NINETEENTH EUROPEAN ROTORCRAFT FORUM

Paper.n® Ml

IMPROVED EPICYCLIC GEAR ANALYSIS ALGORITHMS

by
A. Bellazzi, B. Maino, S. Mancin

AGUSTA, ITALY

September 14-16, 1993
CERNOBBIO (Como)
ITALY

ASSOCIAZIONE INDUSTRIE AEROSPAZIALI
ASSOCIAZIONE ITALIANA DI AERONAUTICA ED ASTRONAUTICA






IMPROVED EPICYCLIC GEAR ANALYSIS ALGORITHMS
A. Bellazzi, B. Maino, 8. Mancin

AGUSTA

The analysis of the sun and planet epicyclical gears is one of the most demanding aspects of thie
transmission vibration monitoring. also the EH101 epicyclical stage, composed by a fixed external ring and
six plansts surrounding a central sun gear, presents some peculiar analysis difficuffies.

State-of-the-art algorithms, which are successfully used to provide early faillure detection in other
gears, show unacceptable performances when applied to this stage of the transmission,

Dedicated analysis technigues for the epicyclical gears have been developed. the key aspect is the
time-averaging algorithm; this is & commonly used procedure to remove from the analyzed signal any
contribution that is not synchronous with the rotation frequency of the gear being analyzed.

The standard application of the time-average procedure, without taking into account the compiex
kinematic of the epicycie assembly, does not guarantee satisfactory resulfs. The modified procedure,
instead of averaging any acquired buffer regardless of the actual position of the gears, alfows the
selection of the buffers according to the instantaneous position of the epicycle gears with reference to the
agccelercmeter.

It Is therefore possible to focus the health analysis on the single planst or on a particular sector of
the sun gear when their meshing occurs close to the accelerometer. This approach guarantees the
improvement of both the averaging performances and the visibility of potential defects.

Several types of signals have been used to assess the algorithm performances, ranging from fiight
recordings on different EH101 protolypes, to ground transmission tests with different levels of artificially
introduced faults (with the removal of 20, 50, 70% of the casehardening surface of both sun and planet
gears).

The confrontation with the conventional analysis results shows that significative improvement in the

early fallure detection can be achieved with the application of the developed techniques.

1. INTRODUCTION

Among the transmission Health Monitoring
techniques, Vibration Moenitoring is getting more and
more important because it is considered able to detect
faitures otherwise not detectable. This feature makes
Vibration Monitoring Systems essential both to
improve the flight safety and to aim at on-condition
maintenance,

Considerable effort is continuously dedicated to
the research of more efficient analysis techniques {2-
7], resulting in the development of new and more
effective fechniques, but the health monitoring of
some particular items is still problematical.

The analysis of the epicyclical gears (i.e., sun
and planets) is one of the most demanding aspects of
the transmission health status monitoring.

Even the state-of-the-art algorithms, which can
be successfully used to provide early failure detection
in other gears, show unacceptable performances when
applied to this stage of the transmission. This poor
effectiveness is mainly related to the characteristics of
the analysed signals: the vibrations get by the
accelerometer results from all of the twelve ring-pfanet
and sun-planet contacts that have the same mesh
frequency. The different phases of each signa!l cause
cancellation or amplifications in relation with the
different frequencies [1]. Furthermore, any pulse
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related to the meshing of a defective tooth is averaged
with the "normal” vibrations of ail of the other contacts.

Especially when the defective meshing occcurs far
from the accelerometer location, it can be expected
that its contribution {o the sensed vibration is almost
inappreciable.

As already mentioned, in consequence of these
peculiar characteristics, the canventional analysis
techniques do not give satisfactory perfermance in
terms of early faifure detection.

The algorithms developed by Agusta for sun and
pianet analysis consist in both an improved fime-
averagihg procedure and a tailoring of the signal
enhancement process with spectral reduction. Their
application results in a considerable improvement of
the early failure detection for the epicyclical stage
gears.

2. EH101 TRANSMISSION VIBRATION
MONITORING SYSTEM

EH101 is being provided with a vibration
monitoting capability and for this reason the gearbox
system is fitted with 15 accelerometers and 2 azimuth
SENsors.

The adopted analysis procedure entails the
sampting of the raw accelerometer signal at the
appropriate frequency, with each buffer covering



exactly one gear revolution with 2N samples (N chosen
in refation with the gear number of teeth). The buffers
are time-averaged together, aiming at removing beth
noise and the other gears' meshing vibrations. This
procedure reduces all the signal components that are
not exactly synchronous with the analyzed gear
revolution. The averaged buffer is then analyzed with
different algorithms dedicated to the detection of
anomalous peaks, phase deviations, 1xRev. vibrations
and modifications in  the spectral amplitude
distribution.

On the basis of the current experience, the
vibration monitoring is expected to highlight at (east
the following failure modes:

Gears: *tooth breakage {complete of one tooth,
partia! of some teeth)
*two or more consecutive teeth
breakage ‘
*body breakage
«destructive pitting,
*heavy scering, accelerated wear
*spalling (with the loss of a noticeable
pant of the load catrying surface)
Shafts: *unbatance
*misalignment
*shaft, ftange and/or web breakage
Bearings: eseizure

*severe scoring, spailing, flaking
*breakage of baiifrollers, cage or racers
*breakage involving bearing seat
The conservative approach to survey only some
of the identified failure modes with the vibration
monitoring techniques does not prevent the complete
coverage of the most critical failures, It must be
reminded that the whole ftransmission health
monitoring includes several systems (e.g., QDM, oit
temperature menitoring, bearing temperature
monitoring, torque and speed monitoring) that are
sensitive to different failure effects.

3. DATA SQURCES

Several types of signais have been used in the
algorithm development phase, ranging from test rig
recordings with different levels of artificially intreduced
damages on both sun and planet gears, to flight
recordings on different EH101 prototypes.

The available data can be splitted up into four
greups, according to the level of tooth damage
{implying different leveis of expected analysis results):

BASELINE DATA: data of this group come from
transmissicns with gears in good conditions, as
reported by periodic inspections; it is therefore
expected that the analysis results do not
exceed a reasonably fow threshold (the precise
value will be defined after the achievement of a
sufficient  confidence on the algorithm
performances).

LOW SEEDED FAULTS: data of this group come
frem  HUM dedicated recordings  of
transmissions tested on the Agusta rig, where
the 15+20% of the casehardening surface of
one tooth is removed. It is not expected at this
stage of the research to be the able to highlight

such little defects in the epicyclical stage (this
level of artificial damage, roughly
corresponding to either a spall or a little crack,
can be detected by the algorithms currently
employed when applied to simple two gears
meshings).

MEDIUM SEEDED FAULTS: for these recordings the
50% of the tooth casehardening surface has
been removed. it is expected that the analysis
resuits will almost always identify the presence
of the defect (this means that the analysis
output values shall be well above the normal
baseline values).

LARGE SEEDED FAULTS: for these recordings the

70% of the tooth casehardening surface has

- been removed (even if not tested, it is believed

that such & large damage should lead to the

compiete tooth breakage in a short period). It is

expected that the analysis procedure will

aiways identify the presence of this defect (the

analysis output values must be well above the
normal baseline values).

SUN SIGNALS
Ref. Name | A Description
PR7SLACS| 8 |EH101 PP7 - flight 114 - Level flight 100 kis
PP7SLAOS | 9 |EH101 PP7 - flight 114 - Level flight 100 kis
PP7SLA10[ 10 |EHT01 PPY - flight 114 - Level flight 100 kis
PP7SHAD8[ 8 [EM101 PPY - flight 114 - Hovering
PP7SHAD9] 9 tEH101 PP7 - flight 114 - Hovering
PP7SHA10| 10 |EH101 PP7 - flight 114 - Hovering
PP2SLADS | 8 |[EH101 PP2 - flight 448 - Level flight 100 kis
PP25LAD9| 9 (EH101 PP2 - flight 448 - Level flight 100kts
PP2SLA10] 10 [EH101 PP2 - flight 448 - Level flight 100kts
PP2SHAQS| 8 |EH101 PP2 - flight 448 - Hovering OGE
PP2SHAQS[ ¢ |EMH101 PP2 - flight 448 - Hovering OGE
PP2SHAT0[ 10 {EH101 PP2 - flight 448 - Hovering OGE
PPBSHAQRE: & [EH101 PP6 - flight 158 - Hovering OGE
BAS20508} 8 |Rig baseline rec.: 3640HP (s.f. on planet 20%)
BAS20808 [ 2 |Rig baseline rec.: 3640HP {s.f. on planet 20%
BAS20810| 10 |Rig baseline rec.: 3640HP {s.f. on planet 20%
BAS20582: 8 |Rig baseline rec.: 44C0HP (s.f. on planet 20%
BAS20883[ 8 |Rig baseline rec.: 4885HP (s.f. on planet 20%
BAS70508 | 8 |Rig baseline rec.: 3640HP (s.f. on planet 70%
BASY0309 | 9 |Rig baseline rec.: 3640HP (s.f. on planet 70%)
BAS870510 ! 10 {Rig baseline rec.: 3640HP (s.f. on planet 70%
BAS70S82| 8 [Rig baseline rec.: 4400HP (s.f. on planet 70%)
BASTOS83| 8 |Rig baseline rec.: 4885HP {s.f. on planet 70%
SUNZ20A08| 8 |Rig rec.: seeded fault on sun 20%; 3640HP
SUN20AQ8| 9 |Rig rec.: seeded fault on sun 20%; 3640HP
SUN20A10([ 10 |Rig rec.: seeded fault on suin 20%; 3640HP
SUN20A82 8 {Rig rec.; seeded fauit on sun 20%: 4400HP
SUN20A83|[ 8 |Rigrec.; seeded fault on sun 20%: 4885HP
SUNS0A08([ 8 |Rig rec.: seeded fault on sun 50%; 3640HP
SUNSCAO0S | S |Rig rec.: seeded fault on sun 50%; 3640HP
SUNSQA101 10 {Rig rec.: seeded fault on sun 50%; 3640MHP
SUNSDA82| 8 iRig rec.: seeded fauit on sun 50%; 4400HP
SUNS0AB3| B [Rigrec.: seeded fault on sun 50%; 4885HP
SUN70AQ8| 8 |Rig rec.: seeded fault oh sun 70%; 3640HP
SUN70A08| 2 |Rig rec.: seeded fault on sun 70%; 3640HP
SUNT70A10( 10 |Rig rec.: seeded fault on sun 70%; 3640HP
SUN70A821 8 |Rig rec.: seeded fault on sun 70%:; 4400HP
SUN70AB3{ 8 |Rig rec.: seeded fault on sun 70%; 4885HP
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Table 1a: Summary of the analysed signals - SUN



Table 1 fists the compiete set of signals used to
test the developed procedures, iogether with the
reference names that will be used throughout the
document.

Three accelerometers (No 8,9 and 10) are fitted
on the main gear box to monitor the epicyclical stage;
the new algorithm reguires onfy one signal to monitor
ptanet and sun health. Aiming at selecting which
accelerometer can give the results in terms of
resolution between baseline and seeded fault values, a
subset of vibration signals frem accelerometers 9 and
10 have been analyzed together with accelerometer 8
signals.

As a result of the first assessment,
accelerometer 8 seems to give slightly better results
when compared to the other two, therefore it has been
chosen as default for the analyses (with number 10 as
back-up device).

it can be remarked that the seeded fault signals
for the planet are the baseline vafues for the sun gear
and vice versa. This procedure should not surprise
because the time-average procedure removes every
signal that is not synchronous with the revolution
period of the gear being tested; hence, the pulses of
other gears' damaged teeth will not affect the
averaged signal of the gear being monitored.

PLANET SIGNALS
Ref, Name | A Description
PP7PLAQO8B| 8 [EH101 PP7 - flight 114 - Level fiight 100 kis
PP7PLAQY| 9 |EH101 PP7 - flight 114 - Level flight 100 kis
PPTPLA10[10[EH101 PP7 - flight 114 - Level flight 100 ks
FP7PLA1B | 10:As above (PP7PLA10); 2nd acquisition
PP7PHADB| 8 [EH101 PPT - flight 114 - Hovering
PP7PHAQS! 9 |EH101 PPT - flight 114 - Hovering
PP7PHA1C| 10|EH10f PP7 - flight 114 - Hovering
PP2PLACE | 8 IEH101 PP2 - flight 448 - Level flight 100 kis
PP2ZPLADS | 9 tEH101 PP2 - flight 448 - Leve} flight 100kts
PP2PLA10 10[EH101 PP2 - flight 448 - Level flight 100kts
BAS20FP08| 8 [Rig baseline rec.; 364CHP (s.f. on sun 20%)
BAS20P09 | 9 |Rig baseline rec,; 3640HP {s.f. on sun 20%)
BAS20P10| 10{Rig baseline rec.: 3640HP (s.f. on sun 20%)
BAS20P82| 8 |Rig baseline rec.; 4400HP (s.f. on sun 20%)
BAS20P83 | 8 |Rig baseline rec.: 4885HP (s.f. on sun 20%)
BAS70F08 | 8 |Rig baseline rec.: 3640HP (s.f. on sun 70%)
BAS70P09! 9 {Rig baseline rec.: 3640MP (s.f. on sun 70%)
BAS70P10 | 12 |Rig basefine rec.: 3640HP (s.f. on sun 70%)
BAS70P82 [ 8 [Rig baseline rec.: 4400HP (s.f. on sun 70%)
BAS7OP83 | 8 |Rig baseline rec.: 4885HP {s.f. on sun 70%)
PLA20A08 | B iRig rec.: seeded fault on planet 20%; 3640HP
FPLA20AD2 | 9 [Rig rec.: seeded fault on planet 20%; 3640HP
PLA20A10 | 10(Rig rec.: seeded fault on planet 20%; 3640HP
PLAZ0A82 | 8 [Rig rec.: seeded fault on ptanet 20%; 4400HP
PLAZ0A83 | 8 {Rig rec.: seeded fault on planet 20%: 4885HFP
PLASQACS | 8 |Rig rec.: seeded fault on planet 50%; 3640HF
PLAS0AGS | 8 |Rig rec.: seeded fauit on planet 50%; 2640HP
PLAS0A10 | 10Rig rec.: seeded fault on planet 50%; 3640MP
PLAS0AB2 | 8 [Rig rec.: seeded fault on planet 50%; 4400HP
PLASOAB3 | 8 [Rig rec.: seeded fault on pianet 50%; 4885HP
PLA70ACS [ & |Rig rec.: seeded fault on planet 70%; 3640HP
PLA70AOS [ 9 |Rig rec.: seeded fault on planet 70%; 364CHP
PLA70A10 [ 10 |Rig rec.: seeded faui on planet 70%; 3640HP
PLAT70AB2 | 8 |Rigrec.: seeded fauit on planet 70%; 4400HP
PLA70AB3 | 8 {Rig rec.; seeded fauit on planet 70%; 4885HP

Table 1b: Summary of the analized signais - PLANET
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4.  CONVENTIONAL ANALYSIS RESULTS

in order to have a reference in the assessment of
the improved analysis procedures, this paragraph
presents the results of the conventional algorithms
applied to a significant subset of data.

The analysis technique applied to the epicyclical
gears is the so-called "spectral reducticn”. [n the
current implementation, the averaged buffer is
manipulated by  iowering  selected  spectral
components. The modified spectrum, after low-pass
filtering, is again transformed into the time domain.
The final processing is the computation of the
momentum of order six of the enhanced signal, M6A.

This parameter is panicularly sensitive to
irregularities and spikeness in the analyzed buffers, as
those produced by localized defects on gear surface.

For sun and planet gears the buffer length
corresponds, rather than to the shaft rotation period,
to the interval between two successive meshing of the
same tooth with the ring for the planet or with two
successive planets for the sun.

In the current implementation of the anaiysis
algorithm, 256 and 1024 samples' buffers are used for
sun and planet respectively. Different parameters are
also used in the spectral reduction.

The main analysis results applied to a
significative subset of data (a baseifine recording plus
three fault levels) are summarized in table 2, where:

NA:  number of averages to achieve convergence
(max 130C);
convergence value (limit=0.08),
momentum of order 6 of the enhanced signal;

CV:
MBA:

PLANET

NA | CV
55 10.077
85 10.078

SUN
NA
100
126
105
130*

CV
0.075
0.079
0.078
0.095

MBA
7.7
206
13.6
8.5

MEA
124
i2.6
13.5
12.6

Signal
BAS20508
PLA20A08
PLASOA08] 60 10.074
PLA70AQ8! 90 [0.078
* convergence not achieved

Signati
BAS20P08
SUNZ0AC8
SUNSOAQDS
SUNT70AQ8

Table 2: Conventional analysis results

Evidently the conventional approach has little
effectiveness when appiied to epicyclical gears: the
convergence of the signai cannot always be achieved,
The worst aspect lies in the quality of the averaged
signal. Even defects as large as the 70% seeded faults
do not raise the MGA wvalue: the conventional
procedure seems not warrant any early failure
detection capability.

Figure 1 shows the raw signal of the 70% sun
seeded fault test as acquired by acceierometer 8, The
signal is already sampled at the appropriate frequency
and it is ready to be time-averaged. This means that
the first buffer (sampies from 1 to 2586) will be
summed to the second (samples from 257 to 512) and
so0 on, up to the achievement of either the
convergence or the maximum number of averages
(currently 130).

The 2500 plotted samples refer to slightly more
than two compiete sun revolutions (1 revolution
corresponding to 1140 samples). With the chosen
sampling frequency signal, the meshing with the
seeded fauit occurs with a 258 samples' periodicity
and is indicated with a triangle on the bottom part of
the plot.



The figure helps to highlight the reasons of the
above mentioned problems:
the difficulties in achieving the convergence are
mainly related to the low frequency oscillations that
are clearly visible in the plot. These oscillations,
which are related o the planet passage in front of
the accelerometer, are not synchronous with either
sun or planet acquisitions. The large differences in
the buffers being averaged cause the described
convergence difficulties.
Hence, an appropriate selection of the averaged
buffers (i.e., choosing only buffers with "similar"
signals) can improve  the convergence
achievement.
it is evident that the damaged tooth mesh is not

»

always clearly visible. The reason of this
characteristic lies in the complexity of the
epicyclical stage of the transmission: the

accelerometer senses the sum of the meshing
vibrations generated by the twelve planet-ring and
planet-sun contacts, with different attenuation
according to the different signal transmission
paths. It can be easily understood that, when the
meshing of the seeded fauit is far from the
accelerometer focation, the correspanding signal is
exceeded by the other, closer, tocth meshes.

The conventional procedure averages buffers with
large pulses of the damaged tooth with buffers with
negligible ones. The final result is that, especially
with small defects, the averaged signal can not
fully reveal the presence of signal anomalies that
are detected by the signal enhancement
procedures, Misleading low MBA values are then
computed as listed in tfable 2. Also for this
probiem, an appropriate selection of the averaged
buffers  {i.e, choosing only the buffers
characterized by the meshing of the damaged
tooth close to the accelerometer) can maximize the
detectability of failures.
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5. DEDICATED TIME AVERAGE PROCEDURE

As highlighted by the preceding paragraph, the
conventional time-average procedure, which uses all
of the buffers for the computation of the time average,
is not adequate for epicyclical gears' analyses, The
proper selection of the buffers used in the time
average procedure could greatly improve both the
averaging convergence and the early failure detection
capability.

Therefore, a new time average procedure has
been developed and tested. The key concept of this
dedicated algorithm is the selection of the averaged
buffers according to their meshing position with
respect to the accelerometer. Since the kinematic
properties of the epicyclical assembly are known, it is

possible to compute the gear position correspending
to each buffer with respect to the initial position,
Hence it is possible to select & sequence of buffers
characterized by the desired similarity and also
corresponding to the meshing of a given planet (or
portion of sun gear for the sun analysis) close to the
accelerometer.

Considering the kinematic properties of the gear
assembly, two successive meshings of a given sun
tooth with a planet occur after a @ =n/3x{Zy+Zs)/Z,
rad sun rotation, where Zp and Zs are the number of
teeth of the ring and sun respectively.

On the other hand, two successive meshings of a
given planet tooth with the ring occur after a Gp=2nx
ZplZ rad planet carrier rotation (Z, being the number
of planet gear teeth).

Starting from the initiai, reference position
indicated with P, and S, in figure 2, the successive
meshings of the same planet or sun tooth occur in the
positions indicated with P, and 8, which, for the
EH101 planetary, are respectively 81 and 112 deg
apart from the initial position. It shouid be noted that
the sun meshing positions S, 8, §,, etc., take place
with different and adjacent plansis,

Planet meshing

Sun meshing

Fig.2: Successive meshing position of a given
planet and sun tooth,

it is therefore possible to select the sequence of
buffers characterized by similar meshing positions,
satisfying the conditions:

-8 g {(Nb"i) X Og] !mod 360 < OLs

O p< [(Ny=1) % Op] | 04 360 < OLp

for sun and planet respectively.

In the previous formulas Ny indicates the
progressive buffer acquisition number. The initial
angle of the first acquired buffer (N,=1) is considered
the reference position and therefore is characterized

by ©=0.
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0,5 and O represent the limit angles for the
simitarity measure, i.e. the iargest acceptable angular
difference between the buffers used in the average
computation and the first acquired buffer. All the
buffers characterized by an angular difference larger
than the accepted limit are discarded and are not
taken into account for the computation of the time
average.

Tables 3 and 4 iist the buffer sequence computed
with ) ¢ and 8, = 10 deg.

selected angular increase correspond to a 285
samples shift for each sector.

Once shifted by the appropriate number of
samples, the time averaged buffer can be computed
using the same sequence of valid buffers as displayed
in tables 3 and 4.

6. DATA ANALYSIS

6.1 DATA AVERAGING

SUN: initial angle from -10.0 to 10.0 deq

1 10 H 5 80 99 130 139 148 179
188 228 237 268 277 286 317 326 386 375
406 415 424 455 464 504 513 544 553 562
593 602 642 651 682 691 700 731 740 780
789 820 828 838 869 878 918 927 058 967
g76 1007 1016 1056 1065 1096 1105 1114 1145 1154

Table 3: Sun analysis; buffers with initial angle
from -10.0 to 10.0 deg

PLANET: initial angle from -10.0 to 10.0 deg

1 17 46 62 78 94 123 138 155 184
200 216 232 261 277 293 322 338 354 370
399 415 431 460 476 492 508 537 553 569
598 614 630 646 &75 681 707 736 752 768
784 813 829 845 874 890 906 922 951 967
983 1012 1028 1044 1080 1088 1105 1121 1150 1166

Table 4: Planet analysis; buffers with initial angle
from -10.0 to 10.0 deg

As discussed below, the consequences are both
the improvement of the convergence process and the
capability of averaging buffers where the possibie
failure pulses are maximized.

in the planet analysis, this method allows to
average the buffers related to each one of the 6
planets, also selecting those with angular position
differing no more than an arbitrary angle with respect
to the first selected buffer.

In the sun analysis, the new method is used to
focus the anaiysis on a limited angular sector of the
sun gear, i.e., only the buffers related to the selected
sector and facing the accelerometer (differing less
than an arbitrary angle} are used in the average. it is
evident the difference with the conventional precedure,
where the signals of all of the 6 planets (and all of the
sun sectors) were averaged together.

On the other hand, the new method requires to
perform © averages to analyse all of the planets and at
least 4 averages for a single sun revolution,

The increment in the required analysis time is
however broadly compensated by the improvement in
the early failure detection capabilities.

The fisted buffers refer to the first planet or sun
sector. The averages refevant to the other planets or
sun sectors can be computed by skipping at the
beginning of the raw time history a number of samples
corresponding to the angular separation among the
planets or sun sectors.

Since the six planets are equaily spaced by 60
degrees, 548 samples must be skipped for each
planet.

For the sun, as it will be discussed later, it has
been chosen to analyze 8 sectors with 90 degress of
angular increase, thus covering 2 sun revoiutions. The

One of the key factors in the early detection of
failures in the epicyclical gears is the availability of a
"googd" signal, and this is achieved in the new time-
average process by choosing buffers that have an
adequate similarity.

The degree of similarity is controlled by the
amplitude of the maximum angular displacement of
each buffer from the initial reference position, @, 5 and
Q.
ol The selection of the limit angles has been driven
by the following considerations: small angles require
to ignore a large quantity of buffers in order to acquire
the selected ones (hence requiring & long acquisition
time); on the other hand small € ensure a good
similarity of the buffers that are actually used in the
average process (hence ensuring a fast averaging
process and improving the possibility of an early
failure detection).

Table 5 shows the typical results of the time-
average process with limit angle varying from 5 to 40
deg, compared with the conventionat average results.

It is clearly visible that with small angies the
convergence is rapidly achieved when simply looking
at the number of actually used buffers, NA. On the
other hand, the total number of buffers, including
those discarded, becomes unacceptably large with a
consequently fong acquisition time.

Signal: SUN70A08 Signal: PLAT0A08

Angle | na | TR | T ||AN9'®i Na | TB | TC
{deg) (deq)

15 15 642 | 108 +5 (15{1) [630 (1} -

7 15 375 8.2 +7 20 5§37 | 478

+10 20 375 6.2 +i0 25 476 | 424

+13 25 366 6.1 +13 30 447 | 398

15 30 366 6.1 16 45 553 | 49.2

17 30 308 5.1 +17 55 582 | 518

20 30 268 4.4 20 70 643 | 57.3

25 50 357 5.9 +25 95 688 | 613

+30 65 388 6.4 +30 110 639 | 587

+40 60 264 4.4 +40 110 489 | 435

no sel. | 130 (2)i130 (2} - nosel.| S0 90 8.0

NA: number of averages to convergence

TB: total number of buffers (including those skipped)

TC: overal time to convergence (sec)

no sel. : no buffer selection (conventional averaging procedure}
{1) convergence not achieved: reached raw data EOF

(2) convergence not achieved: reached max. number of averages

Table §: Time average results with different angles

The necessity for a very large amount of data
clashes with the limited length of the available {ime
history (700 buffers of 1024 samples) for the planet
signal, preventing the achievement of the final average
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with 8=25 deg. Intermediate result of the 15th average
indicates that the convergence was close to the
acceptable limit, therefore it is believed that with 20
averages the convergence could be achieved, It must
be however remarked, especially for 0=+5 deg, the
extremely high acquisition time.

After several tests, the value of 0= £10 deg has
been finally chosen for both sun and planet, this value
represent & compromise between a reasonably fast
acquisition time and a good similarity of the selected
buffers. tn fact angles less than 7 deg, in spite of the
low number of averages, require an unacceptably
large acquisition time, while angles larger than 20+25
deg do not provide a sufficient buffer similarity
especially in relation to the necessity of maximizing
the visibility of the defects.

The new averaging procedures yields satisfactory
results, requiring an average of less than 30 cycles to
achieve the convergence with both sun and planet
signals. Furthermore, the convergence has been
always achieved in less than 45 gycles for the sun and
in tess than 35 for most planet signals.

6.2 AVERAGED SIGNAL ANALYSIS

6.2 1SIGNAL CHARACTERISTICS - SUN

As already described, the new time-average
procedure aliows to focus the gear health analysis on
a limited sector of the sun gear, A 256 samples' buffer
cerresponds to about 81 deg; hence, at least 5 sectors
are. necessary fto cover all of the 360 deg
(corresponding to 1140 samples) of one gear
revolution.

g

a) inttial position (first mashing) b} after 1 sun revol

{fitth meshing)

Meehing vibration
fransmission patn
[ SR,

c} after 1 sun revolution {slxth mexhing) d} efter 2 sun revolutions (tenth meshing)

Fig.3: Sun/planet successive positions.

The analyses performed on 50% seeded fault
signals highlighted that it is not sufficient to consider
cne sun revolution. Especialiy with "small" defects the
meshing signal transmission path is very important:
the defect is more evident when the meshing of the
failed tooth occurs when it is aligned with both planet
and accelerometer (see fig.3a). After a sun revolution,
the meshing of the failed tooth with the planets occurs
in the positions indicated in fig.3b and 3c, respectively
37 and 44 deg apart from the initial aligned position,

in such a condition the signal sensed by the
accelerometer is given by the sum of the falled
meshing with *a ‘“normal" signal of comparable
amplitude (the relative importance is related to the
ratio of the angles). This effect can explain the inability
to highlight the defect in such cases. After the second
sun revolution, the meshing occurs close to the initia
position (8 deg of angular separation, see fig.3d}; the
corfesponding signal is predominantly given by the
faiied tooth and it is simifar to the signal caught in the
initial positien. This hypothesis is confirmed by the
analysis results that give comparable values with a
two sun revolution periodicity.

Therefcre, in order to be able to identify a "small"
defect it has been chosen to analyse fwo sun
revoiutions, When using buffers of 256 samples, this
choice implies to average 9 adjacent sectors. Each of
them-can be averaged simply by skipping N*256
samples (with N=1,2,..,8) on the raw time history and
using the same sun buffer sequence as listed in
appendix 1,

A further modification with respect to the original
analysis procedure is imposed by the lack of
periodicity of the averaged signal in each buffer, i.e.,
the leading and trailing extremes of the buffer do not
link together, as shown in fig.4.

Grigingl aignagl
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Fig.4: SUN (BASTOADS sector 5): average with 0=310 deg;
original and enhanced signals.

The signal enhancement algorithm, which is
designed to highlight any deviation from a continuous
periodic signal, magnifies this discontinuity as pulses
at the extremes of the buffer. The result is the
computation, even with gears in good conditions, of
MBA values that are closer to those associated to
failed teeth, rather than the iow wvalues that are
expected from normal meshing (see fig.4, where an
unreliably high M8A=370.9 has been computed for a
transmission in good conditions).

The application of a windowing to the enhanced
signal avoid this undesired effect, lowering the MsA
values computed for gears in good conditions to
acceptably small values, while leaving the seeded faylt
results to the expected high values.

In order to make up for the loss of analysed
signal at the extremes of each buffer caused by the
windowing, the length of the buffer has been doubled
to 512 samples (corresponding to a sun sector of 162
deg).
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The size doubling provides the data overlapping
which is necessary to avoid loss of data when
applying the windows on the averaged signals. It also
affows to slightly increase the buffer separation in the
time average procedure. The cheice of a buffer
separation of 285 samples, corresponding to about 90
deg, instead of the former 256 (81 deg), requires 8
buffers instead of 9 to analyse two complete sun
revolutions, while retaining all of the original
capabilities of revealing possible defects on any tooth
of the gear,

Both buffer size doubling and separation
increase do not affect the selection of the acceptable
buffers, which remain as listed in table 3.

Several window shapes have been tested to
come to the final choice. When considering the
constraint that the central portion of the buffer shouid
not be altered, the parameters that can be modified t6
optimize the window refer to its sides, i.e., the two
parts of the window joining its central part (value=1)
with the extremes (value=0): the investigations mainly
concentrated on both shape and width of the window
sides.

The finally chosen shape is depicted in fig.5,
together with the two adjacent windows (separated by
285 samptles). The central flat portion of the window
keegs the enhanced signal unchanged, while the two
cos® shaped extremes lower any pulse located close
to the edge of the buffer ang provide a smooth
transition with the flat portion.
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Fig.5: Sun: Window shape

in order to prevent possible data losses, due to
an excessive windowing, the width of each cos?
shaped side is limited to 80 samples, allowing a
sufficient overlapping of the signal with the adjacent
buffers.

The possibility of deleting a pulse actually related
to a tooth damage occurting at the edges of the buffer
should not worry, because the same damage will be
present in one of the adjacent buffers where, shifted
by 285 samples and close to the centre of the buffer, it
will not be modified by the window.

The capability to highlight a failure pulse is
proved by the following test where a sweep in the
initial position of the raw time-history is performed.
The 8 sun sectors have been averaged with an initial
skip of data from 0 to 250 samples with a step of 50.

The aim of the test is to prove that, regardless of
the initial position of the averaging procedure, there
will always be at least one sector with a well
recoghizable pulse and giving a sufficiently high MBA
value. The 285 samples skip case has been included
for completeness. In fact, shifting 285 samples in the
time history is equivalent to performing again all of the
O-shift averages except the first one {which is not
performed) and the last one (which is performed
instead of the first and should be nearly equivaient).

‘When considering this aspect it shouid not surprise
that sectors 2 through 8§ of the zero-shift averages are
exactly the same as sectors 1 through 7 of the 285-
shift case (the MBA values reflect this property).

Among the performed test, only the one with the
50% seeded fault (accel. B) is reported in this
document. it is the most interesting case since the
pulse is not so evident as the 70% seeded fault is but,
uniike the 20% case, i is still recognizable.

Table 6 shows the position sweep results,
analysed according to the procedures described in the
following paragraph.

It is evident from the table that, regardless of the
initial averaging position, there is always at least one
sector with an MBA value sufficiently high as
compared to the basetine values, whose range goes

from 25 to 40.

(52,‘:,7325) o | s0 | 100 | 150 | 200 | 250 | 285
Sector 1| 119.6 | 148.9 1 161.6 | 35.8 | 23.6 | 26.5 | 18.5
Sector2 | 185 | 27.0 | 30.3 | 153 | 19.4 | 37.9 | 254
Sector3 | 251 | 209 [ 32.7 | 47.7 | 280 | 342 | 460
Sector4 | 462 | 358 18.0 | 556 ] 38.7 | 49.7 | 64.2
Sector§ | 642 |122.0: 349 { 376 [ 507 | 472 { 41.6
Sector 6| 41.6 | 987 | 169.6 | 198.7| 166.2| 52.9 | 16.6
Sector 7 | 18.8 | 140 1 196 | 253 | 26.0 | 23.0 | 14.8
Sector8 | 14.8 | 176.8] 112.9] 87.0 | 118.3 | 140.8] 165.2

Table 6: SUNS0ADS, analysis results
with initial position sweep

The highlighted defect initially falis in sector 1.
When the averaging initiai position is moved forward
in the raw time history the defect driffs towards sector
8 {note that with 50 and 100 samples sweeps the
defect is highlighted in both sectors 1 and 8). When
the sweep is greater than 100 samples the defect is
evident only in sector 8.

it is interesting, and not completely explainable,
that high M6A values are present in sectors 5 and 6,
where the meshing of the seeded fault occurs far from
the accelerometer. Though a precise explanation has
not yet been found, it is believed that such effect can
be related to sighal enhancements due to paricular
vibration transmission paths.

It is noteworthy that the same effect, with the
same buffer sequence has been found also with 70%
seeded fault recordings.

Table 6 confirms that 4 sectors are not sufficient
to highlight small defects, in fact with sweeps greater
than 100 samples the first 4 sectors do not give any
evidence of a failed tooth; it is necessary to monitor a
second sun revolution to highlight the presence of the
seeded fauit.

The 70% seeded fault case gives similar results
apart from a different failure location, higher MBA
values and the capability to highlight the defect in a
larger number of sectors,

The 20% seeded faults and baseline recordings
give MBA values that are fow, as expected, and almost
constant regardiess of the average initial position.

It can be concluded that the described averaging
and windowing procedure are appropriate to highlight
the presence of medium to large failures {at least 50%
seeded fauit) regardless of the inilial acquisition
position.
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6.2.25IGNAL ENHANCEMENT - SUN

The analysis algorithms used in the
enhancement procedure are similar to those already
available and used up {o now. The effectiveness of
these algorithms, when applied to signals where the
averaging process is properly applied to retain all of
the important characteristics of the signal, requires
only a tailoring aiming at the optimization of the
enhancement process,

The major modification of the atgorithm is the
introduction of a preventive high-pass filtering at order
10, aimed at removing the iow frequency oscillations
that are synchronous with the planet passage in front
of the accelerometer (see fig.1). These low frequency
oscillations are parily removed in the enhancement
process (the corresponding fines in the spectrum were

selected and consequently lowered, - but -a  limited-

amplitude oscillation still remains in the enhanced
signal). lts effect is mainly to increase the variance of
the enhanced signal, thus lowering the M8A values
especially in the averaged buffers with faults, The
cancellation of the spectrum below order 10 eliminates
this negative effect without deleting any important
information about possible failures, which are located
at medium and high frequencies.

After this high-pass filtering, the remaining
enhancement process is a conventional application of
the enhancement algorithm,

The value of the algorithm parameters has been
chosen in order to maximize the MBA values
computed with seeded fault recordings, while keeping
the ‘'baseline" values below a reasonably low
threshold.

The described window with cos® shaped edges
and a flat portion of 348 sampies (fig.5) is applied
after the signal enhancement process.

Baseline recordings Seeded fault recordings

MEA MEA

Ref. name i Max | Min |l Ref. name | Max | Min

PP7SLAO8 | 256 | 12.6 || SUN20AOB | 23.0 [ 124

PP7SLAO9 | 285 | 155 [} SUN20AQ9 | 226 | 11.2

PP7SLAI0 [ 274 & 147 | SUN20A10§ 28.7 | 133
PP7SHAQS | 27.7 | 11.4 || SUN20AB2 | 232 | 136

PP7SHAO9 | 33.8 [ 122 f{ SUN20AB3 | 33.2 | 17.1
PP7SHA10 | 254 | 11.7 1 SUN50A08 | 119.6 | 14.8

PP2SLAQO8 | 27.0 | 13.0 | SUNSDACS [ 109.5 | 18.0

PP2SLAQ9 | 21.0 | 14.8 || SUNSDAI0 | 1124 | 180

PP2SLAI0 | 387 | 146 |] SUNS0A82 | 119.7 | 253

PP2SHAD8 | 255 | 14.2 | SUNSCA83 | 265.1 | 136

PP2SHADS | 289 | 13.5 | SUN70A08 | 368.0 | 23.8

PP2SHAIC | 17.8 | 14.0 || SUN70AD9 | 168.8 [ 15.0

PPBSHADE | 231 | 125 || SUN70A10 | 236.6 | 33.3

BAS20S08 i 31.2 | 10.8 || SUN70A82 { 174.6 | 109

BAS20S08 { 226 | 12.4 || SUN70AB3 | 266.0 | 337

BAS20810 | 229 | 105

BAS20582 { 335 | 148

BAS20883 | 33.3 | 156

BAS70508 | 37.2 | 148

BAS70S09 | 266 ¢ 157

BAS70S10 | 19.2 § 133

BAST0S82 | 282 | 16.7

BASY0S83 | 242 | 140

Table 7: SUN analysis results;
maximum and minimum MéEA values.
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The final analysis results are shown in table 7,
which lists both the maximum and minimum of the
sight MBA values for each signal (only the maximum
MBA value is considered for health analysis purposes),

it is clear how the improved procedure can
highlight both 70% and 50% seeded fauits; the values
of MBA computed in these cases are well separated
from the baseline ones {the highest MBA value for the
baseline recordings is 39.7, while the lowest MBA
value for the 50% seeded fault is 119.6, i.e., almost 3
times greater). This large difference gives some
confidence in the selection of the maintenance and
warning thresholds.

Unfortunately, the 20% seeded fault values are
not discernible from the baseline values. At this stage
of the research, the developed aigorithms can not
discriminate between a gear in good conditions and

- -one with a very-small-fault. However, it should be

noted that the removal of the 20% of the tooth
casehardening surface does not significantly affect the
meshing vibration signal, the MBA values never
indicated a possible presence of the defect.

6.2.3SIGNAL CHARACTERISTICS - PLANET

The buffer selection performed by the new time
average algorithm allow to focus the planet analysis
on a singie planet gear when its meshing occurs close
to the accelerometer. To this purpose, the buffers
listed in table 4 must be averaged together to come to
first ptanet average. The signal averages of planets 2
through 6 are obtained by shifting each time 548
samples in the raw time histery for each planet and
averaging with the same sequence.

Considering the size of the planet buffer {1024
samples) it is evident a 476 sampies overlapping with
gach of the adjacent buffers.

Seaded FaukT0% -Acc 8. Planet b

046 pommmmn e

600
Samput

Fig.6; Pianet averaged signal

Fig. 6 presenfs a typical result of a planet
average. Some of the already described sun signal
characteristics are also present in the planet averages.

The low frequency oscillations that are related to
the planet passage in front of the accelerometer
require also in this case the application of a high pass
filter at order 10.

Again, the windowing of the averaged signal is
necessary to remove the disconfinuities at the
extremes of the buffer and to compensate its lack of
periodicity.
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Fig.7: Planet: Window shape

The performed analyses indicated that it is
desirable to maximize the width of the window sides.

The chosen window is shown in fig.7; the window
sides are cos? shaped and each one is 270 samples
width. The selected side width is slightly larger than
the maximum vaiue of 238 samples that guarantess
no attenuation in any part of the signal but, because of

the slow roll-off of the window, the signal attenuation

between adjacent buffers is very limited (see fig.7).

The definitive proof of the capability to detect
possible failure regardiess of the initial sampling point
{and therefore of the absence of data losses) is given
by the results of the analyses with a shift on the initial
position, As described for the sun, the same raw time
history has been averaged with slightly different initial
positions {from 0 to 500 with 50 samples’ steps).

As for the sun, the 50% seeded fault (accel. 8)
analysis results are reported in table 8. it is evident
how at least one of the six planets is characterized by
high MGA values, As expected, the forward shift of the
initial averaging position causes the shift of the defect
pulse from the initial planet 6 to the planet 5.

Mote that a 548 samples’ shift corresponds, with
respect to the zero samples shift, to a complete
transposition of the averaged signal (and therefore of
the MBA) from a planet to the preceding one, with the
exception of the sixth that is merely simiiar to the first
one.

Shift
samples)| 9 50 | 100 | 150 | 200 | 2s0
Planet1 | 20.3 | 23.6 | 258 | 254 | 281 | 283
Planet2 | 295 | 404 | 41.7 | 411 | 435 | 517
Planet3 | 204 | 215 | 252 | 213 | 206 | 240
Planetd | 30.1 | 29.8 | 286 | 284 | 341 | 361
Planet5 | 254 | 323 | 337 | 532 | 151 | 1934
Planet 6 | 198.5 | 229.4 | 234.7 | 229.4 | 2683 | 1442
Shift - N
(samples)| 300 | 350 | 400 | 4s0 | 500 | s4g
Planet 1] 200 | 907 | 39.4 | 282 | 26.7 | 265
Planet2 | 458 | 486 | 373 | 188 | 160 | 204
Planet3 | 237 | 265 | 27.7 | 30.4 | 29.9 | 30.1
Planetd | 254 | 17.9 | 151 | 276 | 342 | 554
Planet5 | 186.9 | 189.3 | 222.3 | 242.4 | 209.6 | 1985
Planet 6 | 306 | 248 | 243 | 21.0 | 232 | 241

Table 8: PLAS0ADS, analysis results
with initial position sweep

Similar results are obtained with 70% seeded
faults {in this case the defect is visible in more than
one planet average), while baseline analyses give
almost constant low MGA values when varying the
initial pos#ion.
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6.2, 4SIGNAL ENHANCEMENT - PLANET

The major modifications of the enhancement
procedure are the appiication of both high pass
filtering and signal windowing before the spectral
reduction.

Several combinaticns of both number of lowered
harmonics and low pass filter cutoff order have been
tested (together with the window characteristics) in
order to maximize the separation between the analysis
results of the baseline recordings and those of the
seeded faults.

Apart from the window width, the finally chosen
spectral reduction parameters are closeiy related to
those already selected for the sun analyses.

Table 9 presents both maximum and minimum
MBA values for each signat {only the maximum MEA
value is considered for-health analysis purposes). The
tisted results are satisfactory: the baseline signals give
maximum M8A values that are generally below 45,
while 50 and 70% seeded values are at least 3 times
larger.

Baseline recordings Seeded fault recordings
MéA M6A

Ref. name | Max | Min |l Ref.name | Max { Min
PP7PLAOS | 258 | 17.2 || PLA20AD8 | 233 | 16.9
PP7PLACY | 358 | 191 || PLA20AQS | 26.8 | 19.2
PP7PLA10 | 63.3 | 206 {| PLA20A10 | 299 | 17.1
PP7PLAIB | 3756 | 20.0 J| PLA20A82 | 4156 | 206
PP7PHAOS | 27.4 i 18.5 || PLA20DAB3 | 257 | 20.8
PP7PHADS | 28.8 | 21.5 || PLASOAOS | 18885 | 20.3
PP7PHA1D: 234 | 166 H PLAS0AQY | B5.1 | 1741
PP2PLADS | 33.2 | 153 [ PLASOATO § 154.2 [ 161
PP2PLADY | 33.2 | 20.6 j| PLAS0DABZ | 162.6 | 186
PP2PLA10 | 421 | 19.7 || PLASOA83 | 317 | 16.4
BAS20P08 | 251 : 18.1 || PLATOAQS | 2944 | 196
BAS20P0S 1 30.4 | 19.5 || PLAYOAQ9 | 2248 | 17.0
BAS20P10 { 256 | 148 || PLATOA10 | 132.2 [ 16.2
BAS20P82 | 26.7 | 161 II PLATOAB2 | 3258 | 216
BASZOP83 | 31.8 | 17.5 || PLA70OA83 |3058.7 24.1
BAS70P0O8 | 282 | 17.7
BAS70P09 | 288 | 20.2
BASTOP10 | 238 | 174
BAS70P82 | 254 1 185
BAS70P83 i 432 183

Table 9: PLANET analysis resuits;
maximum and minimum M6A values.

There are three exceptions to this trend:

PP7PLA10: planet 5 gives an MBA value of 63.3
Though not comparable with 50 and 70%
seeded fault results, this value is higher
than the usual baseline results. Comparably
high M6A values have been found with
almost any combination of analysis
parameters, but it is believed that this is an
anomalous result, not related to an actual
failure. The second analysis performed on
the same signal (PPTPLA1B) gives normal
MBA values. It should be noted tha! the
false alarm management implemented on
the TVM device prevents the rising of an
alarm if the computed MEA do not exceed in
two consecutive analyses the prescribed
limit threshold.



PLASOACS: the computed MBA value is rather low
(85.1), especially when compared to other
accelerometer results. Accelerometer 9
signals are characterized by lower MBA
values in the seeded fault analyses. This
negative behaviour should not warry since 8
and 10 have been respectively selected as
primary and secondary accelerometers in
the epicycle gear analyses,

PLABOAB3: this analysis result is surprisingly low: the
maximum MBA value is 31.7, well below the
other 50% seeded fault values,
Unfortunately it is not possible to repeat the
raw time history acquisition since the
criginal tape is damaged and the recorded
data are not trustworthy, It is even possible
that also the data used for the described
analysis are not completely reliable.

As for the sun, 20% seeded fault results are not
separated from other baseline values; the current
algerithms do not allow the recognition of such little
defects.

The listed values provide preliminary information
on the expected range of the analyses' results. The
noticeable separation between baseline and seeded
fault results gives some confidence for the alarm
thresholds' selection, that however shall be confirmed
by further analyses, especially on data coming from
helicopters and Ground Test Vehicie.

8.  CONCLUSION

The epicyclical gears analysis presents some
peculiar characteristics, when compared to the
conventional two gear stage health monitoring: the
complexity of its vibratienal signal requires dedicated
procedure to achieve the desired effectiveness in the
early failure detection capability.

An analysis method has been developed, tested
and presented here together with the first results,
which are believed encouraging.

Some refinements or simplifications of the
algorithms can be expected in the final
impiementation, both as a consequence of further
evaluation and in order t¢ optimize the hardware
requirements of the procedure.

The future efforts shall be mainly dedicated both
to the enlargement of the data base (especially with
signals recorded on the prototypes and on the Ground
Test Vehicle) and to the continuous refinement of the
developed algorithms, with a possibie inclusion of
improved filtering techniques and aiternative soiutions
for the signal windowing and analysis.
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