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SECTION 1
INTRODUCTION

The SPADE engineering development program was awarded to RCA Automated
Systems, Burlington, Massachusetts, on 30 September 1982. The SPADE system
is being developed to detect and isolate degraded Army helicopter power train
bearings. Under the current program the SPADE system is designed to
determine the condition of hanger bearings, 42-degree gearbox bearings, and
90-degree gearbox bearings of UH-1H, AH-1S, and OH-58 A/C aircraft. SPADE is
expandable to address added helicopter types and added bearing or gearbox
types in the future. Specific requirements for the system are stated in
Contract DAAK51-82-C-0052, and will become finalized in the Prime Item
Development Specification (PIDS) which is under development as part of the
SPADE contract.

The SPADE preliminary design status was presented at a Preliminary Design
Review on 18/19 January 1983. The preliminary design was approved and
initiation of detail design authorized on 28 January 1983. Real-time signal
processing with breadboard SPADE hardware and software during February 1983
revealed that system design modifications were required to satisfy the
bearing fault detection requirements of the PIDS. An engineering analysis of
the physical phenomena of bearing failures was conducted. Design
modifications were defined in May 1983 based on new discoveries about bearing
fault characteristics. The program Statement of Work was modified to:

(1) Concentrate on proving the design changes by breadboard
implementation, diagnostic software validation, and on-aircraft
fault insertion tests at Fort Rucker, Alabama.

(2) Defer detail design and related Integrated Logistic Support (ILS)
tasks.

A Special Progress Review (SPR) conducted on 12/13 October 1983 reviewed the
SPADE hardware/software design details and the results of the diagnostic
software validation effort. The SPR demonstrated:

(1) A significant improvement in definition of bearing fault
characteristics

(2) A SPADE system design and breadboard hardware/software performance
that satisfied the PIDS requirements

(3) A viable signal processing within SPADE to suppress the helicopter
noise and clutter



(4) A technology development resulting in a new tool, SPADE, that
provides insight into the world of rotating machinery with potential
application to gears, machinery imbalance, and grease lubricated
assemblies, as well as bearings.

This report presents a summary of the engineering effort conducted since the .
January 1983 Preliminary Design Review. The details of the engineering
analysis, hardware and software modifications to the PDR design, and test
results are described herein. The objectives of the diagnostic software
validation have been successfully accomplished. The current SPADE technology
has demonstrated a bearing fault detection rate of better than 90 percent
with a false alarm rate less than 10 percent.



SECTION 2
SYSTEM REQUIREMENTS

2.1 THE PHYSICAL PHENOMENA OF HELICOPTER BEARING FAILURES

To achieve a useful payload and range, helicopters are designed to be as
light as possible, yet strong enough to satisfy flight safety requirements
for their operational Tife. This design trade-off is particularly evident in
the drive line. Every element of the drive line is designed to be absolutely
as light as possible for the loads which it must carry. To this extent the
bearings chosen for helicopter applications are typically dynamically loaded
to levels which cause them to have mean lifetimes which are shorter than is
commercially common. For a given dynamic loading application, a commercial
user might select a medium series ball bearing, whereas a Tight series
bearing would probably be chosen for a similar military helicopter
application. By using the 1ight series bearing instead of the medium series
for the same load conditions, the Ljg life of the bearing will be reduced

to approximately 1/3. Some of this qife reduction can be regained by
choosing different bearing materials such as M-50 tool steel rather than the
more common 52100 bearing steels, and by specifying better steel refining
techniques such as consumable electrode double vacuum melt processing.
However, even with the use of better steels and advanced refining techniques,
the premium placed on overall light weight results in relatively short
bearing lifetimes.

The 1ife of a bearing which is properly lubricated, correctly handled and
installed, and of adequate design will be a function of the fatigue of the
bearing material. The rotation of a bearing generates cyclic stresses on the
raceways and rolling elements which causes flexing of the bearing surfaces.
This flexing ultimately results in metal fatigue. During the early stages of
fatigue, microcracks form on and below the bearing's surface. Continued
cyclic stressing lengthens and expands the microcracks until the bearing

fails by spalling. This fatigue damage is inevitable during normal bearing
operation.

Unless rolling element bearings wear out prematurely, they will all
ultimately succumb to steel fatique. The bearings used in helicopter gearbox
applications generally fail due to subsurface fatigue whereas the major mode

of hanger bearings is associated with lubrication and the penetration of dirt
and water.

2.1.1 Hanger Bearings

The hanger bearings used on the UH-1 Huey, OH-58 Kiowa, and the AH-1 Cobra
helicopters are all extra light series, deep groove ball bearings with
pressed steel ribbon cages which are permanently sealed and grease
Tubricated. In all cases these bearings are directly exposed to the outside
environment. Dirt and moisture tend to wear the rubbing seals to the point



at which they are able to penetrate the bearing. Once inside the bearing,
the dirt causes rapid wear and the moisture results in corrosion of the
raceways. These failures begin as surface microcracks which will expand
until the bearing fails due to spalling. The presence of water in the
lubricant, whether dissolved or free, has been found to encourage the
propagation of cracks. This is believed to be due to migration of the water
molecules to the cracks where they tend to break down, releasing hydrogen
jons. The hydrogen ions enter the microcracks and react with the steel,
making it brittle. Recent efforts to protect the hanger bearings from
exposure to dust and water by using tail-boom shrouds have been successful in
reducing the number of failures but have not eliminated them.

2.1.2 Gearbox Bearings

The ball and roller bearings utilized in the tail rotor drive gearboxes for
-the Huey, Kiowa, and the Cobra helicopters are not exposed to the outside
environment as are the hanger bearings. These gearbox bearings are internal
to the assemblies, o0il lubricated, and protected from dirt and moisture by
multi-1ip positive wiping seals. The input and output shafts of all of the
subject gearboxes (42 degree and 90 degree) have a similar contingent of
bearings. For each case, the quill is supported by a preloaded duplex pair
of ball bearings and a cylindrical roller bearing. The duplex pair absorbs
all of the axial thrust loads while the radial loads are distributed between
the duplex pair and the cylindrical roller bearing. The most common failure
mode of both of these types of bearings, when they are correctly handled and
lubricated, is spalling due to subsurface fatigue.

The duplex pairs of ball bearings used in these applications are always
preloaded together to increase the assembly stiffness. Subjecting a rolling
bearing to a controlled preload causes a certain amount of deflection to
take place within the assembly. The addition of further loads increases the
total deflection; however, the incremental deflection associated with the
additional load will be less than if there was no preload on the bearing’'s.
In addition to increasing the stiffness of a bearing, preloading minimizes
the tendency of rolling elements to skid around the races. Skidding of
rolling elements within bearings occurs when the balls or rollers pass
through a zone where they become unloaded but are still propelled along by
the bearing's rotating cage. The action of siiding friction rather than the
desired rolling friction causes accelerated bearing wear. The ball bearings
in these gearboxes are preloaded to a level sufficient to insure that the
balls are never completely unloaded as they travel around the races with
normal loads. In these applications the load on individual balls cyclically
increases to between 200-250 kpsi in the bearing load zone and then decreases
to a few thousand psi as they travel around the stationary outer races.
Unless these ball bearings are mishandled or insufficiently lubricated, they
will always ultimately succumb to fatigue failure culminating in spalling.
Figure 1 depicts the failure sequence.
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The loads imposed on the cylindrical roller bearings used in these gearboxes
differ from the duplex ball bearing Tloads in two major respects.

(1) These roller bearings are designed to resist a pure radial Toad and
are not preloaded. As a given roller travels around its stationary
outer race, it leaves the Toad zone and enters a no-load zone where
there is zero compressive stress on the roller. When the roller is
in the no-load zone it tends to no longer rotate about its own axis
but rather be dragged along by the retainer. This sliding contact
between the roller and the races tends to produce greater wear than
would take place with rolling contact. In the extreme, severe
skidding results in fatigue spalling of the races and rollers;
however, this type of failure is very uncommon in these gearboxes.
The most common failure is spalling due to fatigue in the load zone,

(2) There is a stress concentration at the ends of the contact path of
the Toaded cylinders which tends to shorten the fatigue life. To
minimize this problem, the rollers used in these bearings are
slightly crowned to more uniformly distribute the stress across the
roller's length. This crowning of the rollers has the effect of
greatly extending the bearing's life and of causing the ultimate
fatigue failure to be located in the middle of the rollers and
raceways.

2.1.3 Bearing Failure Summary

In summation, there are many types of bearing failures possible, the majority
of which relate to bearing abuse, poor design, and lubrication failure. The
military aviation community goes to great lengths to avoid premature bearing
failures due to these factors, but when it does occur it leads to a
spalling. Even if all premature failures are eliminated, rolling element
bearings will always ultimately succumb to steel fatigue. Ring raceways and
rolling elements are subjected to cyclic contact stresses that initiate
microscopic cracks which propagate. These cracks act as stress risers which
over time propagate through the load surface until a small isolated portion
of the bearing's surface is dislodged. This fatigue failure, spalling, must
be detected before additional damage occurs.

2.2 IDENTIFICATION AND CHARACTERIZATION OF FAULT SIGNALS

SPADE is designed to detect bearing failure and/or incipient failure. SPADE
consists of an analyzer unit and its associated cables and sensors
(accelerometers). When the sensors are attached to gearboxes and hanger
bearings of a helicopter, the vibrational energies released in the vicinity
of the bearings under test develop electrical signals that are processed by
the SPADE analyzer. The processed signals are compared to threshold Tevels
programmed in the SPADE to sense and indicate a faulty bearing condition.
The first prerequisite to this design is the identification and



characterization of bearing fault signals. From this understanding evolves
the signal processing required to enhance, discriminate, and measure the
fault signal contained in the accelerometer output.

Raw accelerometer signals are characterized by a multitude of components,
mostly periodic and mutually coherent. Examples of these are:

(1) FM or AM modulation imposed on higher frequency components caused by
load variations generates families of sidebands.

(2) Random and frequent excitations of natural frequencies of shafts,
housings, gears and bearing races caused by random asperities and
other irregularities in gear teeth and bearing elements.

(3) A mixture of random and coherent noise, at relatively high
frequencies, caused by disturbances from gas engine turbine blade
interference and exhaust turbulence.

Overall, the accelerometer output has been observed to comprise the bearing
failure signal, clutter (noise signals produced by shaft imbalances and gears
that are similar to bearing failure signals in repetition rate), and
machinery noise (low and high frequency noise signals unlike bearing failure
signals). The noise floor of the accelerometer and built-in preamplifier is
well below the Tevel of other signals and thus does not contribute
significantly to the accelerometer output signals.

RCA studies have shown that for the bearing sizes tested no usable signals
are found in the 0 to 10 kHz band and that the system signal-to-noise ratio,
dynamic range and gain can be greatly improved by removing the machinery
noise which is found in this band. Figure 2 shows a typical accelerometer
output signal filtered by a 5 kHz high pass filter. This shows that in spite
of the 5 kHz filtering, the waveform comprises mostly 5 kHz fairly
narrow-band noise, the narrowness being indicated by the number of cycles in
the groups of bursts apparent in the figure. The noise obscures the bearing
fault signal in the waveform (obtained from a test cell run of a duplex ball
bearing outer race fault implant on an AH-1S, 90-degree gearbox input quill).

Figure 3 clearly reveais a group of isolated bursts olcurring at a repetition
rate of 345 per second (measured). Section 2.3.1 will show that these bursts
correlate with the calculated repetition rate (351 per second) for a fauit

signal emanated in the outer race of this bearing (correlation is within 2
percent).
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The filter which revealed the fault signal was a four-pole high pass at 15
kHz which greatly reduced the machinery noise without attenuating the fault
signal. Also present was a four-pole low pass at 35 kHz which was found

necessary to attenuate the high frequency noise present in aircraft tests.

2.3 CORRELATION OF SIGNALS WITH PHYSICAL PHENOMENA

The forces and moments acting on a loaded roller or ball bearing are shown in
Figure 4 and those acting on an unloaded roller or ball bearing are shown in
Figure 5. Static forces are the shaft load, deformation of the bearing
elements due to designed preloads (includes "press-fit" or "interference fit"
of parts), dynamic deformation and thermal deformation.

NOTE. F .y SHOWN FOR NOTEIF_ ., SNOWN FOR
ROLLER GUIOED OM ROLLER GUIOED O
oUTER RACE OUTER RACE

Figure 4. Forces and Moments Acting Figure 5. Forces and Moments
on a Loaded Roller or Acting on an Unloaded
Ball Bearing Roller or Ball Bearing

Dynamic forces acting on a loaded roller or ball include centrifugal, fluid
pressure, traction (fluid frictional drag), and friction. As an example of
dynamic deformation, a 0.5-inch-diameter hollow roller with a
0.25-inch-diameter hole will experience a +4 percent bulging of its outer
surface at 150,000 rpm roller speed. Significant rolling element load
changes occur due to such deformations in each of the bearing elements. The
summation of all of these forces results in an elastic deformation of the
elements. Temperature changes affect the static loading due to the thermal
deformation of the elements and the dynamic loading by changing the fluid
pressure and traction forces.

For a given bearing operating at a steady-state shaft load and speed, these
various forces will be in equilibrium and a summation of all forces will be
zero. When a rolling element passes over a fault, such as a crack or spall,
a rapid change in the loading occurs and thus a rapid change of force is
transferred to the outer race. The force imbalance therefore results in a
physical disturbance at the bearing housing. This can occur when a loaded



ball encounters a spall resulting in a sudden release of the Toading, or when
an unloaded ball encounters a high spot (such as debris), having the effect
of a sudden loading. The physical disturbance which results from these
loading discontinuities is typically measured as vibration on the outer race.

There are two types of vibration which will occur: forced and free. When a
bearing ball or roller passes over a fault, both modes of vibration occur.
Forced vibration is motion which is directly caused by, and persists because
of , the existence of a disturbing force. As soon as the disturbance is
removed, forced vibration.ceases. For this reason, the vibration frequency
will be directly related to the disturbance frequency. Free vibration exists
if the periodic motion continues after the cause of the original disturbance
is removed. Any free vibration of a mechanical system will eventually cease
because of a loss of energy. The frequency of free vibration is the natural
frequency of the system. If the forcing frequency should become equal to the
natural frequency of a system, then resonance occurs.

Forced vibration will occur primarily from rotating element imbalances and
thus at frequencies considerably below the natural frequency. These will
also be primarily sinusoidal in nature and thus not have any components at or
even near the natural frequency (discounting some of the more complex
waveforms that will be present). A roller traveling over a discontinuity,
such as a crack or spall, creates a step change in the bearing loads and thus
imparts an energy impulse containing a broad range of frequencies, at least
some of which will be at the natural frequency of the bearing and/or sensor.
Thus some resonance will occur.

Early attempts at detecting bearing faults by spectral analysis concentrated
upon vibration frequencies which were multiples of the shaft rotational
frequency. An important assumption made in these investigations was that the
bearing components were rigid bodies. This greatly simplified the analysis
but obscured the potential advantages of considering the elastic properties
of the system. To be more specific, these early approaches only considered
forced vibration and did not consider free vibration.

Thus, by measuring vibrations exclusively at the natural frequency of the
system elements, the background vibrations caused by shaft imbalance and
other sources are ignored and only the impulse related events are measured.
For the systems being considered, the only source of an impulse disturbance
is due to faults in the bearing.

2.3.1 Defect Repetition Rates

Table 1 provides the repetition rates calculated for inner race (IR), outer

race (OR), and rolling element (RE) faults of typical bearings. For a defect
(simulated spall) in the OR, the fault frequency is the number of times per

second that a ball passes over the spall at the normal operating speed of the
shaft supported by the bearing. Since the OR is irrotational, a spall almost
always forms in the (fixed) load zone and each ball passes over it in maximum
load condition. Figure 3 shows that the amplitude of the fault responses are

10



TABLE 1. TYPICAL BEARING PARAMETERS

Bell Helicopter Fault Repetition Rates

A/C Part Number IR OR RE Description/Application
AH-1S 212-040-143 504 357 313 Duplex ball, 42-degree
gearbox input and output
quill
212-040-466 192 134 132 Roller, 90-degree
gearbox output quill
212-040-456 Duplex ball, 90-degree
509 351 327 gearbox input quill
197 136 126 output quill
UH-1H 204-040- 143 Duplex ball,
503 357 313 90-degree gearbox
input quill
503 357 313 42-degree gearbox

input quill

204-040-310 594 410 378 Roller, 42-degree
gearbox input quill

roughly equal, except for one which is considerably smaller than the rest.
Figure 6 shows a magnified sample from the same tape recording as Figure 3
but at a different time. The small signal is again present, indicating that
the ball which generated it was less loaded than the others. Chance
reduction of load by other vibrations could account for the reduced response.

Figure 7 shows the fault signal for an IR implanted spall (AH-1S, input
quill, duplex ball). Since the IR rotates, the spall passes through the load
zone (once per revolution) and the ball which runs over the spall at this
point produces the largest signal. Note that the measured ball-pass
frequency of 519 Hz agrees with the calculated value. of 509 (Table 1) to an
accuracy of 3 percent.

Figure 8 shows the distinctive pattern of a ball spall. The axis of rotation
of the ball precesses continuously so that the spall periodically loses its
once-per-revolution contact with the races, as indicated by the low amplitude
periods of the trace. Since none of the signals above is present when no
fault is present, it is concluded that the signals shown result from the
inserted spalls.

11
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Figure 8. Band-Pass Filtered Signal of an Implanted Ball Fault

2.3.2 Details of Defect Response

Figures 9 and 10 show the details of bearing fauit signal bursts for an
implant outer and inner race faultyrespectively. From Figure 9, several
properties of the response are evident:

(1)

(4)

The background noise is similar in nature to the signal itself,
hence is defined as clutter rather than uncorrelated or random
noise. This property has a strong effect on the type of signal
processing required.

In each figure there is a distinct change in phase of the “"carrier"
after an initial interval of 0.3 and 0.4 milliseconds respectively.
The amount of phase delay is about 180 degrees in the first figure
and 90 degrees in the second.

There are rapid {(cycle to cycle) variations in amplitude of the
fault signal.

The start of the signal is abrupt (allowing for the low-pass filter
cutoff at 35 kHz).

13
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(5) There is no external manifestation of a pulse, spike or sharp change
in Tevel at the start of the signal, unless at a level far below the
signal and clutter. Therefore, the signal which must be exploited
for the detection of bearing faults is the ringing signal shown in
Figures 9 and 10.

The phase change of (2) above can be correlated with the size of the fault
along the direction of travel of the rolling element. Defining f, as the
rolling element defect frequency, i.e., the frequency at which a point on the
ball would contact both of the races alternately, then the frequency of
contact with one race is f,/2. The sizes of the implanted faults

(simulated spalls) were a]? proportioned to the diameter of the rolling
element. If this ratio is k, the Tength of the fault on the race or rolling
element is kdy, and d, is the ball diameter. In one perjod between

contacts of the ball reference point and the race, a distance of dy is
traversed on the race as well as on the ball. The time of passage over the

fault is then

T :2 x.k_ill
oy dy
Therefore,
_ 2k
Tt TR,

Values of k from 0.25 to 0.375 were used in generating the faults, and the
resulting passage times of 0.32 ms and 0.47 ms agree well with the measured
values of 0.3 to 0.4 ms. (The value of f for these cases is 503 Hz.)

Superficially, the pattern resembles the beating of two frequencies.

However, this would require equal amplitude components having a frequency
ratio of 13/14 (to produce 180-degree interference after seven cycles as in
Figure 9). Figure 10 does not show a 180-degree phase change, and neither
figure shows the sinusoidal envelope typical of beats. It is therefore
concluded that the signal is initiated by the sudden passage of the rolling
element into the spall area, which relieves the loads and deformations on the
inner race, outer race and rolling element simultaneously, and that the
second part of the response (after the phase change) résults from the abrupt
restressing of the bearing elements as the rolling element comes out of the
spall area. Inspection of many traces has shown that the structure discussed
above is uniformly present in fault responses.

The cycle to cycle amplitude variations of (3) above are consistent with the
presence of more than one mode in the response and with a nonharmonic
relationship between the mode frequencies. (Harmonics merely distort the
basic waveform without producing cycle to cycle variations.) The shock
response of bearing races possesses these properties. Table 2 shows the
relationship of the modes and the specific resonance frequencies for the
outer races of several bearings used in the tests. Inner race frequencies
are not shown, as the inner race is often a tight fit on the shaft, which is

15



also steel, resulting in large changes from the free race resonance
frequencies. The outer races, however, are pressed into a steel ring whic

is installed in a magnesium housing. The bulk mechanical impedance of
magnesium is about one fifth that of steel, so the outer race is relativel

free to oscillate in its own modes. The steel ring is included in the
calculation of the mode frequencies.

TABLE 2. MODE RELATIONSHIPS AND OUTER RACE RESONANCE FREQUENCIES (kHz)

h

Y

Mode Relationships:

n 2 3 4 5 6 7 8
kn 2.683 7.589  14.552  23.534  34.520 47.518 62.514
Kn/Kn-1 - 2.8286  1.9175  1.6172  1.470  1.379  1.316
kn/K 1.00  2.83 5.42 8.77  12.87 17.71  23.30

Resonance Frequencies (kHz):

n 2 3 4 S 6 7
Part Number
AH-1S a/c
212-040-143 3.1 8.8 16.8 27.2 39.8 54.8
212-040-466 3.3 9.3 17.8 28.8 42.3 58.2
212-040-456 3.1 8.8 17.0 27.5 40.4 55.6
UH-TH a/c
204-040- 143 3.1 8.8 16.8 27.2 39.8 54.8
204-040-310 2.7 7.8 14.9 24.1 35.3 48.6

Kool

72.1
76.6
73.1

72.1
64.0
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For the rectangular cross section of a race, the resonance frequencies, fn’
are given by

- h -
fn - kn X 2 CL n - 2, 3, 4, 3 . .
a- 12
n = mode number
h = thickness of race
a = average radius of race

C_ = velocity of sound in steel: 16,380 feet/second or

4.993 x 10°® mm/second

K n (n2 - 1)
Vnz + 1

Although the calculated frequencies may be no more accurate than roughly

+20 percent, the ratios are expected to be much more accurate. Modes 4

and 5, which lie in the operating region, have a frequency ratio of 1.6 to 1
which produces beats or partial cancellation every 1.3 cycles on the average.

The abrupt start of the response of (4) above is consistent with excitation
by relief of rolling element induced (localized) stresses. Mode numbers up
to one-half the number of balls (sixth to tenth modes) can be efficiently
excited by the relief of the stress and deformations caused by a single ball.

Rough calculations indicate that the stress relaxation time is of the order

of 10 microseconds, allowing efficient excitation of frequencies up to 25
kHz, and higher at reduced amplitudes.

17



2.4 NOISE AND CLUTTER ENVIRONMENT

This section describes the noise and clutter background signals which are
present in the "live" helicopter test environment. Other sections of this
report demonstrate that investigation led to an understanding of the bearing
fault mechanism that resulted in improvements in the fault signal detection
and discrimination process. Similarly, investigation and analysis were
conducted to identify and understand the differences between the test cell
and "live" helicopter test environments. Selected test specimen gearboxes
and hanger assemblies with the same fault implant bearing were operated in
both environments to obtain and characterize test signal differences. This
section presents the characteristics of background signals that are not due
to bearing faults. The following signal sources have been identified as
contributors of background noise and clutter:

1) Low frequency machinery noise
2) High fregquency machinery noise
3) Shaft imbalances

4) Gear noise

The first two noise sources are at different frequencies from the carrier of
the bearing fault signature, and can therefore be eliminated by band-pass
filtering. The second two sources of noise reside at the same frequency as
the carrier of the bearing fault signature.

2.4.1 Low Frequency Noise

The major signal source to the accelerometer is machinery noise which has a
frequency range from DC to less than 7 kHz. Table 2 shows that the
fundamental mode carrier of the bearing fault signature falls in this
region. However, the magnitude of machinery noise interference is too great
to allow fault detection at the fundamental frequency. Previous work,
described in Section 3, indicated that the 0-7 kHz band is ineffective for
locating Class C/D bearing faults, and should be strongly reduced.

The frequency response of a resonant accelerometer, excited by helicopter
machinery noise and with a resonance frequency of 40 kHz, is shown in Figure
11. Figure 12 shows the frequency response of a nonresonant accelerometer
with an integral single-pole 5 kHz high-pass filter. As can be seen by
comparing these two figures, the resonant accelerometer is not very effective
in eliminating machinery noise, or for that matter enhancing the region
around the resonance. To eliminate machinery noise, electronic filtering
must be performed. Comparing these figures also shows that the signal
rejection in the 5-15 kHz band should be on the order of 40 dB. This amount
of rejection requires using a complex filter design and cannot be achieved by
using the accelerometer as a mechnical filter.

18
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Figure 13. Band-Pass Filtered Signal

Figures 2 and 13 demonstrate the effect of filtering to remove low frequency
noise from the signal. Fiqure 2 shows the raw accelerometer signal and
Figure 13 shows the same waveform (at the same signal level) after band-pass
filtering between 15-35 kHz.

2.4.2 High Frequency Noise

Figure 14 is a power spectrum of an accelerometer signal obtained from a 42~
degree gearbox of a Huey helicopter that shows considerable power in the
region of 35-80 kHz. The source of this high frequency noise was not
conclusively determined, but was isolated sufficiently to determine that the
noise was not the result of bearing faults. Since the final diagnostic
process is digital based, this source of noise should be strongly attenuated
by electronic filtering to prevent aliasing or excessive bandwidth
requirements in the digital process.

2.4.3 Tail Rotor Forces (Shaft Imbalances)

Machinery imbalances can appear to manifest the same effects as bearing fault
signatures. Figure 15 shows a 5-kHz high-pass filtered waveform obtained
from the 90-degree gearbox of a Cobra which had prior history of tail
alignment problems. The waveform consisted of a group of ten pulses per
output shaft rotation where two of the pulses are much longer than most. The
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suspected cause of the two large pulses was tail rotor imbalance. Although
the primary mode of the vibration was around 5 kHz, the demodulated waveform
shown in Figure 16 reveals that significant energy exists in modes between
15-35 kHz. However, the demodulated pulses shown in Figure 16 had widths
greater than 5 msec, which is an order of magnitude greater than bearing
fault signatures. The greater pulse length enabled the digital processing
described in Sections 5.3 and 7.3 to effectively attenuate these waveforms.

2.4.4 Gear-Mesh Noise

While bearing elements produce a signal when subjected to the unloading and
loading effect of a defect, the meshing between the gears produces a similar
type of signal as a normal mode of operation. The ringing pulse produced is
due to loading when two gears contact followed by an unlcading when the two
gears separate. Shown in Figure 17 is a 27 kHz narrow band filtered signal
which is believed to be caused by gear meshing. Figure 18 shows the spectrum
of the demodulated signal.

The significant characteristic of the gear-mesh signatures is the short pulse
duration, which is on the order of 150-250 usec. Due to the difference in
the pulse lengths between gear-mesh signatures and bearing signatures, the
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two pulses can be discriminated on the basis of pulse length. This was
accomplished by the digital signal processing described in Sections 4 and 5.
The carrier frequency of the gear-mesh pulses appeared to be the same as for
corresponding bearing fault signature carriers, suggesting that the
manifestation of the gear-mesh waveform was also from the ringing of the
outer race. The differences in the waveforms between bearing fault
signatures and gear tooth meshing suggest that different signal processing
would be effective for gear fault detection.

2.5 PERFORMANCE REQUIREMENTS

The top level performance requirement for the SPADE system set forth in the
PIDS is twofold:

(1) A minimum of 90 percent of all helicopter component/part removals
resulting from the SPADE system indications shall be valid failures
or incipient failures.

(2) The SPADE system, when used in conjunction with the current
maintenance and inspection procedures, shall not fail to detect
unsafe for flight (Class D; see Table 3) bearing-related component
defects more than once every 1000 flight hours (2000 desired). The
SPADE system shall be used every 25 aircraft flight hours.

Requirement (1) above is equivalent to a false alarm rate of 10 percent or
less. In addition, a goal of 90 percent failure detections has been adopted
as a conservative criteria of meeting requirement (2) above, to ensure that
SPADE will perform valid fault detection in the field, and that it will be so
perceived by the user,

Verifying statistical performance requirements such as those above can demand
a massive data collection program, particularly if changes in the data
measuring devices (accelerometer, preamplifier, mount, connector, and cable)
become necessary. A much more economical approach lies in using statistical
analysis to trade off fault signal-to-noise ratio for sample size, i.e.,
number of aircraft tested. Table 4 shows the signal-to-noise ratios for 90
percent confidence of meeting the 90 percent probability of detection and 10
percent false alarm rate for tests on 2 to 20 aircraft. Detailed explanation
of the sampling process is given below, and Section 6.2 discusses the process
of setting limits to obtain the required performance.

It is an unfortunate property of samples that the calculated mean and
variance of the sample yields only a very low confidence {(defined essentially
as the probability of being correct). For a given sample size, confidence
can only be obtained by increasing the variance as shown in Figure 19. Part
C of Figure 19 shows a typical set of baseline and fault measurements at the
SPADE signal processor output, i.e., through all filtering, Fast Fourier
Transform (FFT), spectral windowing and any other signal processing, for a
particular bearing. If this same measurement is made on at least one other
aircraft, the data can be combined and the sample distribution can be
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TABLE 3. DEFINITION OF BEARING FAULTS
(DEGRADED PART CLASSIFICATION)

BALL BEARING DEFECT CATEGORY

CATEGORY A
CATEGORY B

CATEGORY C

CATEGORY D

CATEGORY E

NO DEFECT.

INITIAL SPALLING: ONE OR MORE VOIDS OR IRREGULARITIES IN THE
BALL PATH OR ON THE BALL ITSELF NOT EXCEEDING AN AREA DESCRIBED
BY 0.05 X BALL DIAMETER WIDE OR 0.20 X BALL DIAMETER LONG.

MODERATE SPALLING: ONE OR MORE VOIDS OR IRREGULARITIES IN THE
BALL PATH OR ON THE BALL ITSELF BETWEEN THE UPPER LIMIT OF
CATEGORY B AND NOT EXCEEDING AN AREA DESCRIBED BY 0.30 X BALL
DIAMETER WIDE BY 0.40 X BALL DIAMETER LONG.

ADVANCED SPALLING. BEARING STILL OPERATIONAL, BUT WITH ONE OR
MORE VOIDS OR IRREGULARITIES IN THE BALL PATH OR ON THE BALL
ITSELF GREATER THAN THE UPPER LIMIT OF CATEGORY C.

FUNCTIONAL FAILURE: BEARING JAMMED OR CONTAINS A BROKEN
COMPONENT.

ROLLER BEARING DEFECT CATEGORY

CATEGORY A
CATEGORY B

CATEGORY C

CATEGORY D

CATEGORY E

NO DEFECT.

INITIAL SPALLING ONE OR MORE VOIDS OR IRREGULARITIES IN THE
ROLLER PATH OR ON THE ROLLER ITSELF NOT EXCEEDING AN AREA
DESCRIBED BY 0.15 ROLLER DIAMETER CIRCUMFERENTIALLY OR 0.30 X
ROLLER LENGTH AXIALLY.

MODERATE SPALLING: ONE OR MORE VOIDS OR IRREGULARITIES IN THE
ROLLER PATH OR ON THE ROLLER ITSELF BETWEEN THE UPPER LIMIT OF
CATEGORY B AND NOT EXCEEDING AN AREA DESCRIBED BY 0.30 X ROLLER
DIAMETER CIRCUMFERENTIALLY ACROSS THE TOTAL WIDTH OF THE ROLLER
OR ROLLER PATH.

ADVANCED SPALLING: ONE OR MORE VOIDS OR IRREGULARITIES IN THE
ROLLER PATH OR ON THE ROLLER ITSELF GREATER THAN THE UPPER
LIMIT OF CATEGORY C.

FUNCTIONAL FAILURE BEARING JAMMED OR CONTAINS A BROKEN
COMPONENT.
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calculated and plotted as in part A of Figure 19. Here again the signal is
the difference of the mean values of the two distributions and the
signal-to-noise ratio is obtained by dividing by the one sigma value of the
noise alone (the usual peak-to-peak signal divided by rms noise). This
distribution is an estimate of the distribution of the parent population,
i.e., all similar bearings in all of the same aircraft model designation.
However, the probability that the distribution of the parent population is
really this good is quite small. If, as shown in part B of Figure 19, we
increase the standard deviation of the sample sufficiently to obtain 90
percent confidence that the parent population distribution is correctly
represented (i.e., is included within the expanded distribution), we can set
a threshold at the 10 percent false alarm rate point and then, for that
threshold, determine the probability of detection (PDET) from the signal
plus noise curve of part B. Details of the probability distributions and the
calculation of probability of detection (Ppgy) and probability of false

alarm (Ppp) are shown in Appendix H, which also shows that a
signal-to-noise ratio of 2.5 to 1 is required to obtain the required 10

percent Ppp and 90 percent Pppr. As discussed above, additional signal
noise is required to generate reasonable confidence in field results.

TABLE 4. SIGNAL-TO-NOISE REQUIREMENTS FOR VARIOUS CONFIDENCE
LEVELS AND SAMPLE SIZES

Sg+n Multipliers for Signal Plus Noise:

Sample Conf idence
Size 80% 90% ) 95%
3 5.39 7.76 11.09
4 3.84 5.08 6.75
5 3.35 4.20 5.37
10 2.49 3.07 3.64
20 2.34 2.78 3.20

Sp Multipliers for Noise:

Sample Conf idence
Size 80% 90% 95%
3 4.85 6.85 9.70
4 3.25 4.15 5.45
5 2.75 3.25 4.10
10 1.80 2.05 2.30
20 1.65 1.75 1.85
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: SECTION 3
PRIOR RESEARCH AND TRANSITION FROM PRELIMINARY DESIGN REVIEW

Significant design enhancements were incorporated in SPADE after the
Preliminary Design Review (PDR). These enhancements resulted from an
improved understanding of bearing fault phenemona and led to the current
design described in other sections of this report. This section summarizes
the basis and rationale for these engineering design enhancements.

During the initial 3 months of contract effort the preliminary design of
hardware and software was completed, two breadboard SPADE analyzers were
completed and ready for software integration, test stand data acquisition on
UH-TH gearbox assemblies was completed, and initial aircraft data acquisition
at Fort Rucker, Alabama, was completed. Although computer simulation and
analysis of data base fault implant recordings detected critical weakness in
the Advance Development Shock Profile Area (SPA) algorithm, RCA had developed
concepts to enhance the algorithm's performance. A PDR of the SPADE
Engineering Development was conducted on 18/19 January 1983. The preliminary

design presented at that time was approved and released for detail design
implementation.

Subsequent to the PDR, RCA initiated real-time processing of data base
recordings using breadboard hardware and software. Analysis of test data
resulted in critical observations and discoveries concerning the technology
of bearing vibrational analysis relevant to the SPADE program. The four
topical areas which follow discuss these discoveries, their impact on the

SPADE preliminary design, and the basis for the enhanced design effort that
was accomplished.

3.1 SPADE CONCEPT LEGACY

The SPADE Engineering Development program derived its bearing fault detection
concept from the encouraging prototype test results of the SPADE Advance
Development contract_ (SKF Industries, Inc.). The final report of the Advance
Deve lopment contract! summarized the concept as follows:

) "Discrepant parts such as pitted, spalled, brinneled or skidding
bearing elements release abnormal amounts of frictional and/or
kinetic energy."

. "High frequency vibrational analysis utilizes the transponder
resonant output at frequencies several orders of magnitude above the
dynamic event frequencies of the machinery."

pavid B. Board, SMALL PORTABLE ANALYZER DIAGNOSTIC EQUIPMENT (SPADE),
Advance Development Prototype Report, SKF Industries, Incorporated, AVRADCOM
TR-80-F-3, September 1979.
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Figure 20 shows the concept of a shock pulse, with a fast rise time pulse of
very narrow width incident upon a resonant sensor. Figure 21 shows the
frequency response of that resonant sensor (this diagram taken from
Reference 1). It shows that the sensor is resonant at 40 kHz (with a
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Figure 20. Shock Pulse Waveform
it aa | mames vy mesa N ﬂ;_:aoooa___nx_:..‘_: LR 27 e v . mosa von apese_wx_

L : i tme, =3 mea
i i $ H i
|

o 4 4
7 T

:
e

'
HE
H 4*,1\_

BBN SENSOR NO. 0034 - ENDEVCO SENSOR NO. 36

Figure 21. Resonant Sensor Frequency Response
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secondary resonance somewhere around 60 kHz). The expected waveform
resulting from the shock pulse exciting the sensor is shown in Figure 20.
This waveform is a ringing response at the frequency of the resonant sensor,
dying out after the shock pulse excites it to its initial (and maximum) peak
value. A block diagram (Figure 22) of the Advance Development SPADE hardware
1s shown as it was used with the resonant sensor approach. The hardware
processing consisted of amplification, a resonant tank circuit tuned to the
resonance of the sensor, and a detector. A pictorial diagram in Figure 22
shows the sequence of spikes which would be the expected waveform resulting
from detecting a sequence of the ringing waveforms generated from the narrow
shock pulse incident upon the resonant sensor and the tuned resonance in the
SPADE hardware. The SPA, also shown in the diagram, was developed from
hardware pulse processing. The SPA diagram was accompanied by a quotation
taken from Reference 1: "a curve of shock pulse rate as a function of shock
pulse amplitude". This is the key concept inherited from the SPADE Advance
Development Effort, which indicates that a high frequency shock pulse rings a
resonant sensor. The SPADE Advance Development Prototype system was also
shown in diagram form as having a red, a yellow and a green indicator light
indicative of the condition of the bearings being either bad, marginal or in
a pass condition,
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3.2 RCA SPADE CONCEPT

The RCA SPADE concept (proposal to PDR timeframe) was based on a narrow shock
pulse waveform (similar to Figure 20) incident upon a wide-band sensor. A
supporting diagram detailed the frequency response of this wide-band sensor.
The RCA system has a sensor (accelerometer) which is essentially flat up to
and beyond 60 kHz, with the exception of a built-in roll-off frequency below
5 kHz (intended to prevent sensor saturation due to low frequency machinery
noises). The RCA design featured an electronic filter, tunable over the
frequency range of 20-35 kHz. The incident shock pulse was to be detected
and amplified by the wide-band sensor, and transmitted to the electronic
tunable filter, to generate the same damped ringing waveform as in the case
of the Advance Development version of the SPADE system. The RCA wide-band
sensor and electronic tunable filter were functionally the electronic analog
of a mechanically resonant sensor. Figure 23 details the SPADE system as
presented by RCA at the time of the proposal and the PDR.

3.2.1 Fault Signature Waveform Investigation

Availability of breadboard hardware and software following the PDR enabled
RCA to conduct real-time data processing and investigation of the fault
signature waveforms. RCA found evidence that the signals in the fault
signature are not the result of shock pulses which excite the resonant
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circuit. A digital storage oscilloscope recording (Figure 24) details an
actual waveform of a faulty bearing vibrational signature. The data was
recorded during fault implant tests conducted for RCA by BHTI (Bell
Helicopter Textron, Incorporated) at their test facility in Fort Worth,
Texas. There are three factors which support the conclusion that this is not
the waveform created and caused by a shock pulse:

(1) The rise time of this pulse is not instantaneous on the first
ringing waveform; it takes three or four more cycles of ringing
before the signal reaches its maximum amplitude.

(2) The frequency of ringing is not the frequency of a resonant
accelerometer or resonant filter. The interpretation is that the
waveform is caused by the ringing of bearing structures,
specifically the outer race of the bearing which had the fault
implanted.

(3) A phase cancellation is found in the middle of the ringing

waveform. Such cancellation is seen on many of the waveforms that
were recorded and analyzed by RCA in the fault implant program. The
rationale for this phase cancellation is as follows: the waveform
is a composite of two damped ringing signals, the first one caused
when the ball or roller enters the fault zone in the bearing, and
the second one (superimposed upon the first) caused when the ball or
roller exits from that fault area. On entering the fault area there
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is a sudden release of stresses which produces vibrational energy. Upon
exiting the fault there is again a change in the stress in the bearing
housing (caused by sudden compression of the rolling element) that results in
a second ringing. When the second ringing is out of phase with the first, it
will cause a phase cancellation in the midst of the waveform. This discovery
of the nature of the ringing waveform (plus other yet to be discussed
concerns and discoveries) led RCA to the conclusion that both hardware and
s?ftware fgr the SPADE would require modifications to satisfy the requirement
of the PIDS.

3.2.2 Shock Pulse Detection

The RCA design concept review at this time addressed the question: "Is the
RCA concept to use a wideband sensor instead of a resonant sensor the cause
of the missing shock pulse, or was it always missing?" Waveforms are
presented which were taken from an ATL tape recording, dated August 1976, of
the vibrational signal from a fault implanted gearbox. There is also a
photograph of the fault implant, an inner race fault extending across the
area of roller contact, identified as fault implant BHC-024 (Figure 25).
There are three waveforms shown (Figures 26 through 28). First, the
wide-band time domain waveform (Figure 26), shows that the signal consists
predominantly of low frequency machinery noise. An unfiltered frequency
domain spectrum of the waveform is shown in Figure 27. The third and most
important waveform (Figure 28) is the output of a digital oscilloscope of the
same signal having been passed through a high-pass filter (at 15 kHz with 24
dB per octave response). This waveform exhibits the same characteristics as
previously discussed, which evidences that it is not the result of a shock
pulse exciting a resonant mechanical filter. The waveform in Figure 28 has
three characteristics which support this conclusion. First, the wave front
takes several cycles to reach its full height. Secondly, the frequency of
the ringing waveform is approximately 25.5 kHz while the sensor is resonant
at a much higher frequency of 100 kHz (an M-8 type resonant sensor). And the
third factor is a phase cancellation which is clearly seen in the waveform.

For the purpose of supporting later arguments, this same waveform was passed
through a narrow-band filter. The resulting time domain waveform (Figure 29)
shows that the fault signature is still present after passing through the
narrow-band filter, but it is degraded and has lost much of the prominent
signature of the fault conditions. The conclusion to be drawn from this is
that using a resonant narrow-band filter in the system degrades the ability
of the SPADE system to see and detect fault conditions. Two conclusions are
therefore reached: (1) Frequency response (resonance) of sensor and/or
tuned filters is not critical. (2) Wideband signal processing to preserve
the complex waveform (up to pulse detection) is important to maximize the
detected fault signal.

This discussion presented the underlying concept upon which the prior

AVRADCOM Advance Development SPADE technology had been based (and which RCA
had adopted in its proposal stage and in its development of hardware and
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software concepts up to the time of the PDR), and also the technical
discoveries made by RCA subsequent to the PDR which led to hardware and
software redesign activity for SPADE.

3.3 ASSESSMENT OF SPADE PDR DESIGN PERFORMANCE

The following discussion assesses the performance capabilities of the SPADE
design at the time of the PDR. The two plots shown in Figures 30 and 31
reflect the SPA performance analysis presented at the PDR.

As a matter of background, this SPA analysis was performed with data taken
from the Bell Helicopter test cells on magnetic tape recordings, and
RCA-conducted tests of a number of aircraft monitored and recorded on
magnetic tape at Fort Rucker. Specific data presented in these two diagrams
is relative to the output shaft monitoring of the 90-degree gearbox on the
UH-1 helicopter. It was obtained by processing digitized waveforms through a
software simulation implemented on RCA's VAX computer.

The SPA baseline diagram (Figure 30) shows that (with no faults inserted) the
enhanced and normalized SPA gave uniform performance. This could only be
assumed, however, if one of the aircraft monitored at Fort Rucker actually
had a faulty bearing, and this was accepted at the time. Using the baseline
established on this assumption, the fault detection diagram of Figure 31
shows reasonable fault detection prognosis.
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It is also noted that the original fault implants on roller bearings did not
exhibit detectable fault signatures. This was not accepted as a failure of
the SPA, but instead was interpreted to mean that fault implants should have
been inscribed all the way across the contacting surfaces of roller bearings
and/or their raceways. Also noted was the sporadic nature of the vibrational
signature as seen in ball bearings in which there could be two tenths to five
tenths of a second of very clear fault signature followed by half a second or.
greater period with an entire lack of fault signature. Such performance is
caused by the precession of the ball relative to the fixed axis of rotation
so that the fault experiences intermittent periods of race contact.

3.3.1 Impact On PDR Design

Data analysis revealed three “surprises" which impacted the design
requirements and led to both hardware and software modifications for the
SPADE. The first of these pertained to "Helicopter Vibrations". RCA
analyzed the fault signature involved with a specific helicopter at Fort
Rucker whose fault signature at the 90-degree gearbox output shaft "“appeared"
to have a fault condition (see Figures 32 and 33). Careful analysis of the
waveform showed that the signature is different from the signature of fault
implants observed in the Bell Helicopter test cell. The most significant
difference with this Fort Rucker aircraft waveform is the width of the
ringing fault pulse. Its duration was 10 to 20 milliseconds in length,
exceeding by almost an order of magnitude the pulse width of signals seen on
fault implants. Also, the repetition rate of the ringing pulse burst is at
the blade passing frequency of the tail rotor blade. The conclusion reached
is that the Fort Rucker aircraft had an imbalanced condition on its tail
rotors and that it did not have fault conditions on its bearings. To this
date the condition of the tail rotor gearbox on that aircraft at Fort Rucker
has not been validated by disassembly and inspection. RCA proceeded in the
design of the SPADE hardware (and particularly in the software) on the basis
that helicopter vibrations of this nature can cause ringing pulses which look
somewhat 1ike fault conditions, but can be discriminated with respect to
fault conditions by the width of the pulse. This basic premise for the
current SPADE design is stated as follows: "Bearing fault signatures
observed from test stand data have time durations from 300 microseconds to
1200 microseconds.” The detection strategy had changed from caring only
about pulse height to also being concerned about pulse time duration.

The second major requirement change pertains to the nature of the signal.

The fault signature is not a narrow pulse at a known ringing frequency but is
a pulse of complex waveform with a finite rise time. It has a predominant
ringing frequency which depends upon the outer race of the bearing involved
and its natural mode frequencies. It is therefore important that the
hardware signal paths in the SPADE system process this waveform on a
wide-band basis to preserve its intricacies. Stated in another sense, the
waveform would be seriously degraded by a narrow resonant processing system.
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The third major requirement change pertains to acoustic noise. 0Oscillograph
observations showed acoustic noise at frequencies of approximately 50 kHz, as
observed in the taped instrumentation waveforms taken on live aircraft at
Fort Rucker. Not all of the tapes showed this high frequency noise response,
but perhaps one or two out of three did. RCA's interpretation is that this
is high frequency acoustical noise associated with the gas discharges from
helicopter engines. It should be remembered that while SPADE is performing
its vibrational analysis, the main rotor on the aircraft is at 100 percent of
its normal rated speed, the engines are running, and there is a considerable
amount of acoustical noise. The SPADE sensors are vibrational sensors, and
thus are susceptible to picking up noise in the acoustical and above
acoustical frequency ranges. The impact for SPADE hardware design is that
filtering hardware is required to eliminate this large amplitude of
acoustical signature which is present on at least some of the aircraft
recordings.

3.3.2 Hardware Design Changes

Three specific hardware design changes were determined to be required in
response to the technical problems observed and discussed above.

(1) The addition of a common mode rejection amplifier at the front end
of the SPADE hardware. The hardware as designed in the PDR assumed
a bearing fault signal in the 50-100 millivolt region. However,
data taken from the Bell Helicopter recordings has clearly shown
that fault signatures and their signals will actually be
considerably smaller, perhaps in the 10 millivolt (maximum) region.
RCA's concern was that common mode noises picked up on the signal
transmitted from the sensor to the analyzer would be of such
magnitude as to interfere with the detectability of the fault
signals. The front end was redesigned so that the inputs are
balanced, giving far superior common mode rejection.

(2) The commutating resonant filter had to be replaced by a multi-pole
band-pass filter to allow a wide frequency band and improve the
signal-to-noise ratio. The filter improves the signal-to-noise
ratio by essentially preserving the complex waveform which is the
ringing fault pulse. The band-pass filter is formed from two filter
sections: an eight-pole high-pass filter with 15 kHz cutoff and a
48 dB per octave low frequency attenuation, and a six-pole low-pass
filter with a cutoff at 35 kHz and 36 dB per octave roll-off.

Iagether these two filters provide a band-pass spreading from 15-35
z.

(3) The analog peak detector was replaced with a digital envelope
detector. The previous peak detector was found to produce aliasing
of the complex input waveform which we now know to be the
characteristic fault signal that we are trying to detect. The
simple peak detector hardware is replaced by an improved envelope
detector design discussed in Section 4.
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SECTION 4
SPADE SYSTEM ARCHITECTURE

This section defines a SPADE system architecture which will achieve the
performance requirements specified in Section 2.5. The Engineering
Development Program was premised on the use of high frequency vibration
techniques (greater than 10 kHz) for the basic detection mechanism. The
technique involves deconvoluting transient ringing pulses to extract event
and magnitude information for bearing defect analysis. The deconvolution
technique adopted was an incoherent demodulation approach.

4.1 PROCESSING BASED UPON UNIQUE SIGNATURES

One of the major achievements of the post PDR effort has been the
identification of the source of a bearing fault signal as well as the
signature of bearing defects. This identification allowed the signal
detection process to be optimally designed to detect this signature. The
bearing defect for a class C/D defect was shown to be a ringing pulse of a
frequency between 15-35 kHz with a time duration of between 300-1200 sec.

As a result, the architecture was tailored to detect this pulse. The SPADE
processing approach is quite broad and allows considerable flexibility in the
system architecture and detection process. The signal flow through the
detection process is shown in Table 5. Paragraph references are provided for
descriptions of module requirements and implementation technigues.

Table 5 shows that the signal processing chain is quite modular. In fact,
the implementation can be done completely in hardware or, with today's
technology, almost entirely in software. The system implementation in this
design was, for the most part, accomplished in software to allow flexibility
for future applications. The requirements for each of the modules are
provided in the following paragraphs.

4.2 BAND-PASS FILTERING

The first step in the processing is the removal of the low frequency
machinery noise, as shown in Figures 2 and 13. Note that scaling of the
plots is the same and the bearing fault signature can be seen embedded in the
machinery noise. Since the demodulation process which follows the filtering
is not linear, it is important that the Tow frequency machinery noise be
attenuated far below the level of the possible bearing fault signatures.
Therefore the performance of the band-pass filtering is one of the most
critical performance factors of the system. The reason for this is that the
residual components of machinery noise introduce random signals which
decrease the signal-to-noise ratio once the waveform is demodulated. Those
random signals also raise the noise floor of the FFT and hence degrade the
signal-to-noise ratio. Since the final processing steps are digital,
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TABLE 5. ARCHITECTURE OF SPADE FAULT DETECTION PROCESS

Requirement Implementation
System Module Flow Function Paragraph Paragraph
Accelerometer Input Remove extraneous noise 4,2 5.1.1, 5.1.2
originating from sources
Noise such as machinery
Filter
\
Demodulation Carrier modulation 4.3 5.3
detection
v A
Separate pulses of 4.4 5.4
Pulse Processing different time duration
from other modulating
effects such as gear
l and shaft noise
Post-Detection Time domain processing 4.5, 4.5.1 5.4, 5.4.1
Processing
o Time Frequency domain 4.5, 4.5.2 5.4, 5.4.7
& Frequency processing
‘ Evaluate performance 4.6 5.5
Decision against decision
Analysis criteria
v ‘
Pass/Fail

an upper frequency limit must be established to avoid aliasing. The 35 kHz
Timit was chosen primarily because most bearing fault signatures are in the
range below 35 kHz. A secondary reason for choosing this frequency was to
remove the strong high frequency noise which was observed in aircraft data
base recordings, as described in Section 2.4.

Based upon the need for eliminating low frequency machinery noise and the
aircraft high frequency noise, the preliminary step in the signal processing
is to strongly attenuate signals outside the frequency range of interest
(15-35 kHz). The frequency range boundaries are somewhat arbitrary. The
machinery noise encountered was usually below 15 kHz and the aircraft high
frequency noise encountered in the field was usually above 35 kHz.

Two alternative filtering strategies were evaluated for the architecture.
The first strategy was to employ a fairly steep band-pass filter which had a
pass band in the range of 15-35 kHz. This approach would remove the
obstructing noise from the signal and let the bearing pulse signature pass
through. In the range of 15-35 kHz several modes of the bearing race ring
can exist and the pulse structure will usually be multimode. The second
approach was to have a very sharp narrow-band filter which is precisely
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aligned on one of the resonance frequencies of the race. The width of the
filter is designed so that the spectral width caused by modulation of the
ringing pulse could be accommodated. This approach promised a higher
signal-to-noise ratio at the cost of a very complex filter, particularly
since the filter would have to be tunable, and an adaptive algorithm would be
required to tune the filter to precise resonance frequencies. The two
approaches were compared (Figures 34 through 37) by analyzing a bearing fault
which produced a ringing signal at a frequency of 27 kHz. The fault signal
was analyzed using a band-pass filter consisting of a 15 kHz eight-pole high
pass and a 35 kHz six-pole low pass. Next, the fault signal was analyzed
using an elliptical band-pass filter which had a very sharp roll-off with a
center frequency of 27 kHz and a 3 kHz pass band. (This filter is described
in Appendix F.)

The test results are shown in Figures 36 and 37; there is no significant
difference in performance. Therefore, on the basis of cost effectiveness the
fixed band-pass filter of 15 kHz and 35 kHz was selected.

4.3 DEMODULATION

Demodulating the carrier to recover the pulse shape is an important process
in the signal detection chain. As described in Section 4.1, one of the
important features of the fault signature which can be exploited to enhance
the detection process is the time duration of the fault puise. Therefore,
recovery of the pulse fault shape is critical to the detection process.
Also, any random noise which can be eliminated will decrease the noise floor
in the power spectrum making the spectral lines more detectable,

At the time of this study there appeared to be no apparent advantage to
either coherent demodulation or incoherent demodulation, so the simpler form
of incoherent demodulation was adopted. However, the incoherent demodulation
process is complicated by the character of the pulse and the nature of the
noise in the system. Digital implementation offered considerable performance
advantages over the conventional analog peak detector often used in AM
demodulation, so this method was chosen. Details of the digital demodulation
implementation are discussed in Section 5.3.1.

4.4 PULSE PROCESSING

As described in Section 2.4, there are other signals in the helicopter
environment which have pulse modulated waveforms in the frequency range of
15-35 kHz. Bearing faults were shown to have a signature which has different
characteristics than other signal phenomena normally found in the helicopter
environment. One unique property identified is the time duration of the
pulse. Analysis of the waveform in the time domain provides the opportunity
to discriminate extraneous pulses from pulses characteristic of bearing
failure. However, if the data is transformed into the frequency domain, the
ability to discriminate based on pulse duration is lost. In the frequency
domain, the possibility of discrimination exists provided the other types of
phenomena have a different frequency. However, frequency discrimination can
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be complicated when a frequency of interest (such as a ball-pass fregquency)
is close to an unwanted frequency (such as a harmonic of a shaft frequency);
this is sometimes the case. For the time domain algorithm which is required
for detecting ball faults as well as extremely gross faults, there would be
no separation. One of the signal processing achievements of the SPADE design
is the ability to discriminate the bearing fault signatures from other
signatures. The implementation details are presented in Sections 5.1.1,
5.3.2 and 5.3.3. The technique employs a matched filter to enhance the
bearing fault and a nonlinear filter to discriminate the bearing fault signal
from other phenomena in the waveform.

4.5 POST DETECTION

This section defines the signal processing which is performed after bearing
fault type signatures have been identified. The post-detection signal
processing is a combination of a time domain processing technique (described
in Chapter 3) and a frequency domain processing technique (based upon
spectral components of the band-pass frequencies).

4.5.1 Time Domain Processing

The time domain processing algorithm consists of two parts. The first part
is based upon integrating the digital processed waveform over a fixed time
interval and correcting for the signal gain of the measurement hardware.
This technique is identical to the shock pulse analysis technique (the
original prime measurement technique of the SPADE design). However, the
measurement is then enhanced by the digital processing in order to remove
nonbearing signatures. The second technique developed for the time domain
processing is based upon the statistical properties of the digitally
processed waveform. Although this technique was developed independently, it
is similgr to the kurtosis measurement technique reported by Dyer and
Stewart.¢ Development of the statistical time domain method was required
to achieve a technique that would be independent of signal level, power
level, and temperature of the gearboxes and bearing assemblies. The
statistical properties of the waveform are moments of the waveform as
compared to the average level of the signal.

4.5.2 Frequency Domain Processing

The frequency domain processing is based upon the assumption that the shaft
speed remains constant in time during the test period. If the shaft speed is
constant, the bearing fault signatures of inner and outer race faults will be
periodic in time. By transforming the time domain waveform into the
frequency domain, the periodic waveforms which characterize a particular
bearing ball-pass frequency can be found. The spectra which result from
bearing faults appear as narrow lines in the spectrum, as shown in

2p. Dyer and R.M. Stewart, "Detection of Rolling Element Damage by

Statistical Vibration Analysis," Journal of Mechanical Doings, April 1978,
pp. 229-235.
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Figure 38. Because the fault signal is periodic, the frequency lines are

very narrow, which requires very high spectral resolution in order to achieve
a high signal-to-noise ratio.

After the spectrum is computed, the problem remains to interpret the spectrum
and determine bearing fault lines from spectral lines which are due to
residual clutter and other background signal phenomena, The ultimate result
of the frequency domain signal process is a numerical value which represents
the severity of a particular bearing fault signature.

In conclusion, the following steps are required for the frequency domain
signal processing:

1. Measure high frequency resolution of the digitally processed
waveform.

2. Identify features in the spectra that represent bearing fault
signatures.

3. Extract from the spectra those features which represent bearing

fault signatures, and compute a numerical value which represents the
severity of the fault.

The requirements and implementation details for each of these steps are
presented in Section 5.4.2
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Figure 38. Frequency Domain Spectra of a Bearing Fault
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4.6 DECISION ANALYSIS

The decision analysis process determines if a particular bearing assembly or
gearbox assembly has a faulty bearing. In the signal processing described
thus far, the SPADE analyzer has been functioning as a meter, in essence,
simply making a measurement. The task of this module is to implement a
decision criterion based on the signal processing measurements from the
bearing or gearbox assembly. To do this, a knowledge base must be assembled
for use by the decision module. The following observations are relevant for
this decision analysis function:

Observation #1 -~ Bearing rolling element faults are not effectively
detected in the fregquency domain.

(1) The defect on the rolling element of a ball bearing precesses in ana
out of the load zone as the ball rotates in the bearing race (see
Figure 39). This produces a sporadic pattern of fault signatures
which are not detected effectively by the frequency domain technique.

(2) Roller bearing rolling element faults are not readily detectable,
primarily because the resulting spectral lines are weak due to
broadening, i.e., the signal broadens in frequency and decreases in
amplitude. (See Figure 97 for an example.) This broadening is
assumed to be due to the rollers skidding out of a fault zone and
disrupting the normal coherent repetition rate.

Observation #2 - Gross faults destroy coherent repetition rate from fault
signatures.

Figure 40 shows the inner and outer race gross defects which were implanted
on an OH-58 hanger bearing. The bearing was reassembled and run on an OH-58
tail boom and test data were recorded. The resultant band-passed demodulated
waveform and the digital processed waveform are shown in Figure 41. It is
apparent that the characteristic bearing fault signature is not present in
either signal. The gross level of the fault {(well beyond the C/D fault
level) has completely degraded the coherent repetition rate from the fault
signature.

Observation #3 - Progression of Bearing Faults

In real life, bearing failures begin as very small spalls which grow into
large areas of damage. In order to effectively set bearing fault threshold
Timits (SPADE analyzer test criteria for pass/fail decisions), an elementary
model of the behavior of detected signal level (as a function of the bearing
fault level) is required. Fault progression tests were performed on a sample
of four OH-58 hanger bearings. A single category B/C level spall was
simulated on each bearing as the initial implant. Progressively, the spall
areas were enlarged to "extended" Category D level in five separate steps.
Data was recorded for each step as the fault level increased. The results
are shown in Figures 42 through 44.
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Figure 40. Inner and Outer Race Gross Fault Implants
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The first variable plotted in Figure 42 is the total signal level (above 5
kHz) as a function of bearing fault level. The signal rise between baseline
(no fault) and an extremely gross fault level is approximately 10 to 1.

However, 70 percent of this rise in signal level occurs in the region between
D and gross fault levels. The second curve shown in Figure 42 is the rise in
signal level (15 kHz to 35 kHz) which occurs as a function of bearing fault
level. The rise in signal from baseline (no fault) to an extremely gross
fault level is 50 to 1, with a 15 to 1 rise in signal from baseline (no
fault) to Class C fault level. This effect is not surprising since most
bearing fault detection schemes operate in this region. While the 15 to 1
rise seems large, the ratio will significantly decrease when applied in an
environment with other noise sources.

The data plotted in Figure 43 shows a normalized curve of spectral signal
peaks (in dB) as a function of bearing fault level. There is signal rise

(19 dB) as the fault level increases from baseline (no fault) to B/C Tevel
fault. However, after the B/C fault level point, the signal level remains
relatively constant. When the data is plotted as signal Tevel after SPADE
processing (Figure 44), the curve reveals an average signal level separation
of 35 dB between baseline (no fault) and a C/D fault level condition. Also,
note that the spectral technique provided definitive signal levels for
extended D-level faults. The roll-off of the spectral technique signal level
occurs well beyond the extended D-level fault category.

Based upon these observations, the following approaches were adopted for the
decision analysis process:

(1) Bearing rolling element faults are to be detected by the time domain
analysis (SPA technique).

(2) The signal level will be used to monitor gross fault levels. (It is
anticipated that further research will determine a definitive
signature for the gross fault condition, which will make its
detection more effective.) '

(3) The spectral technique will be the prime method of detecting bearing
faults on the inner and outer race for fault Tevels up to and
including the extended D-level.

As in any experience-based situation, knowledge will grow as more research
and testing occurs. Therefore, the three basic approaches which form the
basis of the decision element will grow and possibly others will be included
later as more data is gathered. This element is not a static module but will
evolve and improve as the knowledge data base is increased. Details of the
decision analysis implementation are presented in Section 5.5.
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SECTION 5
DEVELOPMENT OF SIGNAL DETECTION METHODS

5.1 PREDETECTION FILTERING AND PROCESSING

5.1.1 Low-Frequency Machinery Noise Filter

To provide the required low frequency filtering, an eighth-order high-pass
Butterworth filter was designed, built and tested. The filter, shown in
Figure 45, was designed to realize the following transfer function:

8
T(s) = >

(52 + 1.9605 + 1)(S° + 1.667S + 1)(S% + 1.115 + 1)(S% + 0.3905 + 1)

Both 5 and 15 kHz cutoff frequencies are programmably selectable.

The Butterworth filter design was chosen because it has a flat pass-band
response and is also easy to implement actively, thus eliminating the need
for inductors in the circuit. Wide bandwidth LF347 operational amplifiers
were chosen for the design because a general-purpose operational amplifier is
not suitable for the 15 - 35 kHz frequency band of interest.
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Figure 45. 5/15 kHz Butterworth High-Pass Filter Design
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An eighth-order filter was chosen because it was found that the band-pass
filter with the sharpest cutoff possible yielded the best fault-detecting
capability. Butterworth filters of greater than eighth order do not yield
significantly sharper cutoffs.

Figure 46 shows the power spectrum of a typical accelerometer output on a
faulted aircraft bearing. Figure 47 shows the spectrum of the same signal
after passing through the breadboard band-pass filters. In bench tests the
filter was found to roll off at about 60 dB per octave at its steepest point
with a stop band attenuation of about 60 dB.

5.1.2 High-Frequency Aircraft Noise Filter

The sixth-order low-pass Butterworth filter shown in Figure 48 was designed

and implemented. The filter, which has a 35 kHz cutoff frequency, realizes
the transfer function: '

T(s) = 1
(s°

+ 1.923S + 1)(S° + 1.4085 + 1)(S° + 0.5185 + 1)

< w
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20A 20A  A/2 HZ 50K

Figure 46. Typical Accelerometer Output from a Faulted Bearing
(Frequency Domain)
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Figure 48. 35 kHz Butterworth Low-Pass Filter Design

The Butterworth filter was chosen for the low-pass filter implementation for
the same reasons as the high-pass Butterworth described in the previous
section: flat pass-band response and ease of implementation. Because of the
high frequencies involved, LF347 wide bandwidth operational amplifiers were

used. For this application, a sixth-order filter was sufficient to eliminate
the aircraft noise frequencies greater than 35 kHz.
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Figures 46 and 47 show the unfiltered and filtered waveforms of an

accelerometer output, respectively. The low-pass filter provided a stop band
attenuation of 25 to 30 dB.

The 35-kHz low-pass filter combined with the 5/15-kHz high-pass filter
described in the previous section yielded an effective wide-band filter. The
two filters are implemented separately because the low-frequency noise is so
large in amplitude that after it is filtered out, the remaining signal is
very small. Therefore, the signal-to-noise ratio is improved by amplifying
the signal before the high-frequency aircraft noise is filtered out. This
signal flow is shown in Figure 49.

5.1.3 Accelerometer Development

Two vendors supplied six accelerometers each, designed to the requirements of
RCA specification RCB-002C (see Appendix A) for test and evaluation. (Note
that the specification requires close control of the accelerometer response
in the 20 - 35 kHz frequency range.) RCA tested each of the twelve sensors
on a B&K high frequency shaker table. The results of these tests and
consequent specification changes are described below.

Of the six sensors received from vendor A, two sensors failed initial tests
and were returned to the vendor for corrective action. Neither sensor was
repaired prior to the end of the test phase, thus they were not further
evaluated.

Tests of the remaining four accelerometers were performed on the setup
sketched in Figure 50. A1l tests reported herein were run with the sensors
screwed down on the beeswax-coated shaker table to guarantee good
high-frequency transmission. The primary reference for performance
evaluation was a sensor that is an integral part of the B&K high-frequency
exciter. While the absolute precision of the reference sensor is not
guaranteed by B&K, tests using two models of vendor A's commercial
accelerometers (both 80 kHz or higher units) indicate a reference sensor
response that is flat within +1 dB at Teast to 40 kHz. Further, since
scatter among sensor responses is more important than, absolute precision, the
primary value of the reference sensor is in establishing the response
variation among a group of sensors.

The band 1imit filter shown in Figure 50 was essential in making measurements
with the RMS meter. The filter ensured that the harmonic content of the

UN-
FILTERED
i
wﬁ%gm /— > WAVEFORM

HIGH PASS FILTER AMPLIFIER LOW PASS FILTER
Figure 49. Filter System Block Diagram
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Figure 50. SPADE Accelerometer Test Setup

exciter drive signal due to the 56 kHz natural frequency of the exciter

(particularly at 18.7 kHz (56/3) and 28 kHz (56/2)) did not yield measurement
errors.

Results of the tests on vendor A sensors are shown in Figure 51. The four
curves are plotted on an absolute scale. The frequency response of sensor
threaded #1 has a pronounced effect on increasing the spread of the scatter.
It is reasonable to assume that this sensor can be readjusted by the vendor
to within the range of the other sensors. Even if this were done, the degree
of scatter among these units indicates small probability of meeting the RCA
specification requirements (+10 percent around a "specified” nominal curve).
This accelerometer design failed to satisfy the SPADE sensor requirement.

The configuration of the vendor B sensor is shown in Figure 52.

Vendor B's six sensors exhibited substantially better performance than the
“vendor A units (see Figure 53). It is clear that the frequency response
scatter is much tighter than for the vendor A's sensors. Nevertheless, these
results also show that the Vendor B's accelerometers do not comply with the
original RCA specification although their submitted test data indicates
closer compliance than RCA's test, a result vendor B attributes to their
superior reference accelerometer. (This latter claim is not supportable
since the B&K sensor, whatever its departure from an ideal, flat response, is
not responsible for scatter among six units tested.)
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Figure 52. Vendor B's SPADE Sensor and Miniature Accelerometer

59



FREQUENCY — kHz
20

[ 10
—1 1 3P 4?
T ¥ T T
18t
PROPOSED
SPEC
%+4'~""—"_"‘"—"“"“_'”—' ~~~~~~~~~~~ & ——--_E-NEED.PE
| g T
=]
=
=
™
=
x
e
e
-
12—}

Figure 53. Frequency Response of Six Vendor B Sensors

The original sensor procurement specification was written prior to the PDR.
Since then, the SPADE analyzer design using a resonant filter following the
sensor was abandoned. This means that the test set can no longer compensate
for an arbitrary "nominal® response. Rather, because of the use of a wide
band of frequencies during data reduction, a sensor with a relatively flat
frequency response is desired.

Accordingly, the specification was revised to reflect this change: to
provide for control of the output down to 10 kHz and to accommodate the
greater scatter at the higher frequencies. This new Specification RCB-003A

is given in Appendix A.

Figure 53 depicts the proposed frequency response envelope incorporated into
the new specification. (Five of the six Vendor B sensors satisfied this
requirement.) These limits are not as tight as might be desired for a
uniform response, but cost is a strong factor in this requirement since there
are to be twenty sensors per test set. Accordingly, the specification change
was carefully constructed to allow at least one of the two current vendors to
comply without further development or production cost increases.

The acquisition of a B&K exciter afforded an opportunity to investigate the
deviation of a sensor's response when it is mounted to the exciter table with
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an intermediate mounting device rather than directly. (A1l preceding
responses were taken with the sensor stud-attached to the table surface.)
The various SPADE sensor mount configurations evaluated are shown in
Figure 54.

A1] mount configurations were observed to cause gross distortion of the
response, even for the most straightforward mount designs, as for example, a
short pedestal. An example of this effect is seen in Figure 55 where a
miniature accelerometer was tested using a direct mount, and a simple
1/2-inch cube mount.

A similar test on a SPADE prototype sensor {by Vendor B) is presented in
Figure 56. Note that the greater mass of the SPADE sensor has grossly
lowered the frequency of the resonance/antiresonance peaks and the peak
amplitude, but the general character of the effect is the same as for the

miniature accelerometer,

Thirdly, an example of the use of a special mount for OH-58 hanger brackets
is shown in Figure 57. Again, the modification to the relatively flat
response of the direct-mounted sensor is dramatic.

An of fset aluminum mount with a SPADE accelerometer (by Vendor A) is shown in
Figure 58. This combination exhibits the largest deviation of the group from
the direct-mounted response.

-
"
by o>
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1;2' ®
i
TYPICAL BONDED ON CUBE OFFSET BOLTED DN
MOUNT MOUNT

%" HEX l."‘/'. ""l

BOLTED ON NUT BOLTED ON CUBE
MOUNT MOUNT

Figure 54. SPADE Sensor Mount Configurations
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Consider also that these tests were run on a shaker {or exciter) whose actual
motion was constrained by independent acceleration feedback to be constant
over the test frequency span, i.e., reaction loads of the sensor-under-test
were not allowed to alter the motion at the base of the mount. 1In the
typical SPADE application, unless the mount is applied to a relatively
massive structure, additional dynamic effects will be present between the
vibration source (bearing flaw) and the sensor mount base.

Such results should not be construed to preclude the use of these mounts in
bearing analysis applications, for there is almost certainly useful spectral
power available notwithstanding the distortion of the frequency-domain
response, Such plots serve primarily to alert the designer to the
attenuation at certain frequencies that may be of interest in the application
of pass/fail criteria.
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Figure 58. Offset Mount Response

5.1.4 Grounding, Shielding and Self-Induced Noise Minimization

In order to attain the best possible signal-to-noise ratio, careful attention
was given to every technique that would achieve this objective. The areas
that influence signal-to-noise ratios are cabling, front end design, circuit

layout, decoupling and grounding. Each of these areas will be briefly
addressed.

64



5.1.4.1 Cables

Two types of cables exist between the sensors and SPADE: a signal cable
which interfaces with the sensors and a fan-out cable which interfaces the
signal cable to SPADE. The signal cable consists of twelve shielded cables
which are connected to mating ends of the fan-out cable. The fan-out cable
contains twelve shielded cables enclosed in a braided shield which is
returned through P1/J1 to the SPADE chassis.

5.1.4.2 Front End

The optimum amplifier configuration to minimize common mode noise is an
instrumentation amplifier. This is the circuit utilized as the input stage
for the multiplexed sensors. An instrumentation amplifier has excellent
rejection of power supply noise as well as externally induced common mode
noise on the signal cables. In the present configuration the front end
instrumentation amplifier does not have both signal inputs wired to the
selected transducer (as would be the ideal case? because of the requirement
for additional multiplexing and control. Any future implementation of SPADE
should include multiplexing of both signal leads to the instrumentation
amplifier input.

5.1.4.3 Board Circuit Layout

Two printed circuit wiring boards were designed for the SPADE analyzer: the
signal processor and MUX/ADCON. Both printed circuit wiring boards contain
analog and digital circuitry. Careful board design and Tayout was undertaken
to minimize any interaction between analog and digital signals. Both boards
?$re designed for minimum interconnection lead lengths and optimum signal

ow.

5.1.4.4 Decoupling

Standard analog and digital power supply decoupling techniques were employed
on both boards.

5.1.4.5 Grounding

The MUX/ADCON board contains both analog and digital signals and their
respective grounds. This board has a TRW flash converter where the analog
signal is converted to a seven-bit digital output. As recommended by TRW,
both the analog and digital grounds are tied together at the ground pins of
the converter chip.

5.2 INITIAL SIGNAL PROCESSING

One of the critical requirements of the SPADE system, as pointed out in
Section 4, is a linear response over the frequency range of the
accelerometer. The linearity of the response must have a dynamic range of
50-60 dB. Before any processing for detecting bearing failures can begin,
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the measurement chain must be checked for linearity. Possible sources of
error are a saturated or defective accelerometer. A saturated accelerometer
which may be caused by an extremely bad gearbox, or a defective
accelerometer, are equally disruptive. A defective accelerometer discovered
in a field test had given a signature which, after signal processing,
appeared to indicate a bad bearing. As a result, the first step in the
processing of accelerometer signals is a confidence test in the linearity of
the chain. The test involves checking the signal before the band-pass filter
and verifying that the signal is not saturated and that the signal has
acceptable peak to average ratios.

5.3 SIGNATURE PROCESSING

This section describes the demodulation and fault signature processing which
enhances the fault signature from the background clutter. As discussed in
Section 4, this processing is implemented in three steps:

(1) Incoherent digital demodulation and the associated nonlinear
filtering to recover the signal outlines from the raw data.

(2) Use of a matched filter to enhance the bearing pulses.

(3) Nonlinear filtering to remove pulses which are not bearing fault
signatures.

These three steps are described in detail in the following sections.

5.3.1 Digital Demodulation of Bearing Fault Signatures

The demodulation technique implemented was incoherent demodulation. The
signal was contaminated by large random spikes which complicated the
demodulation process. A nonlinear filtering technique, a data cleaner
(originated by References 3 and 4), was used with success. This filtering
technique is described in the following paragraphs.

Figure 59 depicts a marginal signal case of a bearing fault implant where the
fault signal was not discernible by eye. Clearly the signal contains a large
number of random spikes. Figure 60 shows the bearing fault signal expanded
in considerably more detail so that the nature of the spikes and the signal,
in general, could be more closely examined. AS shown by Figure 60 the
‘noise' in the signal consisted primarily of complex sinusoidals rather than
Gaussian noise. Also, the spikes appeared not to be directly involved in a

3Martin and Thomson, “"Robust-Resistant Spectrum Estimation," Proceedings of
the IEEE, Vol. 70 No. 9, Sept. 1982, pp. 1097-1115

4p. 4. Thomson, "Spectrum Estimation Techniques for Characterization and

Development of the WT4 Waveguide, Part I," Bell Systems Journal, Vol. 56, pp.
1769-1815, 1977
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fault signature (it was established that a fault signature produced a
demodulated pulse that was between 300-1200 microseconds in duration). The
random spikes were due to the interaction of the various modes of the bearing
fault signature. If the signal is envelope detected in its present state,
then the spikes will be random and produce a large clutter component in the
spectrum. The conventional approach is to narrow band-pass filter the signal
so that only one mode is present. However, due to the complexity of a
tunable filter as described in Section 4.2, a digital filtering approach was
implemented in order to remove the spikes caused by the interaction of the
modes of the bearing fault signature. As shown in Reference 5, a signal
contaminated with glint noise has the same features as the spikes which were
present in Figure 59. References 3 and 6 showed that considerable
improvement in the spectrum could be obtained if the spikes were removed
before the application of the spectral estimation procedure.

In order to improve the spectral estimation procedure, the signal was passed
through a 'data cleaner' as described in Reference 7. The data cleaner is a
nonlinear filter which passes the normal signal while eliminating the
unwanted signal. The process is the same as adaptive interference
cancellation except that interference in this case is a random signal. The
critical requirement for achieving this improvement is to have the algorithm
recognize the signal in the presence of noise, and the success of
accomplishing this feat determines the effectiveness of the process.

The basis for this algorithm will be explained using Figure 61. In this
figure, two signals and their respective spectral components are depicted.
Signal A is a random signal, Signal B is a sinusoidal component, and Signal B
is much smaller in amplitude than Signal A. As shown in the figure, there
will be some variance in the spectral estimation process. Now let us assume
that the two signals are added together and the spectrum is as shown in the
combined case of the figure. The sinusoidal Signal B, if sufficiently small,
may not be visibie in the spectrum because its amplitude may not be above the
variance in the random Signal A. In cases where the variation reduction is
1/N (as in the averaging of FFT power spectrum), the variation reduction has
a diminishing return as N becomes larger. (For example, an averaging limit
of 16 times in the power spectrum 1imits the reduction in the power spectrum
to 1/16.) Therefore, the more the random Signal A can be eliminated by a
nonlinear filter (data cleaner), the better the resolution of Signal B.

As noted earlier in this report, the effectiveness of the nonlinear filtering
operation is directly related to the ability of the filtering algorithm to

5p. 4. Thomson, "Spectrum Estimation Techniques for Characterization and
Development of the WT4 Waveguide, Part II," Bell Systems Journal, Vol. 56, p.
1993, Figure 8, 1977.

6Martin and Thomson, op.cit., p. 1109, Figures 14-17.

/Martin and Thomson, op.cit., p. 1111, Figure 27.
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identify signal versus unwanted noise. In the bearing fault detection
problem, fault signatures are 300-1200 microseconds in duration, which is
much longer than the random spikes. The algorithm used to accomptish this
task is shown in Figure 62 and the block diagram is shown in Figure 63.

The block diagram shows the nonlinear filter embedded in the incoherent
demodulator. The nonlinear filter is based upon the observation that a large
spike is of limited time duration so that eliminating the smallest element in
the chain will eliminate the spike. Th? length of the chain was chosen so
that the transition time through the Z~' delay elements was small compared

to the length of a fault signature; thus, the fault signature would pass
through relatively unchanged. The linear smoothing filter is employed to
smooth out the discontinuities resulting from the 70-20 kHz data rate
reduction of the nonlinear filter. A matched filter was employed to further
enhance fault signatures for analysis downstream. The effectiveness of this
process is illustrated by Figures 64 through 69 where the same raw input
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Figure 61. Data Cleaner Example
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Figure 63. Block Diagram of Nonlinear Filter
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Figure 65. Digitally Demodulated Signal
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signal, shown in Figure 64, is traced through the various process steps. As
can be seen by comparing Figures 64 and 68, a significant signal-to-noise
ratio improvement has been achieved.

An example of the increase in spectral resolution achievable with this
process is shown in Figures 70 and 71. Both represent the spectrum of the
same raw signal (Figure 64) except that the spectrum in Figure 71 has been
processed with the nonlinear filter. As shown in Figure 71, there are
spectral lines which became observable after applying the nonlinear filtering
process which were not observable from simple demodulation.

5.3.2 Matched Filtering

This section describes the use of a digital matched filter to detect
transient ring pulses caused by bearing defects. In a previous section the
nature of the transient pulses as well as their causes were described. The
pulse, after being processed by incoherent demodulation, nonlinear filtering,
and linear smoothing, results in a waveform as shown in Figure 68.

The role of the matched filter in the detection process, as illustrated in
Figure 72, is to enhance the bearing fault pulse from the noise environment.
The decision element following the matched filter is nonlinear, and hence the
enhancement features provided by the matched filter are essential to the
performance of the decision element. The detailed performance of these
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Figure 70. Spectrum due to Simple Demodulation
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Figure 72. Matched Filtering Application

modules will be discussed in the following paragraphs, and the concept of a
matched filter will be defined. A general background on the subject of
matched filters can be found in Reference 8.

A matched filter is one which maximizes the signal-to-noise ratio for a given
signal and a given noise source. The noise in the system consists of sources
other than white Gaussian noise. However, for this study the noise source
was considered Gaussian and excellent results were obtained with this
assumption. A matched filter which is designed for white Gaussian noise has
the property that the time reversed pulse shape is the impulse response of
the matched filter. An example of this property can be seen in Figure 73.

8piFranco and Rubin, Radar Detection, Prentice Hall, 1968.
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Figure 73. Impulse Response of a Matched Filter

This property makes matched filters which are realized by Finite Impulse
Response (FIR) filters easy to implement.

The first step in the design of a matched filter is to define the reference
pulse. Unlike a typical communication problem, the bearing fault pulses are
not deterministic. Bearing fault signatures have a somewhat random shape and
time duration due to factors such as the possible phase reversal described in
Section 2.2. Hence, the reference pulse is not uniquely defined but rather
requires some subjective evaluation. The most important parameter of a
bearing fault pulse is not the actual shape of the pulse but its time
duration. Therefore, a square pulse of a time duration of 1200 usec was
adopted as the reference pulse. The square reference pulse shape, while not
optimum, was a good compromise in that further attempts at optimization would
only lead to a marginal increase in performance.

Due to aliasing considerations, the samp