.401e-04
4.129e-04
4.298e-04
3.957e-04
2.090e-04
1.634e-04
3.522e-04
7.036e-04
2.020e-04
2.473e-04
2.218e-04
2.633e-04
3.316e-04
2.027e-04
2.533e-04

-69.3
-71.7
-66.1
-76.0
-68.2
-78.3
-88.8
-68.4
-95.8
-55.0
-67.9
-56.7
~46.8
-69.6
-75.5
-40.0
-63.0
-57.9
-96.3
-54.1
-43.4
-67.4
-65.3
-98.6
-35.7
-87.9
-61.2
-116.5
-122.2

3.719e-07
2.482e-07
5.155e-07
2.463e-07
2.782e-07
1.604e-07
2.472e-07
2.371e-07
2.766e-07
1.013e-07
6.023e-08
6.398e-08
1.033e-07
1.165e-07
1.021e-07
1.208e-07
1.226e-07
1.101e-07
5.678e-08
4.334e-08
9.131e-08
1.784e-07
5.010e-08
6.003e-08
5.273e-08
6.129e-08
7.567e-08
4.535e-08
5.557e-08

114

-159.3
-161.7
-156.1
-166.0
-158.2
-168.3
-178.8
~158.4
-185.8
~145.0
-157.9
-146.7
-136.8
-159.6
-165.5

-130.0

-153.0
-147.9
-186.3
-144.1
-133.4
-157.4
-1556.3
-188.6
-1235.7
-177.9
-151.2
-206.5
-212.2

1.768e-10
1.132e-10
2.262e-10
1.041e-10
1.133e-10
6.308e-11
9.399%e-11
8.725e-11
9.861le-11
3.501e-11
2.021e-11
2.086e-11
3.274e-11
3.591e-11
3.065e-11
3.533e-11
3.496e-11
3.063e-11
1.542e-11
1.150e-11
2.368e-11
4.522e-11
1.243e-11
1.457e-11
1.253e-11
1.427e-11
1.726e-11
1.014e-11
1.219e-11

-249.3
-351.7
~246.1
-256.0
-248.2
-258.3
-268.8
-248.4
-275.8
-235.0
-247.9
-236.7
-226.8
-249.6
-255.5
-220.0
-243.0
-237.9
-276.3
-234.1
-223.4
-247.4
-245.3
-278.6
-215.7
-267.9
-241.2
-296.5
-302.2



TABLE~-2 (contd.?)

739.4
753.3
767.3
781.3
795.2
809.2
823.1
837.1
851.0
865.0
878.9
892.9
906.8
920.8
934.7
948.7
962.6
976.6
990.5
004.5
1018.4
1032.4
1046.3
1060.3
1074.2
1088.2
1102.1
1116.1
1130.0

8.414e-05
3.879e-04
9.376e-05
1.003e-04
4.210e-04
3.859e-04
2.432e-04
1.801e-04
2.997e-04
2.551e-04
1.494e-04
2.557e-04
3.510e-04
2.097e-04
2.490e-04
3.673e~-05
3.792e-04
4.461e-04
4.569%9e-04
2.031e-04
2.786e-04
4.589%e-04
2.499e-04
4.605e-04
4.341e-04
1.858e-04
1.526e-04
7.616e-05
2.069e-04

-26.8
-82.0
-3.9
-173.9
-45.9
-72.3
-84.3
16.6
-46.7
-144.6
88.2
-78.9
-92.5
-123.8
-91.5
16.6
-113.6
92.2
-35.6
-40.3
~70.5
-40.9
-51.6
~71.6
127.6
-50.4
179.1
171.1
-104.2

1.811e-08
8.195=-08
1.945e-08
2.043e-08
8.425e-98
7.590e-08
4.703e-08
3.424e-08
5.606e-08
4.693e-08
2.706e-08
4.557e-08
6.161e-08

3.624e-08

4.239%e-08
6.162e-09
6.270e-08
7.271e-08
7.342e-08

3.217e-08

4.354e-08
7.074e-08
3.800e-08
6.912e-08
6.431e-08
2.718e-08
2.203e-08
1.086e-08
2.913e-08
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-116.8
-172.0
-93.9
-263.9
-135.9
-162.3
-174.3
-73.4
-136.7
-234.6
-1.8
-168.9
-182.5
-213.8
-181.5
-73.4
~203.6
2.2
-125.6
-130.3
-160.5
-130.9
-141.6
-161.6
37.6
-140.4
89.1
81.1
-194.2

3.898e-12
1.731e-11
4.034e-12
4.162e-12
1.686e-11
1.493e-11
9.094e-12
6.510e-12
1.048e-11
8.636e-12
4.900e-12
8.124e-12
1.08le-11
6.265e-12
7.218e-12
1.034e-12
1.037e-11
1.185e-11
1.180e-11
5.098e-12
6.805e-12
1.091e-11
5.78le-12
1.038e-11
9.528e-12
3.975e-12
3.181e-12
1.549e-12
4.103e-12

-206.8
-262.0
~-183.9
=-353.9
-225.9
-252.3
-264.3
-163.4
-226.7
-324.6
-91.8
-258.9
-272.5
-303.8
-271.5
-163.4
-293.6
-87.8
-215.6
-220.3
-250.5
-220.9
-231.6
-251.6
-52.4
-230.4
-0.9
-8.9
-284.2



FrReQueNcy SPECTRUM

TABLE-

3

ANALYSIS DaTa For F1§. 7.6
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] ACCELERATION | VELOCITY DISPLACEMENT

o

55 AMPLITUDE | PHASE | AMPLITUDE | PHASE |Ampuitupe | PHASE

g v (indegaar) lin dupras) (Indgrer )
0.0 2.526e+00 0.0 2.5260+00 0.0 2.526e+00 0.0
14.0  3.807e-02 4.6  4.343e-04 -85.4 4.955e-06 -175.4
27.9 1.069e-01 3.0 2.098e-04 ~87.0 3.479e-06 -177.0
41.9 6.550e-02 -167.3 2.491e-04 -257.3 9.471e-07 -347.3
55.8 1.568e-02 -161.3 4.472e-05 -251.3 1.275e-07 -341.3
69.8 2.052e-02 151.9 4.682e-05 61.9 1.068e-07 -28.1
83.7 8.493e-03 -168.2 1.615e-05 -258.2 3.070e-08 -348.2
97.17 4.966e-03 ~175.3 8.093e-06 ~265.3 1.319e-08 -355.3
111.6  3.826e-03 -157.8 5.457e-06 -247.8 7.781e-09 -337.8
125.6 3.085e-03 ~-154.4 3.910e-06 -244.4 4.956e-09 -334.4
139.5 2.187e-03 ~153.7 2.495e-06 -243.7 2.846e-09 -333.7
153.5 1.572e—03 =-139.1 2.045e-06 -229.1 2.121e-09 -319.1
167.4 2.134e-03 -137.4 2.028e-06 -227.4 1.928e-09 -317.4
181.4 1.383e-03 -143.7 1.214e-06 -233.7 1.065e-09 =323.7
195.3 1.591e-03 -147.1 1.296e-06 -237.1 1.056e-09 -327.1
209.3 7.321e-04 -164.2 5.568e-07 -254.2 4.235e-10 ~344.2
223.2 1.035e-03 -151.6 7.378e-07 -241.6 5.261e-10 -331.6
237.2 9.732e-04 —13#.6 6.531e-07 ~227.6 4.383e-10 -317.6
251.1 8.885e~-04 -148.4 5.631e-07 -238.4 3.569e-10 -328.4
265.1 8.991e-04 ~-141.4 5.398e-07 -231.4 3.241e-10 ~321.4
279.0 5.844e-04 -121.6 3.334e-07 -211.6 1.902e-10 -301.6
293.0  6.909e-04 -140.0 3.753e-07 -230.0 2.03%e-10 -320.0
306.9 6.890e-04 -123.3 3.573e-07 -213.3 1.853e-10 -303.3
320.9 5.398e-04 ~116.4 2.678e-07 -206.4 1.328e-10 -296.4
334.8 5.724e-04 =-135.7 2.721e-07 -225.7 1.293e-10 -315.7



TABLE-3 (contd.)

348.8
362.7
376.7
390.6
404.6
418.5
432.5
446.4
460.4
474.3
488.3
502.2
516.2
530.1
544.1
558.0
572.0
585.9
599.9
613.8
627.8
641.7
655.7
669.6
683.6
697.5
711.5
725.4
739.4
753.3
767.3
781.3

5.040e-04
6.089e-04
3.264e-04
3.500e-04
4.600e~-04
3.834e-04
4.361e-04
3.187e-04
3.2846*04
5.9383—64
2.881e-04
4.886e-04
4.698e-04
2.570e-04
3.644e-04
2.979e-04
2.798e-04
1.973e-04
1.823e-04
3.217e-04
1.460e-04
1.763e-04
1.871e-04
3.729e-04
1.223e-04
2.260e-04
2.936e~-04
3.463e-04
3.803e-04
2.456e-04
2.083e-04
1.547e-04

-147.6
-139.9
-107.2
-145.6
-162.1
-129.7
-122.9
-117.7
-132.6
-103.3
-110.5
-134.9
~132.0
-118.6
-126.1
-127.3
-123.1

-139.3

-163.4
-112.3
-68.3
-93.1
-77.0
-114.4
-100.1
-57.17
-138.7
178.7
-92.2
-29.4
-67.9
-155.0

2.300e-07
2.672e-07
1.379e-07
1.426e-07
1.810e-07
1.458e-07
1.605e~07
1.136e-07
1.135e-07
1.992e-07
9.390e-08
1.548e-07
1.449e-07
7.716e-08
1.066e-07
8.497e-08
7.787e-08
5.360e-08
4.838e-08
8.340e-08
3.701e-08
4.372e-08
4.542e-08
8.862e-08
2.846e-08
5.157e-08
6.567e-08
7.597e-08
8.186e-08
5.189e-08
4.320e-08

3.152e-08
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-237.6
~229.9
-197.2
-235.6
-252.1
-219.7
-212.9
~-207.7
-222.6
-193.3
-200.5
~224.9
-222.0
-208.6
-216.1
-217.3
-213.1
-229.3
-253.4
-202.3
-158.3
-183.1
-167.0
-204.4
-190.1
-147.7
-228.7
88.7
-182.2
-119.4
-157.9
-245.0

1.050e-10
1.172e-10
5.827e~-11
5.810e~11
7.119e-11
5.544e-11
5.907e-11
4.050e~-11
3.925e-11
6.685e~11
3.06l1le-11
4.907e-11
4.466e-11

- 2.316e-11

3.118e-11
2.423e-11
2.167e-11
1.456e-11
1.283e-11
2.162e-11
9;383e—12
1.084e-11
1.102e-11
2.106e-11
6.627e-12
1.177e-11
1.469e-11
1.667e~-11
1.762e-11
1.096e-11
8.960e-12
6.422e-12



SOPTVARE POR VIDRATION SICNAL LEALTSIS

Hiaclde "stdio.d®

{include "dos.h"

finclude "nath.h"

fiaclude "alloc.h®

int fft( dowble s1r, double i, iat mn, int ie );
iat ibitr{ dat j, it m);

int write_ffile(double #xr double txi, iat 2, char *ffl);
double dxr, sxi BB WY o fxr o tar v tar d,taa ta v s
dowble *13,%2b,ty;

double totil;

char filet[10];

char fileg[10);

char fileh[10};

char filel[10};

char filel[10];

char filea[10};

PILE i, fff, 062,483 of4 Af5;

fdefine PORT 02300

void adefint ¢k , iat 23 );

usigaed char tdatal, atal;

it daty;

dowdle tin =35.0e-06,fnax,cal f;

B 81

char f1af30};

ELI¥ PROCRANEI

APPENDIX - 2

wou, LWL f aea, oy, ard, a0 ad, ad oy

are defined as dowdle.Mhere

ninf)

118

Coar is the real part of the vibration data,

11 is the imaginary part of the vidration data,
I= 2.' 1 is ax integer,

f is the frequeacy ix Iz,

1t is the vibrational acceleration,

1r v is the vibrational velocity,

ar d is the vibrational displacenent,

1 is the frequeacy in radian,

1_1 s the phase of the vibrational acceleration,

a_v is the phase of the vibrational velocity, uad

1.4 is the phase of the vibrational displaceseat.



int faen,mu,i;
iat ¢h,20_samples ;
clrser();
priatf(" LEYER THE VALGE OF NALINVN O OF SARPLES : °);
scaaf("8°, bao_sanples);
printf(" TNTER TEE TVALVE OF SANPLINC LNTRAVAL : °);
senf ("N1f°, itha);
priatf( ENYIR TEE VALUE OF CALIDRATION RACTOR :°);
scof("tlf* deal f);
faen =( sizeof( wasigned char) )*{no_sanples + 1);
if { [ datal = { wasigaed char s)farmalloc((long)faen))==0)
{
priatf("Teaory pot erongh. Oaly ! *);
priatf{"sIn”, farcoreleft());
priatf(” Requireeat is t1n" faen);
enit(l);
I
if { ( datad = ( wsigred char t )tarmalloc((long)faen))== 0 )
I
priatf{"Neaory aot eaongh. Galy ! *);
priatf("$1e" farcoreleft(}};
pristf(" lequireaent is AIv’, faen);
exit{l);
!
fuen = (sizeof (doudle))t(no_sanples + 1);
60 xr= ( dowble * )armalloel {loag faen ) )== 0 ) e seary loeation fo a1
[
priatf("Nenory 20t enoagh. Galy ! *);
pristf{"$1v*, farcoreleft());
printf(* Requireneat is $n",faea);
exit(l);
J

i { xi={ dole * )armlloc( (long Jfuen ) J== 0 | inatic vevory location for i
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f

priatf{"Renory nét exongh. Oaly ! *);

priatf(*8le” farcoreleft(});

priatf{° leqlireleit is Sv",faen);

enit(l);
|

if { { f={dowdle* )farmalloe( (long Jfmem ) )== 0 )
{

)riltf('lelorf ot eaongh. Oaly ! °);

printf{"81e" farcoreleft());

pristf(" lequirenent is $In",faen);

exit(l};
|

if ( { xra=(dowble * Jfarmalloc( (loag Jfaew ) )== 0 )
[

priatf("Xesory aot exongd. Oaly ! °);

priatf("slv* farcoreleft(});

priatf(” lequiremest is $1v” faen);

enit{l);
|

if ( { aa={doudle s Jfarmalloc( (loag }faen ) )== 0 )
!

priltt('léloty r0t enough. Galy ! °);

printf(*s1a® farcoreleft()};

priatf(” Requireneat is ", faen);

exit(l);
I

if ( ( ar_v=( donble » )farmalloc( {long )fen ) )== 0 )
|

priatf{*Nemory 2ot exongh. Oaly ! °);

printf("81a" farcoreleft(}));

priatf(” Requireneat is tI",faca);

exit(l);

dpnanic aenory location for xr a

inaic aenory location for a 2

dnanic neaory location for iy
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I

0 ax=| {owble * )farnalloc (long }faer ) )==10) {nanic aenory location for 1y
f

printf("Nesory a0t eaongd. Oaly ! *);

priatf{"sIn", farcoreleft{));

printf(” lequireaent is SIn",faen);

exit{l);
|

if ( { xrd=(dowdle s )farmlloc( (loag Jfuen ) )== 0 ) {naic esory location for 2r ¢
!

printtl'leaory 10t eaongh, Oaly ! °);

printf("sIv" farcoreleft());

printf{" Requirenent is tIn",faen);

enit(1);
|

if 0 ad={dodle* Jfarmalloc( {long )faen ) )== 0) dmanic aenory location for a_i
!

priatf("Eenory not enongh. Oaly ! *);

printf(*819" farcoreleft());

priatf(" Requireaent is Slv",faea);

etit{l);
I

if { { za={doudle t )farmalloc( (long )faen ) )== 0 )
!

priatf("Nenory pot exough. Oaly ! *);

priatf{*$1a®, farcoreleft());

printf(" Requireneat is Sv*,faen);

exit(l);
I

it {( ( xb={( doudle ¢ )farmalloe( (long )faen ) }== 0 )
{

priatf("Nenory 2ot enongh. Galy ! °);

priatf(*sIe" farcoreleft()j;
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priatf(" Requireaent is ill',flel);
erit(l);

l
if { { v={ dowdle ¢ }farmalloc( (long )fmer ) )== 9 )
1
priatf{*Reaory 20t eaongh. Oaly ! °);
printf(*81a°, farcoreleft());
priatf(" Requireneat is tIv".faen);
erit(1);

}
priatf(" DC TOU WANY 70 TARX EEE VDOLATIGE ATL 12 °);
if { geteh(} != 'y )
goto ahead;
priatf("LETER FILE NANE POR SAVING NEF VIBRATION DATL :°);
scuf(*4s”,fa);
£l = fopea(fln,"v+");
if ( f1==0)

A
pristf(" Cax 10t open *);
erit(l);

i
priatf(" ENTER TIX CR. §O. AND NO. OF SLNPLES : °);
scanf {"M%1”, kch, kao_sanples);
ade{ch,n0_samples);
for{ i=0 ; i(no_samples ; it+ )

{
data ={int ) ( (data2(i)ccd)!(datal[i}n4) ) - 2048;
ar{i]= 5.0%al_fs((double) (data)/ (double) 2048);
fprintf(£1,"\g  AM* istin,li]);
[printf ("8 81f°,data,xr(i));e/

I
fclose{fl);
dhead :
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priatf("D0 YOU WANT FRRQUINCY SPRCTRUN O VIBRATION SICELL y)r *);
if [ geted) 1= 'y )
exit(l);
priatf("INTIR PILZ NANR OF VIBRATION DATL :°);
scuf ("¥s” fileg);
10_sanples = read_ffile(xr);
for{ i=0 ; i( no_sanples ; it4)
rfi] = 0.0;
if( 2o_sanples ¢ 2)
=
glse
for{ae=10; ; mtt)
{
20_sanples = no_samples/2;
if( 3o_samples == 0 )
breal;
}
¥=20_samples = 1{Gay;
fetlxr,xi ae,-1 );
priatf("ENTIR PILL NANX TOR SAVING FRRQUEECY SPECTRON DiTh :°);
scaaf("Vs" filef);
if( (ff= fopen(filef, "v¢")) == NVLL )
{
printf(°CLE’T OPRE PILI-- in fuaction write ffile *);
getch!);
exit(1);
|
i=0;
xr_afi} = sqrt(ae{i)saefi}+xif{i]tai(i])/(dondle} (no_sanples);
fli}=({double) {{doudle) {i}/{{Eocudle) {no_samples)ttin));
a_afi)=0.0;
ar_v(i)=xr_ali];

a_v[i}=0.0;
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ur_d[i)=ar v(i];
ad[i)=0.0;
fpriatf(ff,"%1.1f Al.de V5.1f S11de $5.1f S11.4e 85,1f",
£1i),xr_ali], 1_a[i],xr_v[i],a_y[il,xr_j[i],a_ﬂ[i]f;
for{izl;i({no_sanples/2.0);it4)
!
zr_afi)=2.08sqrt (xr[i]tar(i]+xi[i])tai[i]}/ (double) (a0_sanples);
fli}=(double] ((double) (i)/({doudle] (no_sanples)ttin));
v[i]=(double) (2.083. 241688 [i]);
iffxr[i]==0)
aafi]=90.0;
else
i) = (atand{xi[i],2r(i])*180.0/3.1426);
e _vlil=ar_afi]/nli];
a_vli)=(a_a[i]-90.0);
xr di)=ar v[i)/uli);
v dli)=(a_vli])-%0.0);
fpriatf(ff,"81.1f Ml.de fi.lf Slde $5.1f %11.4e ¥5.11°,
£li) xr_ali}, aali),arvli),a vli},ar d[i],a_d[i]};
I
fcloselff);
printf("81n” farcoreleft());
priatf(" B0 YOU WANT CEPSTRUN AFALYSIS OF VIBRATION SICEAL Y/I°);
if(geted()!="y')
goto overall ;
pristf(" ENTER VIDRATION BATA FIL MIRE :°);
senf (4" filed);
po_sanples = read file(ar);
for{i=0; i(no_samples;itt)
{
1i[i)=0.0;
ufi)=xeli]tee(i];
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dc value of sigaal does a0t have aay important roll in vibration

signal anlysis.

The results of the ddove operation are stored ia file in folloving
sequence:-

(1) frequescy, (ii) amplitude of the vibrational acceleration,
(iii) phase of the vidbrational acceleration, {iv) amplitude of the
vibrational velocity, (v) phase of the vidrational velocity, (vi)
wplitude of the vibrational displacenent, and (vii) phase of the

vibrational iiﬁplienlelt.

Cepstram amalysis is required, if it is aot possible to deternine
pe;iolicity ad side bands of the vidration signal in frequescy
spectrun analysis.Cepstrua analysis is wsed to analyse a vibration
It is a

signal vhich has large 20. of laraonics. "post’

spectral amalysis.lor detail see chapter { section



if{no_samplesc1)

vl | Tere we fird ont n0. of sanples such that

tlse Ko, of samples = 2" there au is a» integer.
for(na=; ;)

{ Puction fft{zr,xi,ae,~1) is used for forvard fourier traasforn.

10_samples=ao_sanples/!;

ittho_samples==() fusetion fitixa,d,a0,1) 1is sed for iaverse foarier transfora,
break;
' The results of cepstran is stored in file in followiag sequence:-

Fo_saples=1(m; (i) tine, and (ii) amplitade.
fft{er,xi m,-1);
for(i=0;i(ao_samples;itt)
!
xafi]=loglsqrt (ar[i] e (i) #ai[i]aili]));
bij=atand (xili}, xr[i));
|
fft{za,ab,m,1);
priatf{" CEVED PILE NAR IOR SAVING CRPSTINN RESELY *);
seuf("ts" filel);
if({f3=fopen{filek, "v+"))==H¥LL)
f
printf{"can’t open file in fuaction wite_ffile *};
geteh();
enit(l);
I
forli=0;it20_samples ;it4)
{
fprintf(f3,"S11.4e  S11de  Wlde ", istin,xali],1b(i));
|
feloself));
printf("ta®, farcoreleft());
over all:

priatf(" DO YOU FANY OVER ALL LEVEL OF VIBRTION VELOCTTY Ur);
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if(geted()!="y")

exit(l);

priatf(" TEYER FRRQURECY SPECTRVN DATA PILD BAKE :°);

scunf("4s” filen);
a0_sanples = read_file(xr);
priatf("$6d",20_samples);
priatf(" ENTER PILK WAME FOR SAVING RRSOLT :°);
scaf("¥s” filel);
if((f5=fopen(filel, "vt"))==IULL)
|
priatf("can’t opea file in fuaction write ifile *);
geteh();
enit(l);
|
total=0.0;
fori=0;i(no_sanples ;it4)
{
total=totaltar[i)sar(i];
!
total=sqrt (total/ {doudle)ao_sanples);

fpriatf(fS,"OVER ALL VIDRATION VELOCITY LEVEL =A1f°,total);

felose(f3);

priatf ("’ farcoreleft());
}
|

IVECYION PR NEW VIBRATION DATA

void ade{ ¢k , 2s )

iat chas ;

{
register int i;

int lobyte hibyte;
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Rere ve fiad ont the walue of vibratiomal velocity and
vibraticsal displaceeat frea vibratiosal accelgration. fhe
plitade of vibrational velocity is deternined by dividing
amplitude of vibrational acceleration by the corresponding radial
frequeacy aad the amplitude of vibrational displacesest s
deternined by dividing vibrational velocity by correspoading
radial frequency. The phase of vibrational velocity is deteraired
by subtnacting 900 from the phise of the vibrational acceleration
ad the phase of vibrational displaceneat is deternined by
subtracting 90' froa the phase of vibrational velocity.fere

aplitude aad phase at zero frequeacy are neglacted Decanse the

orenall vihtationnlevel is the ras vwalwe of the vibratiomal
velocity in predeterained frequeacy band. The lover and upper

frequeacy linit of the band is eatered throngh the ey board.

overall vibration level is directly displayed on screer.



usigaed char  trl, ptel;
pri=datal;
ptri=atal;
ontport (POR42,¢ch);
forl i=0 ; 1 (s ; it )
{
oatport (P01140,0);
vhile{inporth{PORtd) 2127 };
s{ptrdtt) = inporth(PORTH);
tptritt) = inporth{P01740};
I

I
IVECTION IO POTRIER TRANSTOM

int £ft{ doudle *zr, dowdle *xi, iat my, int ie )

l

int a2l 02,ml,),k100,i,L,1;

dowble arg,c.8,tr,ti;

dowhle tstab, tctad;

fdefine THOPI §.203185307

fdefine PITVO 1570796327

ER {1 H

 TERTHH

nl=nl;

if { ( stad={ doadle ¢ }farnalloc( (long J8*(n +1)))== 0 )
!

priatf("Eezory not eaongh. Maly ! °);

priatf("¥1n® farcoreleft());

priatf(” lequireneat is W ,241);

enit{l);
I

if { ( ctad = { doadle ¢ )farmalloc( (long J8t(atl) ) )== 0)
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it fft(doadle xr, dwble oxi, int my, int ie) is a fuctio,

vhich is developed for forvard and reverse foarier transfora.

1, ad, xi-are the real and imaginary parts, respectively of 2
coefficient array Maving 2" dleaaats. If ie ¢ 0, the formard is
perforsed, ad if ie ) 0, the reverse transfora is perforned.

Data vector is assuaed to be conplex asd is indexed as I -
GL (0-1). If data vector is real, then the imaginary jart
should be set to zero. the nuzber of sample poist mst satisfy
the relatioa s = 2" o W is an integer valve. Maraveter 1= mi-l
is array auaber being considered. We start vith array I<0.  The
spicing betveen dval nodes is given by the parameter 22 for
array I=0, 2= 2/2 ad is nitialized as such. Parameter ml is
the right shift required vhen deternining the valve of p, wm! is

initialized to av-1, The index k of the array is initiadized to

F=0: thas ve vill vork fren the top ard progran dom the array.



priatf{"Kesory a0t encngh. Galy ! °);

printt(*sle" farcoreleft(});
pristf(* Requireasat is " ait);
exit(l);

|
for( i=0; ita; #i)

{
TN N
stabli) = sialarg);
ctadfi) = sin{ arg + MITNC );
N
I=0;
for( 1=0; 1aav; 144 )

{
nile( ko)

{
for( i=0; 12 ; #4i )

!
EB{{TH
p = ibite(khl,m);
s = stdblp);
¢ = ctablp);
if(ied ) s=-s;
Ka2=L+al;
tr = xr{kin]sc + xi[k1nd]%s;
ti = xi[kia2)te - xrklnl)ts;
ulthl] = xlk] - tr;
rifkind) = difh] - ti;
weft] = zeft) + tr;
tft) = xift) ¢ ti;
| &8 R BH

|
k=412
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Rere couster i is set toi=0.  This comter nonitors the
puaber of dal nodes pairs. It is necessary to skip certain p0des
in order to insare that previously considered aodes are 10t
epconter 1 second tine. Comter i is the control for {eterninizg
vhes the progras mst skip. Yo avoid recomputing a dual p0de that
has beer considered previously, ve deternine if the comter iis
less than 2d.  Ror array the awaber of nodes that can be
coasidered consecutively vithoat skipping is equal to )il
Jere this condition is deternined by condition i ¢ a2 If iis
less thua a2, thea ve proceed dom the arnay ad increneat the
counter i, by 1. If =22, thea ve hnow that we reacked 1 10de
previonsly coasidered ve thea skip 1 aodes by setting k=hhl

because k has already been increaented by 1, it is sufficieat to
skip the previously convidered nodes increeating k by ad.  Siace
L amd 1 have been initialized to 0 and 0, respectively,the initial
pode considered is the first node of the first armay, o
deternine the factor p for this node, we must first scale the
binary auaber k to the right av-1 Dits. Yo accomplish  this we

conpute the integer valve of kll"-l.



}
k=4
wl=ml-1;
TR 1T H

|

forlk=0;k(2;#l

{
i = ibitr(k,m);
iffire)
{
ir=uuh
ti- aift);
arfl) = xelil;
ufl) = ili);
(i) = tr;
n[i] = ti;
I
I
it {ie>0)
{
for{ i=0 ; it ; #)
{
uli] = alilh;
1ifi] = aifi)in;
I
I
retan |;
I
int ibite( int j, ist m )
I
int m, 10,1 bitr;
n=1;

1n = 14¢(n-1);
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Me fuction ibitr { ) reverse bt of K™ for

deternination of ),



- hitr=0;
for( i=0 ; it ; #4i )
{
if ( (jerm) !=0 ) bitr = bitr}ln;
n = nil;
la=11;
I
retwn (bitr);

I
TUECTIONS TOR RRIDIRG DITL PIAR

int read_ffile{londle #v }
|
int i;
inble ta; Puction read file (1) reads vibration data fron file. fhe
iﬂ(ﬁd»Mﬁm,Tﬁ=ﬂn) poiater retaras the value of a0, of samples.
{
priatf(°CLE'T OPKN FILE-— in function read file *);
geteh();
retan 0;
|
i=0;
while( !feof(fi) )
{
fscanf (£i, "S1E81£", btmn, ko [i]);
ith;
I
felose(fi);
retans i ;

|
int read_file(dowblesy)
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iat i;
éondle tm;
if({£2=fopen(fileh,"r"))==NWLi}
|
priatf(” con’t opes file in function read file *);
geted();
reters §;
I
i=0;
vhile{!feof{f2})
o
fscanf(f2,"S1£81£",étan, kv{i]);
it;
|
fclose(f2);
retun i;
|
iat read_1file{doudle v )
{
ist 1i;
dowdle f.xr a,a_3;
if( {f4= fopen(filea, "r")} == WWLL )
f
priatf("Tile not found *);
getch{);
retura 0;
I
i=0;
nile( !feof(fd) )
l
fscanf(f4,"SI1ESIESIE81£",&f &xr o, k2 a,&v(i]);
ite;

I
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