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Diagnosis ofCombiration Faults in a Planetary
Gearbox using Modulation Signal Bispectrum
based Sideband Estimator

Xiange Tian Gaballa M. Abdallaa, Ibrahim Rehab,
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Centre for Efficiency and Performance Engineering
University of Huddersfield
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Abstract—This paper presents a novel method for
diagnosing combination faults in planetary gearboxes
Vibration signals measured onthe gearbox housing exhibit
complicated characteristics because of multiple modulations
of concurrent excitation sources signal paths and noise To
separate these modulationsccurately, a modulation signal
bispectrum basedsideband estimator(MSB-SE) developed
recently is used to achievea sparserepresentation for the
complicated signal contents, which allows effective
enhancement ofvarious sidebands for accurate diagnostic
information . Applying the proposed method to diagnose an
industrial planetary gearbox which coexistsboth bearing
faults and gear faults shows that thedifferent severities of
the faults can be separated reliably under different load
conditions, confirming the superior performance of this
MSB-SE based diagnosischeme

Keywords-Planetary gearbox, Ball bearing, Modulation
signal bispectrum, Combination fault diagnosis, Vibration
signal.

I INTRODUCTION

Planetary or epicyclic gearboxes are widely used foa.
the power transmission of important machines such as
helicopters,wind turbines,automobiles, aircraft engines

Fengshou GuTie Wang

School of Mechanical Engineering
Taiyuan University of Technology
Shanxi, China

unsupervised noise cancellatitratuses an unsupervised
order tracking algorithm to perform noise cancellation in
the angular domairTo extract fault features of thielling
element bearing from the masking faulty gearbox signals
Tian et al.[4] exploreda method based dWPT, Pearson
correlation coefficienand envelope analysiElashaet al.

[5] developed a method fodefective bearing in a
planetary gearboky applyingan adaptive filter, spectral
kurtosis and erelope analysig¢o both AE and vibration
signals. These efforts in improving data quality have
shown different degrees of success in diagnosing fault
types and severities.

However, hese significant progressin analyzing the
vibration signals are made dmal on single type of fault
cases largely and less attention is paid to multiple faults
occurring concurrently which are becoming more
significant aghe structures of rotating machinery become
of larger scale, of higer speed, and more complicd&jd
In addition,these studies usually focused more on noise
reduction but with limited efforts on the utilization of
multiple modulation characteristics in extracting the
iagnostic information.

To fill these gaps,his paper presents rsew method

and marine vehicles due to their large transmission ratider combiration fault detectionof gear and bearingased
and strong loadbearing capacityGears and bearings are on MSB-SE analysis ofvibration signals, which has been

the critical mechanical components
gearboxes. Early fault detection and diagnosiare

significant to present anyfailures of either of these
componentswhich canlead to the failure of the entire
system Therefore, manydvancedechniqueshave been
investigated to analyzethe vibration signals from
planetary gearboxes for more accurate diagnosis.

Sawalhiet al. [1] proposed a method based time
synchronous averagin@ SA). Firstly, it isolates and then

removes the deterministic components corresponding to |,

each gear in the systdmy synchronous averaging, leagi

a residual stochastic signahich should be dominated by

in planetarydemonstrated to be particular effeetin highlighting

sidebands and henciagnosingfaults on gears onlj7].
The following content is organized as: Sectiooulines
the theoretical basi®f the combinationfault diagnosis
based on the modulatisnbetween different vibration
sources Section 3 desibes the experimentalsetupsfor
validating the proposed methot@ihen, section 4 presents
the diagnosticresults and discussion. Finally, section 5 is
the conclusion.

THEORETICAL BACKGROUND FORDIAGNOSING THE
COMBINATION FAULTS

bearing faults in some frequency bands. Then, the residudl Planetary gearbox vibration characteristics

signal is applied tocepstrum pravhitening for bearing
fault detectionVishwashet al.[2] used multi-scale slope
feature extraction techniqubased onwavelet multi-
resolution analysjsliscretewavelet transform (DWT) and
wavelet packet transforWPT), for fault diggnosis of
gear and bearing-or planetary bearing fault diagnosis
Bonnardot andRandallet al. [3] presentecan enhanced

A planetary gearbox is composedanfing gear,a sun
gear andmultiple planet gearsUsually, the ring gear is
stationary, a sun gear rotates around a fixed center, and
planet gears not only spin around their own centers but
alsorevolve around the center of the sun gear. The planet
gears mesh simultaneously with both the sun gear and the
ring gear. Due to these complicated gear motions, the



vibration signals generated by planetary gearboxes are (Zp_zr)zs

more complicatedthan those by fixe shaft gearboxes. In  frp :m rs (%)
addition, the planet phasing relationshigvhich is reTsee

dependent on the number of planets, planet positiogng the meshing frequenag

angles, and # number of teeth of each geatso adds

complexity to vibration signalsin this section, the (fro=f,0)Ze = Zils ¢ o4 ©6)
planetary gearbox bration signal models will be ™ ‘' TSz oz o TrCe
introduced.The gear damage could produce the amplitude ) _

modulation and frequency modulation (AMFM) effects towhere fi¢ is the sun gear rotating speet};, Z , andZ
the gear meshing vibration at corresponding faultienote the number of teeth for the ring, planet and sun
characteristic frequenci¢g]. gear respectively.

Based onthe theoretical analysis in7][ in steady As shown in many previous studies, detection and
working condition such agonstantrunning load and diagnosis can be carried out by examining the changes of
speed, the vibration perceived by a sensor onthe characteristic frequencies around mesh frequeigand

Stago?afy riné] hcirls/lbe drle:ﬂeﬁenm Wiﬂll multuall its harmonics. Considering that there are K number of
;nol uat|ohns Oh ot K ag -Vip enomenaf ohr a ocﬁ fplanetary gears moving with the carrier, characteristic
ault, such ashecrack and pitting on one of the t0oth of fro4encies around meshing frequency can be calculated

sun gear, the signal model for thesinusoidal component g1 for differentlocal faults occurring on the sun gear
can be expressed:as

f
£ (t) = [1- cos(2nf 4t )I[1- cog2nf ot |[1+ Acod2nf ¢ t+ ) L fg =% = K(frs = frc) (7)
X COSRAf t + B sin(2rf g t +¢)+ 0] (1) °
on the planet gear

on theplanet gear
f —2;—"‘=z(frp ) (8)
) P

and on the ring gear

f(t) = [L- cod2nf, t [ 1- cod2nf ct[1+ Acod2rf ot + )]
x cosPnft+B sin(an prt+ q))+ 6]

andon thering gear

"'m _ k.. . )

i
rf Zr

f(t) =1+ Acos(an,f t+ ¢)][17 COS(ZTEf rct)]
x cosRnf it + B sin(ZTrfrf t+ ‘P)+ 6]

®3)

However, as shown ifilO][11] only some of these
expected sidebands Wwibe apparent in the vibration
or . spectrum when a planetary gearbox has faults due to the
frequency ofthe sun gear, planet gear and ring gear effects of constructive superposition of the vibration
respectively f and f,; is the ptating frequency ofhe  \yaves from the three gear sets, whereas other sidebands
carrier and sugear f,, is the gear meshing frequenaey, are hard to be seen because of the destructive effdwt of t

o and ¢ are the initial pasesof AM and FM Superposition, and hence the latter have been largely
respectively neglected by previous studies when developing methods

for fault diagnosis.
Therefore, onsider the AMFM effects with the high
orders of fault gear characteristic frequenty as the

modulating frequency and with the higher orders of A ball bearingconsistsof an inner race, an outer race
meshing frequencyf,, as the signal carrierdguency and severalballsand a cage, which holds thallsin a given

fi @s the corresponding component rotating frequencye|ative position Race surface fatigue results in the
the vibration specttgpeaks will appear at the frequency appearance of spalls on the inner race, outer raballar
locations of ki +nfy+f, and Kk,+f, tnfq+f, If one of the races has a spall, it will almost periodically

(k,n= 123--) in the Fourier spectrunfrom the analysis of Impact withthe balls The fult signature is represented by
uccessive impulses with a repetition rate depending on

vibration spectrawe can detect and locate the gear fauloﬁ‘Ie faulty component. geometric dimensions and the
by monitoring the presence of magnitude increase ) tati rl1JIy dp Th ' ?I db tvlv nl i It ‘s different
spectral peaks at theabove mentionedfrequency [OHONal Speed. The period between impacts Is differe
; for all the listed elements and depends on the geometry of
locations ; :
the bearing, the rotational speed and the load angle. For a
B. Characteristic Frequencies for Planetary Gear Fault fixed outer race bearing, the theoretical characteristic fault

where f4 , f and f; is the fault characteristic

C. Characteristic Frequencies for Bearing Fault
Detection

Detection frequencies can be calculated usirf){(13), and a
According to reference7], the rotation frequency of derivation of these equations is presenteid 2
carriercan be calculated as Fundamental cage frequency
1 D
__Zs 4 Fe == Fs(1— —2cosa) (10)
frc Zr+zs rs () ¢ 2 S DC

theplanet gear frequen@s Outer race defect frequency



£ _No (1_&003(1) 1) effect to be combined and quantified without the effect of
°" 2 %Y p, the carrier amplitude. Moreover, because of the average
operation, denotedy the expectatioroperatorg ] in
Inner race defect frequency (15), the sideband productsvhich associate witha
F :ﬂ,:s (1+&COS(X) 12 ponstar)t phasealuecan beenh_anced, while the noise and
2 D¢ interfering components with random phases are
suppresseceffectively. This MSB based approach has
Ball defect frequency been shown toyield outdanding performance in
oo D¢Fs 1_D_§ 2 13 characterizing the small modulating componeritmotor
b= %D, ( 5z ° @) current signals for diagnosing different electrical and

C

where D, is pitch circle diameterp, is ball diameter,a
is contact angleN, is number ofball andr, is shaft
rotational frequency

While the sensor isnounted on the gearbdwousing

mechanical faults under different load conditions
[13][14][15]. Therefore, it is also evaluated Hig study to

extract the residual sidebands of wition signal for the

purpose ofjearand bearindault diagnosis.

Ill.  EXPERIMENTAL SETUPS

which is connected to or fastened to the ring gear directly, To verify the effectiveness ofMSB-SE based

the bearing damage induced vibratiwstwo mainpaths

to go from its source to the senor through solid
mechanichcomponents and their contacihrough the
first path,the vibration signal propagates from its origin to
the gearbox casing, atdenreaches the sensMihereas

diagnosis, vibration signals were acquired from an in
house planetary gearbox test systefihe maximum

torque of planetary gearbox is 670 Nthe maximum

input speed is 280@pm and maximum output speed is
388rpm. The schematic in Fid. shows theposition of the

through the second path, the vibration signal follows @ccelerometethat mounted on the outer surface of the

longer path, from its origin to thehaftfirstly, then from
the shaftgo throgh the sun gearplanet gear anding
gear,after that from the ring gear to the gearbox casing,
and finally to he sensorTherefore, tie vibrationsignal
will be amplitude modulated by bothuh gear rotating
frequency and carrier rotating frequency as showia4i.

f (t) = [1— cod2nf ¢t )] cOSRrfpyt + o]

14
+[1— cod2nf (t )] cosPrfp,t + o] (14

where f,, is the characteristic frequency of bearing.

In practice there is always slight slippage, especiall

when a bearing is under dynamic loads and with seve
wear. Therefore, these frequencies may have a slig
difference from calculated ones aboue.this paperthe
experiment baring is located on the output shaft of
planetary gearbox which is closed to sun gdais a
600827 deep grooveball bearing and its geometric
dimensionghat needed for fault frequency calculateme
listed in Tabld.

TABLE I. SPECIFICATION OFEXPERIMENTBALL BEARING

Parameter Measurement
Pitch Diameter 54 mm
Ball Diameter 7.398mm

Ball Number 12
Contact Angle 0

D. Modulation Signal Bispectrum
For a vibration signak(t) with corresponding Fourier
Transform (FT)x(f), theMSB-SE can be obtainedy

*

-E X(fe + fo)X(fe = f)X" (fo)X ()
(1)

where the product between the upper sidebagtd+ f) ,

the lower sideband(f. - f,) and the normalized carrier

(19

Bus (fe. fs)

component X" (f.)X" (f.)/|X(f.)]* allows the sideband

ring gearand the position of experiment studied bearing

Bearing position

| ! e Sensor position

Figure 1. Schemetic foaplanetary gearbox

In the experiment, the planetary gearbox operate
80% of its full speedinder 5 load aaditions (0%, 25%,
50%, 75% and 90% of the full load)he load setting
allows fault diagnoses to be examined with variable load
operations which are the cases for many applications such
as wind turbine, helicopters efthe vibration is measured
by a general purpose accelerometer with a sensitivity of
31.9 mv/(ms? and frequencyesponse ranges from 1Hz
to 10kHz. All the data were logged simultaneously by a
multiple-channel, higkspeed data acquisition systevith
100 kHz sampling rate and it resolution.

Figure 2. Toothdefects simulated on the sgear and two kinds of
inner race defect on deep groove Ibalhring

Three cases ofest were carried out to examine the
combinationfaults The first one is health case, in which



there is no defect on eith#regear or bearing. The second frequencies appear af,+f. , 2f,-f,. and 3f,
oneis for the combination fault of small bearing inner racgespectivelywhich agrees with the model prediction and
defect and sun ge#noth defect. The third one is for the that of previous studifE0][11][16]. However, there are
combination fault of large bearing inner race defect andjso many distinctive peaks between two mesh
sun gearooth defect.For the convenience of discussion, frequencies. For example, the components at
these three cases are denoted as HealifFaultl and ¢ g _1f_ 21 171, etc. should not appear for a
CbFaul2, respectively. Fig2 shows the defecten 2un
gear and bearing inner races healthy planetary gearboXhe presence oihies_e peak_s
may due tothe gearbox manufacturing and installation
errors.The green dash lines show the bearing inner race
] ] ! fault frequency and it harmonics. It is obvious that their
A. Spectrum Features of Vibration Signals anplitudes are qwé small compared with the other
Fig. 3 showsthe typical spectra foithe three cases componentsThis makes it difficult for reliable bearing
under the same loadhey exhibit complicateghatterrs  fault diagnosisTherefore, the modulation effects between
and high density of spectral component, whivkeds the bearing fault frequency and other characteristic
careful examination to find the comporewf interest. frequencies such ag, and f,.are used for bearing fault
Three distinctive peaks close to the first three meshiagnosis.
PS at 1115rpm and load 75% for combined fault

IV. DIAGNOSTIC RESULTS ANDDISCUSSION
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Figure 3. Spectafor different fault cases of trgearboxat 1115rpm and 75% load

MSB slice for load 1 at fc=4Fi=532.3Hz

B. MSB Features of Vibration Sgnals
(a) M5B slice at 2fin=313.3Hz for Healthy K‘\(; 0.01 I
= omsfsomd b ]
g = bl
E_, = 16.7223 33.4446 50.1669 66.8892 83.6115 100.3338 117.0561
= 2 MSB slice for load 3 at fc=4Fi=521.5Hz
% 2 ¢ oo
€, ouskliL] I AT 1
{b) M5B slice at 2fm=314 9Hz for ChFault] 2 ) )
G =
iy 16.3803 32.7606 49.1408 65.5211 81.9014 98.2817 114.6619
-E oot 4 ; MSB slice for load 5 at fc=4Fi=486.2Hz Healthy
= 5 ~ ool CbFault1
£ 00054 ! i = DL CbFault2
% R 4 12313 2 % 0.005 kb4 ﬁ‘ ] R [
100 s
My 0 R =, M LMJ
(c) M3E slice at 2fm=316 3Hz for ChFault2 15.2728 30.5456 45.8185 61.0913 76.3641 91.6369 106.9097
G Frequency(Hz)
% T _ Figure 5. MSB slice for different cases &, = 4F, .
= g Fig. 4 dhows a typical MSB result fdhe threecases
7] 0 =
= Dy o of testunder75% load To show a clear change of the
=Rz . .
residual sidebands around mesh frequedfy =313z,

Figure 4. MSB results fodifferent cases of the tests under 75% load MSB and its corresponding coherence results are



presentedin the bifrequency domain in the region of indicate the corresponding faults but just caused b
fo <2f,+1=313+1Hz and f,<100Hz to include the refitting errors.

sidebands up t6fy . Therefore, the fault location can be identified by
. . . checking the feature that the increase in residual sidebands
Fig. 5 illustrates the MSBslices at fc=4F for  occyrs over several different loads simultaneously.
bearing fault detection. Thenk, green and black arrows
showthe sideband aft,., f,; and f4 respectively. Tiey

show differences between baseline, small beaiimger
race defect and large bearing inner race defect.cases

—&— Healthy
==©-= ChFaultl
e

MSB-Coh.
MSB-Coh.

C. Diagnosis of Sun Gear Fault

The diagnotc resultsfor the sun geaarepresented in 0
Fig. 6. From the results of residual sidebands obtained
from the MSB slice aef,,-f,, it can be seen that the

amplitudes at f4 show a good increasing trend with

loads, which agrees with the load characteristicgear
transmissions Moreover, these amplitudes show clear
incremental differences between three testedsoaseer
high load. Therefore, they can be used for obtaining fault o

. . . 0 50 100 0 50 100
diagnosis reliably. Load (%) Load (%)

0 50 100

MSB-Coh.
MSB-Coh.

fsf frp
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Figure 6. MSB-SEdiagnosis results of the sun gear faukig the TR S p— o A, w
slice at f, =2f,,— f,¢. @ @
= 05 =
. . 0 50 100 0 50 100
The corresponding MSB coherence results are printed Load (%) Load (%)
in Fig. 7, which can be used to assure the reliably of leo"’ fm 4xlo'3 frc
MSB-SE results. From the figure it can be seen that the % % A
MSB coherence is low at, and f,,, which indicates €4 €s
. . . . [ [
that there is no significant modulation phenomena at these 2 ) 2 A
two sidebandslt means there is no fault on planetary gear % * 2 i
and ring gearMeanwhile, the amplitudehanges for other g g,

50 100 50 100
Load (%) Load (%)

o
o

characteristic frequencies are also provided to assure the
diagnostic results. These changes exhibit high fluctuations
with the fault progregsn and the load increases, which is Figure 8. AveragedVSB-SEdiagnosis results dhe small bearing
not consistentvith the gear dynamic characteristics in that faultsusing the slices af, = F; and f, = 4F, .

the fault usually causes higher vibrations and also

increases with load. Therefore, they cannot be used to



From the spectrum irFig. 3 it can be seen that the combinationfaults: defects in bearing inner race and tooth
characteristidrequency of bearinfault and its harmonics breakages of sun geaan be semrated but also the
may be interfered by the complex gearbox frequencgeverity of the two faultscan be estimated successfully
components. Some harmonic amplitudes may be greatiynder higHoad conditions

reduced which is not conductive to bearing fault
diagnosis. Therefore, only the harmoniegth high
coherencevalues will be selected for bearing fault [1]
diagnosis.

In this paper, MSB slices df, =F, and f. =4F; are
selected for fault detection because of their high2l
coherences. The averaged MSB and MSB coherence
results are presented in Fig. 8 and Fig. 9, respectively.
Compared with other feature components, the features
f,s and f,. have higher coherence amplitudes, showing

high potential of modulation effects between the fault
characteristic frequencies and their closer interactin
components. Thithusconfirms the presence of the inner
race fault on the bearing. Howay they can only separate
small inrer race fault from the larger undise high load

" ) (5]
conditionswherethe modulatios arestronger.

fsf fpf
1 1
—O— Healthy
£ £ =-©-= ChFaultl [6]
(@] (8] "
2 205 CbFault2
7] (20 S T S
= =
0 0 [7]
0 50 100 0 50 100
Load (%) Load (%)
frs
(8]

MSB-Coh.
MSB-Coh.

(9

50 100

Load (%) Load (%) [10]
frc
1
11
o o
2] 2]
s =
0
0 50 100 0 50 100 [12]
Load (%) Load (%)
Figure 9. AveragedVISB coherenceesults of thesmall bearindaults
using the slice atf. = F, and f. =4F; . [13]
V. CONCLUSIONS
[14]

In this paper,a combiration fault diagnosismethod
based on MSESE isdevelopedor the monitoring faults
on bothbearing and gear ia planetary gearboxMSB
analysisis effective in suppressing random noise and1®]
decomposinghe nonlineamodulation componenisa the
measure vibration signal¥hus, he sideband amplitude
extracted by MSESE at the MSB slices relating to
characteristic frequencies have more reliable informatiopg
on the fault which causes the sideb&nd

The mehodwas verifiedwith experimental dat&rom
aplanetary gearbowith combined gear and bearing faults
The diagnostic results show that not only the types of the
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