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Fault Detection and Diagnosis of Rotating Machinery
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Abstract—A model-based approach to the detection and  Certain fault modes in rotating machinery are accompanied
diagnosis of mechanical faults in rotating machinery is studied py an increase in vibration intensity, e.g., rub impact between
in this paper. For certain types of faults, for example, raceway (qating and nonrotating parts. The vibration signals can exhibit
faults in rolling element bearings, an increase in mass unbalance, . . L - L .
and changes in stiffness and damping, algorithms suitable for rlch.dynamlcs Sl,JCh gs periodic, quaS|-per|od|c,.and chaotic be-
real-time implementation are developed and evaluated using havior. Inherentin this trend from regular behavior (e.g., small-
computer simulation. amplitude linear orbital motion characteristic of a normal ma-

Index Terms—Fault detection, fault diagnosis, rotating ma- Chine) to complicated behavior (e.g., large-amplitude quasi-pe-
chinery. riodic or chaotic orbital motion associated with a faulted oper-
ating condition) is the emergence of nonlinear characteristics in
the system’s vibration response. Thus, a major goal of this re-
search was to develop signal processing techniques that could

OTATING machines are essential components in most ektract special temporal features associated with fault modes in
today’s manufacturing and production industries. Because itristating machinery from noise corrupted vibration data. This is
usually not practical or economical to use redundant systerascomplished by using a statistical model-based approach for
real-time monitoring and diagnostics for rotating machinerhe study of rub impact and a novel implementation of failure
equipment is required. In this paper, model-based techniquiedection filters for raceway faults in rolling element bearings.
are developed for monitoring, fault detection, and diagnosis
of faults in rotating machines. For the detection of unbalance, [I. MATHEMATICAL MODEL OF RUB IMPACT
changesin stiffnes_s and d_ampin_g, etc.,_acollection _of statis_tical,Rub impact” is the phenomenon of intermittent or con-
observers or nonlinear filters is _de3|g_r_1ed._ n th's_ mUIt'p_lfJ!I1uous contact between rotating and stationary parts at
model framework, each fault to be identified is associated wi lose-running clearance locations in a rotating machine. Ro-
a certain structure and parameters in the rotating machln%ymg machinery generally operates most efficiently when the

model [.1]_[8]' we "?"SO _present ano \_/el technique that INCOTPRse sealing clearances between rotor and stator are kept to a
rates failure detection filters and sliding-mode detectors for t

detecti d di is of faults i n | ¢ beari inimum. Misalignment and rotor mass unbalance can readily
ge ection and diagnosis of Taulls In a rofling element bearng,q 1o an operating condition where the rotor rubs against the
[9. stationary parts (journal to bearing, blades to casing, shaft to

Rotating machinery diagnostics is an important area. Frféal, etc.). These intermittent rubs can cause complicated non-

quency-domain analysis of vibration data, in particular, ﬂ]ﬁ"mear dynamic behavior that is difficult to predict or diagnose

Fourier transform, is a common approach. Here, connectlo&ang conventional time-based analysis or spectrum analysis

betwegn cert.am spectral properties and Fhe qudamental na?ér&niques. Itis important to detect and diagnose this operating
of various vibration problems and their origins have bee

. . tbndition since continued rubbing can lead to accelerated
perfected and widely used. However, while spectrum analy%\'/%aring of close-clearance parts, or machine failure.

has the potential of providing a major improvement over The rub impact model consists of a Laval rotor and a

c_onve_nuonal time-based analysis techniques in d'agnos'rqgnlinear finite boundary stiffness with Coulomb friction. The
vibration related problems, there are numerous examples wh ICal rotor is modeled as a massless shaft mounted in two

spectrum analysis does not provide all the insights neede t(5)arings at each end. A thin rigid disc (the rotor) is located
identify the cause of the vibration problem. Other analysis tog mmetrically between the bearings. The disc of mass

such as spectrograms, wavelets, etc., have also been use otdltes with a constant angular veloditywith radiusR around
the same purpose. the centerO of the disc. It is not necessary that the center of
mass3 coincide with the center of rotatiof (see Fig. 1).
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Fig. 1. Two-degrees-of freedom rotor/stator system.

X andY are the generalized coordinatesis the distance Given in coordinates
from O andg, while Q¢ is the rotation angle. The disc is loaded . .
with a constant gravitational fora due to the weight of the x: M (X —eQ? COS(Qt)) =-KX-D,X-1I;
qlisc, a Iinea_r restorirlg forc&, and a nonlinear forcé? The_ g M (Y — 0?2 sin(Qt)) —_ K.Y -D,y — F,—G-1L
linear restoring force? acts atO and results from the isotropic
stiffnessk, and isotropic dampind, of the shaft and its bear- a" . . . .
ings. The nonlinear forcé, is produced by the contact and F,=F'+F} F,=F+F
rubbing of the rotor against the stationary housing. The contact

condition is{§ = ((R/C) — 1)} > 0. The housing acts on the The equations of motion are transformed to nondimensional
' - form by choosing the bearing radial clearanes the character-

istic length and- as nondimensional time, and = /K, /M.
The nondimensional substitutions are

disc with radial force’® and tangential or friction forc&™.
The radial (Hertzian contact) force is given by

FR_pr R _ 10, 6<0 X Y e __Q _
X+ {—Kg&a(cosﬁé’w—i—sinﬁé’y), §>0. TEL Y= oem L @E o TEwt
— " 4 G K,
The friction force 7 is governed by the Coulomb law with K5 =+—5. 9= —5. k= 5
lomb fricti fici M ews? cw? Mw?
coulomb friction coefficienj . F . " . a0 . 20
0. T Maw? Y Mow?’ Codr’ N

0 §<0 27

FroFrypr =% 3
K 6% (sin e, — cosbé,), &> 0. . : .

' Due to the presence of modeling errors, input disturbances,

The equations of motion are obtained from Newton’s Law  and measurement noise, a nonlinear continuous-time stochastic
model with additive plant and measurement noises is used.

Mry, =M (Fo + 7?,8) =Xr. Define the state vectar(t) = [z, &, ¥, 9-]7, the input
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vector u(t) = [coswt, sinwt, 1], and the output vector P,
y(t) = [x,, y]*, the state-space model of the system is give
by

#(t) = Az(t) + Bu(t) + vf(Cx(t)) + Gw(t)

m,
where
7:{0 6<0 " and 6:(\/x2+y,2,—1) J_ c 3\
I Z 0 Pin ks :
r 0 1 0 0 (—
=k =2¢ 0 o0
A= 0 0 0 1 P,
Lo 0 -k -2 >
r o 0 0 "
w? 0 0
B= 0 0 0 .
L 0 ew? —g-1 P, _J- e
o ke L= J
f(Ca(t) = K5 (Vaz +y7 1)
0
Ty —u Yr
Vet Vel m Accel.
0
y,,, Ty
+u
Vaitu Vet kh

, .
1 0 0 O _I_
v= {0 01 0} ' @L‘—J
The initial statez(0), process noise(t) with gain@, and mea-
surement noise(t) are assumed to be independent Gaussi

white noise processes with known statistics. / / / / / / / /

I1l. ROLLING ELEMENT BEARING MODEL

Assuming a rotor-bearing system with a stationary outer rirfgp. 2. Schematic diagram of roller bearing model.
and one accelerometer mounted on the bearing housing as close

as possible to the outer race, a one-dimensional vibration Mgl \ 5 yes of these parameters can vary considerably depending
is derived. o o onthe size, shape, and material used for the bearing and machine
Fig. 2represents a schematic diagram of this vibration modgl s onents, and the location of the sensor. The manufacturer
This model is based on the masses of bodies in motion and V@i, normally provide the nominal values for many of these com-
ous stiffness and damping factors. ponents. However, the stiffness of the shaft and housing vary
1) m,, ks, andc, are the mass of the roter inner ring, the  from one rotor-bearing system to another. Moreover, the radial
stiffness of the shaft and the inner race contact in seriegiffness of the bearing is a nonlinear function of the surface de-
and the damping of the shaft, respectively. formation at the contact points and the radial load, which also
2) mw, k., andc. are the mass of the balls, the stiffness ofaries from case to case and time to time. The contact stiffness
the contact, and the damping of the contact, respectively.a nonlinear time varying (periodic) function of the relative
3) mu,, k., ande, are the mass of housing outer ring, the ' displacement of the contact surfaces and the temporal location
stiffness of the housing with the stiffness of the contact igf the rolling elements measured with respect to radial location
series, and the damping of the housing, respectively. of the accelerometer. In this study, the contact surfaces of the
4) Ps denote the excitation forces due to eccentricity angbalthy bearing are assumed to be uniform and a linearized ver-
faults (inner, outer, and ball). sion of the contact stiffness is used in the model. However, for
The values of the masses and the stiffness parameters inithproved numerical simulation performance and a better match
proposed model have a special importance, because they arentitie real vibration data, the nonlinear and periodic stiffness was
components that determine the frequency response of the mothelorporated into the model and the results are given in [9].
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match the current operating condition. Each one of the filters is
v derived from a specific model of the system, which corresponds
\l/ v to a particular operating condition.
U=Synch. Driving Y Each nonlinear observer during rub—no-rub operation is given
Frequency Rotati}ig X > by
Machine
x(t) = Az (t) + Bu(t) + vf(Cz (1)) + L(y(t) - Cz(t))
Observer of J«€ { \ y(t) =Cu(?)
>|  Normal KU, Py (ks 1k h
condition il JrA,) —> where
_Jo é<o0 ()2, 2
7_{1 5> 0 and 6_< x,,+y,,—1>.
Observer of =
z Xy (k1K) P (k+1/k) Py - - . .
Fal] e e Nonlner F——> z, and y,. are the estimated outputs of the nonlinear observer
Filiering and the clearance has been normalized to the value of one.
Processor Here,x (t) = E{x(t)/Y:}, y(t) are the state and the output
3| Observer of of the observer, respectively, whe¥g = o{y(s), 0 < s <
Fault 2 Xy(ka1/k),JPy(k+1/k) b - .
———> | t} =thesigma-algebra generatedyfy), 0 < s < ¢. The non-
‘ linear observer is a locally exponentially stable unbiased state
estimator with uniformly bounded variance. A detailed proof is
‘ given in [10].
| Observer of ISy 1 p ko) " For the detgction and diagnpsis of raceway faults in rolling
Faultn > — element bearings, we use failure detection filters, a popular
~— model-based technique for actuator and sensor fault detection.
A linear time-invariant model of the system given in Fig. 2 can
Fig. 3. Multiple-model detection system. be written in the general form

z =Ax + Bv+ Fyu;

IV. DETECTION SYSTEM DESIGN AND IMPLEMENTATION v =Cx+ Ev+ Diu,.
We begin by considering the nonlinear rub impact dynamical thi intoni — 1. 2 bscripts “in” and “out” denot
system. In this model, certain faults occur due to changes in M this pointon; = 1, = or SUbSCrIpts fin” and “out” denote

model parameters, which, in turn, cause the dynamic behaVfoPe" and outer race fgults, respectivayand £ represent the
of the states: andy to change. input maps of known inputs to the state and output spaces, re-

The djece it monior the onset and rogression oIS 01 e exctaton vt due (0 dlacemens
fault given only the measuremeptConsidering the bearing as y P P y '

a local sensor of a nonlinear rotating machine, we can detecg] the context of detection filter design,fault spaceis a

faults that occur in the sensor itself (the bearing) or in a remaleSPace of the state space that the inputs are mapped to by

component of the rotating machine (e.g., another bearing sgg? failure maps. The fault spaces are denoted-dsyand the

port or station. For rub impact, two types of faults are consi I_ure maps (matrlces_) byis. The unknown sources of exci-
ered: ation to the rotor-bearing system are the excitations due to the

) ) ) bearing defects. Other sources of excitation such as mass unbal-
1) external faultgi.e., external from the bearing being monynce are treated as known inputs for this discussion. Detection of
itored), for example, a change in the unbalarc@or  mass unbalance can be accomplished using the multiple model

normal operatiore ~ 0), or a change in the static loadgcheme discussed previously. The full observer is given by
[ applied to the system;

2) internal faultsin the sensor (bearing), for example, a & =(A+ LC)z + Bv— Ly
change in either the dampirfg(e.g., opening of a seal in
a rotating element) or the stiffnegs; (e.g., progression

of a crack in a shaft). o Note that, because the observer is based on the dynamics of
Anonlinear filtering approach to fault detection is used. Faulte healthy system, the fault inputs are not includedepre-

diagnosis is based on statistical testing of the innovations (resiénts the output injection part of the observer. The error dy-
uals) of a bank of stochastic nonlinear observers. Fault det@emics are given by

tion and diagnosis are obtained simultaneously using hypothesis

testing techniques. A block diagram of the diagnostic system is ¢ =(A+ LC)e; — Fyu,

given in Fig. 3. The innovations of the various filters are mon- yi — 9 =Ce; + Diug.

itored and the conditional probability that each filter model is

the process model is computed and in the simplest detectionf (C, A) is observable and is such thatd 4+ LC is stable,
schemes, the filter with the highest probability is declared tben in the absence of disturbances and modeling errors in

i =Ci+ Ev.
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steady state, the residual is nonzero only if the failurds In order to satisfy subspace invariance, selesb that the;s
nonzero. It follows that in the presence afsinglefault any are eigenvectors of the closed-loop system métfix LC'). At
stable observer is able to detect it, by simply monitoring thtee same time[ needs to be chosen such tfat+ LC) is a
residual. When the residual does not converge to zero, a fadlirwitz (stable) matrix.

has occurred. A more difficult task, diagnosis, is to determine The left eigenstructure assignment method can be used to se-

which fault has occurred. lect L, i.e.,
An observer designed such that it is able to separate faults )
is called a detection filter. Specifically, a detection filter is an (A+ LO)F; = A\i Fy, i=12

observer with the property that, when a fault input is nonze
the errore(t) remains in §C, A)-invariant subspac®’; which
contains the reachable subspacéd.4f+ LC, F;). Hence, the

residual remains in the output subspadéd’;. Furthermore, the A solution is obtained using a left inverse O In order to

OIlfVis r&ee(tj o betlr?dependenmor ft?]unflscljtl%t'?n' i di Iaccommodate both fault cases in the design\flseare chosen
norder to use this approach for the 1ault detection and 15018 ;i negative real numbers and a solutiodferobtained

tion of rolling element bearings, we need to redefine the output . .
matrix, C. In order to separate faults we needn isolated ¢ = 1, 2 according to
output subspaceSW;. Because the fault space corresponding L = —(A[F] Fy] — [M\FL Mo Fo))(C[Fy Fo)) L.
to a ball fault is dependent on the inner and outer raceway fault
spaces, any subspace that includes the ball fault space will haveAfter solving for L, we need to check the stability of the
nonempty intersection with any subspace that includes the ingérsed-loop systerd 4+ LC'). The steady-state error when the
and outer fault spaces. As a result of this, we will focus our @pput is constant is given by
tention only on inner and outer raceway faults. 1
Focusing on inner and outer raceway faults, the output ma- Yi — U = <——
trices (C and D) are shown at the bottom of the page. Ai
This output matrix represents two measurements of the rotor4n the case of no fault, the error dynamics reduce to
bearing system: the vibration of the rotor (the first rowggfand

rﬁmere)\is are negative real values corresponding to the eigen-
values of the closed-loop systém + LC'). The \;s are chosen
to be real because they correspond to the real eigenveciers

the vibration of the casing of the bearing (the second ro@)of ¢=(A+ LO)e
The detection problem is to find a set of subspadés: = y—y=_Ce.
1,2, .-+, q, whereq is the number of possible faults such that
for someL the following conditions (detectability conditions)Because the closed-loop system + LC) is stable, the error
are met [5]: will converge to zero.
(A+LOYW; C W, subspace invariance . In th_e presence of noise, a _rank c_ondl_tlon t_o determlne_ the
linear independence of the failure directions is not practical.
F,Cw, fault inclusion Therefore, a robust technique capable of extracting these pre-
CW; N (CW;) =0, determined directions is required. Inspired by the concepts of
forallj=1,2 ---,gandj #i output separability sliding-mode observers and controllers [11], [12], the theory of

_ . sliding-mode detectors has been developed [9]. Sliding-mode
Real(o(A+ LC)) € B stability. detectors are used in conjunction with detection filters to con-
The output separability condition is satisfied for thginyously monitor the behavior of the residuals in the error space

fault spaces of inner and outer raceway faults. That igf the detection filters. The sliding surfaces are positioned ac-

CF;,N(CF;) =0, forj=1,2andj # i. cording to the fault subspaces (i.e., fault directions). If the in-
The detectability conditions can be rewritten WillY; pyts to the sliding-mode detector (the detection filter residuals)

replaced byi; where the one-dimensional subspd¢e= span  are in the same direction as the sliding surface, the trajectory of

{£3}. The detectability conditions can be rewritten as the sliding-mode detector will remain on the sliding surface. On
(A+ LO)F; C F; subspace invariance the other hand, when the input is not on the sliding surface, the
CF;N(CF;) =0 output separability, trajectory will not necessarily stay on the sliding surface. This

j=1,2, j#i property provides a means for determining the existence of a
Real(c(A+ LC)) € R~ stability. fault (detection) and the monitoring of the fault condition.
= [ —ks/m,.  —cs/m,  ks/m,.  cs/m, 0 0
o L 0 0 kc/mh cc/mh (_kh - kc)/mh (_ch - cc)/mh
_ [ Es/me
DlIl - I 0 }
0
Dout - I kc/mh:|
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Fig. 6. Probability for Normal and Fault 1 operating conditions.

The sliding-mode detector consists of multiple detection
units, each corresponding to particular fault. The free dynamics
of a detection unit are given by

jﬁl =T2

i‘g = —axr; — bl’g.

The parametersg andb are chosen such that the equilibrium of
the model (0, 0) is asymptotically stable.

The sliding surface is chosen to be a one-dimensional sub-
space passing through the origin. The sliding-mode structure for
the detection units is given by

.’i’l =T — k‘l Sgn(alxl + CLQ.’L'Q)

I =—axy — bxrs — ko sgn(ayx; + azxz)

wheresgn () is the signum function and the lirg z; + a2 =

0 is the sliding surface representing one of the fault directions in
the output space. THes are chosen such that when the trajectory
is on one side of the switching surface, the corresponding equi-
librium is on the opposite side. This makes the sliding surface
attractive and with the asymptotically stable free dynamics this
guarantees that the trajectory would reach the sliding surface in
finite time. The values of thés determine the rate at which the
trajectories approach the sliding surface. Appropriate values for
these parameterég) are determined to provide a compromise
between the rate at which trajectories approach and deflect from
the sliding surface.
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Fig. 7. Probability for Fault 1 Level 2 and Fault 1 Level 3 operating condition:

The detection units are combined into a sliding-mod
detector. The individual detection units for the inner an
outer raceway faults incorporate switching (sliding) surface: -
positioned at the projected fault directiof'd’; — D;. Without -
loss of generality after scaling, the vectors representing t
fault directions, were found to be (1, 6) and (1, 2) for the oute
and inner raceway faults, respectively.

V. SIMULATION RESULTS

To test the proposed algorithms, simulation experiments fc.
the rub-impact model and the rolling element bearing model (b)
have been conducted. We begin with a discussion of rub img. 8. (a) Outer raceway sliding model (healthy case). (b) Inner raceway
pact given a single fault with different levels. The simulatiofliding model (healthy case).
includes Fault 1, which is a loss of damping with three dif-
ferent levels. The simulation begins with the rotating machiraion, which include the Normal operating condition (N), Fault
in the normal operating mode with the following set of parant condition (F1), Fault 1 Level 2 condition (F1 L2), and Fault 1
eters for the normalized model developed earlier= 1, ¢ = Level 3 condition (F1 L3) are implemented. The performance of
0.1, = 0.18, £k = 1, andg = 0.1. After operating in the the observers, their sensitivity to different signal-to-noise ratios
normal mode, Fault 1 is introduced by reducing the dampif§NRs), and their robustness to uncertainty in the modeled dy-
in the system t@ = 0.1. Then, Fault 1 Level 2 (F1 L2) is in- namics are also investigated. The signal applied to the observers
troduced by further reducing the dampingite= 0.06. Finally, has an SNR between5 dB and 5 dB, to model the influence
Fault 1 Level 3 (F1L3)is introduced by letting the damping dropf sensor noise. The last observer for F1 L3 ha@ghe defor-
to¢ = 0.02. The normal operating mode lasts for 170 s (hormathation exponent for the Hertzian restoring foree) .0, andu
ized time), i.e., 26 revolutions, F1 and F1 L2 each last for 26 refthe coefficient of coulomb friction}= 0.1, while the simulated
olutions, and F1 L3 lasts for 80 revolutions. When the dampingocess has = 1.5 andu = 0.3. Hence, there is a mismatch
reduces to 0.02 (F1 L3), rubbing begins and quasi-periodic mmetween the fault observers and the simulated process, a situa-
tion ensues. Multiple-model filters for selected modes of opeiien that will always exist in applications.

Authorized licensed use limited to: AALTO UNIVERSITY. Downloaded on October 07,2021 at 11:22:15 UTC from IEEE Xplore. Restrictions apply.



1012 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 47, NO. 5, OCTOBER 2000

(@)

Fig. 9. (a) Outer raceway sliding model excited by outer raceway fault. (lt}}
Inner raceway sliding model excited by outer raceway fault.

g. 10. (a) Outer raceway sliding model excited by inner raceway fault. (b)
Inner raceway sliding model excited by inner raceway fault.

Fig. 4 shows the orbit plot, the Poincaré map of the orbit plot,

the phase plot, the Poincaré map of the phase plot, and the eemwor begins to converge at= 520 s, indicating that this ob-
dynamics for the normal operating condition (N) as an examperver is tracking the true operating condition of the process.
for the performance of the linear observers. The performanthe outputs of the fault observers are used as inputs to a non-
of the Kalman filters in the linear (normal operating) regime iBnear post processor, where the conditional probability for each
evident. It is also clear from Fig. 5 that the stochastic nonlineaperating mode is computed. Figs. 6(a)—(d) and 7(a)—(d) illus-
observers, in the presence of sensor noise and unmodeledtthte the operation of the detection system for the N, F1, F1 L2,
namics, are capable of accurately reconstructing the nonlinead F1 L3 operating modes, respectively. The conditional prob-
orbit, the Poincaré map, and the phase plot. The nonlinear alfility of each operating mode takes values in the interval [0,
server error is given in Fig. 5(e) and (f). The F1 L3 observdl, and the conditional probabilities are constrained to sum to
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one. An operating mode is detected when a conditional prdizal filters in a low signal-to-noise measurement environment.
ability exceeds a given threshold, 0.9 in the examples givenAso, a fault detection filter in combination with a sliding-mode
this paper. As is evident from the simulations, once a condietector is used to detect and isolate inner and outer raceway
tional probability exceeds the threshold and the operating mo@its in rolling element bearings. Simulation studies were used
of the process is determined, all of the fault filters are reinitiafp demonstrate the performance of the proposed detection and
ized and the mode probabilities are reset to their initial valugifagnosis schemes. Results from laboratory and field testing of
(025 for this set of SimulationS). An advantage of the nonlineﬁfe techniques deve|oped in this paper are Currenﬂy underway
(multiple-model) filtering approach to fault detection discusseghq will be reported in a subsequent publication.
in this paper is that mean time between failure (MTBF) statis-
tics can be used to reinitialize the mode probabilities after re-
setting. This can help the detection system decide between two , _ _
“similar” faults based on tha priori probability of their occur- ~ [1] E: Chow and A. S. Wilsky, “Analytical redundancy and the design of
. . . . robust failure detection systemdEEE Trans. Automat. Contrvol.
rence. The resetting also prevents “windup” in the fault filters  Ac_29, pp. 603-614, July 1984.
and enhances their ability to track abrupt changes (faults) in th€2] R. Patton, P. M. Frank, and R. Clarkault Diagnosis in Dynamic Sys-

operating mode of the system. tems Englewood Cliffs, NJ: Prentice-Hall, 1989.

. . . . . 3] P. M. Frank, “Evaluation of analytical redundancy for fault diagnosis in
Next, we discuss the detection and diagnosis of inner and dynamic systems,” i,,?roc.NpAé vol. 1, 1989, pg. 7-01. 9

outer raceway faults in rolling element (ball) bearings. The de-[4] J. Gertler, “Survey of model-based failure detection and isolation in

tection units include switching (sliding) surfaces that are posi- _ complex plants,IEEE Contr. Syst. Magvol. 13, pp. 3-11, Dec. 1993.
[5] V. Krishnaswami and G. Rizzoni, “Model based health monitoring of

tioned at the projeCte(_j fault directiqrﬁﬂ —D;. After scaling, vehicle steering system using sliding mode observePrat. American
the vectors representing the fault directions were found to be (1, Control Conf, Seattle, WA, June 1995, pp. 1652-1656.

6) and (1 2) for the outer and inner raceway faults respectively.[G] V. Garg and J. K. Hedrik, “Fault detection filters for a class of nonlinear
Fi 8, d (b) illustrat the f ’ f th systems,” irProc. American Control ConfSeattle, WA, June 1995, pp.
ig. 8(a) and (b) illustrates the free response of the  1547_1651.

sliding-mode detection units for outer and inner raceway faults,[7] S. Nowakowski, M. Boutayeb, and M. Darouach, “A new failure detec-

respectively. The trajectories of both detection units chatter  tion and correction method for nonlinear systems, Pioc. IEEE Int.
h L ithout deflecti th lidi f . Conf. Systems, Man, and Cybernetied. 3, 1993, pp. 424-428.
to the origin (without deflection) once the sliding surface is g R |serman, “Process fault detection based on modeling and estimation

reached. Fig . 8(a) and (b) is typical of a healthy rotor-bearing  methods—A survey,Automatica vol. 20, pp. 378-404, 1984.

system where fault excitations are absent. In this case. it id9 N Afshari, “Model based techniques for real-time fault detection of
. . . ’ . rolling element bearings,” Ph.D. dissertation, Dep. Elect. Eng. Comput.

expected that the trajectories of each sliding mode detector will ¢ “case Western Reserve University, 1998.

converge to the origin along their respective sliding directions.[10] M. F. Abdel-Magied, “Fault detection of rotating machinery using

FigS. 9(a) and (b) and 10(a) and (b) show the behavior of quel-based techniques,” Ph.D: dissertation, Dep. Elect. Eng. Comput.
h lidi de d h dri by th led Sci., Case Western Reserve Univ., Cleveland, OH, 1997.
the shding-mode detectors when driven by the scale Oth'il] J.-J. Slotine, “On sliding observers for nonlinear systendsPDynam.

and inner raceway fault residuals from the detection filter, Syst., Meas., Confvol. 109, pp. 247-252, Sept. 1987.
respectively. The trajectory of the matching fault model Stayélzl R. A. DeCarlo, “Variable structure sliding mode controller design,” in
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