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Abstract: In this paper, acombined appoach to damage diagnasis of rotors is propcsed. The intentionis to
employ signd-based as well as model-based procedures for an improved detedion d size and location o
the damage. In afirst step, Hilbert transform signd processng techniques allow for a computation d the
signd envedope and the instantaneous frequency, so that various types of nonlinearities due to a danage
may be identified andclassfied based onmeasured resporse data. In aseandstep, amulti-hypothesis bark
of Kalman Filters is employed for the detedion d the size and location d the damage based on the
information of the type of damage provided by the results of the Hilbert transform.
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1. INTRODUCTION

Modern madhinery is bound to fulfill increasing demands concerning durability as well as safety
requirements. In order to manage these complex tasks, procedures for an automated damage detedion have
to be provided. Current trends are described e.g. by Williams and Davies (1992. The diagnosis of
turbomadhinery is of particular relevance, in arder to avoid caastrophic damage or injury, Haas (1977,
Muszynska (1992. Basicdly, ore can dstinguish between signal-based approaches, which merely rely onan
analysis of the measurements, and model-based approaches, which additionally utili ze an appropriate model
of the system under investigation.

Signal-based dagnosis employs our physicd understanding of the dynamic system behavior in the presence
of aspedfic damage. For instance, a aad in arotor shaft influences the rotor vibrations, especialy the first,
seand and third harmonics. Besides, a shifting of the phase occurs. Therefore, a suitable analysis of the
measurement signals yields valuable hints for the detedion d a adad. Furthermore, nonlineaities due to
the "breathing" (the opening and closing of the crack) are introduced.

In the recent past the dharaderization d the resporse of nonlinea vibration systems has been approached
using the Hilbert transform (HT) in the time domain. The objedive was to propcse a methoddogy to
identify and classfy various types of nortlineaiti es from measured resporse data, Feldman (1994a, 1994p
The proposed methoddogy aso concentrated onthe HT signal processng techniques, which allow for the
computation d the signal envelope and the instantaneous frequency. It was down that the system
instantaneous dynamic parameters and also the dastic nonsymmetric force daraderistics can be estimated,
Feldman (1997. The results showed that the methoddogy is very well applicable to the diagnosis of
damage, too.

In general, the drawbadk of the signal-based proceduresis that most of the time the determination o location
and extent of adamage is not posgble. This gap can befill ed by model-based procedures, where anumericd
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relation between the damage and a spedfic damage parameter is established. The detedion is performed by
relating algorithmicdly a model of the system under investigation to the measurements. A suitable analysis
of the diff erences between model and measurements yields the determination o the location and size of the
damage. For instance a bank of Kalman Filters may be anployed for the detedion d the locaion o a
damage like a cadk in a rotor shaft. Furthermore, its depth may be cdculated, too, Seibold and Weinert
(1996).

However, this model-based approach is quite time-consuming and wsually not applicable for online
monitoring. Furthermore, it might sometimes be difficult to dstinguish between spedfic damages like eg. a
cradk and an increasing unbelance Therefore, we propose to combine the two methods for an improved
detedability of damage & ealy stages. the HT signal processng technique will be employed for a
charaderization d the damage, so that in a second step, a bank of Kalman Filters based ona suitable model
of the damage can be designed. Then, the location and extent of the damage can be calculated.

The paper is organized acwrding to the following: Sedion 2 focuses on the HT. First, the theoreticd
badkground is explained. Then, a new approach for the gplicaion to nonlinea systems is discussd.
Sedion 3aims at clarifying the procedure with a simulation study. In sedion 4, some basic ideas for the
modeling of a aadk in a rotor shaft are presented, and a finite adadk model is described. Sedion 6 hbiefly
discusses the ideaof multi-hypathesis testing based ona bank of Kalman Filters. Finally, in sedion 6,the
methods presented are gplied for the diagnasis of a aadk in the shaft of a rotor test rig. Sedion 7 dscusses
the results.



2. THEORETICAL BACKGROUND: THE HILBERT TRANSFORM

The onsidered HT identification methods in the time domain have been developed by one of the authors for
only symmetricd nonlineaities, Feldman (1985, 1994a As only symmetricd nonlineaities were
considered, nonlinea eastic and damping force daraderistic can be epressed in terms of odd
paynomials. However, it is also passble to extend the method in order to analyze vibration systems with
nonsymmetricd norlineaities. The main ideaof the methodis to take the solution d the nonsymmetricd
vibration system in the time domain and split it i nto two dff erent "subsolutions" separately for the positive
and for the negative displacanent. Then, the separated solutions of the nonsymmetric system are
determined by adopting the method ceveloped for the nonlinea vibration system identificaion, Feldman
(1985, 1994a)

2.1 Non-Linear System Representation

The equation of free vibration of a non-linear non-symmetrical structure can be written as follows:

y+2hy+F(y)=0
_OR(y),ify>0, (1)

FO=E it y=o

where Yy - the system solution, h- the damping coefficient, F(y)- the nonlinea nonsymmetrica spring
force, F(y)- the nonlinea stiffness charaderistic for the positive displacement, F,(y)- the norninea
stiff ness charaderistic for the negative displacanent. The solution d the equation depends mainly on the
nonsymmetricd elastic force F(y), that can be expressed in terms of odd and even pdynomials of
displacement. In the cae of positive displacement y> 0 the solution is produced by the first line of the

nonsymmetricd elastic force daraderistic, Figure 1. Each displacement sign changing from pasitive to
negative, or the reverse, switches the vibration structure, which will i nclude rrespondngly the first or the
second nonsymmetricd elastic force daraderistic. The oscill ating force will be transformed into
oscill atory motion with correspondng amplitude and frequency feaures. An ill ustration d non-symmetrica
amplitude transformation of the solution is shown in Figure 1.
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<

Figure 1: lllustration of transformation of amplitude of the vibration solution



Suppase the solution d the system consists of two independent separate parts: a paositive motion, associated
only with the positive force daraderistic curve, and a negative motion associated only with the negative
force characteristic curve:

_,if y>0

YOS m.ity<o

(2)

The positive motion is only influenced by the positive force and conversely the negative motion is
dependent uponthe negative branch. In ather words, acording to this assumption ead part of the system
solution is determined only by its corresponded force daraderistic. Each part of the vibration signal could

be represented in the Analytic signal form: y, ,(t) = A ,(t) CO{I ooliz(t)] where 'y, (t) - the vibration signal

(red valued function), A (t) - the envelope (instantaneous amplitude), w; (t) - the instantaneous frequency.
One of the question arising immediately from this representation is: How will the combined signal y(t) be
separated into its constituent parts Y, (t) and Yy, (t) ? The HT also could play an important role in the signal
decomposition and may lead to practical results.

2.2 Bi-Linear System Vibration Decomposition

Originaly consider the cae of a vibrating conservative system with hi-linea force dastic charaderistic
F,= ooizy. According to the assumption equation (2), the solution d the system is built up from two

alternate harmonic. During a half of the period, when the displacament is positive, the vibration appeas as a
harmonic A, cosw,t and duing the next half, when the displacement is negative, the vibration continues as

another harmonic with the diff erent amplitude and frequency A, cosw,t. As afirst approximation, assume
that these harmonics have the same frequency and dfferent amplitudes (A, > A,). In this case, the signal
can be modeled in the time domain as a monocomponent si@inalvith nonzero mean valubl . That is,

y(t) = A, cos(@, 1) + M , (3a)

where A, = 0.5(A, + A,) - the anplitude of harmonic, M = 0.5(A, — A,) - the mean value (off set) of the
nonsymmetric signal y(t) . According to the main properties of the HT, Mitra and Kaiser (1993, the
Hilbert transformed projectiofy(t) will not respond to the signal mean value

y(t) = A, sin(w,t). (3b)
The two equations (3a) and (3b) will produce an analytic signal of the form:
Y(t) = y(t) + jy(t) = Alt) exp(jot) |, (4)

where  A%*(t) = 2A Mcos(w t)+M?+ A’-  the nonsymmetric signa envelope squared,

ALM cos(,,t) + AL

w(t) = w, A2 )

- the non-symmetric signal instantaneous frequency.

From equation (4) it can be seen that the signal envelope @nsists of two dfferent parts. There is a slow-
varying part, which includes a sum of the anplitude squared together with the mean value squared, and also
a fast varying (oscill ating) part, which is the multiplicaion d the anplitude and the mean value with the
function cos(w,t) . For such a cae it is posshble to separate the slow and the fast (oscill ating) parts of a
signal envelope (mentioned above) by using an ordinary filtration in the frequency domain. Thus only the
fast part AZ(t) will be retained after high pess filtration d the square of the signal envelope:
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A%(t) = 2A, M cos(w,t) . This new function is now just a monacomporent signal. Repeaing appli cation
of the HT, the new envelope extradion is realily adieved: |Af2| =2A, M. Then, after an algebraic
operation, we will get a smple formula for ead nonsymmetric amplitude estimation:

A, =|A’ = A? £ |A?| , where A - the pasitive anplitude, A,- the negative anplitude, A - the @welope
of the nonsymmetric signal, A, - the fast oscill ating part of asignal envelope, |Af2| - the envelope (result) of
the repeated application of the HT.

Let us consider the next approximation o a non-symmetric signal y(t) as a combination d two harmonics
with different frequencies w,,w, andthe same anplitude A,,. The diff erence between the paositive and the
negative harmonic will eventually produce a nonzero mean value of the 8fignal

OA, cosw,t+ M, ,if y>0

t)= , )
v EﬁmcoswzHMw,lf y<O0

)
2A, w, —w,

T W, +w,
the signal will now be biased due to the nonzero mean value equation (4):

where M, = - the mean value of the nonrsymmetric signal. The instantaneous frequency of

(6)

where b = (AﬂMw cosw,t + Af])/(A2 (t)) . To simplify the last equation, we @ume that the mean value
M, of a non-symmetric signal is always less than the amplitude of the sMpad A, :

g M g /0 M U
w(t) = w,, O+ —2 cosw,t0/ O+ 2—2 cosw,,t0, 7)
20 A O " A 0

where w,, = w, if y>0; w,, =w, if y<0. The obtained equation (7) explains that the instantaneous

frequency of the nonsymmetric cycle, asociated with the lesser frequency, is dightly lessthan the initial
frequency. Correspondngly, the instantaneous frequency associated with the larger frequency is moderately
larger than the initial frequency. After using a separate lowpassfiltration d the instantaneous frequency,
asciated with the positive and the negative portions of signal, we will get two biased frequencies of the

non-symmetric signal (equation (5)0,q, ey ) = 001,2((11 Mf,)/(Ai)) .

The obtained hias value is very small. For example, in extreme caeswhen w, = 2w, thebiasisonly 10%,
suggesting that the bias value @uld be negleded. In consequence, the resultant formula for the componrent
frequencies takes the form: w, , = <wpm’neg>. The use of the developed technique could result in a more
precise estimation of both the amplitude and the frequency of non-symmetric vibration signals.

2.3 The Hilbert Transform Identification Technique

Vibration signal, suitable for the HT identificaion, shoud be amonocomporent signa derived from SDOF
system diredly, or obtained from a multi-DOF system after spedal decompaosition a after band-pass
filtration. Thisinitial signa y(t) = A(t)cosyt, where y(t) - vibration signal (red valued function), A(t) -
the envelope (instantaneous amplitude), Y(t) - the instantaneous phase, is assumed to be afreesolution o a



nontlinea vibration system with frequency dependent damping y + 2h(y)y + k(y)y = 0, where 2h(y)y -
the nontlinea viscous damping force daraderistic, k(y)y- the nontlinea elastic force daraderistic. It is

desirable to recover nonlinea badkbones and damping curves from the measured vibration signal. For this
purpose some resultant equations could be #sgdman (1994a)

w3 :¢2—é+2A2 +&
0 A A AY
h(t)z_z'kﬂ

where wq(t) - instantaneous undemped netural frequency of the system, h(t) - instantaneous damping
coefficient of the system, J, A - instantaneous frequency and envelope (amplitude) of the vibration with

their first and second derivatives. Algebraicdly equation (8) means that the HT identificaiion method wses
the initial displacement, velocity and also acceleration at a time.



3. APPLICATION OF THE H ILBERT TRANSFORM TO NON-LINEAR SYSTEMS
SIMULATION

All simulation examples demonstrate the performance that can be adieved using the proposed technique. In
order to focus our nonsymmetric signal processng on the dfeds of the nonlinea vibration systems
identification, we also use the HT identification metheeldman (1994a)

3.1 Non-symmetric bi-linear free vibration

Consider the initial simulated signal of free vibration of a non-symmetric bi-linear system:

y+2y+F(y)=0
F(y) = [{20m)%y,if y>0 (9)
40m)°y,if y<0

which is $own in Figure 2 together with the separated envelopes. By applying the HT identificaion
technigue to the signal, badbores and damping curves shown in Figure 3 are obtained. In the cae shown it
is obvious that the natural frequenciqﬁ are anstant (correspondngly 10 and 20 Hz), and the damping
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Figure 2: Bi-linear non-symmetric system free vibration



OM1F——— 1 — F e T T
o1f SR S
j l:’ositive j j
009 -~ oy o LT
008 R P EEETY TERRRO s
007 o SR
] I
50.06 ****************************************** e
2 l
£ o051 { |
< Negative
0.04F B R I R ;
0.03f - RN TEETE e R
] I § I
002fF - AR SRR P S
I I ¢ ]
001F S EEEEEE S b
| | J |
0 5 10 15 20 25 30

Frequency, [HZz]

Figure 3a Estimated force characteristics of bi-linear system - backbone

400 s L =

o e -

o N . -

Force
o
\

Displacement

Figure 3b: Estimated force characteristics of bi-linear system - spring force characteristic



0.11F T T T T T T T T &
QAo
‘ ‘ ‘ j Positive
0.09F n
oo8F . S ]
007 v trrrr e B R N SRR
[0}
S0.06F -k
2
<005 Negative ]
0.04F
003F
0.02r - R R R R I D SIS
001 S o TR
I I I I I I I I I
0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2
Damping coefficient, 1/s
Figure 3c Estimated force characteristics of bi-linear system - damping curve
d
T T
~ Positiy
BOOF e S
0— s 7
7
7
7
//
3 v
S BOOF - p S
e
7
//
-1000F /, rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
7/
7
7/
-1500 - —,——’Negative ————————————————————————————————————————————————
V4 .
/ "
7 |
| | | | | | |
-800 -600 -400 -200 0 200 400
Velocity

Figure 3d: Estimated force characteristics of bi-linear system - friction force characteristic



3.2 Free vibration of non-symmetric system with two cubic like stiffnesses

The next example is the case of non-symmetric free vibratibm@tubic like stiffnesses

y+2y+F(y)=0
F(y) = [(20m)*(1+5y*)y,if y>0 (10)
40m)°(1-3y?)y, if y<0

Computer simulation, performed for 1024 pénts with sample frequency 1 Hz, is shown in Figure 4. The two
obtained badkbores shown in Figure 5 indicae the varying value of the frequency of the system. The
hardening badkbonre for the paositi ve displacanent and the softening badkbonre for the negative displacanent
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Figure 4: Non-symmetric free vibration of two cubic like stiffnesses
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4. THEORETICAL BACKGROUND: DYNAMIC BEHAVIOR OF A ROTOR
WITH A CRACKED SHAFT

4.1 Diagnosis of cracks in rotating shafts

Investigations concerning the dynamic behavior of a rotor with a aadked shaft recave increasing interest,
espedally those daming at the diagnasis of the damage. The reason is quite obvious: severe damages in
power plants have been reported in the last yeas, many of them due to fatigue aadks in the turbine shaft,
Haas (1977, Hoxtermann (1988, Musznska (1992. As a mnsequence tods for the monitoring and
diagnosis are being developed to avoid such caastrophic failures. The amisto dagnose aads at an ealy
level, so that a sound calculation of the remaining life-time can be performed.

The paper by Wauer (1990 summarizes the dforts performed in the field of the modeling and detedion o
cradcs. Thefirst investigations performed were restricted to the basic phenomena occurring due to a aacked
rotor shaft. They were based onthe assumption d a simple Jeff cott-rotor model, which consists of an elastic
masdess $aft on hinged suppats, with arigid disc placel in the midde of the shaft. The locaion o the
crak is suppeed to be next to the disc, Gasch (1976. The governing phenomenon for the dynamic
behavior of a aadked rotor is the “breahing” of the dad, i.e. the opening and closing of the aad during
the rotation d the shaft. Generally, the breahing depends on the vibrations of the rotor and therefore on the
momentary displacements. Therefore, the system behavior is described by nonlinear differential equations.

4.2 A finite beam element with a crack - the Theis model

In red life, the dynamic behavior of turbomadhinery is governed by weight dominance the vibration
amplitudes of the rotor are small compared to its gatic displacanent. Then, simplified linea differential
equations of motion can be derived, see eg. Dimarogona and Papadopolos (1983, Mayes and Davies
(1983. The adadk can be asaumed as an external load (“cradk load”), and the breahing is described as a
function of the angle of rotatiof .

Theis (1990 has developed a finite bean element with a breahing crad which takes into acourt al six
degrees of freedom of the Bernouli bean theory and is based on the work of Papadopolus and
Dimarogonas (1988. The alditional compliance due to the aad is derived based onfradure mechanicd
considerations viathe energy release rate. In cortrary to ealier works, the Theis model considers the “semi-
open” crad in addition to the “open” and the “closed” cradk. The transition ketween these states is
described by heuristic rating functions, and the breahing of the aad depends on the vedor of bending
moments in the aadked cross ®dion. This cradk model requires bending dominance, which means that the
breahing only results from the bending vibrations, which in turn influence the lateral and torsional
vibrations via aosscouging terms. No additional demands concerning the torsional degrees of freedom are
required; however, lateral forces canna be taken into acourt. Therefore, the aadk model is naot valid for
critical frequency ranges concerning the lateral vibrations.

The Theis alows to consider the mupging between the bending vibrations and the lateral and torsional
vibrations due to the adadk. In the following, however, the governing equations are given for bending
vibrations only. Furthermore, weight dominance is assumed. Employing the small amplitude gproximation,

the following linea differential equations can be derived, where the alditional dynamics due to the adadk
are modeled as “external crack loads” acting on the sy3teais (1990), Seibold and Weinert (1996)

MA9(¢)+DA9(¢)+KO A9(¢):ER(¢)+EU (¢), (11)

M and D being the mass and camping matrices, F, being the unbelance ecitation, and denating the
crack loads as

Fr= _Aﬁ(q))gs . (12)
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In Theis (1990, it is described how the alditional compliance due to the aadk can be derived via the energy
relesse rate based onfradure mechanicd considerations. In arder to fadlit ate the gpli cation to model-based
damage diagnosis, the crack loads can be approximated by polynomial fur@tibied) (1995)

Fe(@$)= [ a P, 1y(®) = R@)y(¢) . 3

where a is the depth of the cradR, are constant matrices of coefficients independent of aparahd
y(®)" =[1 sind sin2¢ ...sinkp cosd cos2¢ ...coskd] , (14)
is a function of the angle of rotatia.

The Theis model does nat require weight dominance, and it can be modified for nonconstant speeds of
rotation. Still, ore quite severe restriction reeds to be mentioned: the model is only valid for cradks with a
depth lessthan the radius of the shaft. However, the modified Theismodel acwrding to equations (13-14)
fadlit ates the goplication to damage diagnosis. Based onthe concept of modeling the aadk as "external
loads’, the qadk element can be eaily implemented in existing FE programs. Figure 6 shows the aadk
model: the aadk, which nead na be located in the middle of the beam element, is mapped as external forces
and momentsX; . This crack element then can be "added" to a FE model of a rotor, Figure 7.

Txéxs-uz
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e
X X
L/2 —]
-X T L/2
X XaLl2 gy ixeL12 —
Figure 6: Crack model of Theis.
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Figure 7: Finite-Element model of a rotor with a cracked shaft.

14



5. MULTI-HYPOTHESIS TESTING WITH A BANK OF KALMAN FILTERS

Multi-hypaothesis testing based on a bank of Kalman filters is a powerful tod for the detedion d the
locaion o damage. The theoreticd badgroundand an application to crads in rotating shafts is described
in Seibold andWeinert (1996. This model-based approach requires a suitable model of the system, as for
instancethe FE model shown in Figure 7. The ideaisto design dff erent Kalman filters for diff erent damage
hypotheses (bank of filters, Figure 8). In ou case, suppaing we want to deted the locaion d a cadk in a
rotor modeled acmrding to Figure 7, rine different hypotheses are needed: the zero-hypothesis based ona
FE modedl of the rotor withou a adadk, and eight hypotheses based onFE models of the rotor with a dad in
beam elements 1-8. Each Kalman filter generates innovatidos every time steg:

Vier = Yior ~ € Ziowc (15)

where Yiur" the vedor of measurements at time step k+1, 2,,,,, - the model prediction for the time step

k+1, and C - the measurement matrix. These innovations are the diff erences between model prediction and
measurements. Usually, the measurement noise is normally distributed and urcorrelated white noise, so that
the innovations of Kalman filters are time series with the same properties if measurement and model
prediction are @rrespondng. Therefore, by statisticdly analyzing the innovations of ead Kalman filter in
the bank of filters, the locaion d the aadk can be determined. Furthermore, if Extended Kalman Filters
(EKF) are anployed, a parall el state and parameter estimation can be performed, and the depth of the aadk
can be calculated, too.

input output
u(t) y(t)

system
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Y
filter O
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filter 1
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innovations

Vo

4

detection of the
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Figure 8: Bank of filters.
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6. ROTOR TEST RIG: IDENTIFICATION OF A CRACK IN THE ROTOR SHAFT

A simple rotor test rig was built in order to apply the proposed procedure to red measurements, Figure 9.
The test rig consists of a shaft with radius R = 9 mm on hinged suppats. A disc is mourted in the midde.
Initiated by a notch of about 2 mm depth, a transverse aad in the shaft at a location close to the disc is
introduced. Two kinds of vibrations are measured: freevibrations of the disc initiated by an impulse, and
stationary vibrations at constant speed. Then, static overloads are gplied using a speda apparatus. This
results in dark lines (beadimarks) on the aad face After the experiment, the measurements taken can be
related to the beadimarks and to the adual cradk depths. In this way, the results of the identificaion can be
checked. The experimental set-up is described in detd@ilold (1995).

. . coupling
measuring devices

. electric drive
disc

foundation

pedestal - pedestal
reception camps

Figure 9: Rotor test rig.

6.1 Detection of the crack with the HT approach

An experimental identification d the rotor structure with a notch and cradk was made on the basis of 4
separate measurements (512 time steps) of freevibrations of the disk (cradc at the lowest position). In this
experiment, the depth of the dadk was 5 mm. Freevibrations were picked up from the nonrotating rotor
after exciting the system with an impulse hammer. The propcsed HT method enables us to separate the
measured nontsymmetric vibration into two dfferent parts. The first part (Figure 10, bdd line) describes
system behavior for only positive displacement, and the second part (Figure 10, dhshed line) for only
negative displaceanent. The obtained results of the HT identificaion, shown in Figure 10, indicae the
closely-spacal pasitive and the rrespondng negative badkbonres of the 4 separate measurements. The
tested system has a strong nonsymmetric dastic force daraderistic: the positive movement exhibits
small er values of the natural frequency (25.5-26 Hz). The diff erence between the natural frequencies for the
positive and the negative movement is about 2 Hz.

The system also has a small nonlinea elastic force daraderistic, dissmilar for the paositive and the
negative movement. The positive movement badk-bore looks like ahardening nontlinea spring. On the
contrary, the negative movement badk-bore shows snall softening nontlinea spring charaderistics. The
tested system has a symmetric friction charaderistic. The estimated friction force daraderistics posessa
strong dry friction nature.
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6.2 Detection of the location of the crack with multi-hypothesis approach

The results of the previous dion clealy indicate the presence of a aadk. Now, the locaion and depth of
this cradk can to be determined employing the multi-hypaothesis approach described in Sedion 5, and the
measured vibrations of the disk at constant speed. Considering our model of the rotor, Figure 7, 9 damage
hypotheses and therefore abank of nine EKFs are needed. One filter is based onthe null hypothesis "no
crad”, and eight filters have to be designed based onthe hypaothesis "cradk in bean element noi". These
eight filters are based ona finite dement model of the rotor with a dad in the spedfic bean element, and
perform a paralel state and parameter estimation, where the parameter to be estimated is the depth o the
crack. In order to avoid excessve mmputation time, a modal condensation to the first four bending
eigenforms is performed. Withou the initial information abou the type of the damage, many more damage
hypotheses (e.g. increasing unbalance) would have to be cnsidered, so that the gproach would be alot
more time-consuming.

Figure 11 shows the identification d the adadk depth a based onthe true hypothesis no. 4.The true cadk
depth is 5 mm, and the identified value is 5.2 mm. The parameter converges quickly. Figure 12 shows the
mean of the related standard deviations of the diff erent damage hypotheses. If the detedion d the locationis
successul, the corred hypothesis sioud possess the smallest standard deviation, Mehra and Peschon
(1971)

As has been stated above, the measurement set-up orly allows a measurement of the displacements of the
disc. It isnaot possbleto pick up measurements next to the pedestals, due to the diameter of the shaft, which
is relatively small. Therefore, it is impossble to determine whether the adad is on the left-hand a right-
hand side of the disc, and symmetric hypotheses like 1 and 8, 2and 7, 3and 6, 4and 5 p@®ssthe same
standard deviations. Still, it is obvious from Figure 12 that the cad isin ore of the beam elements next to
the disc, i.e. beam element no. 4 or 5.

The mmputations were performed using PC-Matlab. For the processng of 2000time steps, ead filter in the
bank needs less than 30 seconds computation time.

In Seibdd and Weinert (1996 it is shown that the adad locaion can be determined very well if more
sensors are avail able. Of course, a bank of Kalman Filters may also be designed onthe basis of a norlinea
model of the adadked rotor. In Seibdd (1995, 1997, it was shown that the aad depth can be identified
based ona nonlinea Jeff cott-rotor model. Furthermore, smaller crads can be diagnosed very well, Seibold
(1995, 1997)lt is possible, too, to consider nonconstant speeds of rotation.
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Figure 11: Identification of the crack depth a; hypothesis no. 4.
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7. COMPARISON TO OTHER DIAGNOSTIC PROCEDURES AND CONCLUSION

Recantly, the problem of damage detedion and dagnasis is tadkled by many reseachers from diff erent
fields. Most of the gproaches are based on the investigation o moda quantities, like changes in
eigenfrequencies and eigenforms. A recent paper showed that the size and locaion d a aadk in a rotor can
be cdculated by investigating the dchanges in the first four harmonics, Hachmann andPopp (1997. The
approad is very interesting and validated by measurements taken at a rotor test rig. However, the aithors
state that the @genfrequencies have to be determined very acaurately, which is in pradice not aways
possble. Furthermore, small crads have only insignificant influences on the @genfrequencies, so that they
cannot be detected by monitoring the eigenfrequencies only.

A completely different approad is suggested by Fritzen, Jennewein and Buchen (1996. They propacse to
employ a model representing the undamaged vibrating structure and a locd description o the damage, and
show that multiple aadks in a sted frame & well as a "lost mass' in a spatial structure can be identified
guite accurately. Up to now, only non-rotating structures were treated.

Damage detedion was the main subjed of the last IMAC conference, IMAC XV (1997). The paper by
Worden (1997 describes how Artificial Neural Networks can be amployed for condti on monitoring, and an
applicationto asimulated 3-dof system is treded. Recantly, the research in this areais very often associated
with methods of novelty or anomaly detedion, very similar to the ideaof multi-hypotheses testing. This can
also be stated about the gproach presented by Abdelghan, Bassvill e, andBeneviste (1997), where damage
is diagnosed by comparison to a reference model. For ead hypothesized damage, a test statistics is
generated, and the statistics measure the likelihood of the most likely change (i.e. damage) in the structure.

According to the knowledge of the aithors, there is no combined approach decumented in the literature &
the one presented in this paper, except for a paper pudished by one of the aithors, Bucher and %ibold
('997). The modal procedures mentioned above, as well as the purely signal-based procedures in general
yield excdlent results concerning the detedion o damage, bu, usualy, their drawbad is the inherent
difficulty to determine the location and extent of damage. This gap can be overcome very well by a model-
based approach, which on the other hand is quite time-consuming and wsually not applicable for online
monitoring. Furthermore, model-based procedures might sometimes have difficulties to dstinguish between
spedfic damages, like a cak and an incressing unbelance Therefore, a mmbination d the two
methoddogies will yield an improved detedability of damages at ealy stages compared to using eadh
approach separately. However, it is not possble to quantify this improved detedability. Generaly, the
successof a signal-based approach depends very much onthe initial physicad knowledge of the user. It may
yield valuable information abou the type of the damage, bu its extent of a damage can only very rarely be
cdculated. A purely model-based approach, onthe other hand, can fail if no initial knowledge @ou the
damage is available.

The aithors fed that a true progressin the aeaof diagnostics can only be made if signal- and model-based
diagnosis are wmbined, as propased in this paper, where the goplicability to the diagnosis of cradks in
rotors was proven. In the first simulated example, the gplicaion o the HT for the decomposition d non
symmetric signals was shown. Then, the combined methoddogy was applied to a rotor test rig with a
cracked shaft. The results of the HT clealy indicated the type of damage: a aad in the rotor shaft, so that
subsequently a bank of Kalman Filters based on a suitable model of the damage could be designed. By
multi-hypothesis testing, the location and the depth of the crack could be determined.

Further research will be devoted to investigate the gopli cability to smaller cradks, as well asto ather types of

damages.
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LIST OF SYMBOLS AND ABBREVIATIONS

HT Hilbert Transform

y system solution

h damping coefficient

F(y) non-linear non-symmetrical spring force
A(t) envelope (instantaneous amplitude)

W(t) instantaneous phase

Y(t) =w(t) instantaneous frequency

wy(t) instantaneous undamped natural frequency
a depth of the crack

EKF Extended Kalman Filter
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