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Abstract

Existence of a mechanical defect in a rotatingesystan be interpreted as the presence of a peradjalar
perturbation. Understanding the interactions betwte defect and its consequences on measurablditopsa
representative of dynamic behavior (acceleratigeed ...) necessarily involves the implementatibmwmerical
models. The aim of this paper is to present a msuigdhble for the introduction of this kind of digbance in the case
of systems operating under non-stationary speeditoms. This model corresponds to a numerical resiten of
approaches increasingly used to analyze experifrggtals.

Based on the model built, investigation of theuefice of disturbance parameters on the dynamiomesp of the
rotating system can be performed. This model algava comparisons of new assumptions on the oradithis
perturbation. The general framework of bearingttawill be the support used to illustrate this regsproach.

Highlights:

This paper focuses on the use of angular modedsoribe faulty bearing behaviour.

Instantaneous Angular Speed is shown to be a kenalsior fault detection.

This leads to consider other manifestation of ddéfebearing behaviour and to introduce a torquaiag on rotating
shaft.

Model simulations offers the possibility to estimghis torque level by comparing induced speedhtiar on
expérimental measurements.

Keywords:

Mechanical Fault - Dynamic Model — Non stationagn@itions — Angular Model - Rotating Machines —
Instantaneous Angular Speed.

1. Introduction

1.1.General Background

This work is part of the broader framework of moriitg and maintenance of rotating machinery. Tine ai this
paper is to propose a dynamic modeling of a rajasimaft under non-stationary operating conditiams] subjected
to disturbances representative of presence of mediadefects on rotating components (gears, bgarin). Based
on these models, the medium-term objective is ftu laubetter understanding and a better analysexpérimental
results obtained through measurements.

This work was initiated in parallel with experimahones which, in the case of rotating systems unde-stationary
operations, have demonstrated the major interesh@dlar sampling and the relevance of analysisnstantaneous
Angular Speed (I.A.S.) signal. Angular sampling dan achieved directly or after time sampling witffedent
interpolation procedures [7]. All these angularrapghes are now very well-known [8] and used fefiedent kind of



signals, historically from accelerometer signalBve3al authors have demonstrated the effectiverfels8.S. signal
[1] and used it in various applications [2, 4, BMA.S. seems to be very useful and sensitive initndng [6] and
diagnosis of different faults in rotating machingth discrete geometry in variable operating caodi [3, 5].

Nevertheless, these experimental approaches araifiicient to understand the origins of these gineena and their
interactions [7]. They must be coupled with thdizaéion of numerical models where the operatingdiions and
the geometry of the device can be controlled andngéd. Building such models requires introductidn o
perturbations representative of the presence adctiefin the mechanism. In this context, extensibth® angular
approach implemented experimentally appears nturahumerical models [10]. Since the approachpps®ed in
this paper is very new and out of classical modglinhas been difficult to find similar modelingethods in other
scientific fields and the literature on the subggapears very poor to the knowledge of the authors.

1.2.General model

We consider later the case of a rotating flexilblafis modeled by a discrete representation witlegrees of freedom
(DOF), which can be expressed by the following iratifferential equation:

M., {5, +[c]., 4%, [, 09, ={F..), &

where {X} is the vector of generalized displacensef], [C], [K] are the matrices of mass, dampistffness and
{Fex¢ the vector of external forces (driving and resigtforces). The system defined by the equatiornés)a rigid
mode corresponding to the free rotation of thetshaf

This system of n differential equations of ordera? be rewritten as a system of 2n equations @rdrdby setting:

(., {&H @

Then, system (1) becomes:

i Bt )

where [} is the identity matrix of dimension n. Whetheridative of state vector can be expressed as

{Q}:[[[Ic;]] [5]]*}{{{{2}}{[[2]1 '[[é‘j]]{@j @

then equation (1) can be written as:
ORI G RIBERCRIEC
SRR CE = ®
2. Parametric modeling of the disturbance and relatedssues

2.1.Definition of the disturbance

The disturbance considered in this document mustepeesentative of the presence of a fault on aharecal
moving element of a rotating system, so it will &egularly periodic. LeB be the angular degree of freedom
associated with the mechanical organ having thectleFrom a mechanical point of view, this distund¥ can be
equivalent to a variation of the external forca${0)} and/or for the defective organ to a variationitsfstiffness
[AK4(B)] and/or to a variation of its damping,(6)]. Current knowledge does not allow choosing foe @f these
assumptions. The most suitable modeling will beingef in future works by using comparisons between
experimental and simulation results. In the geneaiaé where the presence of defect modifies tlegreadtforces, the
damping, the rigidity, dynamic equation (1) govemthe behavior of the system becomes:
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[M]{X +[[C]+aP.(8).[G,1]{X} +[[K] + &P (6).[G,1]{X} ={F..} + AP.(6){G.} (6)

or, in the state space form:

a3 _[l] (0] [0] [14] [l [o] {0
{Q}‘LO] [M]ﬂH-[[K]+Apk(9)[c3k]] —[[c]mpc(e)[Gc]ﬂ'{Q}"{[o] [M]*H Fext}+APF(6?).{GF}}(7)

-—

[A(9] [B]
whereAP,(8), AP(6), AP=(B) are scalar values defining the disturbance an¥l {G], [Gy] respectively a vector and
geometrical dimensionless matrices connecting teeigus scalars defining the perturbation to theleha.o.f.
AP(0) (j=c,k,F) is characterized by its angular pergaand its angular lengthgLThe latter is assumed to be small
and representative of a localized perturbationaTiost approximatiom\P,(8) is modeled as a half sine of amplitude
A,, but other shapes are evidently possible. Neviesbea modeling using impulse does not seem nefiéecause it
IS not representative of physical reality and désads to numerical instabilities. Figure 1.a isduge display the
disturbance modeling parameters.

a) Parametric definition b} Partition

Ampli

Argular Position 8 8,

Argular Position

Figure 1: Disturbance definition
As the angular variabkg is one unknown of vector {Q}, the differential glem (7) is obviously non-linear.
2.2.Solving problematic

Solving equation (7) in the case of localized pddtions must be done carefully to ensure that@urrences of the
disturbance are represented with the same degraecafacy. The choice proposed here is to solvaifferential
problem part by part, by looping over the numbemofurrences of the disturbance and by breakingndeach
occurrence in three areas defined by the artijjé, 6., 64 as shown Figure 1.b.

In each area defined in Fig. 1b, the expressigheflisturbance is known as a function of the aargubsition and
of the characteristics of the disturbance:

* areaab P@)= A, *sin 1*(e—ea+ﬂj
L, 2
* areabc P®)=0
. areacd PO)= A, *sin(Ll*(e—ec)]
[¢]
In each area, it is then possible to adjust thelugsn parameters to ensure that the calculatsodadne with a
sufficient number of discretization points. Lef, hn,, Ny be these numbers. This also ensures that for every

occurrences of the disturbance, points of extremplitudes will be achieved and actually taken iatoount in the
computation of the model dynamic response.

In the case of time resolution the problem is tedeine, for each occurrence of the disturbanaetithes §, t,, t, g
where the characteristic angles 6, 6., 64 are reached. If the system rotates at a constaatascopic velocity,
-3-



and if speed variations due to disturbance are weak, these quantities can easily be estimated by

t =

j=a,b,c,d (8)

and the resolution of the differential system (6ggnts no difficulty. As the objective of this paps to focus on
devices with large variations in macroscopic veigdhis case will not be discussed anymore.

In the more general case of macroscopic velocitiatian, the above analysis can not be used. Oeteof times %,
ty, &, ts must be done, but this involves algorithms usipectic tools based for example on the techniqueerd
crossing.

2.3.Solving using angular variable

As the disturbances are angularly well defined expkrimental results have demonstrated the intefébe angular
sampling (or resampling) to analyze signals [7§ ithea of expressing the equations of motion amation of the
variable® which is the angular position of the defectivenedat, rather than the time variable t, appearsraliyu

In case of a rotating multi-d.o.f. system as definbove, the first step is to define the angulastered.o.f8 driving
the disturbance. Let [T] be the matrix operatot thdracts from the state vector {Q} that d.@fand the associated
angular velocityw.

(o=l ©

Classical time approaches consist in determinimgtémporal functiorg(t) such that:8=¢gt) .This functiong is
invertible on the field of operation [Q,.1 if and only if:

Ot O[O0 T,y % =w(t)Z0 (10)

i.e. if speed does not vanish during observatiorsiowulation, which represents the vast majorityoperating
conditions of a rotating systems. Then one can use:

t=¢(6)=¢(6) (11)
and performs the change of variable in the diffeéaésystem (7).
For clarity let define:
{Qe)} ={Qw )}
W0) =y (9))

(12)
System (7) becomes:

{Qw e} =1r@L{Qw (@)} +1B] {{F s 9 0)(G }}

ext

ext

) ) 0
{%}% =[A(91.{Q)] +[B] {{F } +A{PF}(5){ GF}}

that leads to

ext,
dt 1 (13)

a6 @) (b)

X2 zﬁ[mm'{@(@} ) {{F oo c) B @



The time differential problem has become an angtifferential problem. Matrices [A] and [B] are tlsame as in
time modeling. It must be noticed that the matyistem (13.a) has a trivial line which could be tkdg(14).

de
-2 =1 14
Y (14

Then the system will be formed of 2n differentigliations of order 1.

3. Comparative studies of time and angular methods aksolution for a one d.o.f.
system

3.1. System definition

We consider in this part a rotating system modbledne rotating degree of freed@rand a perturbation leading to
an external torque variatiahPr(6). Let | (0.012 Kg.rf) be the inertia of this system aog (0.0057 N.m.s/rad) the
equivalent viscous damping. This system is alsométted to a motor torque yl'that can be time-dependent but
without localized phenomenon. Dynamic matricial &gun (6) becomes a scalar one:

1.0+c,8=T, (t)+AR @) (15)

For time resolution approach, this system becomes:

16
dQ 1 (16)

0= (e QT (0+4R ©)

And for angular resolution approach, it becomes

ﬂ:i
d~6 Q an
?j_Q :é.—ll(—cT Q+T, 1)+ P@))

3.2.Step response

To verify the validity of angular equations thepstesponses obtained for time and angular resalatpproaches are
compared. The system is supposed to be in a stay (T, = 0.74 N.mQ = 129.8 rad/s) and at the initial time of
the computation the motor torque increases tg2fFor both approaches, the minimum number of it points
is set at one million. This number is intentiondiigh in order to better estimate the influence¢hefapproach on the
CPU time. In both case, solving is performed uditatlab ODE113 function. To compare the CPU timeboth
approaches, the integration range must be the Semgerange is set at 10s for the time resolutiba;results of this
first simulation are used to determine the angidéegration range (corresponding final angle tochga The

evolution curves of the angular velocity are gifenboth approaches in the following figure.
a) Time resolution b Angle resolution

Rotating Speed (rad/s)
Rotating Speed (rad/s)

Time () Time (5)

Figure 2: 1 D.o.f. system comparison of step respses obtained for time resolution (a) and angle rekgion (b)
-5-



It appears that the results are identical and &hgeg in steady and initial slope are conforminthotheory:

o

0. =5 = 260 radit

o (18)
=—=21s

c

These identical results validate the setting equatf angular approach.
The integration times are almost identical: 452gifoe resolution and 453s for angle one.

3.3.Revving of the engine and angular disturbance

In this section, we consider the case of a reveimmgesponding to a linear increase in engine torque

T, (t)=(0.74+ 0.37t) N.n (19)
combined with the effects of a perturbation whasgudar parameters are gathered in the followintgtab

Qo (rad) Lg(deg) Ap (N.m)
215.7 0.5 0.0074

Table 1: Torque perturbation parameters

The resolution is about 570 occurrences of theudiahce; the numbers of minimum calculation pointghe
different areas are set atim.;~=20 and g=80. Initial speed is set to:

W, =TM—w)=128.8 rad/:

The following table shows, for the angle and tirasalutions and different solvers available in thsib module of
Matlab, the time resolution and the effective numifecomputation points.

Odell3 Ode45 Ode23 Ode23s Ode23t Ode23tb Odel5s
Time Resolution
Times (s) 37.86 86.86 42.01 70.26 37.19 43.56 44.44
Number of 57002 228005 57002 57002 57002 57002 57002

integrating points

Angle Resolution

Times (s) 28.85 86.4 34.91 67.38 28.01 36.84 41.55

Numberof  — ggg01 273601 68401 68401 68401 68401 68401
integrating points

Table 2: Comparison of Time and Angle resolution aproaches

It appears that whatever the method of resolutegduangle resolution approach is faster thanithe one. Also,
the number of effective calculation points is irles larger with angular approach that leads tmaller resolution
step.

The resolution method ODE45 (Runge-Kutta explisitilistinguished from others by a number of caldofapoints
four times larger and by comparable computing tifieesboth approaches (86s) but significantly higtien with
other solvers.

ODE113 methods (variable order Adams-Bashforth-MouPECE) and ODE23t (implementation of the trapokdo
rule using a "free" interpolant) are the fastestomth approaches.

3.4.Conclusion

In the case of a 1 d.o.f system, introduction p&eodic and angularly located disturbance, udiregangle approach
appears to be more efficient than the classicad tmethod coupled to a method of zero-crossing.dddesolution

times are shorter, the number of calculation pamtarger and more regular, and parameter setangsasiest to
choose. What's more, there are no special precautim ensure the correct locations of integratiomts. The

description of the angular periodic disturbancelso easiest to be set in the angular domain, éargyas for
bearings.



Moreover, if the object of the study is the analysi behavior under non-stationary conditions withdisturbance
angular approach can also be considered. The catigoutime will be identical to those of a conventl temporal
approach, but the accuracy of the angular pitchheilbetter controlled and will be independenthaf imacroscopic
velocity of the mechanical system.

4. Application to the modeling of a real device with aring defects

4.1.Brief recalls about angular sampling and Instantaneus Angular Speed measurement

For rotating systems, the principle of angular damgpis not new and different approaches are ptesgifj. One
revolution shaft is chosen as reference and meésigeals are sampled with a constant angle sthprrthan with a
constant time step. The usual techniques of sigraessing may be applied, particularly the tramsé&tion in the
frequency domain using the Fourier transform. Tiwecta are then expressedcilic frequency’ whose unit is a
number of events per revolution. In our experimetetsts and simulations, this sampling is made withhelp of an
optical encoder which resolution is R. This apploatiows the measurement of Instantaneous Angusae® by
elapse time method that consists in counting thebau i of a high frequency clock ticks between two suses
pulses of the encoder signal. Letbe the clock frequency. This allows estimating &éverage speed for each

angular ste@\6, by:
w=—=" "1 (20)

These methods of measurement and analysis haveappbed to an automotive gearbox (fig3a) [9]. Tsbpw that
despite macroscopic velocity variations, analysiangular frequency domain allows detecting charestic angular
frequencies corresponding to the presence of meladefects (fig 3b). These findings are confirmey
measurements on other devices [9]. In the contekearing monitoring one original result of theggpmaches is
that the presence of a defect on a bearing ringsléa measurable changes in rotating speed. Mezdignthis
means that the presence of bearing defects hasralgeffects and not only radial ones as thissisally considered
[10]. This opens up new ways of research for momgpand maintenance of rotating systems.

Speed time history

N =1 (\M //\,‘A 4 ) A
e / AR \ ’ V/

Time sampling \{/ ') Jv \} L\/ \/\

Angular sampling (optical encoder) \/
Angular sampling (magnetic encoder)

W AT

T
‘Wheel ececntricity

Bearing fault s

Pinion eccentricity

= Acyclism

N

h
5 1121 2 242 3 4

bt

20
4
o. 7.25 10

(b)
Figure 3: (a) Gearbox test bench (b) Example of sptral angular analyses for non-stationary conditiors

4.2. Specific test bench

In order to understand the relationship between ptesence of a defect in bearing and changes irsured
Instantaneous Angular Speed, a specific test bhastbeen developed (Fig. 4a). It consists of a sgiported by
two tapered roller bearings that may have defectleair outer ring (fig 4b). These defects corresptn a theoretical
characteristic angular frequency of 7.26 eventsrgenlution. This bearing is also used on the aotora gearbox
test bench.

! To the authors' knowledge there is no dedicatedentor this quantity. This must be also relatedecent developments in
signal processing in the field of cyclostationarity
-7 -



An original device formed of a spherical bearingd awo springs allows applying radial loads adjultagnd
independently of rotation speed. An axial preload also be applied in the form of an imposed dcspteent of one
bearing outer ring.

A high resolution optical encoder (R = 5000 pulgesrevolution), not shown in Figure 4a, couplednoacquisition
device with a clock frequency. £ 80MHz ensures the angular sampling and measuteafethe Instantaneous
Angular Speed by the counting method.

One interest of this bench is, for a given beafgdt, to test the effects of operating parametierad, macroscopic
velocity) on the rotating speed variations and @oiahlly to compare for a given operating condititme influence
of the fault (width, surface, ...) in the same tiotaal speed condition.

(b)

Figure4: (a) Specific test bench (b) Example of fdtion bearing outer ring

4.3. Description of a torsional model of the specific & bench

As a complement to these experimental approachesmerical model of the bench has been developeenGhat
the analyzed signal is the rotating speed andttieexperimental bench has no coupling betweeretfeets of
torsion, bending and tension-compression, the moatedidered in this first approach is a purelyitoral one.

The steel shaft of length,Ldiameter d, Coulomb modulus G, dengitis discretized in & = 10 elements of equal
length L = L,/ ny, the section changes are not considered. Eactertémcharacterized by its following elementary
matrices of mass, stiffness and damping:

| L

I 4
[Me]{l 2} with 1="9 151
i 323

[Ke] = [_k; _kke} with k. _G nd 1)

L 32
CS —CS
[Cse] - {—c C }

S S

coefficient ¢ will be defined later.

The assembly of the 10 elementary matrices leattsetdefinition of matrices of mass [M], structudamping [Cs],
stiffness [K] of dimension 11x11.

Equivalent viscous dampers; cepresenting the external damping due to the hgsrare also introduced between
d.o.f. of the shaft and the housing. The valugefadhese dampers will be determined later. Le} @ the damping
matrix associated with these dampers.

For studies presented in this paper, the effecteafing fault are considered in the form of areexdl force, here a
torque T, applied at the d.o.f. associated to the defedim@ring (bearing A). A schematic representatiothef
model is given in figure 5 and table 3 summaribesmain values of the modeling.

La(mm) d(mm) G (MPa) p(Kg.m)
53 25 83333 7500

Table 3: Modeling values
-8-




Figure 5: Schematic model

The value of structural damping coefficientis determined by considering that for steel iegal to 0.66% of
critical damping. This critical damping corresportidshe value & for which the solutions of equation (22) are not
harmonic, that is to say when the nonzero eigemgatd the matrix [A] are no longer complex conjaght

{X®} =[AL Xt} (22)
In the case where the external dampegram® zero, it is possible to calculate the eigamslof the matrix [A]
defined in equation (7), for different values gf this leads to a value of critical damping:
Csc = 0.55 Nms / rad.
One takes a structural damping value of
Ccs = 0.0036 Nms / rad.

For tapered roller bearings and spherical beamgfar a given rotational speed N and a given |dlael total friction
torque T can be estimated using the calculation sheetablailon SKF websitelt is then possible to estimate an
equivalent viscous damping value. Application Wi performed in section 5.3

The simulation parameters are the motor torqwewhich may be constant or variable versus time #red
characteristics of the disturbanc@g:Lg, A,.

Otherwise, in order to compare the experimentalramderical results, the measuring principle of ltheS. must be
simulated. This is needed to reproduce method ithestin section 4.1 to digital signals availabletlz end of
calculations, namely the time {T} and the angulasition of each d.o.f. The simulation of the acijigis is done as
follows:

» Definition of encoder d.o.f. which correspondsfte position where the angular position measuremsecrried
out. For the model considered in this paper, treoéer will be positioned at the shaft end; the decd.o.f will
be the d.o.f. #1. Note that the choice of thisfdis.completely independent of the d.o.f. drivihg perturbation in
the steps of the differential problem resolutioet {6.} be the vector of computed angular positions @ tho.f.
They are not equally distributed because the résalwf the differential system is not done withcanstant
angular step.

» Definition of angular positions corresponding te #tmgular sampling positions:
{6} ={0 26 286 -} with AH:%T

» Estimation of elapsed time {§ when the angular positionsB§ are reached, this is performed with linear
interpolation from the values of {T} known for arlgupositions f.}

» Calculation of time "measured" by the counting roeth

T :(Tei.fh].fi where[ x] is the function that rounds x to the next integer
h

Calculation of the time gaps, between two sampling angular positions :

2
http://www.skf.com/skf/productcatalogue/calculationsFilter?lang=en&newlink=&prodid=&action=Calc5
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Z-m (IAH) = Z-m(gei) = Tmi :Tm(gei) _Tm(ge‘i—)
 Calculation of the average speed on each angutawal B, 6] :

21T

O = RT,,

The sets of values and,{ and {w,} are then comparable to values obtained from erpErtal measurements.

5. Validation of the approach and analyzes

5.1.Test bench accuracy

The thrust of this work is to detect the presentedefects on the bearing rings through the analgighe
Instantaneous Angular Speed signal in the casgstérms operating under non-stationary conditiomscdnfirm the
validity of this approach measurements are carmgdon the bench previously described in the cése leealthy
bearing and in the case of a bearing with a defiethe outer ring as shown in figure 6.

Figure 6: Defect on bearing outer-ring

In both cases, the measurements are performedyduramp-up and analyzed using cyclic frequencgrdias. Note
that the increase in speed control is done manaalliycannot be exactly reproduced as shown in &igur

300———

T T T T T 350
| | | |
| | | | | 300
20 — — — == === = = = e — === —

—_ | | | | =

2 ! ! ! 5 250

] [ ©

= | | | =

Eo] | | | g 200

glso————‘— O [R— 8

S | | | | 73

o I I I 150

o j=2]

g | | | | £

E=TR il A niit Ml e [t s

8 | | | | g 1o

o

x | | | 14 I I

©f - +---+--—+---- Defect-free sl L1 ___ With-defect |
| | | | | | | | | |
0 | | | | L 0 | | | | |
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Angular position (rev) Angular position (rev)

Fig 7: Rotating speed ramp-up

This signal is analyzed using angular cyclic frewyespectrograniswhich are an extension of time-frequency
analysis to angular approach. Results are presantéidgure 8. The presence of the defect on theraing is clearly
visible in the form of horizontal lines correspamglito the characteristic cyclic frequency (7.3 ev)rand its
harmonics. The exponential curve corresponds &sanance of the structure. The combination of pleetsograms
and velocity ramp-up values are used to identgynitural frequency around 480 Hz. This eigenmaderiot yet
been specifically identified on the test benchcdh correspond to the first bending mode of theedshaft or to a
torsion mode with low frequency due to the preseofca flexible coupling between the motor and thafswhich
torsional rigidity is not known.

These results confirm the possibility of detectimearing defects by analyzing the Instantaneous kandgspeed
signal in the angular space even if the deviceesating under non-stationary.

% The use of this term may be considered abusivetheuauthors do not know better suited.
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Defect-Free log W) _ Wit Defect log(IW/)

3.5

35

Cyclic Frequency (ev/rev)
Cyclic Frequency (ev/rev)

30 5 ] T =
200 400 600 800 1000 200 400 600 800 1000

Angular position (rev) Angular position (rev)

Figure 8: Angular — Cyclic Frequency spectrograms blnstantaneous Angular Speed.

5.2.Model accuracy

The objective of this section focuses on the v@atfon of the assumption that the presence of ectieih a bearing
ring leads to a localized and angular periodicudiznce torque is realistic. This is done by ushrgexperimental
results obtained under steady conditions for thevipus fault. A first set of measurements was edrout for a
radial load of 3100N, an axial bearing preload .8ffdm, a control voltage of the motor of 4.55V aneér 200 shaft
revolutions which leads to a frequency resolutibf.605 events per revolution in the cyclic fregeyedomain.

Figure 9a shows the speed variations. Speed hawscapic variations around 1125 rpm with cycliqgrency of 1
even/rev. The origin of this variation is not yeemtified. We consider thereafter that it is geteztdby the electrical
engine and its electronics. Figure 9b shows theesponding angular spectra, the macroscopic speéation leads
to the emergence of lines of cyclic frequencieg aind 2 events per revolution. Effects of distudeadue to the
bearing fault can be found in Figure 9c with itadamental frequency of 7.3 events per revolutiahiesmmharmonics.
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Figure 9: Experimental rotating speed variations

We now verify that the proposed numerical modeti$eto similar results. Numerical simulations arefgrened
assuming that the engine torque is of the followorg:

T, =T, +A,,.sin(y, 9). (23)

Table 4 summarizes the characteristics of modeimjresolution used.

Bearing dampers Driving Torque Perturbation Resoluton Parameters
Cea=CeB Cer To Awm Um HUe Le Ap Nb Nap = Ned Nbe
(N.m.sfrad) (N.m.sfrad) (N.m) (N.m) (evitr) (evitry (deg) (N.m) occurrences
2.81C° 7 10* 0.74 0.02 1 7.3 10 1570 500 10 40

Table 4: Characteristics of modeling and resolution
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Computed Instantaneous Angular Speed and its angp&ctral amplitude are given in figure 10. Theyvgood
agreement between experimental and numerical sealitiws validating the accuracy of the proposedieh@nd
thereby confirming the existence of an interactietween a bearing defect and the Instantaneousl@&m8peed of
the device.

The digital approach also allows estimating the laoge of the disturbing torque generated by thespnce of a
defect of the bearing that leads to similar resihigsr experimental ones. In this case, a distudbéoue with the
shape of a half sine of amplitude 1.5*M8n produces results in Instantaneous Angular Speetparable to those
measured experimentally. This quantity must be @ey to other torques present in the device iniquedat
frictionnal moment in the bearings which can benested using SKF online tools. For bearings andratpey
conditions considered in this section, this frintimrque is estimated at 0.33 Nm is 2200 times drighan the
disturbing torque previously estimated. This maiesisible the assumption that the presence ofectieh bearing
ring leads to the emergence of a torque with a wemall amplitude probably reflecting changes inrgmeena
occurring in the contact zone between the rollitments and the raceways. Moreover these resutfirmothe
accuracy and the sensitivity of the experimentaliits and analyzes done with the Instantaneous lan@peed
signal and angular sampling approach.
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Figure 10: Numerical Instantaneous Angular Speed vétions

6. Conclusion and perspectives

The works presented in this paper is based on quswesults which have shown the interest of trgulan
approach for sampling and analyzing vibration digi@and the Instantaneous Angular Speed signal fanitoring
rotating machines. These studies have shown thairdsence of a defect in bearings is detectabsnyle spectral
analysis of the Instantaneous Angular Speed i§ sampled in angle domain. These facts being establ the
measurements performed on complex devices do lwat & clearly identify the relationships betweeeahanical
origins and effects of faults on the global behawd the machine. To gain a better understandingheke
phenomena an original approach introducing a Ipedliand angularly periodic defect in a numericadehas
proposed in this paper. Doubts about the resoldine and the interest of such approach are remoweeasier to
introduce the periodic perturbation descriptionhwdifferential angular formulation than with timerfnulation and
computation times are shorter. It remains to adjustoptimal number of pointggn,. and Ry to ensure accurate
results and acceptable computation time. In theesame, an experimental test bench that allows re¢ipg the
rotation speed and load effects was developed ssdpted. The comparison of the first experimeantdl numerical
results allows the validation of the proposed appiho These results have also given a first estimatdf the torque
variation induced by the presence of a defect enotiter race of a tapered bearing. These resadttharfirst steps
towards the establishment of tools for monitoring bearing defect evolution in an alternative wéylassical
vibration analysis.

All of these results are very encouraging for tbatimuation of this work. From this perspectivemaasurement
campaign is underway for various operating confgons (speed and load) and various defects ohaheng outer
race. Associated with existing numerical models, dhalysis of these trials will help to carry awdstigations on
"physical" sources (variations in effort, damping of the disturbance leading to changes in thexsmed
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Instantaneous Angular Speed. It will also allowdgtog the coupling between the modes of the stractin
particular twist modes and responses to angulaglyogdic perturbations. It will also assess theuefice of the
optimal position of the speed sensor.

From a numerical point of view it is intended, amather things, to investigate the influence of shape of the
disturbance on the Instantaneous Angular Speed. dtso intended to introduce this disturbancehia form of
variation of damping and/or stiffness to determihe right modeling leading to results closest tpezxnental
results. Extension to more complete models incating all of the rotating shaft d.o.f. especialgxion ones will
be considered thereafter. From a methodologicahtpoi view there is no problem in principle to reathis
extension: the approach presented in section 2rtins valid, but we will wonder about how to intoaé the
bearing stiffness in such angular models.

It is also projected to introduce several distudesnwith different cyclic frequencies in more coexpbystems like
gearboxes for validating sources identificatiomted to kinematics.
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