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ABSTRACT

The high cost of helicopter maintenance has created a great deal of
interest in the monitoring of the condition of helicopter components.
In helicopter power trains, which contain both gears and bearings, the
uge of vibration signals to detect the condition of these gears and
bearings has become of increasing interest in recent years.

This research program was initiated to investigate the many means of
using vibration signals to detect the condition of mechanical compon-
ents, with particular emphasis being placed on gears and bearings in
the helicopter power train., An exhaustive literature search was per-
formed in which specific techniques were identified, Several visits
were made to people active in the vibration diagnostics field.

The techniques which were identified as being potentially useful were
investigated in detail., The results of this investigation include a
presentation of the state of the art of each technique and analysis
via actual helicopter data, test rig data, and a dynamic model simula-
tion., The techniques have bteen broken down by mathematical function,
(time domain and frequency domain) and also by the components being
monitored (gear or bearing). Both mechanically related and pattern
recognition techniques are discussed. An extensive reference listing
and a listing of companies and agencies active in diagnostics work

are included in this report.
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INTRODUCTION

This section includes a discussion of the objectives of this program, the
reasons for it, a review of the work performed, and the significant
results. The work was performed by The Ohio State University from July 1,
1972 to June 15, 1973.

OBJECTIVE

The primary objective of this program was to perfc.m a detailed study of
all known data analysis and data reduction techniques which might be
applicable for use in performing vibration diagnostics on helicopter power
train components. In this context, power train components will refer
primarily to the gears and bearings in the power train and not directly to
housings and supports for these components,

As a portion of this study, it was necessary to perform a comprehensive
literature search to identify techniques which have been used for diag-
nostics and also to identify those individuals, companies, and Govermment
agencies who have utilized vibration disgnostics techniques.

DIAGNOSTIC BACKGROUND

Over the past 20 years there has been a growing interest in machine vibra-
tion monitoring. Much of this work has been related strictly to measuring
overall vibration levels in order to detect the condition of a bearing,
gear or other moving part. However, in recent years there has been a
specific interest in utilizing vibration signatures to diagnose operational
problems and the ensuing failure of machine components. These vibration
signatures relate specific vibration signal characteristics (normally
either in the frequency or time domain) to specific moving parts of the
machine, Changes in these signal characteristics are then used to deter-
wine sowe change in the mechanical condition of specific components.

The ability to diagnose the condition of mechanical parts may be beneficial
to anyone who may incur the dangers of catastrophic failures or who must
perform periodic maintenance on a machine. Diagnosis of parts could
reduce catastrophic failures by detecting incipient failures before they
veeur, In the case of the helicopter, this ability could save lives and
save very expensive machines from total destruction. However, the prime
financial savings are likelv to be rendered in application to on-condition
maintenance prograns which would replace parts when detected as faulty by
the diagnostic system, An increase could be achieved in the time between
overhauls and thus result in an overall increase in the operating effi-
ciency. The ability to prognosticate the lives of parts would also provide
further maintenance advantages. A comprehensive study of potential main-
tenance cost savings on helicopters, if a reliable diagnostic system were
implemented, has been reported by Northrop Corporation,®



PROGRAM CONDUCT

This program was divided into four separate tasks:
Task 1. Survey of vibration signal analysis techniques.

Task 2. Development of a simplified dynamic model for use in
evaluating techniques.

Task 3. Analysis of vibration data analysis techniques.
Task 4. Final evaluation and recommendations.

During Task 1, a comprzhensive literature search was performed to obtain
papers, reports and otlLer information on diagnostic techniques. The
facilities of The Ohio State University Libraries were used for a large
portion of this search. Also NASA and DDC searches were performed.
Approximately 400 papers, reports, and articles were found in these
searches, Companies who were involved in diagnostics work were contacted
in this task; these contacts were made by phone, mail, and personal visits.
A listing of the companies and individuals who were contacted is given in
Appendix I. Based on the literature search and the company contacts, a
state-of-the-art description of the various diagnostic methods which seem
appropriate for helicopter transmissions was compiled.

Task 2 included analysis to establisii the types of mechanicnl failures in
helicopter transmissions that are likely to influence vibration signals.

A simplified dynamic model for bearing vibrations was then developed for

use in evaluating diagnostic techniques. This model utilized Information
from the failure analysis to ascertain input forces.

In Task 3 of this study, the various techniques uncovered in Task 1 were
evaluated in several ways. First, the techniques were evaluated in light
of results of other investigations found in the literature. Second, the
dynamic model developed in Task 2 was used to evaluate bearing diagnostic
techniques. Third, a small test rig was built to test specific bearing
disgnostic techniques. ¥Finally, helicopter data from the UH-1 AIDAPS Test
Bed Program®’> was used to identify the characteristics of typical vibra-
tion signals from helicopters, and this data was used to evaluate the
different techniques.

A final evaluation of all techniques was made in Task 4. Included in this
evaluation were the ease of application of the technique, accuracy,
repeatability, amount of testing required, and ability to diagnose and
also to prognosticate on the condition of helicopter components (on a
line-replaceable unit or component basis).

REPORT CONTENTS

This report is divided into seven sections: INTRODUCTION, PHYSICAL
PHENOMENA, MATHEMATICAL TECHNIQUES, GENERAL DIAGNOSTIC PROCEDURES,

2



SPECIFIC TECHNIQUES, EVALUATION OF TECHNIQUES, GENERAL CONCLUSIONS, and
RECOMMENDATIONS. The report has six appendixes, A short description of
the contents of each section and the six appe.dixes is given below,

INTRODUCTION - See above,

PHYSICAT, PHENOMENA - The physical phenomena which are related to
bearing and gear failures are discussed. Included are treatments
of the types of vibrations generated by faults and a brief discus-
sion of the vibration transmission patis located between the fault
and the vibration transducer.

MATHEMATICAL TECHNIQUES - Mathematical techniques used for analyzing
the vibra.ion signal are discussed, with the primary emphasis placed
on time domein and frequency domain anrlysis techniques. However,
statistical techniques are also included., The discussion of digital
methods of performing the standard analysis techniques is also pre-
sented,

GENERAL DIAGNOSTIC PROCEDURES - This sec.ion treats the generalized
approaches to the diagnostics problem. Two basic approaches are
discussed: (1) the determination of discriminants based on the
mechanical phenomena related to a given failure mode, and (2) the
identification of discriminations which are obtained by so-called
pattern recognition techniques.

SPECIFIC TECHNIQUES - The state of the art of many or the specific
diagnostic techniques which have been used for rotuting systems con-
taining gears and rolling element bearings is presented. The dis-
cussion includes information on vendors, users, ad specific appli-
cation as well as processing technigues and bhurdware used,

EVAIIJATION OF TECHNIQUES - An evalusation of the techniques discussed
is performed. The test rig data, bearing model data, and test bed
data are used in the evaluation. Also presented here are discussions
of the typical helicopter data which was gathered in the test bed
program.

GENERAL CONCLUSIONS - The generalized problem of vibration diagnostics
in helicopters is discussed and general conclusions are presented.

RECOMMENDATIONS - A comprehensive set of recommendations are presented
for future work in the area of vibration diagnostics with application
to the helicopter power train.

APPENDIX I - A list of all individuals and campanies contacted during
the course of this program; alsc 2 brief discussion of the results of
each contact.



APPENDIX 1I - A glossary of terms used in the identification and
prediction of mechanical failure as produced by the mechanical fail-
ures prevention group,

APPENDIX III - A description of data tapes dubbed from the AIDAPS
Test Bed Program data.

APPENDIX IV - A listing of some of the frequencies associated with
particular components of a UH-1D,

APPENDIX V - A report on an analysis of the data as described in
Appendix II that was performed by Scope Electronies, Inc.

APPENDIX VI - A technique for determining a numberical evaluation of
a diagnost. c system relative to others is shown,



PHYSICAL PHENOMENA

The ability to apply any vibration signal anslysis technique as a diag-
nostic tool is predicated on the existence of characteristic vibration
signals. These must be produced or caused in some manner by the system
camponent being monitored. Because of the characteristic frequencies
produced by gears and bearings, the prime emphasis of diagnostic systems
to be used on power trains has been directed toward them.

A brief discussion of physical phenomena as related to gears and bearings
as well as a general discussion and description of a gear and bearing is
given. Typical faults that might be encountered are enumerated, and

finally, the typical frequencies that might be encountered are described.

The last portion of this section discusses transmission paths. It is
usually quite difficult to place a sensor directly at the source of a
vibration signal. This signal must instead pass through housings,
mountings, structural members, etc., to reach the sensor. The path along
which the signal must travel will have an effect on the final sensor
reading. The discussion includes a description of the kind of effects
the transmission path might have on the signal as well as the coummon
manners of analyzing these effects.

BEARINGS

by definition, bearings are the elements used in rcilating mechanical
systems to permit relative and conlrolled motion between two loaded
members. Based on their wide usage and basic characteristics, bearings
are a prime candidate for application of vibration dies ~ostic systems.

In categorizing bearings, they may first be broken into two broad
groupings: plain bearings and rolling-element bearivgs. Plain bearings
operate with a sliding motion between two surfaces, generally supported
by an elastohydrodynamic film. Since this type of besring is not preva-
lent on helicopters, this study has dealt primarily with rolling-element
rather than plain bearings.

Rolling-element bearings, as their name suggests, permit motion through
relative rotation of their elements. In describing thc major types of
rolling-element bearings, they are first broken down according to the
shape of the rolling element, i.e., ball or roller. They could also be
clagsified as to direction of load, i.e., radial, angular, or thrust.

Figure 1 shows a disgram of a typical radial bearing. There are four
major components:

Inner race: This component is mounted on the shaft and rotates with
it. It contains a track for the rollirg elements to
ran in,



“

Rolling
Element

Outer Race

Cage — Inner Race

Figure 1. Sketch of Typical Rolling-Element Bearing.

Outer race: This component is mounted in a housing and usually

remains fixed. It also contains a track for the rolling
elements,

Rolling element: These elements rotate between the races.

Cage (Retainer): This component connects the rolling elements and

keeps an equal spacing between them, It rotates
about the shaft.

Further definitions of parameters which might be needed are: ‘

Pitch diameter: Distance from the center of the bearing to the
center of the rolling element.

Convact angle: The angle between the direction of loading force and
the normal to the shaft.

As shown in Figure 2, five general types of ball bearings can be described:*

Deep groove or Conrad: Standard type of single-row, radial loaded
bearing.

Angular contact: Used when capability to carry thrust as well as
radial load is desired. They are easy to dis-
assamble,

Self-aligning: Has outer race groove ground to a spherical shape to
allow balls to seat themselves, thus providing
aligmment.
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Duplex: Refers to bearings manufactured with two sets of rolling
elements.

Ball thrust: Designed to handle thrust loads only.

Roller bearings differ from ball bearings in the shape of the rolling
element. As shown in Figure 3, four major classes can be discussed:®

Cylindrical: Rolling elements are cylinders. Used with high-spe
radial loads where more contact area is desired tia.
that available with ball bearings.

Tapered: Rolling element is a tapered cylinder., Can handle thrust
as well as radial load.

Spherical: Rolling element has rounded contour. Can be used with
thrust as well as radial load.

Needle: Cylindrical rolling element is used without any retainer.
Usable in low-speed, high-load operations; sometimes used
without inner race.

A typical helicopter will contain a wide variety of the various types of
rolling element bearings.

Typical Bearing Faults

There are many bearing faults which are potential candidates for diagnosis.,
These faults fall into the general category of surface failures, which can
be either fatigue or nonfatigue initiated.® In the case of nonfatigue
initiated faults, the ultimate destruction is often the result of a
fatigue failure induced by the nonfatigre failure rather than by bearing
operation,

Contact fatigue failures take one of two forms:

Spalling (Flaking): Small flakes of the surface are broken off.
These flakes are often of elliptical shape.
Continued operation of the bearing can cause
this flaking to occur over the entire bearing
surface.

Pitting: Small pits are formed on the bearing surfaces. These do
not propagate but are local. This phenomenon can lead to
spalling.

Contact fatijgue failures may be found on any bearing surface upon which
contact between two components of the bearing occurs.

Nonfatigue failures may take a variety of forms. The following list
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contains the most common failure modes with the names that appear in
general usage.

Mechanical damage: Faults are often introduced in either manufac-
turing or installation, They may be seen as
dents, nicks, scratches, etc.,which are not a
result of bearing operation,

Foreign material: The introduction of foreign material, e.g., dirt
or metal chips, into the contacting surfaces can
cause & grinding phenamenon to occur. The con-
tacting surfaces will exhibit a dull or matte
finish,

True brinelling: This is an indentation which will occur in a race
due to plastic flow of the metal. The cause is
high stress levels induced during operation, e.g.,
by shock loading. Grinding marks may be discern-
ible.

False brinelling (Fretting): Indentations “hich may be seen as the

be caused by vibration or small
amplitude motion of bearing elements
when they are in static contact.

Electrical pitting: An "arc-welding" effect which occurs when an
electric current is passed through a bearing.
Annealing of surfaces may occur.

Corrosion: Ordinary oxidation corrosion (rusting) which can be
crused by the introduction of moisture or oil contami-
nants into the bearing.

Creep_igg: ihis is a relative motion between the inner race and shaft.

Skidding, scuffing, or scoring: Scratching of the bearing surface
caused by sliding rather than
rolling of the rolling elements.
Often, the cause is a breskdown of
the lubrication film.

Wear: General loss of material due to prolonged operation.

Bearing failures may occur in any of the variety of forms listed. On a
bearing the fajlures can be labeled as either discrete or general. A
discrete failure is one which extends over a small portion of a bearing
or on a small number oif' the rolling elements. A general failure occurs
over a large portion of the bearing surface. This distinction is often
made in describing the capabilities of diagnostic systems.

10

result of fretting corrosion, This may



Characteristic Rotational Frequencies

One of the properties of bearings which make disgnostic systems usable is
the characteiistic rotational frequencies which they produce. Based on
the position of a given fault, i.e., race or ball, impacts and vibrations
will be produced at frequencies which are a function of the component and
the speed of rotation. For example, if a race is scratched, every time a
rolling element makes contact with the scratch an impasct will be trans-
mitted through the bearing. This impact will repeat itself as a function
of bearing rotation. Spectral identification at these characteristic
frequencies is the basis for many diagnostic systems,

The following parameters are required for calculation of these character-
istic rotational frequencies:

diameter of rolling element, in,
bearing pitch diameter, in.
~ontact angle, deg

number of rolling elements
operating speed, rmm

25O
nmnnnu

Using these parameters and a kinematic analysis of the bearing action, the
following equations may be found:’

Outer race frequency:
n N d
f°r=§°86(1-5cos B), Hz (1)
Inner race frequency:

. g—)(l + % cos B), Hz (2)

s

fir =

Rolling element (ball or roller) frequency:

D dy¥ .
=g g6(]_ - (ﬁ) cos® B), Hz (3)
Cage frequency:
fo = Ig_o (1 - % cos ﬁ), Hz (%)



As an example of the values which might be found for these frequencies in
a typical bearing, the calculations were performed for a Norma-Hoffman
L-25, which is a 2-inch, single-row, angular contact bearing, The
parameters for this bearing are: r = 0.15625 in., D = 1.540 in.,

B =15 deg, n =12, and N = 1750 rom. The frequencies calculated are:
for = 140.7 Hz, f3, = 209.3 Hz, fy, = 138.2 Hz, fe = 11.7 Hz. It should

be noted that as well as these fundamental characteristic frequencies,
harmonics (or multiples) may also be generated by vibration due to faults.

Resonant Frequencies

The various '"pass'" or rotational frequencies discussed previously are a
result of the rotation of the bearing causing periodic impacting. This
impacting can also incduce other vibrations to occur in the bearing.
Structural resonsnces may be excited, thus causing "ringing," which is the
continuum vibraticn response of the bearing structure. Both races and
the rolling elements can exhibit this "ringing," It is characterized by
an exponentially decaying, high-frequency oscillation. The "ring" will
reappear periodically at the '"pags' frequency corresponding to the fault
which excites it. "Ringing" or resonant frequencies are structural
characteristics. Their frequency of oscillation does not depend on the
speed of rotation of the bearing. Figure 4 shows a sketch of a typical
"ringing" response.

The rolling element resonance is one of the typical resonances which may
be excited as the rolling element pulsates as & rigid body due to the
impact. The frequency of free resonance of a ball may be calculated by®

E

modulus of elasticity, psi s
density of rolling element, slugs/in.

where E
o)

For the bearing used as the example before, the ball resonance frequency
is f,, = 387,50C Hz. The races will also exhibit resonant character-

istics. The equation describing their characteristic free resonant
frequencies is®

2
g o KOE 1) L

r s (6)
orgZ+ 1 2V

order of the resonance

radius to the neutral axis, in.

moment of inertia of cross section, in.
mass of race per linear inch, slugs/in,

where
4

B HD
o ounu
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A given structure will have an infinite number of resonant frequencies,
i.e., second resonance, third resonance, etc. The number of the resonance
is referred to as its order. As seen from Equation (6), the orders of
the resonances do not vary linearly as do the harmonics of the pass
frequencies.

For the sample bearing, Table I gives a list of the race resonances for
the inner and outer race.

TABLE I, RACE RESONANCES AS CALCULATED
FOR BEARING

f(frequency)
k(order) (Hz)

Inner race

3,940
11,140
21,360
34,540
50,660

oA\ FWw

Outer race

9,740
27,560
52,830

=W N

In the equations presented, the free or unmounted resonances were found.
These represent the frequency of oscillation if the ball or race is
standing alone without the rest of the bearing. This is not the case

in operation since mounting will change the exact frequency of "ringing".
However, these frequencies will remain near the frequencies calculated
for tne free case,

GEARS

Gears are machine elements which are used to transfer power between shafts
while retaining fixed speed ratios. They can be used to change speed or
torques while operating efficiently (ap to 98%). Pitch-line speeds of up
tc 40,000 ft/min are attainable, and an almost unlimited size permits a
greater load capacity than other power transmission elements.

Based on these characteristics, gears appear in a wide variety of drive
systems and are used almost exclusively as the speed change elements in
the drive systems of helicopters. There are a variety of gear types used:
spur, bevel, helical, etc. A typical helicopter will contain spur gears
and spiral bevel gears as well as planetary systems for speed reduction.

14
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Due to their wide usage and rotational characteristics, gears, along with
bearings, are prime candidatez for diagnostic evaluation. Also, their
crit.cality for flight safcty has made gearing an importent maintenance
item and a piime target ior mairntenance cost reductions.

Typical Faults

In gearing, there are number of faults for which diagnostics are hoped to
be useful. A listing of these includes:

Wear: A surface phenomenon in which layers of metal are removed or
"worn away'" more or less uniformly from regions of the con-
tacting surfaces of the gear teeth.

Pitting: A surface fatigue failure which occurs when the endurance
limit of the material s exceeded. A failure of this
nature depends on the surface contact stress and the
number of stress cycles, and results in small surface
fatigue cracks which propagate about the surface, causing
the loss of material and the formation of pits.

Spalling: Similar to pitting except that material is removed in
larger areas.

Scoring: Rapid wear resulting from a failure of the oil film caused
by overheating of the mesh, permitting metal-to-metal
contact. This contact produces alternate welding and tear-
ing, which removes metal rapidly from the tooth surfaces.

Fracture: Failure caused by breakage of a whole tooth or a substan-
tial portion of a tooth. This failure can result fram
overload, or more commonly, by cyclic stressing of the
gear tooth beyond the endurance limit of the material,

Plastic flow: Cold working of the tooth surfaces, caused by high
contact stresses and the rolling and sliding action
of the mesh. It is a surface deformation resulting
from the yielding of the surface and subsurface
material and is usually associated with softer gear
materials,®

Characteristic Rotational Frequencies

The primary rotational frequency assceiated with geared systems is the
gear mesh frequency. It is a function of the number of teeth and the
rotational speed. The frequency corresponds to the motion induced by the
consecutive meshing of the teeth. The definition of frequency is

15
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f =l Hz (7)

where N
n

shaft speed, rpm
number of teeth

mon

If a fault occurs on a tooth surface, a vibration will be induced at this
frequency.

Along with the meshing frequency, mesh frequency harmonics and sidebands
may occur.

S ideba.ndigg

Sidebanding is a phenomenon which is induced by modulation of a signal,
either by amplitude modulation (AM) or by frequency modulation (FM). It
is a common occurrence in geared systems. Before discussing the phenomenon
in more detail with respect to gearing, a brief mathematical description
follows.

A sinusoidal signal may be represented in general form by the equation

f(t) = A cos(2nfot + @) (8)
where f(t) = signal as a functica of time
A = amplitude of signal
fo = carrier frequency, Hz
¢ = phase angle, rad

In the case of amplitude modulation of the signal, A becomes a function
of time. In the case of frequency modulation, ¢ becares a function of
time.,

For a typical AM signal, we can describe the amplitude modulation as

A(t) = K(L + m + cos 2nfpt) (9)
where K = constant
fn = modulating frequency, Hz -
m = fractional extent to which the amplitude is modulated
Thus,
f(t) = K(L + m - cos 2rfpt)cos(2nfet + @) (10)
16



This expression may be expanded by the laws of irigonometry.

£(t) = k { cos(2nfot + @) +g - cos[2n(fe - )t + o]
+ x§n . cos[2r(fy + f)t + q;]} (11)

Figure 5 shows spectra of the signal before and after modulation. The
two new spikes are the sidebands.

-3 Before Modulation
=
a A
=
< ¢
fc f
)
g * After Modulation
o
a
s k
m
3 k
fefm fo fetfm f

Figure 5. Spectra of a Typical Sinusoidal Signal
Before and After Modulation.

This type of analysis (with trigonometric expansion) for amplitude modula-
tion may be performed for any modulating time function by simply expanding
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the time function in a Fourier series. Sidebands will occur at the carrier
frequency plus or minus the mcdulation frequency.

For a typical FM signal, we can describe the phase angle as a function of
time by

o(t) = B sin 2fpt (12)
where fp = modulating frequency
= modulation index (represents the merimum phase shift exhibited
by the carrier frequency during a cycle).
Thus,

f(t) = cos(enf.t + B sin 2fpt) (13)
This expression may be expanded to give

£(t) = Jo(B) cos 2nfet - Jy(B){cos2n(fe - fm)t] -
cos[2n(fe + f)t]} + Jo(B)(cos[2n(fe - 2fpy)t] +
cos[2n(fo + 2fp)t1} ...
+ (-1)E5(8) (cos[2r (fe - kfp)t]

+ (-1)¥cos[2n(fo + kfp)t]) (14)

where Jy(B) = kth order Bessel function of B
k goes from O to =

It should be noted that the amplitudes of both the carrier and sideband
frequency components are functions of g. And since JO(B) is always less
than one, the amplitude associated with the carrier frequency is lessened
by modulation as contrasted to the AM case. An infinite number of side-
bands is possible.!

Modulations in gearing usually occur with the mesh frequency as the
carrier and shaft frequency or one of its multiples as the modulating
frequency. An example of a mode of amplitude modulation would occur in
a gear mesh having an eccentric gear. By periodically forcing the teeth
into the mesh, a cyclic loading pattern occurs, with a minimum and maxi-
mum mesh force occurring once per shaft rotation, As the eccentricity
increases, the sideband amplitudes will increase,

Frequency modulation may be present as the result of errors in gear

18



manufacture. If there is a spacing error in the cutting tool, the tooth
spacing on the gear could change as a function of the rotetion, thus
producing a frequency modulation.

Modulation effects appear to occur with a wide variety of gearing faults.,
The exact physical relationship of the fault to the modulation is not
known, but it has been observed in experiments by many investigators,

SIGNAL TRANSMISSION PATHS

Both good and faulty gears and bearings generate forces at their moving
interfaces which are, in turn, transmitted through the helicopter structure
to a given transducer location. Since the transducers are rarely located
directly at the fault location, the structural dynamics between the force
generation point and the transducer location are of utmost importance.
This is particularly true when date is being taken at more than one oper-
ating speed or where speed cannot be held constant.

The effects that the structure has on the transducer output readings and
means of analyzing helicopter structures in order to predict the instru-
ment system's response under different load and speed conditions will be
discussed briefly,

Mechanical Transfer Function

As with electrical systems, mechanical system models may be expressed in
the form of transfer functions. A very simple example of this is shown
with the simple single-degree-of-freedom system shown in Figure 6, where
F is the input and Y is the system response. The parameters are

k = spring constant, 1b/in.
¢ = damping coefficient, lb-sec/in.
m = system mass, lb-secé/in.
f(t) = input force, lb
y = output displ:/.cement, in.

When Newton's Law is applied, the following differential equation results:

2.
";‘1 +c%%+ky=f(t) (15)

By Laplace transforming the above equation with zero initial conditions,
we get

(ms? + cs + k)Y(s) = F(s) (16)
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Figure 6. Sample Single-Degree-of-Freedom
Spring Mass Damper System.

The transfer function between the input and output is then

Y(s) _ 1
F(s) ms2 + cs + k (17)

which is a second-order transfer function, which, when written in standard
form is

Y(s K (
= 18)
=
F(s g +—22 s+ 1
wg " owy

K = % = static sensitivity
W, = % = natural frequency rad/sec
p = R damping ratio

2V km
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Another means of expressing the above transfer function is with frequency
response techniques where the force f(t) is a sinusoidal force

f(t) = F sin wt. This can be easily evaluated by making the substitution
s = jw (j = v-1) into the transfer function and then evaluating the ampli-

tude ratio ’%l and the phase angle ¢, between Y and F. This would result
in a frequency response plot shown in Figure 7.
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Figure 7. Frequency Response of Second-Order System.
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The shape of the above curve is a function of the damping ratio, with the
high-amplitude resonant peak increasing as the damping ratio is decreased,

In more complex systems, such as in machine tools, constraction equipment,
or helicopter transmissions, similar transfer functions may be obtained
between forces and motions at any location on the structure. The transfer
function will be considerably more complex than the example above and will
be more difficult to examine analytically. Also, for a given input force,
there may be several paths which tne signal may follow to arrive at the
output motion, thus further complicating the form of the transfer function.

The frequency response plot of the simple second-order system can be used
in an explanation of the impcrtance of the dynamics of the machine element
being tested. Since most force inputs from gears and bearings are
periodic, they can be expressed as a series of sumations of sinusoidal
terms (Fourier series) as shovm below.

f(t) = Fy sin(wt + @) + Fo sin(wot + @o) + Fz sin(wst + @a3) + ...
(19)

The output will be of the form

Y(t) = Y; sin(wmt + @ + ¢1) + Yo sin(wst + @0 + 92)

+ Ya sin(uwat + a3 + @3) + ... (20)

where %,l is the amplitude ratio at w, and ¢, is the phase angle at wy,
1

etec., for wp, way.... One can see that the output amplitudes Y,, Y-, Y3
are strongly dependent upon the frequency response shape. If one of the
frequencies should be near the natural frequency, a large amplification
may occur. In physical structures, which are typically lightly damped,
this amplification may be a factor of 100 or more. In more complex struc-
tures, amplitude reduction by a factor of 100 is not uncommon at anti-
resonant frequencies. With structural magnification effects of th's
order, it becomes apparent that the path from the signal source can be
very critical and can greatly affect the transducer output.

These large variations in amplitude became increasingly apparent when
speed changes occur in the subject machine. Frequency normalization
becomes inaccurate if the resonances are near one of the source frequen-
cies. Changes in speed of a constant force input could greatly change
the output amplitude as it moves through the resonant peaks. Often the
effect of speed changes is eliminated by taking data at only a single
speed. This procedure works out well if this is possible. However,
speeds must be carefully watched since speed changes of 2-5% can cause
ampl-itude ratio changes of one to two orders of magnitude.
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Sinusoidal transfer functions can be obtained from models or by physical
testing. For complex structures, such as a helicopter transmission, the
modeling approach becomes very complex and difficult to apply. Therefore,
testing is typically performed to obtain accurate transfer functions. In
the traditional testing technique, a sinusoidal force is applied at one
position on a structure and the response (usually acceleration) is measured
at a second point on the structure. By sweeping the sinusoidal force
through a range of frequencies and plotting ami)litude ratio and phase angle,
an experimental transfer function is obtained.lZ

In structures where it is difficult to obtain the overall transfer function
(because of shaker or transduce» placement difficulties), it may be possible
to test individual components individually and then, using mechanical
impedance techniques, combine the individual responses to give the overall
response.ls This has been successfully done for a truck frame and body.

It is likely that much further development of this technique would be
necessary in order to apply it to a helicopter transmission,

The use of transient pulse excitation has, dve to the availability of
improved computational facilities, become an increasingly popular method
of obtaining mechanical transfer functions.'? 1In applying this technique,
the system is forced with a sharp pulse at the forcing point and the
response is measured at some other point. The transfer function between
the response and force can be obtained from the spectral density calcu-
lations involving the input force and output mction. Estimates of system
linearity and transfer function accuracy cen be made by observing the
coherence function between the two signals.

Finally, another common technique for finding system resonances, but not
transfer functions, is to start up or shut down a piece of rotating
machinery, Here, the speed of the machine is either increased or slowed
down at a fairly constant rate, The vibration amplitude is plotted as a
function of speed, /Amplitude peaks on this plot indicate speeds where
resonances exist, These resonances are often excited at the shaft rota-
ting frequency and are often related to the critical lateral frequencies

of the shafting system,

Transfer Functions in Geared Systenms

In esnalyzing geared systems, two types of excitation might be considered:

1. Force excitations at the gear mesh
2. Force excitation due to faulty bearings

Gear Mesh Excitation

Gear mesh forces are transmitted from the tooth mesh to the housing
through the shafting and bearings via both lateral and torsional
vibrations of the shafting system, These vibrations, in turn, excite

the bearing, which then excites the housing upon which the vibration
transducer is typically mounted. This problem has been studied by
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Wang,'S Laskin, et al.,'® Badgley and Laskin,'” and Badgley and
Chiang.1®

The experimental transfer function analysis between the gear mesh
and transducer location, in the opinion of the authors, has never
been accurately applied on a helicopter gear transmir ion due to
some physical problems in locating the vibration exciter at the
gear mesh, However, these problems may be circumvented by placing
the exciter at the transducer location and measuring the resulting
forces at the gear mesh, Perhaps the most promising mecns of
measuring the mesh transducer transfer Iunction is with impulse
testing, where a force pulse is applied at the gear mesn and,
through appropriate data reduction, the transfer function is ob-
tained, This technique assumes system linearity, which must be
ascertained before pulse testing results can be relied on,

Besring Dynamics

Transducers may be located very close to bearings on the periphery
of gearboxes, thus eliminating some of the transfer dynamics prob-
lems which may occur ir gearing. However, some of the helicopter
main transmission bearings are located ii. central portions of the
gearbox, where transducers are difficult to locate or must be built
into the unit. When external transducers are used in an attempt to
detect faults from these inner bearings, the transfer function
between the bearing and transducer again plays an important role.
Resonances will amplify vibrations and antiresonances will attenuate
vibrations in certain frequency ranges. If test speeds should
change, serious errcors ma; result in the data analysis.

Bearing transfer functions can be determined theoretically, but
sgain actual physical testing is the best way to obtain accurate
transfer functions.

Where the number or transducers to be placed on a given transmission
is a limiting factor, the transfer dynamics between the transducer
and the several bearings it is monitoring become even more important,
In this instance, the use of transfer function analysis would be a
systematic way of selecting optimum transducer locations for the
monitoring of several bearings.
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MATHEMAT ICAL TECHNIQUES

A typical vibration diagnostic system is of the form shown in the block
diagram of Figure 8. Normally, a vibration transducer is placed on the
vibrating structure at a position on or near the part which is being
monitored. In recent years the piezoelectric accelerometer has been the
most popular transducer, but this has not ruled out the use of noncon-
tacting displacement transducers or velocity pickups for motion measure-
ment. The vibration transducer produces a time-varying signal which is
fed into a processor which performs some form of mathematical analysis on
the time function. There are many forms of signal analysis which this
processor may perform, but they can essentially be broken into either time
domain techniques or frequency domain techniques. Also, purely statistical
techniques could be treated as a separate class. However, in this report,
they will be included in the discussion of time and frequency domain tech-
niques. Specific characteristics of the new mathematical function which
results from the processor are then identified and used to classify the
system's condition. These characteristics are identified as discriminants
and are the number or set of numbers which is used to identify a part's
condition., These discriminants either are obtained from prior knowledge
of the mechanical behavior of the system or are determined by purely
statistical techniques, which will be called pattern recognition discrimi-
nants hereafter. The discriminants are then compared in some manner with
past data or with some mechanical basis to decide the condition of a
component or system.

In thies section, time and frequency domain processing of time series data
will be discussed,with primary emphasis placed on the means of mathemati-
cally analyzing transducer signals. A short section on digital processing
techniques will be included since this form of processing is becoming more
prevalent in the signal analysis field. Different technijues for obtain-

ing discriminants and the methods of applying discriminants are discussed
ater,

Many books and publications have been written on these topics. Among them
are books by Bendat and Piersol,!?® Jenkins and Watts®® and Enochson and
Otnes.“! Information contained in these books will be summarized. This
summary will not become involved with the complex mathematical and statis-
tical details which are necessary for a complete understanding of the
various techniques,

TIME DOMAIN TECHNIQUES

In this report, time domain technique will refer to al'. techniques which
perform simple computations directly on the time signal and those mathe-
matical techniques which give a parameter output in which time is the
independent variable. Techniques which fall into this category and which
will be discussed s&re:
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Mean square values.

. Probability density functions and other statistical representa-
tions.

Correlation functions.

Time averaging.

Band-pass filtering prior to items 1-L.

N -

i FEWw
. ®

Mean-Square Values

Perhaps the simplest means of analyzing time series data is to obtain the
average amplitude or general intensity of the data. This is normally
done with the mean-square value, ¥4, which, for a time history x(t) may
be expressed in equation form.

i T
Hn %,{) [x(t)]? at (21)

vz =
To o

The positive square rool of the mean-square value is the root-mean-square
(RMS) value,

The average or mean value u, of x(t) may be represented by

_ 1lim 1 T n &
u.x = T X ) dt
To o

The dynamic component of x(t) may be described by a variance, 0y»> Which
is the mean-square value about the mean:

lim 4

8 2
°5?‘=T-mffo [x(t) - uyl? dt (23)

By expanding the above relation
& =¥ - u2 (24)

In computing the above relations, one must have stationary deta of suffi-
cient length to allow little fluctuation in the computed quantities. If
the length of computation T is shortened sufficiently, the mean square
value will fluctuate even though the data is stationary.
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In vibration data taken fram accelerometers or velocity pickups, the data
should always huve a mean value uy = O since most machinery is relatively
stationary and will not have static velocities or accelerationg. Even
moving bodies, such as helicopters, can be treated in this manaar since

the static velocities and accelerations are small relative to the vibration
levels of individual components.

Mean-square values have had some utility in disgnostics, particularly
where the vibration signal is a single frequency which predominstes over
all others. This is timical of displacement measurements for which the
shaft rotationsl frequency is predominant. Displacement amplitude is
often used as an indicator of shaft unbalance. Root-mean-square values
can sometimes be used to sense overall changes in the signal, but only if
the changes are gross or at the primarv frequency components.

Probability Density Function and
Other Statis.ical Representations

The probability density function is a means of statistically representing
data in an amplitude histogram format. It expresses the probability that
the data will be at a value within a given range 2+ any instant in time.
The equation describing the probability density function can be developed
with the aid of Figure 9.2

In Figure 9, the probability that x falls into the range between x and

k
2 Aty
X + Ax is l-f—],'r—— . If we let T —»», we can define the probability as
[}
pIRAZ]
: i=1
Pr(x < x(y) <x+ox) = lim 2L (25)

The probability density function can now be defined by letting Ax - 0.

K
DI
] Pr{x < x(t) < x + Ax) i=1
p(x) = 1lim = = l1lim 1lim ————
AX Tax
&M — 0 O 0T

(26)

The probability density function is plotted as a continuous-amplitude
histogram as shown in Figure 10 for examples of wide-band random noise
and & pure sinusoidal signal.
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Another useful statistical representation of data is the cumulative proba-
bility distribution which is the probability that x(t) is less than or
equal to same value of x and is defined by

X
P(x) = Prlx(t) < x) = [ p(x) & (27)

-0

Useful relations may be obtained from the probability density function
such as the mean value py:

me = [ xpx) ax (28)
and the mesn-squared value:
V= [ % p(x) ax (20)

Other statistical treatments of data which may be useful in diagnostic
systems include number of zero crossings or data crossings at any ampli-
tude level, distribution of peak (zero slope) values of x(t), and other
types of ratios, sums, and differences of data statistics.

All of the probability density techniques have been implemented with
analog and digital instruments. The digital processors are particularly
simple since they require only level detectors and additive memories for
each amplitude level. Analog techniques have been implemented on several
comnercial analyzers. In performing probability density analysis, care
must be taken to use long enough data samples that average and not
instantaneous statistical data is obtained.

Correlation Functions

Both the autocorrelation function and the cross-correlation function deal
with the time representation of signals, The autocorrelation function of a
time signal x(t) is a graph of the similarity between the waveform x(t)

and a replica of itself x(t + 1) displaced by a length of time 1 from x(t).
The autocorrelation function is defined by the equation

. T
Ry(1) = 1lim z f x(t) x(t + 1) at (30)
To 0
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where R,(t) = autocorrelation.

Typical autocorrelation functions for a sinusoidal weve, wide-band random
noise, and wide-band random noise added to a sine wave are shown in
Figure 11.

For the autocorrelation function, the mean value of x(t) may be found from

ty = VRy(w). The mean-square value may be found from y% = Ry(0). The

value of the autocorrelation function will be a maximum at 1t = 0. Also,
the function is dependent upon the frequency content of the waveform rather
than on the actual waveform itself.

The autocorrelation function has received wide use in extracting periodic
data fram extremely noisy signals, This would appear to make it a prime
cendidate as a diagnostic analysis technique since much of the usable
diagnostic information may be deeply buried in noise. Further discussion
of the autocorrelation function as a diagnostic tool is given later in the
report.

A similar function to the autocorrelation function is the cross-correlation
function Ry {t). The cross-correlation function compares two different
signals in a manner similer to the autocorrelation function and is defined
by the expression,

Ryy(T) = 1lim % foT x(t) y(t + 1) at (31)

Te—o o

The cross-correlation function is not necessarily a maximum at 7 = O and
is not an even function as is the case with the autocorrelation function,

The cross-correlation function is a valuable tool for measurement of time
delays in a system and also for determination of transmission paths of
signals. The recovery of a signal which is buried in noise is also
possible with the cross-correlation function, but only when the desired
signal one wishes to detect is known. In this specific case, a greater
output signal-to-noise ratio will be obtained than with the autocorrela-
tion function.

There are several instruments on the market which are specifically designed
to perform correlation function analysis on raw data. Both analog and
digital processing is used in these instruments. Between 100 and 40O time
lags are available on typicel analog correlation analyzers, A more
powerful and more flexible means of performing correlation function
analysis is with digital computation, where much higher resolution and
accuracy can be obtained.
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Time Averaging

Time averaging, which is also called time surmation, coherent averaging,
signal enhancement, and ensemble averaging, is another mathematicel means
of improving the signal-to-noise ratio of a periodic signal that is buried
in noise, Many instruments are available for time averaging, but most
diagnostic applications of this technique have been developed by General
Electric Campany.23

In time averaging, time blocks of the input function are added to one
another in such a manner that signals, which are periodic to the block
length or its multiples, will add to one another. Random data and
signals with other periodicity will cancel out. This is shown schemati-
cally in Figure 12.

In following this proczdure, the time signal is partitioned into N
segments of length Tg. Each of the N periods of length is coherently
added. In this manrer signals with period Ty will prevail since they will
be additive in each segment of time. The procedure is expressed mathe-
matically as

N
F(t) = ) flr+(n-1)Tg] Oo<t<T (32)
n=1

where Ty, T and N are defined in Figure 12. An example of the power of

this technique is evidenced where an incoming signal with signal-to-noise
ratio of -30 dB is averaged over 10° summations, The resulting averaged
response will have a +20 dB signal-to-noise ratio.®*

Although this technique outwardly appears to be very simple to apply,
particularly with digital processing techniques, some difficulties may

be experienced in obtaining an accurate pulsing signal with period Tg to
trigger the process. This is primarily caused in rotating machinery by
slight speed variations, which can cause difficulties in the phasing of
higher harmonics of frequencies with period Tg. An example of this prob-
lem is shown in Figure 13. The figure could depict the response of & system
to repeated bearing impacts resulting from a spall on a bearing race. If
time averaging is applied to the system of Figure 13, an error of 0,00005
sec in T_ would cause the 10,000-Hz rings to cancel rather than add as is
desired. This obviously would cause gross errors in the resulting analysis.,
An error of 0,00005 sec could be caused by a slight variation in the shaft
speed or slight skidding in the bearing,

One of the techniques which has been developed to counteract this problem
is to use a tachometer signal from the shaft to trigger the summation
process. The tachometer signal may be processed through a tracking ratio
synthesizer to generate a trigger signal which is proportional to the
shaft speed and, thus, Tg adjusts accordingly. This process has helped
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compensate for speed fluctuations., A further aid has been to first
rectify the signal prior to averaging; this eliminates the problem of
cancellation of the high-frequency components, but it reduces the
signal-to-ruise improvement since the randori noise will never totally
cancel as it will with an unrectified signal.

Band-Pass Filtering

Often the information from a function of time may be heavily atfected by
signals at a particular frequency or range of frequencies. A typical
example is the vibration at the upper mast bearing on a helicopter's main
transmission. The vibration signal measured at this point shows a strong
conponent at the roto. blade pass frequency which, when performing sny of
the above-mentiored tiwme domain techniques, can greatly alter the analysis,
In particular, this rotor frequency is so low that it makes the analysis
appear nonstationary in some procedures for ccmpu®ing probability density,
correlation, or time-average functions. By filtering out this low-
frequency component, it is possible to obtain a more reasonable analysis,

Also, high -frequency components can have a similar effect and may require
lowpass filtering. Frequencies within the analysis range may alsoc be
adjusted or filtered by pre-whitening or other signal conditioning
techniques.

FREQUENCY DOMAIN TECHNIQUES

Analysis of time-series data may be performed in the frequency as well as
time domain. The frequency domain is categorized by reference to cycles
(or events) per unit time rather than time itself. In the most general
terminology , this variable is sometimes ca!led sequency, which is defined

as zero crossings per unit time.

There are several frequency domain analysis procedures which will be
discussed. Basic to all of these is the frequency-amplitude or frequency
spectrum calculation. Using this computation, several specialized func-
tions such as coherence, cepstrum(defined on page 46), spectral correla-
tion, etc., may be obtained.

Two basic terms that appear in frequency domain analysis need to be defined
initially--hertz (Hz) is cycles per second, and decibels (dB) is 20 log;,

Ag/Aresr, where Ag is the amplitude of signal measured and Ayper is amplitude
of reference signal. Often, the reference signal amplitude ig unity, which
is used to nondimensionalize the argument of the logarithm.

Power Spectral Density (PSD)

The power spectral density is the most generally used measure in frequency
domain analysis. It is an indication of the energy of a signal which may
be associated with a given frequency. It may be defined in either of two
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ways: by the Fourier transform or by the autocorrelation function of a
signal. Autocorrelation has been previously defined, but some discussion
of the Fourier transform is required before continuing with the discussion
on power spectral density.

Fourier transform analysis is a decomposition of a time domain signal into
the frequency domain., Its simplest form is the Fourier series. If a
signal x(t) is purely periodic of period T, it may be written as a series
in the form

x(t) = a5+ Y (a.n cos 2”Tnt + b, sin 2nTnt> (33)
1

where

T
ap = % J x(t) cos 2nTnt at 0 = O5ly2 35k (34)
0
2 T 2nnt
bp = = -£ x(t) sin ﬁ? at n=1,2,3,k... (35)

In cases where the signal is not known to be purely periodic, the more
general Fourier transform is used. It may be written as follows:

x(f) = 1lim f x(t) exp[-jonft] dt (36)

To o =

where f = frequency of interest. This function is continuous rather than
discrete, The Fourier transform may have a real and an imaginary part and
is often represented in amplitude-phase angle form,

x(f) = Re(f) + j Im(f)
= A(f)L o(f) (37)
where A = VRe? + Im®, function of frequency
@ = tan"![Im/Re], function of frequency.
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Power spectral density may be defined in terms of the Fourier transform
by the following equation:

o0

s(£) = [ Exx(r) X(g)] expli2n(g-1)t] ag (38)

-0

where E[X*(f) X(g)] = expectation of the Fourier transform times its
conjugate. It may also be defined in terms of the previcusly discussed
correlation function [Rx(7)] by

e J

s (f) = [ R (t) exp[-j2nfr] dr (39)

- 00

The PSD may be calculated either by the use of analog filtering or by ¢
direct digital computation of one of the transformations. Two types of
analog filtering systems that are used to calculate the PSD are (1) banks
of parallel band-pass filters and (2) swept frequency analyzers that
utilize a single band-pass filter which is swept through the frequency
range or the similar effect achieved through heterodyning. The digital
mechanizations will be discussed later.

Frequency response of a typical band-pass filter may be seen in Figure 14.
As can be seen, the filter will allow a range of frequency components (or
portion of the spectrum) to pass while attenuating the other frequencies.
In discussing the filter characteristics, we usually speak of three main
parameters: bandwidth, center frequency, and roll-off, Bandwidth can be
defined as the half-power interval, i.e.. range of frequencies for which
filter response will be within 3 dB of the peak. Center frequency is that
frequency which is in the middle of the bandwidth. Roll-off refers to the
attenuation rate of the signal, It is generally dimensioned in decibels
per decade, where a decade is a power of ten change in frequency.

By passing a time domain sigr.al through a filter, an approximate value of
Fourier amplitude at that frequency will be obtained., The value is
approximate since it is obtained Ior a range of frequencies, i.e., over

a finite bandwidth, and the input sample is of finite length rather than
the infinitely long value as used in the definitions. With the output of
the filter defined as x(t,f;,BW), the PSD approximation may be written as

1 = lx(t,fc,BW)lg

T
Sx(fc) = m g xe(t,fc,m) dt B

(40)
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where f, = center frequency of filter and T = length of data sample. The
squaring, integration, and division are easily performed by analog circuit-
ry. A block diagram of the procedure is shown in Figure 15.

Time Domain Sigra/
x(t) -

Filter

BW)T

=
(5, ,BW) F x*(f,,8w) | Sylly)
\ X ] d' — i

Figure 15. Block Diagram of Calculation of PSD via an Analog
Filter,

There are same constraints on any analysis which utilizes this filtering
procedure. It has been found, through experience, that the bandwidth of
the filter must be less than or equal to one-fourth the desired analysis
bandwidth. Thus, if an analysis bandwidth of 20 Hz is desired, a filter
with a bandwidth of 5 Hz or less is required. Since a broad bandwidth
filter and a finite integration time is used, a static error is introduced.
This error can be expressed in terms of the standard deviation of the
measured power density function.

5,(£)

N
T ()

T[Sx(£)] =

where T[Sx(f)] = the standard deviation of the measured power spectrum.
A ratio is usually defined.

T[Sx(f)] 1
Sx(f) J(B)T (42)

Thus,

1
€= L
T (43)

This means that for a given measurement of the power spectral density, the
error between the measured power density and the true power density will
be + ¢ with a confidence level of 6T%; i.e., two-thirds of the measurement
will be within + ¢. This formula is an approximation which holds for

€ < 0.2. If the error becomes greater than 0.2, the deviation takes on a
chi-squared distribution and must be found from it.
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To utilize the chi-squared tables, a parameter called the degrees of
freedom (n) of the analysis must be found.

n= 2(BW)T (bk)

Going to & chi-squared table or chart, which is available in almost any
statistics book, the value of the ratio of the true mean square to the
observed mean square may be found for a variety of confidence levels.“S

These considerations are all that are essential to the operation of the
most simple PSD analyzers, i.e., those analyzers which do not use swept
frequency analysis. These devices will give a discrete PSD, i.e., a set
of PSD values at individual frequencies. Often, lines are drawn between
the points to give an extrapolation to & continuous PSD.

A PSD plot can alsc be produced using a single filter. In this type of
machine, the filter is "swept' through the frequency range of interest
either by actually changing the center frequency or heterodyuing on the
signal. The output of the filter is the Fourier component, which may be
manipulated to give PSD. However, the time required to produce the
analysis is greatly increased. The filter must not sweep at a rate faster
than that at which the filter can respond. The filter has a finite rise
time based on its dynamic characteristics, which is approximated by

&»

= %% . sec (L)

For true averaging, the sweep rate is

S.R. < ,;E , Hz /sec (46)
r

The time required to produce a spectrum depends on this sweep rate and the
frequency range of interest. If the frequency range is F Hz wide, analysis

time required (Ty) is

Ty = go (47)

This value is a function of filter characteristics and allowable error as
well as the frequency range of interest.®® Also , 1f a long sample of data
is not available, the data may be put into a tape recorder loop,
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To overcome the difficulties which may arise from such a long analysis
time, time-compression devices (so-called real-time analyzers) have been
developed. The input data is digitally sampled and then speeded p.
This speedup causes a frequency translation. For example, speeding up by
a factor of 100 would translate a l-kHz bandwidth signal to one of 100
kHz. As the signal bandwidth is increased, the filter bandwidth can also
be increased and still give the same effective resolution. Since pro-
cessing time is inversely related to bandwidth, the time required for the
analysis is greatly reduced.

Figure 16 shows a block diagram of a time-compression device. The input
signal is sampled via an A/D converter, speeded up, and then fed through
a D/A converter. This signal is then analyzed via a heterodyne analog
filter. The memory is recycled a given number of times and the hetero-
dyning adjusts the effective filter position for each sweep. The number
of recirculaticas of the data (or, equivalently, the number of center
frequencies set for the filter) is the number of "lines" of the real-time
analysis. These '"lines" are the number of Fourier components found. It
should be noted that "real-time" analyzers do not actually operate in
"real time" but are much faster than swept-frequency analyzers.Z’

Power spectral densities may also be found by the use of analog correlation

function instrumentation. However, in practice, these devices are seldom
used,

Cross-Power Spectral Density

The cross-power spectral density is a property which is used in frequency
domain analysis. It is related to power spectral demsity but involves a
calculation using two input signals. The definition may be phrased in
terms of Fourier spectra or correlation as follows:

Syy(f) = 2 f’ Ryy(1) exp(-jenfr) dr (48)

where ny(r) = cross-correlation of x(t) and y(t)

E X*(£)Y(£)
Sy(£) = £ j(; E(X(£) Y(g)) epl-j2n(f-g)] dg = 5= | |

(49)

X*(f) = conjugate of Fourier component

The calculation is usually performed digitally. The results show an
indication of the commonality between two signals in the freguency domain,
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Transfer Functions

Another of the properties calculated via PSD analysis is the transfer func-

tion, discussed earlier, of some machine or signal transmission path,
With a system as shown in Figure 17, a transfer function may be found in

the follewing forms:

- _ Ygf!
TF(f) = () (50)
or
TF(f) = M (51)
Sxx(f)

The second form is found to bte the better estimate in the case of systems
with internal noise generation,

These transfer function analyses can be performed via analog analyzers or
digital processors.

x (1) y(t)
— System =

Sxylf)

' Y

Syxlf) Syyf)

Figure 17. Block Diagram of Transfer Function Analysis,

Coherence Functions

The coherence function (72 ) is a frequency domain analysis which gives an
indication of the interrelationship of two signals. By definition, it is
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72(f) = Wy (52)

The vglue of the coherence function always lies between O and 1. If a
coherence of value 1,0 is achieved, the signals are considered coherent
or completely related, i.e., the output is completely determined by tne
input. As the coherence drops toward zero, this relstionship lessens,
A coherence of zero would indicate totally unrelated signals.~8

The coherence function is often used in transfer function analysis to de-
termine the points of maximum validity of a transfer function., At frequen-
cies where high coherence exists, the transfer function amplitudes may be
considered usable, Where low coherence exists, the validity of the trans-
fer function is doubtful, The coherence function has also been used to
determine the sources of noise components. In the case of an enviromment
with several noise sources, a coherence function can be performed between
the signal received with a nondirectional microphone and an accelerometer
mounted on the piece of equipment of interest, The noise spectrum can
then be weighted by the values of the coherence function.?®

Cepstrum

The language of this cepstium analysis is a takeoff on the language of
spectrum analysis., An equivalency would show:

Spectrum -e—as= cepstrum
frequency -=—s quefrency
filtering-e—eliftering, etc.

A cepstrum is defined as a power spectral density of a power spectral den-
sity and is used to pick fundamental periods out of a signal. If a signal
contains a strong periodic component other than a pure sine wave, the
spectrum will show "spikes" in amplitude at the fundamental frequency and
its harmonics (multiples). If a PSD analysis of the spectrum is run, the
result will be in the quefrency domain where

quefrency = —¥Cl€8  _ gee
cycles/sec

The resulting peaks in the cepstrum will show the fundamental periodicity
between peaks,

The cepstrum analysis is generally performed digi‘tally.30

Spectral Correlation

Spectral correlation is another analysis to determine pericdic relation-
ships between spectra. Auto- or cross-correlations may be performed de-
pending upon the desired results. A definition is
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Qee(F) = 1im j X(f + F) X(£) af (53)
Towo -7
(F) :
Qu (F) = 1lim f f) af b
() = L [ x(e+ P (e) (54)

The autocorrelation (Quy(F)) will show peaks at values of frequency delay

which could be caused by harmonics or sidebanding. The cross correlation
(Qxy(F)) will determine if two signals contain the same harmonic content.

Here, again, processing is usually digital in nature.

DIGITAL ANALYSIS

While digital analysis is not to be considered a separate analysis domain
from the time or frequency domain, certain special considerations are re-
quired. Of special interest is an analysis of sampling requirements of
digital systems as well as the limitations imposed by sampling.

There are scme procedures and analyses which are unique to digital systems.
A discussion of the use of Fast Fourier Transform {(FFT) Aralysis is given
as well as a brief discussion of both Walsh Functions and Comb Filtering.
Functions, such as the probability density function and correlatior. func-
tions, may also be computed digitally. However, since there 1is nothing
particularly unique about thelr digital computation, no special discussion
will be included.

Sampled Data Analysis

Any system which utilizes digital components must include some sampling
process involving an A/D converter. In such processes, the input data is
sampled periodically at the sampling interval and these digital values are
the inputs to the analysis procedure. In utilizing any sort of sampled-
data analysis, several considerations must be meade.

The first of these considerations is that the input signal must have a
finite frequency limit; if it does not, a low-pass filter must be used to
limit the frequency content. Such filters are called "anti-aliasing"
filters. Their need becomes apparent as seen from a sampled sine wave
shown in Figure 18. If the sample rate 1/Tg is used, the two sine waves
of obviously different frequency will be indistinguishable. To avoid
this problem, sampling must be done at least at the Nyquist frequency,
where the Nyquist frequency is defined as twice the highest frequency con-
tained in the signal. In general practice, a sampling rate somewhat
higher than the Nyquist frequency is used (normally 2.5-5 times higher).
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This rate is used because of the finite roll-off characteristics of the
anti-aliasing filter which allows a frequency somewhat higher than the
filter breakpoint to pass, even though these components are attenuated.
This characteristic may be seen in Figure 19.

Another problem involved with sampled-data analysis is leakage, whereby
energy contained at a given frequency appears to "leak" to surrounding
frequencies. The process of sampling over a finite interval of time
causes the data to be effectively multiplied by the "boxcar" function.
This function produces a convolution in the frequency domain and thus, the
leakage. Figure 20 graphically illustrates this effect. The technique
used to overcome the leakage difficulties is to weight the time signal in
some manner other than the "boxcar" weighting. Figure 21 shows a typical
response with a "Hanning" weighting. The amount of cnergy which "leaks"
to side lobes is diminished, but the effective bandwidth increases.®! Some
tyrical weighting sequenceség are shown in Figure 22.

There are other special considerations which must be made when sampling

of data is part of an analysis procedure, but aliasing and leakage are
the two most important by far.

Fast Fourier Transform

Most of the frequency domain analyses proceed from the calculation of a
Fourier cransform. In a digital transform, spectral amplitudes are calcu-
lated for a finite number of frequency points (sometimes called bins)
rather than continuously. If a Fourier transform is written digitally,

it takes the form

n-1
X(£,T) =at Y. x, exp(-j2nnfat)
n=0
n-1
=at Yy xp{cos(@rnfat) + j + sin(2enfat)) (55)
n=0
where T = length of data sample
At = sampling interval
X, = nth data point

N

number of date points

To perform the calculations using the standard discrete Fourier transform,
the following steps are required:

1. Calculate 6, = 2rnfat for all N data points
2. Calculate cos 6, and sin 6y,
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3. Perform multiplication of X,(cos 6p),Xp(sin 6,)
4., Perform summation

This calculation procedure will require approximately N° calculations.
The frequency resolution is a function of N:

fr = o (56)

where f, = effective bandwidth. An enormously large computing burden is
encountered and in this format the Fourier transform becomes expansive,

However, the development of the Fast Fourier Transform algorithm has
greatly diminished this problem., While a development of the algorithm
would be superfluous here, a brief description of the kind of savings it
performs might be of interest.

The manner in which the computation savings are achieved may be illustrated
with the use of the following equation:

a(b+c)=a+b+a-c (57)

If this operation is performec in the following manner: add b and c, then
multiply the sum by a, one multiplication and one addition are required.
If instead, the multiplication of a times b and a times ¢ are done and
that sum added, two multiplications and one addition are performed. The
first mode of operation saves a multiplication and, in terms of computer
operation, almost halves computation time.®3 This distributive-type
operation is, in essence, what the FFT algorithm does. In terms of time
savings, an approximation may be used where the speed ratio S,R. is the
ratio of computing time via standard Fourier Transform to FFT,

S.R. = o (58)

where rj = prime factors of N. For example, if N = 28 = 2.2.7, r; = 2,
I's = 2, Ira = 7.

If the number of input sampled data points are constrained to be a function

of 2, N = 2P, where P = some integer, all calculation of expontials in
the transformation are eliminated and further computation savings are
achieved. This is the form of the algorithm which is used in most
processors.
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Fast Fourier Transformation processors use an A/D converter on the input
and either a mini-computer, which is programmed to the algorithm, or hard-
wired digital circuitry designed to perform the calculation,

Their capabilities are a function of the processing mode, i.e., hard-wired
analyzers are generally faster. Computations are generally performed in
a few seconds and are camparable to real-time analyzers in a frequency
range up to 50 kHz.

The power spectrum is calculated directly from the Fourier coefficient
At
sx(£) = 5= |x(£)]? (59)

Other frequency domain characteristics are similarly calculated from the
Fourier coefficients.

Walsh Functions

Some consideration has been given to using a Walsh Transform rather than

a Fourier Transform, i.e., expanding terms of Walsh functions rather than
exponentials. The Walsh function has a sal and cal component analogous

to the sine and cosine of the exponential. An example of Walsh functions
is seen in Figure 23. The values are always either +1 or -1,°%* The trans-
form into the Walsh domain would not require any multiplication by weight-
ing functions; the only operations would be addition and subtraction.

In using Walsh transformations, the ordinate is sequency or the generalized
frequency since the analysis is not tied to sinusocids.

Comb Filtering

In the case where the energy of a signal contained at the fundamental
frequency and all harmonics is desired, digital characteristics may be
used in a "comb" filter which utilizes the aliasing or fold-over charac-
teristics of digital processing.

As seen in Figure 19, a digital frequency response is a continuous super-
position with a folding over about the sampling frequency and its multi-
ples. If designed as shown in Figure 24, the comb filter may be achieved.
Here a digital band-pass filter is used. Sampling frequency is set at
the fundamental of the desired frequency. Thus, fundamental frequency
energy, as well as the "aliased" energy due to the harmonics, is passed
through the filter. By changing sampling rates, different fundamental
frequencies miyy be chosen.

An analog mechanization of & comb filter is possible as shown in Figure 25.
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Figure 23. Walsh Functions.
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The number of harmonics of the sampling (or clock) frequency which is
passed is equal to the number of capacitors used or, in other terms, the

number of stages of the filter. This filter effectively performs time
averaging,®”
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GENERAL DIAGNOSTIC PROCEDURES

In this section, the overall djagnostic problem including short discussions
of transducers, data analysis techniques, and potential discriminants for
differentiacing between good and faulty components will be discussed,

Means of normalizing data will be discussed, as will the general pattern
recognition approach., Problems which are peculiar to helicopters will be
interjected,

The number of possible types of diagnostic systems is indeed endless, The
number of means of reducing time series data is very extensive, Then
including the different types of transducers, the different transducer
placements, and the different means of analyzing the reduced data, it can
be seen how the number of diagnostic possibilities becomes large. This
section will be general in nature, as specific techniques will be discussed
in a later section.

GENERAL DIAGNOSTIC SYSTEM

As illustrated in Figure 8, a generalized diagnostic system is composed

of a sensor, a data-gathering and -reduction facility, analysis of the
reduced data to evaluate discriminants, and comparison of discriminants

to ascertain the condition of the device being tested. In an effort to
obtain an overview of many of the systems which are possible for vibration
diagnostics, a block diagram of potential diagnostic systems and techniques
is shown in Figure 26,

This diagram will be discussed in individual sections, with primary dis-
cussion centering around the trancducers, their location, the mode of
taking data, and the discriminants which result. In all of these discus-
sions, it should be realized that there is no one best technique, trans-
ducer, or discriminant. For a given discriminant, one type of transducer
may be required; while for another di.criminant, the choice of transducer
may be different.

Transducers

The most popular transducer used for vibration diagnostics work has been
the piezoelectric accelerometer, The accelerometer has the advantages of
being lightweight and easy to mount, has a wide dynamic range, and provides
a strong self-generated signal which may be integrated to give velocity and
displacement information., The accelerometer measures absolute motions and
is not capable of measuring relative motions directly. Problems encountered
with piezoelectric accelerometers include their inability to measure static
motions and the requirement of special charge amplifier-type signal condi-
tioning. They are also somewhat sensitive to transient temperatures.,
Accelerometers are available for measuring frequencies over 100 kHz.
Typical accelerometer accuracy, under normal operating conditions, is f1 dB
over the operating frequency range.
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Seismic mass velocity pickups have received much use as vibration monitors
on gas turbine engines. They provide a high output and do not require
sophisticated signal conditioning. Velocity pickups are quite rugged but
are physically larger than accelerometers, Relative to accelerometers, the
dynamic range of velocity pickups is somewhat limited,

Noncontact pickups (typical of the capacitive, inductive, reluctance, or
eddy current type) are used to measure relative displacements between two
parts. Their primary use in diagnostics has been in measuring relative
motion between bearings and shafts in heavy machinery vhere sleeve bearings
are commonplace, One problem encountered in the use o’ these devices for
measuring helicopter vibrations is the fact that they ire very insensitive
to high-frequency vibration and would be usable at shaft frequencies and
their lower harmonics only. A primary reason for this is that displacement
parameters favor the low-frequency end of the spectrum, whereas accelera-
tion favors the higher end of the spectrum. Displacement measurements are
the standard for determining shaft imbalance diff.culties.

Since noise from a piece of machinery emanates from structural vibrations,
the microphone can be considered as a form of vibration transducer, Micro-
phones can be obtained with very high-frequency response ( >100 kHz) and
with varying degrees of directionality. They are exceptionally easy to
mount, and because they may be multidirectional, they would appear to be
ideal as diagnostic transducers. In fact, because of these fine character-
istics, one diagnostic tool, the Curtiss-Wright sonic analyzer, has been
extensively investigated for use in helicopter transmission diagnostics,
One particular difficulty with microphone data is that the acoustics prob-
lems associated with microphone location, background noise, and the large
number of acoustic inputs make the extraction of diagnostic information
rather difficult,

It would appear that the piezoelectric accelerometer offers the greatest
advantages for helicopter use, Based on data to be given later, it can
also be shown that accelerometers tend to give a fairly flat frequency
spectrum from O to 5 kHz. For helicopter data, velocity pickups tend to
attenuate the amplitude of frequencies above 2 kHz, thus limiting the range
of their use, Velocity signals can be obtained from accelerometers by
simply integrating the accelerometer signal, but because of noise diffi-
culties the differentiation of velocity signals to obtain acceleration is
not as feasible.

Transducer Location and Mounting

Equally as important as the transducer itself is its location and the means
by which it is mounted. Transducer location is often a function of the
diagnostic discriminant being measured. For instance, some bearing dis-
criminants require that the transducer be located on the bearing housing,
whereas other techniques may have other critical location restraints.
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One obvious deduction is that the transducer should be as close to the
part or parts being monitored as possible., However, problems crop up
when one desires to monitor more than one component with the same trans-
ducer, Here, it will be necessary to optimize transducer location in some
manner, One means of doing this is to utilize the mechanical transfer
function techniques discussed earlier,

In the helicopter, the number of transducers is a function of the number
and levels of faults which one desires to detect. In the test bed program,
the object was to ascertain the condition of line-replaceable units (LRU's)
with little concern being given to fault isolation of individual gears and
bearings. If possible, the ideal would be to have a single transducer for
each LRU, In the case of the mein transmission on helicopters, this would
seem very optimistic since a typical main transmission (UH-1H as an example)
contains over 20 gears and many bearings.

When locations of the transducers are determined, it is necessary to mount
the transducers to the structures. The mounting technique can be very
crucial, as a poor mount can result in both amplitude and frequency range
losses. Typical means of mounting transducers include the use of (a) hand-
held probe, (b) epoxy cement, (c) wax, (d) steel stud, (e) isolated steel
stud, and (f) permanent magnet. Figure 5,48 of Mechanical Vibration and
Shock Measurements®® shows typical accelerometer frequency responses for
these types of mountings. It is noted from this figure that the best
frequency response is obtained for the steel stud and wax mountings. The
other mounting techniques resulted in downward shifts in the transducer's
resonant frequency which reduced the transducer's dynamic range. Since
wax is a very temporary mount which cannot be used at high temperatures,
the steel stud is the advisable technique for helicopters. Still, care
mist be taken in preparation of the surface for monitoring the steel stud
such that the accelerometer mounts flush to the surface. R. Misialek®’
has proposed a method where a carefully machined steel block is welded to
the part to be measured to obtain a consistently flush transducer mount.

Mode of Taking Data

The speed and load conditions which are prevalent when data is taken can
have a significant effect on the output readings from a diagnostic system.
In a helicopter, one has several choices of test conditions when data may
be taken. Two speeds are typically available: ground idle and operating
speed. In addition to these two speeds, load is adjustable by controlling
the flight condition, i.e., either light on skids, ground hover, steady
climb, or high-speed level flight. Data for these conditions will be
compared later, In general, it was found that the information available
in each of these flight modes was essentially the same. The flight mode
to be utilized is then only a function of the amount of data needed, the
compatibility of test equipment to the flight mode, and the required
frequency of occurrence of testing.

The applicability of different types of operating modes of diagnostic
systems will have a considerable effect on the test mode used. If the
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diagnostic equipment is to be portable and data is to be taken every few
hours of flight time, it is likely that some type of ground run or hover
test might be most useful. However, if the monitoring of parts is neces-
sary at all times, the diagnostic system would have to be flown with the
helicopter, thus allowing recording of data in all flight conditions.
These tradeoffs have been extensnively studied by Northrup in the AIDAPS
Program.3® In general, cur investigators would tend to question the net
conclusion of Northrup, which says that the system that flies with the
helicopter is the most powerful diagnostic tool. Our experience has been
that mc-.c mechanical failures which might be detected with vibration
diagnostics are not instantly catastrophic and are, therefore, more
amenable to testing periodically in ground run or hover conditions. The
use of the hover condition allows one to run at nearly the same load and
speed during every test. It also allows the use of portable instrumenta-
tion which can be shared with many vehicles and the connection of data
directly into a central processing system, if necessary.

A final technique for data gathering which may be useful in diagnostics
is the use of variable speed run-ups and run-downs., These transient speed
changes allow the use of structural resonances to amplify certain input
vibration characteristiecs, One problem with this mode is the difficulty
in interpretating the nonstationary data which is produced.

Data Acquisition Processing Systems

Various approaches to data acquisition were also covered extensively in
the AIDAPS study by Northrup. The type of data ascquisition system depends
largely upon the mode of diagnostic system being used (on-board or
portable) and the type or processor being used (either small on-board,
portable ground based or large-scale ground based). Processers depend
primarily on the types of data reduction techniques being used and the
discriminant complexity.

Data Analysis and Discriminants

Following the initial reduction of data by techniques discussed previously,
various additional data analysis techniques are required to obtain discrimi-
nants which can be used to distinguish between good and bad parts. Figure

26 shows many of these analysis techniques and also lists some of the
resulting discriminants.

A discriminant is defined as a single numerical value or set of numerical
values which, when compared to some reference value or set, is capable of
determining the condition of an individual part of LRU. The discriminant
is the key to the success of the diagnostic system and must be capable of
not only flagging bad components but also not diagnosing good components
a8 being bad., Discriminant levels which are set to designate the faulty
condition of a component must almost always be obtained from experimental
data. The amount of data and the number of different types of tests re-
quired are largely a function of the stu.istical accuracy desired and the
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amount of physical modeling upon which the techniques are based. The
more campletely a technique can be modeled physically, the less data
required for verification,

Typical parameters which are related directly to physical phenomena are
frequencies of bearings and gears, structural resonant frequencies, and
harmonic and sideband frequencies. Even though these frequencies or
related parameters are known and can be directly related to specific
faults in gears and bearings, the means of analyzing and interpreting data
related to these frequencies requires ingenuity in physical modeling and
data processing. These same frequencies can be observed or manipulated
by many mathematical techniques, including correlation, time averaging,
and demodulation, in order to obtain different discriminants,.

Other discriminants can be obtained from statistical reduction of the

vibration data. Included here are the shape of the probability density
function, peak value distribution, ratio of peak to RMS values, etc.

PATTERN RECOGNITION

Another means of obtaining discriminants is by the method of pattern
recognition, where the mathematical functions for good ard bad components
are statistically compared. Parameters which are found to be statistically
sensitive to faults in a given component are chosen to form a mathematical
discriminant.

Pattern recognition has received a large amount of interest in the follow-
ing areas: alphanumeric recognition, speech processing, medical diag-
nosis, antisubmarine warfare (ASW), radar and sonar identification, and
fingerprint identification. In all of these areas the basic task is to
separate and identify various patterns. The method of achieving this goal
is the development of a classifier which statistically differentiates
between classes of data with a high degree of statistical confidence.

This task is typically done by applying a training set of data to the
chosen classifier. In the case of a diagnostic system, this training set
would consist of both good component data and date for all types of bad
components. Sufficient data for each class of failure and good parts are
necessary to obtain statistical confidence; sufficient, in this context,
might refer to 10-15 different data sets for each failure mode. Likely
parameters to be used in the classifier of a vibration diagnostic system
are specific frequency bands from power spectral density functions or time
lags from correlation functions.

Many pattern classification techaiques have been used. Most are linear in
nature. However, some of the more complex schemes may also classify in a
nonlinear manner. Many of these techniques are dis: ussed in Nagy,3°
Tou,%° Mendel and Fu,*! and Nilsson.4? Some of the more common methods

of linear categorization include maximum likelihood, correlation, minimsx
decision rule, Bayes classification, and discriminant analysis.
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The first element in developing a pattern classification technique for a
diagnostic system is the selection of parameters which are most indicative
of a change in state of a particular component, In the frequency domain,
these parameters may be amplitudes of given frequency bands, the ratio of
ampiitudes of bands, or the sum of amplitudes of several bands or any of
a great number of other combinations or permutations of discrete frequen-
cies in the vibration spectrum, The parameters are usually chosen on a
statistical basis ss the most likely parameters to differentiate between
good and bad classes,

Once the parameters are selected, they are used in some form of classifier,
which, as mentioned previausly, may be of a linear or nonlinear nature.
This classifier typically tries to fit the test data into the class which
is statistically the most probable or, from the other point of view, the
class which is least likely to be in error.

A typical pattern recognition scheme is shown in the block diagram of
Figure 27.

Parameters

input Parameter E Decision
O ———— e

e . s
Data Extractor o Classifier

Figure 27. Typical Pattern Recognition Block Diagram.

One difficulty encountered with pattern recognition schemes is that they
require an extensive amount of data to develop the classifier and determine
its val®lity. An example of the reasoning forming this statement might be
made by considering pitting in a gear as a failure mode. If the classifier
is trained with pitch-line pitting, it is possible that the classifier
might have difficulty in detecting pitting at other points on the gear due
to the greatly different loading characteristics at these points. There-
fore, the size of the required training set could become quite large.

NORMALIZATION PROCEDURES

Several types of normaliiations may be appi.ied in order to make the selec-
tion and use of diagnostic parameters less sensitive to speed and load
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changes in a system,

Perhaps the most often used normalization in a PSD analysis is that of
normalizing frequencies of rotating components whose speed tends to change
with time. In the helicopter, for instance, it is difficult to compare
vibration frequencies of two spectra taken at two different operating
speeds since most of the predominant frequencies are determined as a
function of speed., By normalizing the frequency axis to multiples of
shaft speed or some other nondimensional feature, the changes in engine
speed can be reduced consideiably., The easiest means of normalizing
speed is to simply plot frequency on a logarithmic axis., Then, by simply
sliding one plot with respect to another, superposition of speed-related
frequencies in the spectrum can he made., This technique does tend to
compress frequencies in the upper runges and is, therefore, little used
in practice.

A more popular means of normalizing frequency effects is to control the
sampling rate in digital schemes or to change the frequency sweep rate in
analog schemes so that the frequency axis is normalized. Devices are
available on most digital and analog frequency analyzers to accomplish
this. One precaution which should be taken into consideration is that if
the engine speed changes considerably (i‘)'"’o), the effects of structural
resonances may greatly change individual spectra.

A final means of assuring that speed change effects are insignificant is
to take data only when speed is within a specific range. When the tests
are of a controlled nature, as would be the case in a helicopter hover
test, this may be possible. However, small speed variations may still be
enough to slur frequency bands in a typical frequency spectrum. For
example, a one percent speed variation of an engine will cause smearing
across 4-5 frequency bands in the higher 100-frequency bands of a 500-line
frequency analysis.

In taking correlation data, time lags must be normalized in a similar
manner as with frequency. Since most correlation technigques are digital
in nature, correlation functions can be normalized by controlling

data sampling rates as a function of engine speed. This will eliminate
smearing of correlation peaks across several time delays when averaged.

Normalizing loading conditions is not as straightforward as is speed
normalization. Again the easiest safeguard would be to always record data
at the same load. When this is not possible, a means of taking ratios of
the amplitude of frequency spectra to obtain meaningful data is necessary.
Ratioc in the time domain may also be useful in normalizing loads.
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SPECIFIC TECHNIQUES

Many companies in the process of sialyzing diagnostic procedures, or
while studying the dynamic characteristics of machinery compounets, have
developed techniques or discriminants which they feel have Speciai merit.
Based on their judgment of poss.ble successful applications, they either
have built systems which utilize these techniques or have proposed pr.-
grams to develop the diagnostic capabilities of them., The development
work has been of both the "in-house" variety to develop a diagnostic
capability for a specific internal application and the type based on out-
side contractual obligations, A number of specific systems that have

been built or proposed will be discussed,

The diagnostic techniques discussed here are in various stages of develop-
ment. Some are being marketed as a product line and have undergone exten-
sive testing. Others have bBeen assembled as ..aboratory prototypes and
have undergone some experimental verificution. There are others which
have not gone beyond the planning stage, The specific utilization
employed by the various techniques discussed are quite diverse, with

some being developed to monitor one specific machine element, i.e., gear,
bearing, etc., while others will diagnose a complete machine's health,
€.8., & helicopter transmission, The basis of the anslysis procedure is
quite varied., There are some techniques which are based on an analysis
of the physical phenomenon which is occurring, while others utilize
pattern recognition schemes,

An attempt has been made, on the basis of information available, to detail
a number of basic points concerning each technique. First, of course, is
the use to be made of the technique; i.e., does it diagnose gear failures,
bearing failures, trrasmission failures, turbine failures, or any combina-
tion of these. Next, the developer or vendor of the system is identified
as well as purchasers, if any are known. The physical phenomenon or
mathematical technique which forms the basis of the analysis is then dis-
cussed. The processing mode is then covered, including the equipment used,
the mode of cperation, and the type of output which is produced. The
testing and application to which this system has been put are discussed,
and the final item is whether there are any special difficulties which may
be encountered due to signal contamination by noise or variations due to
speed or loading changes in the machine.

It is quite probable that all diagnostic techniques are not included
here. DProbable reasons for techniques not being included are:

1. The investigators in this study failed to identify a technique
in their literature search.

2. Techniques of a proprietary nature were not made available to
the investigators or, if made available, were not publishable
herein,

3. Some systems are not diagnostic systems as interpreted by the
investigators. This category includes advertised diagnostic
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systems which are simply data reduction systems and do not deter-
mine any specific discriminant for use in diagnosis.

4. Many diagnostic systems are essentially the same and may all be
classified under the title of general narrow-band analysis. The
same basic analysis procedure is employed by all with the use of
slightly different instrumentation and diagnostic hardware. A
discussion of general narrow-band analysis as a group is included,
with only a few specific systems mentioned for example purposes.
Note is made in Appendix I if a company contacted had made use of
narrow-band analysis as discussed in this context,

Since all of the techniques discussed have been developed by some company,

they will often carry the company's name in their title. The techniques
are listed in alphabetical order by the company name of their developers.

CURTISS-WRIGHT SON: .\iLiZER

This diagnostic tool was deveioped by the Curtiss-Wright Corporation for
use as a condition indicator with gas turbine engines. Later, its capa-
bilities were expanded to allow it to be used with other types of rotating
machinery, e.g., transmissions and gearboxes. It is presently available
as a package which may be purchased.

The analyzer makes use of acoustic signatures of the machine b:ing
analyzed. It has often been shown that the acoustic signals emanating
from a machine are directly related to the vibration of the machine
itself. The procedure consists of meesuring the spectral content of
specific frequency bands in the acoustic signal. These frequency bands
are chosen to correspond to components of the machine monitored, e.g.,
ball bearing and race psass frequencies, turbine blade pass frequencies,
shaft rotational frequencies, etc. The amplitudes measured in these bands
are then referenced to amplitudes which were measured for "good" machines,
i.e., those which were just overhauled or visually inspected. If the
amplitudes measured exceed the reference amplitudes by a significant
amount, the part may be judged as defective .43

Figure 28 shows a simplified block diagram of the workings of the analyzer.
The input is supplied by one of three condenser microphones that may be
manually selected. This signal is then fed in parallel through a phase-
lock loop and a band-pass .'lter. The phase-lock loop is used to provide
normalization of speed variations of the machine being tested. Some very
strong spectral component, e.g., a blade pass frequency on a turbine or a
gear mesh frequency on a transmission is used as a speed reference for
frequency tracking. This reference is used to control the center frequency
of a 15-Hz crystal band-pass filter. The center frequency is set at soame
multiple or fraction of the reference signal (which corresponds to the
frequency of interest) through the use of a tracking adapter. The acoustic
signal, after some initial conditioning, is then fed through the band-pass
filter and the output of the filter is fed into a detector. The detectors
read the amplitude of the frequency component on a 1-10 scale which is
calibrated so that a "good" engine will register approximately 5.%*
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The analyzer may operate in either a manual or an autamatic mode, In the
manual mode, the spectral components are selected by dialing in snecific
frequencies to be tracked. The output is then read off the meter. Thus,
the operator cycles through the frequencies of interest to him and records
the results. A paper tape system may be used as the automatic mode. 1In
this mode, a tape is made which will cycle the analyzer through the desired
frequencies. The detector output is read, and amplitudes which deviate
significantly from the baseline are recorded on tape.

The results of interest are the measure of deviation of the spectral com-
ponents from baseline amplitudes. By periodic measurement, the increase
in this deviation may be followed as a component's condition degrades.

The absolute amplitude which signals the necessity of component replace-
ment must be provided for the operator through further analysis or testing.

The sonic analyzer was originally developed for use by the Navy to monitor
jet engines. The Navy has been & primary user since that time.*S The
Army has also used the analyzer on both its UH-1 and CH-47 type heli-
copters.?® Also, National and Eastern Airlines have bought units. Pub-
lished results of the effectiveness of the analyzer run from 0% to 100%
diagnostic accuracy with an average of L40%-60%.

The system may be used at various wachine speeds due to the phase-lock
mechanism and tracking adapter. It will hold the frequency ratios for
speed variations to *3%. However, the results are load sensitive and
monitoring must be done under the same loading conditions each time.
Extranecus noise appears to be a serious problem. Since nondirectional
microphones are used, the analyzer will pick up background noise. In a
testing enviromment such as a flight line, this background noise may
incluae strong spectral components from engines other than the one being
monitored.

NOISE-CORRECTED SPECTRUM ENERGY

This analysis procedure is directed solely at diagnosing the condition of
the gears in the power train of a UH-1 helicopter. It was developed by
engineers from the Curtiss-Wright Corporation for use with the sonic
analyzer. The program was conducted in conjunction with an evaluation
program performed at USAAMRDL, Fort Eustis, Virginia.

The technique is used specifically for gear condition monitoring based on
the increased sidebanding and modulation which tend to occur in degraded
gearing. An analysis of this effect was performed on acoustic signels
produced by vibration of the power train and transmitted to a microphone.
The parameters used to determine condition are the spectral amplitudes of
the gear meshing frequency, the first upper and lower sidebands of the
mesh frequency, and the first harmonic of the gear meshing frequency.
These specific amplitudes were obtained by dialing in the desired fre-
quencies on a Curtiss-Wright sonic analyzer and recordirg the smplitudes
read off the meter.

71



-

A basic assumption made in this procedure is that amplitude levels of a
siven spectral. frequency for a gear pair of the same mechanical condition
vary linearly with the extraneous noise levels. Using this assumption,
the following normalization procedure may be followed :

A(f) = C; (1.5 - n) + A(f) (60)
where f = frequency of interest
Ac(f) = corrected spectrel amplitude, dB
C, = constant
n = noise level, dB
A(f) = measured spectral amplitude, dB

The noise level was determined by monitoring areas of the spectrum where
no frequencies or harmonics related to power train components (gears,

bearing, etc.) could be found. C; was found experimentally and refers to
a given gear mesh, i.e., each gear mesh could have “ts own constant (C).

Once the amplitudes of the frequencies of interest for an individual gear
mesh were found and the amplitudes corrected for noise, the amplitudes (in
decibels) were added. This decibel amplitude was used as the discriminant.
If the summed amplitudes exceeded limits set by the experiment, the gear
was judged to be faulty.%”’

It is interesting to note that in the normalization procedure, decibel
amplitudes are being multiplied by constant factors, This is not the
same operation as multiplying actual amplitudes., It is, in faect, a non-
linear procedure. Also, in the analysis, amplitudes in decibels are
added, which has the effect of multiplying the actual amplitudes level
together,

As developed, the technique utilized the sonic analyzer in its manual mode
of operation and the corrections and calculations were performed manually.
However, the same procedure could be performed automatically if the
analyzer's automatic mode were implemented,

The specific procedure was developed using data taken from helicopters
whose condition was known. However, no further testing was performed on
helicopters with unknown gearing conditions. All of the data which was
available was used in the development of the system, i.e., calculation of
constants and setting of 1imit values, With this data base, the analysis
procedure proved 100% effective. However, as mentioned previously, test-
ing was not extended to any vehicles outside the training set.

Due to the normalization hypothesis, this technique should be usable on

any helicopter despite background noise characteristics. Speed changes

in the system should have little effect on the results due to the phase-
lock loop inherent in the sonic analyzer. Since analysis did not extend
outside the training set, the effect of varying load is unknown,
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CORRELATION ANALYSIS

This procedure has been proposed by Ensco, Inc., of Springfield, Virginia,
for use in diagnosing the condition of helicopter power trains. It con-
tains two procedures: one for use on bearings and one for use on gears.
The bearing procedure makes use of time-domain correlation, while the gear-
ing technique makes use of correlation in the frequency domain,*®

The procedure for bearing failure detection utilizes the autocorrelation
function. By observing the peaks having time lags corresponding to the
periods associated with specific bearing components, a judgment on a
specific bearing failure is made, A procedure which Ensco calls "stochas-
tic correlation” is used in computing the correlation function, According
to Ensco, this procedure has the capability to adjust the analysis to
negate the effects of speed fluctuations in the helicopter. Bad part
baseline data is used to deduce limit values for the correlation amplitudes.

The gear detection technique is based on the fact that as gear wear or
other failure modes occur, the vibration signal becomes increasingly rich
in harmonic content. The first step in the analysis is to develop a set
of "good" and "bad" baseline spectra of the vibration signals. To help
amplitude normalize these spcctra, pre-whitening is suggested. To deter-
mine the condition of a helicopter, a spectrum of the vibration signal is
obtained and a spectral correlati>n with the baseline data is calculated.
If the signals are related, peaks in the correlation function should be
seen at frequency shifts corresponding to the frequency diffzrence between
harmonics of the gear mesh frequency in the signal. A statistical measure
of the extent of correlation will be found and used as the discriminant.

The technique, as presented, uses entirely digital processing. The signals
from accelerometers mounted on & helicopter or a microphone on the ground
would be fed into a ground-based digital camputation system which would
analyze the data and provide the results.

This diagnostic procedure was presented as a proposed program. The mathe-
matical procedures have been used in various pattern recognition work for
vehicle identification, antisubmarine warfare, etc., but application to
condition monitoring has not been made.

Ensco expects that the processing procedures outlined here are powerful
enough to overcome noise difficulties. Speed variations will be accounted
for by using logarithmic speed axes whkich could be shifted to provide com-
pensation. The results of these procedures, as well as loading effects on
the analysis, are not known because of the lack of verification testing.

COMPOSITE EXCEEDANCE

This diagnostic technique is a statistical procedure to be used for con-
dition monitoring of any type of rotatirg machinery. It has been developed
by Airesearch Manufacturing Company, The Garrett orporation under a
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prognosis research program sponsored by Eustis Directorate, USAAMRDL
(report not yet available),*®

The technique is based upon the amplitude distribution of the peak values
of acceleration of the system being monitored. It is hypothesized that in
the case of normal operation, i.e., "good" operating condition, the peak
value amplitude distribution will exhibit Gaussian behavior. However, when
a fault oc.ours, the distribution tends to change shape. If the fault is
not too severe, the distribution may still look Gaussian but will have
larger means and standard deviations. If the fault is severe enough, the
distribution may appear to have a non-Gaussian shape. (See Figure 29,)

To be implemented, reference distributions must be acquired. Since most
physical data is somewhat nonstationary, a set of these distributions will
fall into a band. This reference band will be used as the "good" condition
case. Significant deviation from the reference band will be used to signal
a degraded component condition.

The generation of amplitude distributions is performed digitally. It
involves the digitization of the acceleration signal, quantization of
amplitude bands, and the counting of peaks occurring in each band, The
distribution can then be obtained in the following mannei:

M(eg) = e (61)

where ¢; = amplitude level

number of peaks occurring in the band about &j

Mi (E1)

M

1}

total number of peaks

In the case of nonstationary operation, i.e., varying speed or operating
conditions, a weighting is used to get a weighted average exceedance:

Nalts) = L N(E;) (62)

where N;(&j) = weighted distribution value

[t}

T j time of operation at condition j

T = total time of operation

I

The results produced will be the peak amplitude distributions. As
described, the determination of good or bad condition must be made by the
system operator on the basis of change in distribution shape or deviation
from the reference curves.*® \
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According to the information at hand, no great amount of testing of this
technique has been performed.

It is expected that locad and speed variations in the monitored system
should not present great dif:?iculty because of the weighting character-
isties. The amount of extraneous noise could provide a problem. If over-
all signal levels are significantly greater than those caused by the
degraded part, the amplitude distribution change could be buried in the
signal., This statement is simply conjecture because of the lack of
testing.

LIXKELIHOOD ANALYSIS

This diagnostic procedure is a statistical pattern recognition technique
developed ir conjunction with the TEDS (Turbine Engine Diagnostic Systems)
project for the Air Force Aero-Propulsion Systems Laboratory, Wright-
Patterson Air Force Base, The work was performed by Airesearch Manufac-
turing Company of the Garrett Corporation.S°

The technique is based on the statistical characteristics of the vibration
signal and is a variation of the likelihood recognition technique as it is
generally known .r the pattern recognition field. In this case, the vibra-
tion signal, which ranged from 0-26 kHz, was divided into 128 partitions
each having a 200-Hz bandwidth. A large amount of data was gathered both
for engines in "good" condition and for those containing failures. Based
on this date, amplitude distributions were produced for each of the 128
partitions or parameters of the analysis. This information provided the
baseline reference for further use.

When an engine of unknown condition is monitored, the amplitude of each of
the 128 parameters is found. The probability of this parameter's lying in
the "good" category as well as the "bad" category is found. The Likelihood
Index of that parameter is then formed by taking the ratio of the proba-
bility of indication of a failure to the probability of "good" condition.
An index value greater than one shows a greater probability of failure
than of "good" conditicn. Figure 30 shows a typical result for one param-
eter. In a general sense, any monotonic function of the two probabilities
may be used, such as differences, sums, weighted ratios, etc,

A spectral analyzer or band-pass filter is required in developing the
reference distributions. The operaticn is probably easiest to perform in
a total digital manner using a computer. Once the reference distributions
are found, the total analysis may be automated with a bank of band-pass
filters or a swept-frequency filter and logic circuitry.

A diagnosis of failure is made on the basis of the values attained for the
Likelihood Index., Limit values are set for the index number for each of
the parameters, Based on experimental work, it was found that if a given
number of parameters have index values which exceed their limit values, a
diagnosis of failure can be made,
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A screening procedure is used to eliminate the effect of some of the
statistical variations in the data. A number of index values for each
parameter are calculated, either by taking more than one set of sample
data or by using more than one reference data set. An index value for a
given parameter is considered to be an indicator only if all the values
calculated using the various data sets exceed the limits,

With spectral windows being used as indicators, the analysis will show

a sensitivity to speed variations. Either the spectral analysis must con-
sider this condition or the tests must always be run at the same speed
conditions. The effects of loading variations and noise in the system are
not entirely clear because of the lack of testing. A faulty bearing
provided an interesting result: all parameters with large index values

turned out to be at the bearing frequency or one of its harmonics,

BEARING IMPACT INDEX

This analysis procedure has been developed by the General Electric Company
under the names impact index or crest factor. It is designed to monitor
bearings and has been implemented in numerous applications, one of which
is in the TF-34 analyzer.

The basis of this technique is the impact puacnomenon which occurs in a
bearing when a discrete fault appears. In moni.oring the acceleration of
the bearing, a periodic peak is seen to occur in ihe time signal. As the
discrete fault becomes worse, the amplitude of this peak grows. However,
the average (RMS) value of the time signal is affected little since the
peak is of short duration, A ratio of peak acceleration amglitude to th:
average amplitude is formed and is called the crest factor.~' 1In the
case of the TF-34 analyzer, the ratio of ralf the peak to the average
value is defined as the impact index,

Peak acceleration
2(RMS acceleration)

Impact index =

Experimentally, the following ranges of the index have been found to be
indicative of bearir- condition: 2-3, normal bearing; 3-8, spall initi-
ation; 8-10, growth of spall. It has been found that after the index
reaches about 10, further bearing degradation causes the index to decrease.
The spalling spread all over the bearing surface after this level of spall
occurred, which caused the RMS acceleration levels to rise significantly,
thus reducing the index values.5?

To properly implement this diagnostic system, an accelerometer is required
for each bearing to be monitored. A single analyzer with a multiplexer
may handle a number of bearings. A flow diagram of the analyzer used in
the TF-34 system is shown in Figure 31, The acceleration signal passes
through an AGC (automatic gain control) device and then through an average
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absolute detector. The averaged signal is then compared to a fixed refer-
ence, and the error signal is used to control the gain, When the average
is equal to the reference, the gain stays constant and the output is moni-
tored for peaks. This peak reading is proportional to the impact index
since the average value is always kept constant, This value may be read
directly off the meter, or the signal may be used in an automatic system

to trigger an alarm,

General Electric Co, has done testing work with the crest factor and impact
index (both names have been used) for the Air Force and Navy as well as

for industrial concerns and internal use. Some of the Air Force work,
vwhich concerned monitoring antenna bearings, was quite successful.523

Their TF-34 analyzer was used on a TF-34 engine mounted in a Navy test
cell, A crest factor meter is also being marketed.

Background noise is one problem associated with the impact index analysis.
If the overall system noise levels (where noise is considered to be both
discrete frequency and broad-band vibration from everything other than the
bearing being monitored) are much greater than the peeks being produced by
the bearing faults, the faults will not cause a significant increase in
the impact index. In these cases, time averaging has been used with the
impact index.5* This procedure has proven successful but is very sensitive
to speed variations and requires accurate speed synchronization. Loading
does not appear to have too much effect on the analysis, as the ratioing
tends to normalize loading effects.

FREQUENCY OF BINARY WORDS (FOBW)

This diagnostic technique is a pattern recognition scheme developed in
conjunction with the "Data Analyzer" developed by the Electronics Labora-
tory of the General Electric Company. It was used both for "in-house"
projects and with some analysis work for the Navy.

The FOB4 analysis uses sonic or vibration data from a piece of rotating
machinery. The first step, upon receiving the deta, is to define an
encoding algorithm. The processing is in a binary digital format, and the
data must be put into this form. Thus, an A/D(analog-to-digital) converter
which is programmable is used to reduce tie analog signal to a string of
1's and O's. Polarity coding algorithms have been used, assigning a 1 or
0 to the input point depending upon whether it or its slope is positire

or negative. The type of encoding algorithm used will depend in large

part on the baseline data wnich is generated in the design of the system.

Once the coding is done, binary words must be defined, These words are
strings of 1's, 0's, and M's ("don't cere" bits). '"Don't care" bits
signify that the word is the same no matter what bit fills that space,
For example, the word defined by 1-M-M-O may be written as 1-1-1-0,
1-1-0-0, 1-0-0-0, or 1-0-1-0., Once the words are defined, the frequency
of occurrence of these words in the incoming vibration signal is found.
For example, if we defined our word of interest as 1-O and the incoming
data string for 1 second looked like
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1-1-0-1-1-1-0-0-1-0-1-0-0-0-1-1-0-0

the frequency of occurrence of the word would be six times per second.

Based on the words selected, various characteristics of the incoming data
mey be discerned. A few definitions which will prove useful are:

P = Length of the binary word in bits

n = Number of active bits in the word (those that are not "don't
care" bits)

fg = clock (sampling) rate of A/D converter

fo = f/P

Words which begin and end in the same bit are called even, e.g., 1-0-M-1,
0-1-¢C, or 1-M-M-1. Words which begin and end in different bits are called
odd, e.g., 1-0, 1-1-M-O0, 0-1-0-0-1,

The binary word analysis now makes use of the frequency characteristics
peculiar to it. If a sinusoidal test were run with frequency of occurrence
of a given word as the amplitude measure, freguency response as seen in
Figure 32 would be found. Three statements can be made about the frequency
characteristics from this figure;

1. A cyclic filtering characteristic is obtained from the analysis
(comb filtering effect).

2. The points of maximum response are a function of f, and may be
found in the following manner:

n f, odd words
fmax = n = O5l2,...
(n + .5)f, even words

3. Frequency selectivity is a function of the number of active bits
in a word. If the bandwidth (BW) is defined as the half-power
level of each peak,

f0
E’“z(n - 1)

It has been found experimentally that there is an awuplitude sensitivity.
If the amplitude of an incoming spectral component is large, the frequency
of the given binary word will be large. And, as long as the signal-to-
noise ratio is less than one, increasing the bit size of the word will
increase this amplitude sensitivity.S5S

Based on the characteristics which were described, an analysis procedure
could be implemented. Binary words would be chosen in order to use their
frequency characteristics in a type of frequency analysis. For example,

81



spaom Areutg jo osuodsay Rouanbaag TeotdAl -2t 2anITA

piop Aaputg uaA3 piom Asouig PPO

AON3NDIY AON3ND3H
Iwﬂ_”__.._h Ine .nu.Eh D HHE HGEMN HDF.&. D
3 \
m
ma 2
m
=
(@]
<
. picd Q
o
(@)
(@]
C
Py,
0
m
=
m
Y

JON3IHUNDD0 40 AON3NDIS

82



to detect an inner race malfunction, the binary word would be tuned to the
inner race-pass frequency. The choice of encoding algorithm would depend
upon baseline data. The hardware used is shown in Figure 33. A pro-
grammable A/D converter puts the incoming data in the form of binary
strings based on the sample rate and encoding algorithm. These strings
are fed into a shift register equal to the length of the words being
detected. The register is tied to the same clock mechanism as the con-
verter. The output of the register goes into logic circuitry, which counts
the frequency of occurrence of the given words. An output is provided
which triggers an alarm at 1limit levels determined by previous testing.

General Electric has tested the FOBW analysis procedure to detect failures
in rotating machinery with the effective filtering used to monitor the
frequency corresponding to various gears and bearings. It was used on an
American Airlines jet engine in overhaul as well a; on various Navy
engines. It could discern a spalled beariig but rad difficulty because
of spurious signals.5®

A major difficulty is found with noise contamination of the signal. The
"jitter" or "hash" on a signal can cause encoding errors ard, thus,
incorrect frequency counts. Speed variation in the monitored system can
be handled quite easily through tachometer control on the A/D converter.
It is unknown whether load variations would cause a major difficulty, but
because of the amplitude sensitivity, it is expected that problems could
occur,

GEAR DTSCRIMINANT ANALYSIS

These techniques were developed to diagnose gearing failures. The General
Electric Company developed tne analysis techniques in conjunction with two
programs: the TF-34 analyzer to be used by Naval Air Systems Command on
turbine engines and a second Naval Air Systems Command project to diagnose
failures in helicopter power trains,

The three gear discriminants utilized in these programs are all based on
the deviations from pure sinusoidal mesh frequency vibration caused by
faulty gears. If a failure is present in a gear, these deviations from
perfect operation will tecome quite apparent as harmonics of the mesh
frequency and sidebands of both the mesh frequency and its harmonics.

The three discriminant values used were:S’

1. Ratio of peak value of vibration signal to the average value.

2. Ratio of total energy content at the gear mesh frequency's
harmonics tec the fundamental,

3. Ratio of total energy contained at sidebands to that contained
at the mesh frequency.

All three discriminants are implemented in the TF-34 analyzer system as
shown in Figure 34.°%
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The impact index analysis is performed in a manner quite similar to that
performed for a bearing, the major difference being that the signal now
comes from a transducer which is mounted in close proximity to the gear
(this is still likely to be in close proximity to some bearings).

The ratio of the harmonic energy to the gear mesh energy is found through
the use of a digital comb filter (DCF) which is tuned to the mesh fre-
quency. Due to the characteristies of the DCF, all the energy at the
harmonics will be passed through the filter. A band-pass filter may then
be used at the mesh frequency, and a dividing network is used to produce
the harmonic ratio. For a normal gear, the ratio should be slightly less
than one, and the value will rise as the malfunction becomes more severe,
Both the impact index and this harmonic ratio are used as indicators of
discrete failures in the gear. Discrete failures occur on a small portion
of the surface area of the gear tooth as distinguished from gross
failures.

The ratio of total sideband energy to gear mesh frequency energy is used
as an indication of a gross defect in the gear. The output of the DCF
set at the shaft frequency is passed through an automatic gain control
(AGC) to a synchronous detector set to the gear mesh frequency. This
device has the effect of tolding the signal about the gear mesh frequency
and then translating the gear mesh frequency to zero, where it appears as
a DC bias in the signal. This translation causes the modulation energy to
appear at shaft frequency intervals. By using a low-pass filter on the
ovtput of the synchronous detector, a signal proportional to the carrier
erergy controls the automatic gain control, The signal which is finally
measured is proportional to the ratio of total sideband energy to that

of the mesh frequency cearrier,

The results of the three discriminant analyzers are read on meters as
values from 1-10. This output may be monitored manually or automatically.
Trendirg is easily observed. Absolute values to be used as indicators
have not been sufficiently studied.

These discriminants were developed on the basis of deviation from sinus-
oidal action. Testing, which was done for helicopters, ihows the possi-
bility of their use as an indicator of failures. Howeve:r., the data base
which was used was very small and was developed from tect stand experiments
rather than flight conditions. Testing is also being done in conjunction
with the TF-34 analyzer. The number of implanted gearing failures has not
been very large., Thus, the results at this time are not conclusive,

One problem associated with the analysis, particulurly the use of the
impact index, is extraneous signals. If the extraneous signals are large
enough, the index may be meaningless. To overcome this difficulty, time
averaging may be incorporated into the analysis. Accurate synchronization
with speed signals is thus required, The effect of load variations is
not known at the present time.



GEAR WEAR DISCRIMINANTS

This analysis procedure is used to monitor the amount of wear which has
occurred on & gear. It was initially developed by the Electronics Labora-
tory of the General Electric Company and Mechanical Technology, Inc., in

& Jjoint program for the Office of Naval Research. Further developmental
work on the technique has been carried out by the General FElectric Research
and Development Center.

The basic premise of this technique is that gear wear causes a deviation
from pure sinusoidal action in gears. Because of this deviation, and

accompanying modulations of the vibration signal, the spectral amplitudes
related to harmonics of the gear mesh frequency should grow in amplitude
as same function of the degree of wear experienced. The prime indicators
used were the ratios of the second and third harmonic to the fundamental

gear meshing frequency.

A piece of hardware was built to produce the desired discriminants. It
consisted of three band-pass filters to find the spectral amplitudes of
the three monitored frequencies end dividing networks to calculate the
ratios, A phase-lock loop is used to set the center frequency of the
filters, thus eliminating the effects of speed variations.

The operation of this device is quite straightforward. Periodically the
ratios are read and plotted as a function of service time of the gear. As
wear occurs, the ratios will tend to grow in amplitude. A level must be
set at which replacement is required. This is, in part, up to the judgment
of the operator based on trending and previous experience.

The technique was initially developed through the experimental evidence pro-
duced by the ONR project. Gears were lapped to simulate varying degrees of
wear, and the ratios were found to be increasing. An analytical develop-
ment by MII showed that the third mesh frequency harmonic vibration ampli-
tude should increase with increased levels of wear., This trend was veri-
fied experimentally, but the amplitude changes were not predicted with any
degree of accuracy.ég,so

A problem has been found when the overall system signal is great and gear
signals get buried in it. In these cases, time averaging has been employed
with some success.®! Little difficulty is encountered with speed variation
due to the phase-lock loop and the ratioing procedure appears to minimize
problems due to varying loads.

GENERAL NARROW-BAND ANALYSIS

This discussion applies to a wide variety of diagnostic schemes performed
by a large number of’ different companies. It has been applied as a condi-
tion-monitoring tool for many types of rotating machinery.

The technique is based on the fact that given spectral frequencies of a
vibration signal may be related to the characteristic frequencies of

87



components of the machine being monitored. For example, a given bear
will exhibit its particular ball and race pass frequenc{es s.s shown iing
Figure 35. By observing the spectral amplitudes and their changes at
these bearing frequencies, information relative to the condition of the
bearing may be obtained.

'l'f fDutar
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Frequency (Hz)

Power Spectral Density

Figure 35, Typical Narrow-Band Spectrum for a Bearing.

In general, what js needed for the analysis is a vibration transducer,
usually an accelerometer or velocity pickup, and a spectrum analyzer, e,g.,
bank of band-pass filters, swept frequency analyzer, real-time analyzer,
or digital FFT processor. The amplitudes may be compared to some reference
automatically, but they are most of‘ten campared manually by the operator.
The operator must have some knowledge or skill related to the analysis of
the frequency spectrur. Trending analyses mey be performed on the ampli-
tude characteristics, or absolute limits might be set, which could trigger
the diagnosis of components as faulty.

Federal Scientific Corporation ran such an analysis with Avco-Lycoming,
which will be considered as an example.®? They uced a Federal Scientific
real-time analyzer and tracking adapter in a quality control operation. A
bearing was mounted in a flywheel-driven test stand., A tracking adapter
corrected the frequency analysis for speed variations and normalized the
resulting spectrum., Faults on given parts of the bearing, i.e., inner race,
outer race, or balls, were apparent due to the spectral amplitudes at the

corresponding frequencies,
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IRD Mechanalysis uses narrow-band anelysis on various machines, Overall
(RMS) levels are monitored until ret levels are exceeced. At that time,
a narrow-band analysis is done using a real time analyzer or tunable

narrow-band analyzer, and the part which is causing high vibration levels

is then determined from the spectium.®®

These are just two examples of uses of the narrow-band analysis. There are
a wide variety of companies using various permutations of the technique
with varying applications. The effectiveness of use ranges from very good
to very poor depending upon the application. A critical part of the
analysis concerns interpretation of the spectra. A large part of the suc-
cess of such an analysis is usually attributable to the person doing this
interpretation.

There are several difficulties associated with narrow-band analysis. There
is a need for speed normalization. The frequencies of interest are nearly
all functions of some input shaft speed. For this reason, monitoring must
be done at the same operating speed each time or when possible; e.g., when
digital sampling of the data is done, a tachometer signal should be used
to normalize frequency. Another major problem occurs with unwanted signals
in the analysis. The frequency ranges in which the components occur are
such that many component frequencies appear in the same frequency region;
e.g., harmonics overlap, broad sidebanding, structural resonances, etc.
For this reason, it is often difficult to separate desired amplitudes from
the rest of the vibration signal. This is particularly true of bearing
component signels, which are often deeply buried in noise and other periodic
signals. Another problem associated with this analysis is the effect of
various loading conditions. Such changes can cause differences in spectral
amplitudes without any change in component health. Thus, all monitoring
must proceed under identicel loading coaditions.

HAMILTON STANDARD TEST-BED TECHNIQUE

This diagnostic procedure is a statistical pattern recognition technique
developed for the UH-1H helicopter engine and power train. It was
deve!oped by the Hamilton Standard Division of United Aircraft Corporation
for USAAVSCOM as part of the AIDAPS Test Bed Program.®4

The goal of this program was to develop working hardware to be used in
detecting faulty engine and power train components at the line-replaceable
unit (KRU) level., The techniques were first developed on the basis of
test stand runs in which both good ILRU's and those containing implanted
faults were tested., TFurther testing was later run on actual helicopters
in the ground idle, hover, and flight operational modes, Finally, the
last phase (E) of the project tested the techniques that had been devel-
oped on parts with condition unknown to the system designers, This test-
ing was performed to measure the validity of the technique.

The following number of velocity and acceleration transducers were located
on the engine and power train: engine - 3; transmission - 4; 90° gearbox -
2; 42° gearbox - 1.
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These vibration signals were digitized and their power spectral density
components were calculated via an FFT (Fast Fourier Transform) computing
procedure. The frequency range of the analysis was 0-5000 Hz, and 341 fre-
quency points (or bins as they were called in the Hamilton-Standard report)
were calculated, giving an effective filter bandwidth of 14.6 Hz. The
amplitudes corresponding to particular frequency bins were used as indi-
cators in the analysis procedure. However, not all of the frequency bins
were included in their final analysis. The following were considered:
shaft rotational frequencies, all harmonics of shaft rotational fre-
quencies, gear meshing frequencies, second harmonic of the gear meshing
frequency, and first two upper and lower sidebands of gear meshing fre-
quency. Amplitudes in all other frequency bins were discarded before
applying the rest of the analysis.

As in all pattern recognition procedures, baseline characteristies are used
in the analysis. Using data from ten to twelve "good" helicopter engines
and power trains, arithmetic means and standard deviations of the PSD
amplitudes were calculated for each of the frequency bins of interest and
were used for baseline data. When compared with the signal produced from
a helicopter of unknown condition, an amplitude in a given frequency bin
was considered "bad" if it exceeded the "good" baseline mean amplitude by
more than four standard deviations (Ug).

To rate the given frequency bins, a weighting scheme was developed. If a
Lo exceedance in a given frequency bin is unique, a weighting of 2 is given.
If the frequency bin shows an exceedance in an interference band, a weight-
ing of 1 is used., Weightings were also given with respect to the position
of the given frequency bin. A weighting factor of 2 was used for the
following: gear mesh frecuencies, its first two upper and lower side-
bands, shaft rotational frequencies, and the first two h-wimonics of shaft
rotational frequencies, All other frequency bins of interest received a
weighting of 1. As can be seen, weightings ranging from 1-4 could be

given for frequency bins which showed greater than 4o exceedances.

Once the weighting and 4o exceedances were found, the procedure was rela-
tively simple, The number of exceedances per LRU were counted, and if a
given bin had &« weighting of 2, it counted as two exceedances, and so
forth. By experimental work, using LRU's known to contain failures, the
following limits were set: engine - 7; transmission - 38; 90° gearbox - 8;
42° gearbox - 10, If the LRU showed a number of 4o exceedances which was
greater than this limit, it was judged to be faulty,

In the test bed program, the analysis was performed by mounting the trans-
ducers directly on the engine and power train. The vibration data was
tape recorded in flight. (The final analysis used data from the hover mode
of flight.) This taped data was then analyzed using a large digital com-
puter; however, the hardware required could be assembled into a package
which could be flown with the helicopter.

In the development of the analysis, an operator was required to take the
data; this would not be required with an entirely on-board system. The
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results are produced in terms of a "good" or "bad" LRU with a listing of
Lo exceedances.

After the technique was developed, a testing phase (Phase E) of the program
was run. On the basis of eight flights or a total of 32 possibilities (3
flights times 4 LRU's), the technique produced a 90% accuracy. The eight
flights did not include any faulty gearing.

The testing does not require a constant level of engine speed. In the
digitization process, a tachometer reference signal controlled sampling
rates to negate any frequency shifts caused by speed fluctuations. Load
fluctuations did cause difficulty, as it was found that the technique
developed from date of one flight mode could not be used successfully on
another mode. 1Initially, test stand data was intended to be used for base-
line information, but, because of variations in loading, this was found to
be impractical.

BEARING "RING" ANALYZER

This diagnostic technique uses a structural ringing of a bearing which is
caused by an internal fault as the indicator of bearing condition. It has
been develuped and prototype systems have been built by Mechanical Tech-
nology, Incorporated (MIT).

When a bearing exhibits a discrete fault, e.g., scratch, pit, ¢« spall, an
impact is produced every time the fault passes through a ball-race inter-
face, By experimental work, it was found that this impact can excite what
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