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ABSTRACT

This thesis develops and explores two new kindsvibration-based damage
identification methodologies suitable for dynamiaalstems with periodically time-
varying coefficients; 1) a Floquet based method tfiddology I) and, 2) a Sideband
Frequency Response Function (FRF) method (Methggal). One important class of
dynamical systems where periodic time-varying pataim terms naturally arise is
rotordynamic systems. For the case of a flexiblaftstotor system with multiple open
cracks, this thesis explores a new Least Squareagkaidentification approach based on
Floquet theory with iterative eigenvector estimapelating. It is found that this method is
able to detect the location and severity of mudtiptacks with the assistance of control
inputs from an Active Magnetic Bearing (AMB). Hovwey it is also found that this
method could not effectively identify the crack Bngro overcome this shortcoming, the
new Sideband FRF based methodology is developechwitilizes the measured changes
in transfer function magnitude and phase due tacttral damage at the primary and
side-band frequencies of the damaged periodicatig-varying dynamical system. This
method provides the advantages of arbitrary ingation frequency and multiple
inputs/outputs which greatly enriches the datasetidmage identification. This damage
identification algorithm utilizes an iterative I¢asquare approach combined with a
Newton-Raphson technique to estimate the damageneders. The effectiveness of this
method is thoroughly explored for a flexible rogystem and a planar truss both with
breathing cracks. In each case, damage estimasigpeiformed using time-domain

vibration data taken from full nonlinear simulatsoof the cracked structures. The results



show that this new method successfully estimatedcthck depths, locations and angles

for the case of multiple simultaneous damages.
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Chapter |

INTRODUCTION

1.1 Background

With the rapid development of modern indusRgtating machinery is widely used in
gas turbine engine, aviation, industrial compressord various motor devices and plays
a very important role in power, aviation, mechahichemical engineering and other
areas. It is easy to leave initial crack sourcé® tlents and fissures on the rotating
machinery due to equipment installation, maintepaand operation errors. Together
with its increasing development towards high spaed power, heavy duty, and long
cycle direction, rotor usually runs in a harsh dtad. Thus, severe vibration may result
in acceleration of crack propagation which will emgte vibration. Sometimes, severe
vibration can even cause rotor breaking and maggmfi accident. Usually, transverse
cracks may be produced if the rotor runs under -l@ngn switching bending; spiral
cracks may be appeared when the rotor was apghiedgsbending moment and torsion.
Rotor’s running condition has a straight effecttba energy consumption and operation
safety of the entire unit. Therefore, the real-timealth monitoring and fault diagnosis are
very essential for conducting maintenance, redutiegaccidental risk and unplanned
downtime, which makes the system efficient, sathle and reliable.

In the aspects of damage detection, lots of dandaggction techniques have been

developed, such as ultrasound, X-ray, magnetic povispection, etc., but they are
belonged to the category of downtime detection oekthnd not effective for real-time

damage detection. Vibration based damage deteatiethods have been rapidly



developing in recent decades because of its adyanta online health monitoring.
Generally, the rotor’s faults can be reflected bg abnormal vibration. Engineers are
able to get a lot of repeatable and reliable inftitam from the vibration and spectrum
analysis. Therefore, the vibration signals can l@@nnparameters of health monitoring
and fault diagnosis. In addition, it is easy to lempent real-time monitoring and
diagnosis by using vibration signal testing/procegsnethods including time domain,
frequency domain, amplitude domain, envelope detatidn and wavelet analysis, etc.
Among these methods, time and frequency methodshasé widely used. Once the rotor
has cracks, structure parameters, i.e. local es8nwill change and then lead to the
change of natural frequency and dynamic charatteri®f the entire rotor system.
Analyzing these changes of vibration signals anthadyic characteristics could help us to

detect damage and diagnose faults of cracked stasct

1.2 State of the Art: Rotor Dynamics
Differential equations of motion of rotor systermdze written as:
MZ+(C+G)Z+KZ=F (1.1)
WhereZ is the vector of the generalized system coordmdteis the mass matridxC is
the damping matrixG gyroscopic matrixK is stiffness matrix andr is generalized
external force acting on the system. During theetitgyment of rotor dynamics over the
past century, many topics have been studied inofudritical speed, damped natural
frequency (complex eigenvalue), imbalance respomsa)sient response, nonlinear
response, instability, parametric excitation, ruighibearings and vibration monitoring.

The analysis of disk-shaft coupling vibratiorabysis is one of the main contents of the



rotor dynamics. Shahab and Tomas [1] used theefelément method and the rotation
period to discuss the coupling effects of disk ahdft in a multiple disk-shaft system.
Wu and Flowers [2] employed the transformation matnethod to study the coupling

effects of the flexible dish-shaft by adding adufial items. Sakta et al [3] applied the
finite element method to study the vibration cheeastics of the flexible disk-shaft

system with elastic supports. Wu and Flowers [4fe@ and inspected the dynamic
behaviors of the elastic plate in a rotor systethurCand Lee [5] analyzed vibration
modes of the rotating elastic blades by using s$uiztsire synthesis method and the
assumed mode method. Loewy R.G. and Khader N. f@gstigated the coupling

vibration characteristics of the blades and flexihaft in a rotating impeller. Imbalanced
response of the rotor system is one of the basibl@ms in rotor dynamics. The studies
on the imbalance response mainly focus on the wisiate response with constant
rotating speed and transient response with variaéting speed. The rotor imbalance is
one of the most important excitation sources fdatmog machinery. Currently, the

common methods for rotor balance research incluoi@afalance method, the influence
coefficient method, and hybrid method [7-8].

With the increasingly wide application of the higheed and flexible rotors, the
stability of the rotor system has attracted more more attention. Many factors could be
able to affect rotor stability, such as the oifrfiforce, the sealing force, shaft stiffness
asymmetry, shaft viscoelastic material, shaft $tmat damping, and cracked rotor, etc.
McLaclan [9] studied the Mathieu equation and biié mathematical foundation for the
stability problems of the parametric vibration. ®ol [10] completed the most

comprehensive summary on this research branchréviqus 15 years and provided a



theoretical foundation for the dynamic stabilitpplem of parameter vibration according
to Floguet’'s[11] concept of dynamic instability regy proposed 75 years ago the. Since
then, many scholars achieved a large number afdtuesearches in terms of dynamic
stability problem of parametric excitation systezapecially the dynamic stability of the
rotor system under periodic loads. A. Unger [12hlgped the dynamic stability of
simply supported and clamped shaft under periodaxdd and obtained 2T periodic
solution according to the concept of dynamic ingitgbregion defined by the Floquet.
J.W. Lund [13] used transfer matrix method to sttltdyimbalanced response of flexible
rotor and compared it with the experimental datal970, Ruhl [14] first applied finite
element method to study the stability of the raggstem. Then, Booker [15] did the
similar work.

Another important topic of rotor dynamics is heattlonitoring and fault diagnosis of
the rotor system. Generally, the main faults oatiag machinery are: initial bending,
misalignment, stiffness asymmetry, oil whirl, cramkd sealing instability, etc. In past,
engineer prevented the machine failures by frequeaihtenance, but this is a passive
way. In recent years, a lot of damage detectionhaus have been developed and
successfully applied on health monitoring and fadiagnosis. C.A. Papalopoulos [16]
studied coupled dynamic response of the Jeffcodir noith open crack. S.C. Huang [17]
studied the lateral Vibration of shaft with breathicracks and discussed the effects on
the steady-state response and amplitude causedtiscA.S. Sekkar [18] analyzed the
dynamic response of the Jeffcott rotor with opesrckrunder viscoelastic supports and
the variation of the bending stress versus rotatpeed. Kim at el. [19] and Ji at el. [20]

used harmonic balance method and multiple scalethamieto discuss vibration



characteristics of Jeffcott rotor under nonlineaceelastic support, respectively. C.O.
Chang [21] studied the vibration response and lgtabif a slender shaft and rigid disk

system while considering the geometric nonlinearity

1.3 Development of Crack Model

Crack model is the key of dynamic modeling am@lysis of cracked structure [22-
25]. For the 1D beam structure in the engineettimg,common crack models include: the
equivalent beam segment model, local flexibility delp continuous beam theory,
breathing crack model. Generally, it is assumed tha presence of the cracks only
affects structural stiffness distribution and dasst result in the change of mass
distribution.

(1) Equivalent beam segment model

Equivalent beam segment model assumes that thetwstl stiffness reduction can be
represented by a beam segment. The length of begmesit can be obtained by modal
test. Kirmsher [26] and Thomson [27] first proposels method and studied the
vibration characteristics of a notched beam. Suleseity, Isalik [28] studied the free
vibration of the cracked concrete beams based isnntbdel. Petroski [29] established
static and dynamic equations of a cracked elastaarh Ku and Chen [30] analyzed the
dynamic stability of a damaged shaft-drive systé&fendtland [31] compared the natural
frequency changes of the cracked beam with diftergeometries and boundary
conditions through a large number of experiments.tHe experiment, he used the
artificial notch instead of a real crack. Howewudis confused the concept of crack and

notch. Without considering the singularity on thiaok tip, the local flexibility produced



by a notch is usually smaller than that caused bgaek in the same condition. Cawley
and Ray [32] pointed out that decreasing rate ef ftmdamental frequency increases
with the gap width. Silva and Gomez [33, 34] gave tfurther conclusions: the
decreasing rate of natural frequency caused byekds approximately 2 times of that
caused by a notch with a small depth.
Equivalent beam segment model is simple, intuitimd easy to use, but this model has
no strict definition on the length of equivalentabe segment. The length needs to be
corrected according to the experiment results.dditeon, it fails to give the specific
crack location and depth in the damage identificagirocess.

(2) Local flexibility model
The local flexibility model comes out with the lereelastic fracture mechanics and stress
intensity factor theory. Irwin [35] first studiethe local flexibility of cracked structure
and successfully linked it with stress intensitgtés. The Liebowitz and Ocamura [36-38]
calculated local rotary flexibility of the rectarlgu cross-section beams with transverse
cracks and studied the stability Cracked Beam aaegrto the changes of tested bending
moments. For those crack types not including indtress intensity factor manual, the
local flexibility can be obtained by calculatingettstrain energy through numerical
methods like multi-dimensional finite element meth89]. Rice and Levy [40] studied
the local flexibility in matrix form under axial dnbending forces. Dimarogonas [41]
gave the method to calculate the local flexibihtgtrix of cracked beam under multiple
loads. He [42, 43] calculated the dynamic respaigbe Euler beam based on the local
flexibility model of fracture mechanics. He [44]sal analyzed the coupled vibration of

cracked Timoshenko beam under stretching, twistiremnding excitation and gave the



relationship between frequency changes and thek gpacameters. Ostachowicz and
Krawczuk [45, 46] derived the local flexibility o&lastic and elastoplastic crack
according to the stress intensity factor.
The advantages of this model are the local fleiybis uniquely determined by the depth
of the crack and crack location and depth can heirdd in the damage identification.
(3) Continuous cracked beam theory
Continuous beam theory assumes that the presendbeotrack affects the whole
distribution of the beam stiffness, rather than gwe crack location. It can be
characterized by a continuous function of the rstiés distribution. According to the
extended Hu-Washizu generalized variation pringiQlaristidest and Barr [47, 48] first
proposed the theory which assumes that the stmestha crack region decayed
exponentially. Shen and Pierre [49, 50] used smilmethod to study
Euler beam with bilateral and unilateral crack. @dr@st and Dimarogonas [51-57]
established continuous displacement distributiorction of cracked beam according to
fracture mechanics and derived the differentialtadrequation for longitudinal, lateral
and torsional vibration combining extended Hu-Washgeneralized variation
principles. Carneiro [58] derived the continuousuapns of motion of cracked
Timoshenko beam. Swamidas and Yang [59, 60] asswstrath energy distribution
function as a particular function and obtainedédbaivalent continuous bending stiffness
function along the longitudinal direction of theane according to the energy balance
relation in fracture mechanics.
Relative to equivalent beam segment and local Bletyi model, the theory is more

suitable for the problems of modal extension, \de&oundary conditions as well as



lateral and torsional coupled vibration. Howeveg terivation of vibration equations is
very complicated using this theory. Moreover, thi&ress distribution results in the
inconvenience of finite element analysis.
(4) Breathing crack model

For the previous models, cracks were assumed tpée. For the real vibration, crack is
not always open. It opens and closes periodicalg/td the gravity or other factors. Thus,
the structural stiffness varies with the time ahd tynamic response of the structure
exhibits nonlinear characteristics. There are sd\u®eathing crack model:

a) Bilinear model: In this model, the crack onvbk two states: fully open and fully
closed. It assumes that the opening and closinth@fcracks and the shaft stiffness
changes can be represented by step function whishhe following expression:

1 2km—-m/2<Qt<2kmr+7m1l2
f(Qt) = (k=012--9) (1.2)
0 2km+m/2<Qt<2kr+3m/2

Fourier series expansion of the equation (1.2) is:
1 1 2 2 2
f (Qt) = =+ —cosQt) —— cosBQt) + — cosbQt) —— cos{Qt) +--- (2.3)
2 2 3 Y/4 T

Crack stiffness matrix in the fixed coordinate systs:

K = {ko O} 1 f(Qt)AkF+_COSQQt) sin(2Qt) } (1.4)
0 k,| 2 sin(Qt)  1-cosRQt)

Where k is the bending stiffness of nominal shafik is the maximum decreasing
amount of shaft stiffness along the crack diregti®s the rotating speed.

Ibrahim et al [61] used bilinear spring model angmerical integration method and
verified the difference between the experimentafjiency Gudmunson [39] found and

the results obtained by open crack model. Pugno Bodtolo [62, 63] studied



the dynamic response of breathing cracked beamruratenonic excitation. Chondros
[64, 65] and Shen [66] analyzed the vibration fietry of cracked beam using bilinear
model and continuous crack beam theory.

b) The cosine wave model: This model reflectsttaesition between the crack opening

and closing, which has the following expression:
1
f(Qt) = 2 [1+ cos(t)] (L.5

Cheng [67] analyzed the dynamic response of a 1-Dx@€ked beam using cosine wave
model. Douka and Loutridis [68, 69] proposed a tineguency signal processing

damage detection method based on the simulatiamtsesf Cheng's cracked beam

model.

¢) Contact model: compared with the two previopgraaches, contact model is closer
to the real situation. Kisa and Brandon [70] used-tlimensional finite element analysis

to calculate the additional stiffness of the craukface. Andreaus [71] and Kogl et al [72]
analyzed the non-linear characteristics of cradieaim under harmonic excitation using
frictionless contact model. Hirose and Achenbac3] pmployed the boundary element
method to obtain the high-order harmonics causethéygrack contact.

Existing research results show that the naturajueecy of beam with a breathing
crack locates between that of nominal beam andahbeam with an equal-depth open
crack. Sub-harmonic and super-harmonic componesiiglly appear in the dynamic
response, which is especially obvious under harmexcitation. The nonlinear behavior
of breathing crack model has a very important megfor engineering, especially for the

application of damage identification method. Howevihe model has issues about



computational complexity of the dynamic responbe, monlinear weakness in the real

structures and identification difficulty.

1.4 Cracked Rotor Dynamics Overview
1.4.1 Cracked Shaft Vibration Analysis Methods

In this section, several analysis methods facked shaft vibration are introduced.

(1) Semi-analytical
The method assumes that the cracked beam bredks atack location and defines the
displacements of beam sections as the analytioatiftn with undetermined coefficients.
By satisfying the compatibility and equilibrium attions, vibration equations for
different boundary conditions can be obtained. @ho® [57], Rizos [76], Ostachowicz
[59], Narkis [77], Maiti [74, 78-80], Kasper [81]nalyzed different types of cracked
beam vibration problem using this method.

(2) The transfer matrix method
When the beam has multiple cracks, semi-analyticathod will result in high-order
frequency equations while the transfer matrix meéth® able to avoid this problem.
Lin [82], Khiem [83, 84], Patil [75] used this meith in their research.

(3) Dynamic Stiffness Matrix Method

Similar with the finite element method, thistimed uses dynamic stiffness matrix with
a frequency parameter to solve the higher ordeguiracies. The dynamic stiffness
matrix of nominal beam can be obtained by the dialysolution as well as assumed
displacement method. Khiem [85, 86] used this nettwoinvestigate the free vibration

and damage identification problem of multi-crackeshm. Viola [87, 88] studied the
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vibration characteristics of T-shaped cross-sedteam and cracked Timoshenko beam
with axial loading.

(4) Finite element method

The finite element method is widely used in themamic analysis of the cracked
beam. Gounaris and Dimarogonas [89] proposed akedabeam element with full
degree-of-freedom including tensile, bending anmgiomal directions. Chinchalkar [90]
analyzed the vibration characteristics of a cradikeam with variable cross-section using
crack element and variable cross-section beam elenkésa, Brandon [70, 91-94]
applied substructure method and finite element otktho study the vibration
characteristics of the homogeneous beam and the pasita beam with

rectangular/circular cross-section, and with alsimgack/multiple cracks.

1.4.2 Cracked Shaft Vibration

(1) Linear torsional vibrations of cracked shaf

Papadopoulos and Dimarogonas [95, 96] studliedarsional vibration response of the
single-disk rotor with a transverse crack. Theyabated that the frequency response
becomes stronger with the increase of the crackhdapd produces a certain degree of
harmonic resonance. The crack location and depthbeadetermined by measuring the
first three natural frequencies of nominal and dgedlarotor. In addition, cracks lead to
the coupling vibration between axial and lateraédiions which can be used in damage
detection.

(2) Stability analysis of cracked shafts

11



Papadopoulos and Dimarogonas [95] and Huangui@dd Floquet theory to study the
dynamic stability of a cracked rotor. The result®wg that the system is unstable when
the rotating speed is(¥n (n=1, 2, 3, 4...) wher& is the critical speed. The angle
between the crack direction and the eccentricity ha impact on the stability of the
system. Lee [98] considered the effect of nonliregdy and found the system only has
one unstable zone (nef), and the angle has a great influence on theliyabf the
system.

(3) Transient response of cracked shafts

Prabhu [99] and Zheng [100] studied the trantsiesponse of the cracked rotor. They
pointed out that the forced vibration response haf tracked rotor includes transient
component, which can be used to identify crackkh&eat el. [101, 102] monitored the
transient vibration response when the cracked gbagted through its critical speed.
Monitoring the transient response during passagmitfin the critical speed could give an
indication of crack existence.

(4) Damped vibrations of cracked shafts-thermad

The material damping in a cracked structuree@ses due to the reciprocity of the
temperature rise and strain. This increase is lete to the vibration mode and the
magnitude of the existing crack in the structurePayteliou et al. [103]. The analytical
determination of the dynamic characteristics ofdrecked structure yielded the damping
factor of the bar, the material damping factor, argbod correlation of crack depth with
the damping factor. Experimental results on cradk@d are in good correlation with the

analysis. Similar results are presented by Zhanglasta in [104].

12



Bachschmid et al. [105] introduced an origirsaiplified model that allows cracks of
various shapes to be modeled and thermal stresd®staken into account, as they may
influence the opening and closing mechanism. Thpgsed method was validated by 3D
FEM analysis and by an equivalent cracked beambolih cases, there was a good
agreement in the results.

Bovsunovsky [106], in an experimental invediga of specimens with an edge
fatigue crack loaded in bending (mode 1), concluthed the energy dissipation in a non-
propagating crack is caused mainly by the elasstiplarea around the crack tip and
practically is not related to the friction betwete crack surfaces. They stated that the
level of energy dissipation in a crack is deterrdinmiquely as a function of the cyclic
(nominal) SIF range and is not affected by theiahitevel of damping in an intact
specimen. This function can be used for the priesicof damping change caused by
crack initiation and growth and for damage diagiesesbased on the prediction of
damping change. The closing of the crack-intreducontact effects are presented by
Kisa and Brandon [70].

(5) Vibrations of cracked structures in viscousiic

When a cracked shatft is rotating in a viscdwisl fthen there is a change in the critical
speeds and the amplitudes of vibration. Beherd. §1@7] and Parhi and Behera [108,
109] analyzed the effect of the fluid using the NMaStokes equations. The damping
effect and virtual mass effect are also taken Etoount through the Navier-Stokes
equation. Gounaris et al. [110] applied the faflescriterion to a floating, ship-like,
Timoshenko beam moving forward in waves, includioth hydrodynamic and structural

damping. The nominal stress near the crack, neasl@dput to the Paris equation for the
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evaluation of the cycles required to failure, isnputed assuming known values for the
SIF. The resulting fail-safe diagrams indicate #ffect of various parameters of the

problem.

1.5 Damage Detection M ethodologies
Currently, vibration based damage identificatironethods can be classified in several
ways, such as characteristic parameters, time#msgudomain, linear/nonlinear and so

on.

1.5.1 Identification based on Characteristic Parameters

Any structure can be considered as a dynansigsiem with structural parameters
such as stiffness, mass and damping, etc. Striictanaage will result in the change of
structural parameters as well as modal parametetdhe frequency response function.
Hence, the modal parameters (frequencies, modeestap damping) can be seen as a
sign of structural damage. Choosing the charatieparameters is a key step for direct
identification method based on the characteristicameters. Here lists some dynamic
characteristic parameters which are commonly used:

(1) Frequency, including inherent frequenayd aanti-resonance. Due to easy
measurement and high accuracy of low-order fregaenmherent frequency has long
been using to detect structural cracks. Salawu][afhd Cawley [112] used the changes
of natural frequencies to detect the structural agen Dharmaraju [113] and Dilena [114,
115] detected the crack location and depth usirtgesonance. Nikolakopoulos et al.

[116,117]examined the problem of identification of crack tthepnd position in frame
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structures, using eigenfrequency measurements. drek Chung[98] presented a
nondestructive evaluation procedure for identifyangrack in a one-dimensional beam-
type structure using the natural frequency dataFel. Lele and Mait{118] presented
the forward (determination of frequencies of bed&mswing the crack parameters) and
inverse problem (determination of crack locatiomking the natural frequencies) in a
Timoshenko beam while representing the crack bytational spring. Ratan et al.
measured the amplitudes at the peaks of the Fawaiesform in order to use them in a
“residue” vector to identify and locate the crd&k9]. Frequency contours with respect
to crack depths and locations can be used to fgeht crack107].

(2) Modes, including mode shape, the strain enadrvature mode, Modal assurance
criteria (MAC) and coordinate modal assurance cat6COMAC). Strain mode, the first
derivative of mode shape, can be obtained by meggssiructural strain. Curvature mode,
the second derivative of mode shape, can be olotdopeaking center differentiation of
displacement modes. MAC examines the existenceanfage by comparing the mode
shapes before and after the damage occurrence. @ObtAId further identify the
coordinates of inconsistencies. These two critar& not sensitive enough for damage
detection in the early stage. Rizos et[#R0] used two measurements at two different
positions of the beam vibrating near the first resee. An on-line rotor crack detection
and monitoring system have been reported by Imamid.¢121] in 1989. Seibold and
Weinert[122] used theExtended Kalman Filter to present the localizatidrcracks in
rotating machinery based on measured vibrationsigDet al.[123] used a continuous
model for vibration analysis and parameter iderdiion of a static (non-rotating) rotor

with an open crack. Karthikeyan et H24] identify the crack in a beam based on free
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and forced response measurements. Gounaris andidpmpeos[125] used a method
based on the basic observation that the eigennuadcasy cracked structure are different
from those of the uncracked one.

(3) Frequency response function. Frequencyoresp function is related with mass,
stiffness. Therefore, the structural charactesstan be directly obtained from the
frequency response function. Different from modalrgmeters, frequency response
function needs not to identify modal parameter #metefore avoids the identification
error. However, it should be attended that signahdation may distort the frequency
response function while transforming the time-donsagnal to frequency domain. Ishida
et al. [126] used external excitations of rotatiogicked shafts, thus causing the
excitation of nonlinear characteristics of the &rat order to identify it. The Hwang’s
and Kim’s idea was to minimize the measured andutated FRF data [127] in order to
identify the damage. Simple beam and helicopteorrilades are used and cracks
successfully identified. Sekhar and Prabhu [102]ntb the changes of an adequate
number of natural frequencies (with FEM) and usesé differences to detect the crack.

(4) Parameters of coupled vibration. Wheraagdverse surface crack exists on a shatft,
then coupling between different modes of vibratexists. This phenomenon was first
reported for longitudinal and bending vibrationsRgpadopoulos and Dimarogonas [16]
and then for bending and torsional vibrations [43¢unaris et al. [128] used the coupling
phenomenon as an identification tool for the debeation of the depth and the location
of a transverse surface crack in a Timoshenko b&ounaris and Papadopoulos [129]
used the property of coupled vibrations introdubgd crack in order to identify a crack

in a rotating cracked shaft. The simple JeffcottlerLaval rotor model is considered by
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Darpe et al. in [130] analyzing the response obtarrwith constant angular velocity
under axial excitation of different frequencies.n@ouing this effort, Darpe et al. [131]
examined this phenomenon experimentally. They mtdfie above analytical results for
both rotating and non-rotating shafts, excitingmhey axial excitation of different
frequencies. Dado and Abuzeid [132] presented theaton behavior of a beam with
rectangular cross section carrying end mass aratyrohertia. Al-Said et al. [133]
proposed a simple model that describes the flexulbahtion characteristics of a rotating,
cracked Timoshenko beam.

(5) Compliance matrix. Structural damage réflethe stiffness reduction and
flexibility increase of the structure. It is moréfestive to use compliance matrix for
damage detection than stiffness matrix because lcmsp matrix converges very fast
with the increase of the frequency. So, a few ledeo modes enable good estimate of
the compliance matrix. In addition, flexibility mie¢ method does not require the
establishment of a structural analysis model amddiagnose the damage according to
the experimental modal data. In 2001, SaavedraGuntino [134,135] calculated the
local compliance matrix, then calculated a finitengent model of the cracked element,
and used it to accomplish detection of cracked Isemmd rotor.

(6) Damping. In comparison with frequency anddey using damping for damage
detection is relatively less. When the materighus under alternating stress, the thermo-
elastic effect will result in temperature osciltatiand irreversible thermal conductivity
will cause entropy increase. In general, dampingnas sensitive to the change and

uncertainty of boundary conditions, so using dampiar damage detection has its
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advantages compared to using frequency and modesevdr, damping is difficult to
determine in practical applications.

Characteristic parameter method can be implésdeeasily and is able to detect the
severity of damage. However, it is hard to loc&te damage by this method. With the
improvement of measuring tools and weak signal aieie techniques, characteristic

parameter based damage detection method will Heedgp more and more structures.

1.5.2 Model-based I dentification

At present, most of methods which can realimangjtative crack identification are
based on the dynamical model. These methods tdkaduantages of theoretical and
experimental modeling: establish a dynamical modaelfirst; then repeat dynamic
analysis according to the test data; finally, magchulated and experimental structural
responses as close as possible by adjusting thek grarameters. The final crack
parameters can be used for the quantitative ideaiibn of structural cracks. Therefore,
damage detection problem based on the dynamicaklmedisually considered as an
optimization problem.

The three key steps for dynamical model based danwentification method are
objective function determination, optimization paeter selection and optimization
algorithm application. Determination of the objgetifunction usually depends on the
sensitivity of characteristic parameters and ergging feasibility. Optimization
parameters are crack location and depth. Optinozagigorithms have two categories:
one is the classical gradient optimization methld®$§] and the other is the intellectual

optimization algorithm [137]. Classical optimizationethod has limited application
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because it requires the derivative information e mmodel which is hard to get in the
practical application. Intellectual optimizationgatithms, such as genetic algorithm,
immune algorithm, particle swarm and ant colonyatgm, provide new ideas and tools
for complicated problems. They are very robust dodnot require the model to be
continuous, and are especially suitable to deah wie realistic engineering problems
with complexity and nonlinearity. The method wastfppresented by Isermann [138] for
fault detection of technical processes. This metad applied based on the information
extracted from direct measured signals, from sigmaldels, and process models.
Bachschmid and Dellupi [139] used a model-basedtifigation procedure to identify
the nonlinear forces of linearized and nonlinearfions in two lobe journal bearings.
Bachschmid et al. [140] introduced a method bagedibration measurements for the
identification of the position and the depth ofransverse crack in a rotor system. The
model-based method was also presented by Markeat. d141] to solve the on-line
identification of malfunctions in rotor systems. @&maraju et al. [142,143] applied
inverse engineering techniques to estimate theesystnodel parameters from the
experimental force—response measurements. Sekdhérdpplies the model-based ID for
a rotor-bearing system, whereas in [145] the rb&aring system has been modeled using
FEM, while the crack is considered through locaxifility change. Pennacchi et al. [146]

presented a model-based identification method lsdeitar industrial machines.

1.5.3 Signal based I dentification

The dynamical characteristic parameters aregyatg to fluctuate obviously when the

crack is small or nonlinear response is very wedkthis time, signal based damage
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detection methods are needed to analyze the sitptails in order to get the clear and
usable data. Commonly used signal processing methdddes Fourier transform,
wavelet analysis, Hilbert-Huang transform (HHT).

Fourier transform is a classical signal progessnethod, which gives the frequency
spectrum of time-domain signal and can not disistguhe variation of frequency
components. For the small damage, Fourier transfaomthe response have no big
difference before and after damage appearance.

The wavelet analysis method is a time-frequeaoylysis technology. Wavelet
transform has the ability to characterize the |letghal in the time domain and frequency
domains. It has strong ability to deal with nonashg state signal and therefore is able to
obtain more signal information than Fourier anays$n recent years, many researchers
used wavelet analysis method to identify the cilaclation and depth of cracked beams
[122-125].

HHT is a time-frequency analysis method for lm@ar and non-steady time signal. It
is developed by N.E. Huang based on Hilbert transf@Compared to wavelet transform,
Hilbert-Huang transform is able to better depia #ignal energy distribution over time
and frequency. This method was applied to damatgriilen and fault diagnosis of the

rotor system and beam structure.

1.5.4 Identification based on Artificial Intelligence
Artificial intelligence (Al) is a comprehensivdiscipline that contains the knowledge
of computer science, control theory, informatioredty, systems theory, nonlinear

science and other disciplines. Artificial intelligge has been used for damage
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identification, such as expert system, neural netejofuzzy theory, etc. Among these,
expert system is able to diagnose the locationsaverity of structural damage through
human-computer interaction. Fuzzy theory has théityado deal with uncertain
information and can be used with expert systemraprpcessing and post processing
respectively. Neural network technique is veryahlg for fault classification and pattern
recognition due to its powerful parallel computicgpability, self-learning function and
associative ability.

Theoretically, artificial intelligence can deteandage without dynamical model and
parameter recognition. However, the training sasmmé above methods are obtained
from the analysis of dynamical model. Meanwhildae number of training samples
may cause too long training time and convergindatilty for large and complicated

structures.

1.5.5 Statistics based | dentification

In the damage detection process, various typesrof and uncertainties have great
impact on the accuracy and reliability of the resul Statistics-based identification
considers the uncertainty and statistical distidyubf characteristic parameters. It uses
stochastic models to analyze the eigenvalue proldach evaluate the damage. The
statistical properties of spectrum density estiomattan also be used to get corrected
density function of modal parameters and then edgérthe damage. The commonly used
methods are generalized Bayes statistical metiMdsete-Carlo methods, etc. Not much

research has been reported in this field, but it heve further development in the future.
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1.6 Thesis Contribution

As cited above, many damage detection methods heete developed in recent years.
To advance state-of-the-art, this thesis explome tew vibration-based damage
identification methodologies: Floquet based metlibttthodology ) and Frequency
Response Function (FRF) based method (MethodoldgySubsequently, FRF based
damage identification method are applied to idgntife breathing transverse cracks
existed on truss and rotor system. The system medelilt based on energy method and
the equations of motion are derived by applyinguassi modes method and Lagrange
theorem. In addition, the crack model is basedherStrain Energy Release Rate (SERR)
concept in fracture mechanics.

Based on the assumption that the transversik ¢saalways open during operation,
natural frequency-based damage detection methogldatgveloped to utilize the natural
frequency shifts induced by damage to estimateddmage. This approach is based on
Floquet theory and utilizes measured changes insysem natural frequencies to
estimate the severity and location of shaft stmattcracks during operation. The damage
detection algorithms are developed and demonstradeskveral damage cases existed on
linear time-invariant and time-varying rotor systeiActive Magnetic Bearing is
introduced to break the symmetric structure of ratgstem and the tuning range of
proper stiffness/virtual mass gains is studied.

To overcome the shortcoming of natural frequerayeld method, Chapter IV
proposes another vibration-based damage identdicatethod: FRF based method. This
method utilizes the changes of transfer functiomvben nominal and damaged system to

detect the cracks. The magnitude and phase sliftarsfer function are all used in this
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method instead of only natural frequency shifts Rloquet based method. The
characteristics of frequency spectrum are studist &nd then the algorithm for linear
time-invariant rotor system is developed and vafidathrough two damage sets.
Subsequently, by interrogating the system nead/feai-field resonances, the sensitivity
of transfer function is studied and the damagetifieation is demonstrated via a linear
damage case.

In Chapter V and VI, FRF based damage identificatiethodology is used to identify
the breathing cracks existed in truss and rototesys. The nonlinear behavior of
breathing crack is investigated and the nonlineaathing functions are simulated by
reasonable linear approximation. Then, the damagecton algorithms are developed
and validated in frequency domain. Finally, theratlon of breathing cracked system is
simulated in the Simulink. The vibration responsgnal is processed and used for

damage identification of breathing cracks.
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Chapter 11

DEVELOPMENT OF ROTORDYNAMIC SYSTEM MODEL

2.1 Introduction

To describe the state-space of motion and to olatagular velocity expression of a
rigid body, Cardan angle transformation [147] i®disn this chapter. Assumed mode
method and Lagrange principle are applied to deheedynamical equations of flexible
shaft/disk system. Finally, crack model is builingsStrain Energy Release Rate (SERR)

method based on the fracture mechanics.

2.2 Rigid Body Dynamics
The transformation from the fixed coordinate sys{eito the rotating coordinate

system {a} (Fig. 2.1) can be denoted as T:

Cl nl
c, |=T|n, (2.1)
C3 n3

where n, p, Nz and @, &, & are the coordinate vectors of {n} and {a}, respeslly.

Cardan angleg,, & and&; are shown in Fig. 2.14, is the angle between axigdnd
Co; 6 is the angle between axis and @; & is the angle between axis and k. The
coordinate system {n} is transformed from coordenaystem {c} by following the below
three rotations:

1) {n} >{a} by rotating coordinate system {n§ degree around axis n
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a, cosd, 0 -sing, | n, n,
a,|=| 0 1 0 n, |=T,(6,)|n, (2.2)
a, sind, 0 cosd, |n, n,

2) {a} >{b} by rotating coordinate system {af; degree around axis a

b, cosgd, sing, O} a, a
b, |=|-sing, cosf, O0|a, |=T,(6;) a, (2.3)
b, 0 0 1|a, a,

3) {b} >{c} by rotating coordinate system {b# degree around axig b

C, 1 0 0 (b b,
C,|=|0 cosf sing, |b, |=T,(8,) b, (2.4)
C, 0 -sind, cosd, | b, b,
2%
b,

Fig. 2.1 Cardan Angles

The transformation matriX can be expressed as:
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T =T,(6)T,(6:)T.(8,)
c0sé, cosf, sing, -sing, cosb,
=|sing, sing, —cosd, cosd, sind, cosd, cosd, sindg, cosl, +cosy, sing, sind,
cosd, sind, +sing, cosl, sind, -sing, cosd, cosd, cosd, —sing, sing, sindg,

(2.5)
The angular velocity of rigid body is:
w, =6,h, +0b, +832,
=(8,sing, + 8,)¢, + (8, cosh, cosb, + b, sinb,)¢, + (-8, sinb, cosé, + b, cosh, )¢,

(2.6)
where upper index (.) denotes the derivative watspect to time. In rotating coordinate

system {c}, the moments of inertia are definedasJ.; andJs. The rotational energy of

rigid body is:
Too =5 Qath + 3,67, + Jy)
= %[Jcl(ﬁ'2 sing, +6,)? +J_,(8, cosh, cosb, + b, siné,)? (2.7)
-+ J_,(-8,sing, cos, + 8, cosb,)?]

2.3 Energy Method

In this section, the kinetic and potential enerdyflexible shaft/disk system is

derived based on energy method.

2.3.1 System Specifications and Assumptions
The shaft is assumed to rotate at constant angpleedQ and have structural
damping proportional to shaft stiffness. A circulraft with lengthL and radiusR

rotating about its longitudinal axis¢, is shown in Fig. 2.2. The transverse shaft

26



deflections in the synchronous rotating-frame diogs ¢ and g are denoted(x, t) and
w(x, t) while the lateral rotations about the axesaod ¢ are &(x, t) and &(x, t)

respectively.

|

Fig. 2.2 Shaft-disk rotor system specifications
To simplify the system, we made the following asptions:
(1) Simulate the shaft using Rayleigh beam modél meglect the effect of shear
stress.
(2) Rigid connection between the shaft and the.di$le disk is fixed to the shaft
and the normal direction of disk is perpendicutattte tangent of shaft modes.

(3) The disk is rigid and neglects the elastic defation of disk.

2.3.2 Rotational Energy
First of all, we take a piece of shaft and labkhe rotational energy of this small piece.
Then, the rotational energy of the whole shaft banobtained by integrating over the

shaft length.
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Fig. 2.3 Flexible shaft

For the symmetric structure shown in Fig. 2.3,rtf@nent of inertiale; is the same a%gs,
By assumingé and & are small and neglecting the high-order terms, rttational

energy in EQ. (2.7) can be simplified as:

1 L. 1 L. .
T =5 3a(Q7+ 20" 6,8,d%) + S [, (62 +62)dx (2.8)

2.3.3 Trandational Energy
The transverse shaft deflections in the synchromotaing-frame directions,@nd
c3 are denoted(x, t) andw(x, t) while the lateral rotations about the axesed ¢ are

6(x, t) and &(x, t) respectively. The translational energy of theftspiace is

trans

= % ijOL (v2 + w2 Jix (2.9)

Wherepis density A is cross-section area.
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2.3.4 Strain Energy
In Fig. 2.4, the deflections in,oc;, i, and i directions are defined &sw, vs andws,

respectively.

N3

A

(V)

ot

Vs

Fig. 2.4 Coordinate transformation

The deflections can be transformed by the followengation:

Vi_ co.s@t) sin(Qt) || v (2.10)
w| |—sin(Qt) cosQt) | w,
The strain energy of undamaged system is

1 L( w2 --z)j 1 L( w2 "2)1
US_EEIVJ.OV +w x-EEIyJ.0 v, +w, fx (2.11)

Where isE elastic modulus. The upper indeX (denotes the second derivative of

displacement with respect xo
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2.3.5Kinetic Energy of Disk
The kinetic energy of the disk is

To =M, )+ 00 (6,746,742 0@ 4 206,6,)  212)

rot

WhereMy is the disk masdge; andlyc; are disk moments of inertigy(t) andwy(t) are
disk transverse deflectiongg(t) and &4(t) are the disk lateral rotations respectively in

the rotating frame {c}.

2.4 Assumed M odes M ethod

The assumed modes assume a solution to the bouvalagyproblem as [148]
y(xt) =2 ¢,(Xq; (t) 13)
i=1

where ¢; are trial functions andj are generalized coordinates. The Convenience of
equation (2.13) as it applies to conversation leads

[MJ{a} +[kKa} ={o} 12)
where M] and K] are the corresponding mass and stiffness matnespectively. It can
be further used to solve the eigenvalue problemfismadthe forced response to dynamic
systems due to external forces or initial impulses.

Since the assumed mode method is popular in thandigs of flexible multibody
systems, it is important to note that its popwasiems from the fact that the admissible
functions (trial functions) are approximated byitakthese from continuous system such
beams, which in general provide a good approximatio

For the rotor system, the deflections in two ldtdigections are assumed as:
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V=30, (N 1)
m=1 (215

W= 6, (900

And for the smal and &, we have

6,=-w andg, =V (2.16)
where the symbol ( ') indicateydx, n is humber of assumed modes,(x)is an
assumed modeshape aggd(x) andg,, (x) are the modal coordinates associated with the

v andw deflections respectively.

2.5 Lagrange Theorem
For a collection of particles with conservatfeeces described by a potential, we have
in inertial Cartesian coordinates
X = F (2.17)
The left hand side of this equation is determingdHhe kinetic energy function as the

time derivative of the momentup =9T/0x, , while the right hand side is a derivative of
the potential energy)u/ox, . As T is independent of, and U is independent of in

these coordinates, we can write both sides in tefntise Lagrangiah =T - U, which is
then a function of both the coordinates and thelogities. Thus we have established

Ea—,L—a—L:O (2.18)
dtox,  0x

which, once we generalize it to arbitrary coordesatwill be known as Lagrange's

equation.
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Lagrangian dynamics, as described thus far, prevalevery powerful means to
determine the equations of motion for complicatéstréte (finite degree-of-freedom)
systems. However, there are two primary kinematiegjuirements which must be
achieved before the determination of the poteftiattions, and subsequent application
of Lagrange’s equation.

(1) Coordinate choice:

(@) The choice of coordinates must be independedt athogonal. While it is
possible to use non-orthogonal coordinates, thatiaddl complexity incurred is not
worth the effort in discrete models. Examples dhogonal coordinate choices include:
Cartesian %, y andz; cylindrical —r, 6 andz, spherical +, § andg.

(b) The coordinates must locate the body with ressfmean inertial reference frame.
An inertial reference frame is simply one whicimat accelerating.

(2) Translational and rotational energy:

In rigid bodies, both the translational and rotadib kinetic energy must be
accounted for. Three cases exist:

(a) Pure rotation — An object which is in pure tiotia has at least one point or line
which has zero translational velocity. In this Gaale of the kinetic energy is rotational,
so only the rotational kinetic potential functioeed be accounted for.

(b) Pure translation — An object is said to be umeptranslation if it has no rotation.
In this case only the translational kinetic potainfinction need be accounted for, so only
the velocity of the center of mass is needed.

(c) Translation and rotation — A body which is ba#nslating and rotating exhibits

no stationary points as does a body in pure rotatitowever, a translating and rotating

32



body can exhibit instantaneous centers of rotatibich have zero velocity with respect

to an inertial reference for an instant.

2.6 Crack Model
2.6.1 Basic Crack Modes

If the plastic area of the crack tip is small, inelastic method can be used to analyze
the stress and strain of the cracked structure sifiees and strain field can be determined
by solving the equations with boundary conditiohke real crack can be divided into
three basic modes due to different types of extdaaas: opening mode, sliding mode
and shearing mode.

Opening mode (mode I): the upper and lowerasarof crack move along y direction

and cause the crack open and close, as shown.i2.big

J

Fig. 2.5 Stress Intensity Factor, Modd.#9]
Sliding mode (mode Il): the upper and lowerfate of crack move along x direction

and cause the crack slide-open, as shown in Fg. 2.
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\
Fig. 2.6 Stress Intensity Factor, Modg1#9]
Shearing mode (mode lll): the upper and lowefage of crack move along z direction

and cause the crack shear-open, as shown in Fig. 2.

Fig. 2.7 Stress Intensity Factor, Mode[l#49]

2.6.2 Displacement and Stress Field of Crack

The total deformation of the crack tip can be oi#di through the superposition of
deformations for three basic modes. Hence, heresdive displacement and stress fields
of crack tip for each mode [149]:

Mode I:
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= K—cos— [L-sin Hsm?’—e]
2 2

a-X
27T
g, :K—cos—[1+sm93|n—]
2 2
Ty = K, singcosgcosﬁ (2.19)
Jorrm 2 2 2
_K, 0 Kk . 0
u, =— cos—[— +sin
u\N2mr 2 2 2
=50 [T a1 cog )
U 277 2
Mode II:
_ K, . @ 6 30
g, =———Sin—[2+cos—cos—]
Jorr 2 272
o Ky smecosgcosﬁ
’ f om 2 2
o o
T, =——=—C0S—[l-sin— sm— 2.20
xy \/—” 2[ > ] (2.20)
uxzﬁ Lsing[_/( 1+ gg]
u\N2m 2 2 2
_K, 0. 1-«
u, =—- cos—[—+sm —]
u o\ 2T 2
Mode II:
T = KIII sin—
Xz \/_” 2
KIII 0
T, =——= CO0S_ 2.21
v = o 052 (2.21)
u, =—" Lsing
toou\N2mo 2

2.6.3 Stress Intensity Factor
The stresses at the crack tip for three basides are given in the Eq. (2.19), (2.20)

and (2.21). It could be seen that the stress go@sfihity at the crack tip »0). This
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feature is known as the stress singularity at thelctip. The stress coefficierits, (N =1,
II, 1) are independent of the coordinates and charaetdie singularity of the stress
field. Therefore, these coefficients are named tasss intensity factors in fracture
mechanics, whereil,, K;;, K;; denote the stress intensity factor for openindjrsj and

shearing mode respectively. They can be expressgadia]:
Ky =~v2mo £ (6) (2.22)
wherefijN (8)is function of thed, which is called shape correction function in fuze

mechanics. The stress at the crack tip is decordpasto three components

corresponding to three modes:
1
Oj (r,0) = ZU”N = E[KI fijl @) +K, fij“ (@) +K,, fij”I (0)] (2.23)
N

Since stress intensity factor at the crackgtipignificant for the crack propagation and
material destruction, we should study the stresscanresponding stress intensity factor
at the crack tip besides the displacement andsstiedds. The calculation methods of the
stress intensity factor are divided into analytiaalmerical method and experimental

methods.

2.6.4 Energy Release

The concept of energy release was first pregdsy Griffith in 1920 and then was
improved by Irwin. Consider a shaft element contegna transverse surface crack of
depth a as shown ffig. 2.8 The length of the shaft is | and the depth ofdteek is a. In
a general case, the shaft is loaded with axialefé%¢c shear force®, andP;, bending

momentsP, andPs and torqud>s.
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Fig. 2.8 (a) A cracked shaft in general loadingJJifb) Cracked shaft cross-section
The released strain energy due to crack is givethéyollowing expression [150]:
U =1 JdA (2.24)
¢ E IA :

WherelJ is strain energy density function expressed as:

2

J :(iz:K”T+(Z::K”i]2+(1+v)(z:K”"] (2.25)
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WhereK;;, K;; andKy; are the stress intensity factors (SIF) correspandd opening

mode, sliding mode and shearing model-6; E =E/(1-v?) for plane strain

andE = E for plane stress; is Poisson ratio.
These stress intensity factors are given as folldw8]:
SIF for mode I:

P
K.fﬂﬁﬁ(n/h):mzﬁﬁ(n/h)

4P, + Bx
i = a1 = 4B B e 11y

APx-P,)e
K, = 0,7 1) =(3m74)ﬁﬁ(n/h)
K,=K;=K=0

SIF for mode II:

kP,
nR22 V7 Fy (771h)

2P.g
Kis =TenvmMF, (7/h) = 72F;4 NmE, (n7h)

Kipn=Kys =Ky, =K =0

Ky zaz\lan (nlh)=

SIF for mode llI:

kP,
Kis =UsﬁF||l (n1h) :Ei\/EFm (n/h)

2P.n
Kiis = T \/EFm (n/h)= ﬂ:\f“

Kt =Ky =Ky, =Ky 5 =0

JmF, (1h)

where,

tand [0752+ 202(a/h) + 037(1-sinA)’]

F.(7/h) = 1 coS]

38

(2.26)

(2.27)
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tand [0923+ 0199(1-sinA)*]

F,(n7/h) = ; . (2.30)
F. (7/h) = 1122- 0561(24/7) +10_O;5/(?/m + 018(24/7) (2.31)
Fu (7/h) = ? (2)32

For the shaft-disk rotor system shown in Fi@, P; = P,= P3= Pg = 0. Therefore, the

crack energy equation (2.24) can be simplified as:

1
U, =EIA(K|4 + K|5)2dA
K|4:EVR2_£2\/EF2(’7/h)V; (2.33)

Kis = EgﬁFl(”/h)W;

wherev; andw; are the shaft deflections at crack locatioy andz direction.

2.7 Equation of Motion
By taking Eg. (2.15) and (2.16) into Eqg. (2.8),9)2and (2.11) and employing
Lagrange’s equation, the nominal shaft system é&mpusbf-motion are given as:
[M ]G +[C, +G]g+[K:]q=0 (2.34)
whereMs, Cs, Gs andKs are the shaft mass, damping, gyroscopic and stiffrmatrices
with the following expressions:

_|PA] 8T pax [ 97 g o 0

M L LT,
0 PA[ ¢ gdx+ [ ¢ ¢ dx

(2.35)

S

‘- E|j0L¢"T¢"dx 0

. Lo (2.36)
0 El j0¢ ¢ dx
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0 Al ¢Tpdx

L .1t . 237
-Afj¢gdx 0 =0

=CE|L¢ @' dx 0

Lo (2.38)
0 El j0¢ ¢ dx

S

where p is shaft densityA is shaft cross-section areh,js moment of inertia in
direction,E is elastic modulus; is proportional structural damping coefficient.
If the system has a transverse crack, the stramggrof damaged system can be obtained
by deducting the crack released strain energy stain energy of nominal system. The
equation of motion for damaged system is given as:

[M]G+[C, +G.]a+[K, -K,]a=0 (2.39)
whereK, is the stiffness perturbation matrix due to theftsltmack damage. Its

expression is given as:

KcH =
[2AP cos” 8+2B? sin® -2C? sin28)¢(x.)" #(x.) (A" -B?P)sin20+2CP cos26]p(x.)" #(x.)
(AP —B?P)sin20+2C?P cos281g(x.)" #(X.) [2AP sin” 8+ 2BP cos” 8+ 2C? sin28)¢(x.)" #(x.)
(2.40)

whereAP",B,C? are crack parameters which are given as follows:

VaZ-e2-(R-a) ¢b
A =E[ [ (R? =&*)mF} (1 hdedny

[ &2 (1 Wydext (2.41)

cr=gf (" .[_bng/Rz —e2mF, (1 h)F, (7/ hdedn

BP = EIW—(R—a)

0

0 is the angle between crack coordinate and rotatonydinate {c} (Fig. 2.9)x:is the

crack location.
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Y.

Fig. 2.9 Coordinate transformation for crack

For the damaged shaft-disk system with the tsbiafcks, the equation-of-motion

becomes:
[M;+M,]G+[C, +G, +G;]q+[K, -K,]g=0 (2.42)
where,
M, =
PaAB(x) B(X,) + 41 1 B(%) T B(X) 0 } (2.43)
0 PaAh (%) B(x4) + Pel s B(%s) T B(%)
T '
G, = zg{ 0 Al ¢(xd)} (.40
= Pala®(%y) B(Xy) 0

where gy is disk densityAq is disk cross-section ardla; is disk moment of inertia in;

direction,hgis disk thickness.
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Chapter 111
METHODOLOGY |: NATURAL FREQUENCY-BASED DAMAGE

IDENTIFICATION OF ROTOR SYSTEM WITH OPEN CRACKS

3.1 Introduction

A new vibration-based damage identification meblogy for cracked rotor systems
with is developed and demonstrated on a shaft-slyskem. This approach is based on
Floquet theory and utilizes measured changes insysem natural frequencies to
estimate the severity and location of shaft stmattaracks during operation [151-154].
The damage identification is enhanced through g af an Active Magnetic Bearing
with adjustable support stiffness and accelerafemdback. Here, a novel symmetry-
breaking closed-loop control is employed during tterative damage identification
process to enrich the data set by removing therEitpgeneracy of the symmetric shaft
structure. This approach enables full damage ifiestiion from a single sensor and
hence without requiring measured modeshape infeamathe method is synthesized via
harmonic balance and numerical examples for a /gt system demonstrate the

effectiveness in detecting both location and s&yeffithe structural damage.

3.2 Open Crack Parameters

To develop the damage identification method ancetstdnd how the cracks affect the
structural system, the features of crack parametersstudied first. The cracks on the
shaft/disk system are assumed to be open in tlisteh The breathing crack mechanism

will be studied in the following chapters.
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First of all, the variation of crack paramet&fs B andC'is studied for increasing

crack depth in crack coordinate system. The noredsional form of crack parameters is

given as follows:

_ \a?-g2-(1-3) pb _ _ TN oy —
A’ =ER’| [ @-&*)7a7; (7  hydedn
_ Va2-s?-@-a) (b =
B =ER[ e I_bgfzzﬁFf(ﬁ/h)dfdﬁ (3.1)
=0 Vat-g?-@a)y b _ o = TN ==
CP=ER[ [ &R &% mF, (7 1 h)F, (7 / h)dedy
where,
__a-_b __&__n-_h
=— b==f==—np=L h=— 3.2
TR R R7TR R 52

It can be seen from Fig. 3.1 that crack parametrandB”are keeping increasing

when the crack depth varies from O to shaft ra&ushile the parameteC? remaining

at 0.

45

350

30

25~

20

crack parameters

15-

10-

Fig. 3.1 Open crack parameters variation
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It is also noticed that the parameter in straighgrodirectiony. in Fig. 2.9) is always
larger than that in shearing-open directian i Fig. 2.9), which means the stiffness
reduction iny, direction is larger. Furthermore, the crack does cause any stiffness
reduction in cross-coupling direction in crack ainate system. In another words, no
stiffness reduction is produced in cross-couplimgalion when the crack coordinate
system coincides with rotating frame {c}.

Next, the stiffness variation in rotating frage is analyzed while the crack angte

varying from O to 2. Here, we define the stiffness reduction paraméter, ¢; and the
cross-coupling directions &g, B, andC/,, respectively.

AP, =2AP cos” 8+ 2BP sin” 8 -2CP sin26
BY, = 2APsin® 8+ 2B? cos’ 8+ 2CP sin26 (3.3)
Ch =(Ar -B!)sin26 +2C! cos26

14

12

10

stiffness reduction parameters

Fig. 3.2 Stiffness reduction parameters #or 0.5
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With the change of crack angle, the stiffness redngparameters vary periodically
with the periodz. It can be found that the summation of parameterswvo lateral
directions is a certain number for a crack withtaier depth no matter what the crack
angle is. In addition, the parameter in cross-dogptlirection is zero when the crack
angle isnz/2 (n=0, 1, 2,...) and it will reach its maximum or minimwalue when the
crack angle isz/4 (n=1, 3, 5,...).

From the point of view of moment of inertiagtmoment of inertia at crack position is
reduced byAly, Aly and Alyn with respect to rotating frame {c}. According to
transformation principle of moment of inertia frasrack coordinate system to rotating
frame {c} (Fig. 2.9),Aly, Al andAly» have the relation as following:

201, = (A1, — Al ,) tan(26) (3.4)
We can see from Eq. (3.4) three parameters areeddedlescribe the damage because of
their nonlinear relation. Thus, it is assumed thatchange of stiffness due to damage is

approximated as

(3.5)

yz,] Yz, )

Ne
DK =3(3, AKS, +8, DKE, +8, AKS
=L

whereNe is number of elements, afK®,j, AK®,; and AK®,,;are stiffness perturbation
matrices in y, z, and cross-coupling directiong'aélement, respectively,, d,; anddy, ;
describe the stiffness reductionjBfelement in y, z, and coupling directions respetyiv
which have the relation of

20,,,=(9,, —9,,)tan@) (3.6)
The stiffness perturbation matrices, atl® ;, AK®; and AK%;;can be assigned any

perturbation form, such as midpoint, average, etc.
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3.3 Floquet Based Damage | dentification of Time-Invariant System
In this section, the Floquet based damage ideatifin method is developed for time-

invariant rotor system as shown in Fig. 3.3.

n,

Do

\LZR

(@)
=
|
=

L]
]

Xny,C

Ny

Fig. 3.3 Time-invariant shaft system

3.3.1 Damage I dentification Algorithm
To develop the damage detection methodology, éguations-of-motion (2.39) is

recast into the following state-space form withtestgectorx =[q" ¢']" 0O%*

X:(A +§:AAk5ka 3.9)

k=1
Here the system and damage matriéessndAA,, are given as:
Al O |
T[-MK, -MJ(C+G) (3.8)
A - 0 0
N P

whereNy is the number of damage. The homogeneous solufitimedinear system can

be expressed as

X, (t) =X e (3.9)
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with complex characteristic (Floquet) exponents,= a + jaw and corresponding
eigenvectorX, . The following eigenvalue problems whose soluti@hsiracterize the

nominal and damaged system spectra are given as:

[Al-AJX, =0 (3.10)
[ +BA) ~(A+ Y84 5))(X, +AX,) =0 (3.11)

Here, A4 and AX; are damage induced perturbations in the charatiteeixponents and
mode shapes. Utilizing left and right eigenvectahagonality, where Xt) is the left

eigenvector,

Y_TX]_ :5“_ (312)

Using a ' order perturbation approach that neglects thecef@AX, , the damage

identification is formulated in terms of the follovg frequency-shift sensitivity matri®

AL =So
3)13
[s,]=v"0A X, &
where AL =[A), ... DA...J" IS @ vector of measured Flogquet characteristicoespt

shifts obtained by comparing FRFs of the damaged andamaged systems and

8=[3 ... 9,,]" is the vector of unknown damage parameters whachbe estimated in

the least-squares sense as

8., =[S'S]| 'S AL (3)14
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Using (3.14) as an initial damage estimate, subm@gestimates can be iteratively

improved by including the effect of the damage et modeshape perturbatians, .

Specifically, based on thd" estimate of the damage paramesg(s[s® ... &, “T

the K" estimate of the damaged system mode shafe€an be determined from
Ny -
[(4 +AA)1 = (A+3 DA 57X =0 (3.15)
=1

Using this, the k™ estimate of the damage induced mode shape peitmba

) results in

est

arepaX ® = X® - x,. Expanding (3.15) and using the estimaig$® andé

the following iterative damage estimation approach.

3% =[S g1 plopy, (3.16)

with
S0 =[] =Y,TAA (X, +AX ™M) (3.17)

and
PY =[RM] = L+ Y,"AX)g, (3.18)

Since the initial estimate®

® is determined from (3.14), the damage estimation
algorithm only relies on the measured resonancguéecy shiftédd1 . Due to limited
measurement of the higher frequencies, the numbeeasured natural frequency shifts
is typically less than the total number of damagmmeters, i.eNg > Nmeas Thus, (3.14)
and (3.16) become under-determined.

To overcome this problem, we ubk; shaft rotating speeds to form the composite

estimation matricesS and P such that the estimation problem becomes over méated
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(i.e. NmeadNrs > Ng) and enables complete estimatiomdafithout the need to measure all

the frequency shifts, particularly the higher modes

P(PIAMP,) | [ S(p) 8(p,)
P(RIAA(P,) |_| S2) | o B2 |_ o .19
P(Py,)0MPy,) | [SPy)| | Akp,)

To measure the damage identification effectiventdss,actual and estimated crack
energy ratiog; andr, in thei™ shaft damage cell element are
P U
j=1

r =22 and f;:jzl_ (3.20)

[ Ny, Ny
e e
2.0 2.Uf)

i=1 j=1

with
US, =38] (x)8;(%)
Uf; = 3¢; ()8, (%) (3.21)
US, =EI[ ¢ gjdx
i
Here Ufi , U, andU¢, are the estimated crack strain energy, actuak@main energy

and total shaft damage cell element strain enemgoaated with thg™ system

modeshape.
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3.3.2 Damage I dentification: Open Cracked Shaft
Table 3.1 gives the material property parameteshaft system.

Table 3.1Shaft parameters

Parameter Value Units
Shaft lengthL 0.4 m
Shaft radiusR 001 | m
Shaft densityp 7800 | kg/m

Shaft elastic modulug 200 GPa
Number of shaft modes, | 12 --
Number of damage cellb| | 10 --

In order to ensure that all the damage parasietn be estimated from the measured
frequency shiftsAA, multiple shaft rotating speeds are utilized toidmthe data and
make the problem overdetermined as shown in equ#&8d9). The speed set and two
damage sets (not known by the detection algoridma)given in Table 3.2 and Table 3.3.

Table 3.2Shaft rotating speed set

trial 1 | trial 2 | trial 3 | trial 4| trial 5
Q (Hz) 100 200 300 400 500

Table 3.3Shaft Crack Damages |

Case | Case |l
Cell No.| Crack Depth Crack Angle| Cell No.| Crack Depth Crack Angle

1 0 N/A 1 0 N/A
2 0 N/A 2 0 N/A
3 0 N/A 3 0 N/A
4 1.0 mm 0° 4 1.0 mm 0°

5 0 N/A 5 0 N/A
6 0 N/A 6 0 N/A
7 0 N/A 7 0.8 mm 60°

8 0 N/A 8 0 N/A
9 0 N/A 9 0 N/A
10 0 N/A 10 0 N/A

Figs. 3.4 and 3.5 show the damage identificatesults for the damaged shaft system

with single transverse open crack (Case [). Spedifi, Fig. 3.4 shows the actual and
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converged estimates of the crack energy rati@ndr, , wherein the blue and red bar

denote the actual and estimated energy ratio rasphic

3X 10 ‘ ‘
Il Actual energy ratio
Bl Estimated energy ratjo
2.5 b
3 2 1
S
>
>
215 ]
(0]
X
Q
o
o 1+ |
0.5 1
L L L 1 1 \I 1 1 1
1 3 4 5 6 7 8 9 10

element number

Fig. 3.4 Convergedhaft crack damage energy ratio estimates: Case |
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Fig. 3.5Estimated shaft damage parameters vs iteration eurGlase |

Furthermore, Fig. 3.5 shows the shaft damagarpeter iteration history, wherein the
blue dash line and red star line denote the adudl estimated damage parameters

respectively. The results show that the proposedade identification method works
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well to detect single transverse open crack orsttadt system. It can be seen from Fig.
3.4 that the algorithm detects relatively small dgein 7' cell which is in a symmetric
position of real damage cell with respect to shafi-center. This phenomenon can be
further showed in Fig. 3.5 that estimated damagearpeters in % and 7 cells oscillate
at the beginning of iteration and gradually coneai@the actual values.

Figs. 3.6 and 3.7 show the damage identificatesults for the damaged shaft system
with duel transverse open cracks (Case Il). Spadi§i Fig. 3.6 shows the actual and

converged estimates of the crack energy rati@ndr, , wherein the blue and red bar

denote the actual and estimated energy ratio résphkc

x 10° ‘

T
Il Actual energy ratio
Bl Estimated energy ratjo

5, |
| |I |
1 1 1 1 1 ) 1 )
1 2 3 4 5 6 7 8 9 10

element number

@ &

crack energy ratios

s

Fig. 3.6 Convergedhaft crack damage energy ratio estimates: Case |l
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Fig. 3.7Estimated shaft damage parameters vs. iteratiorbaurase |l

Furthermore, Fig. 3.7 shows the shaft damagarpeter iteration history, wherein the
blue dash line and red star line denote the acnudl estimated damage parameters
respectively. The results show that the algoritfaits fto detect duel cracks on the shaft
system. In Fig. 3.6, we can see that the estimatack energy ratios are far away from
the actual ones for both damaged cells. The estindamage parameters still oscillate
during the iteration, but what is different frometkingle crack case is that they did not
converge to the actual values (as seen in Fig. AR)interesting phenomenon is that the
sum of estimates for both damaged cells is almqsatleto that of actual values even
though the individual estimate is not able to cagee This is caused by some reason so
that the algorithm cannot distinguish the multiptacks, especially for the damages in
symmetric cells.

To clarify the reason, we look into the vapatiof the eigenvalue versus crack location
and angle. The eigenvalue shifts for a single @dckhaft system is investigated while

the crack location and angle varying.
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Fig. 3.8 Eigenvalue variations vs. crack locat@nlmm,9=0°, Q=100Hz
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Fig. 3.9 Eigenvalue variations vs. crack angletmm,x.=0.14m,Q=100Hz
The changes of first and second eigenvalues aremsymec with respect to the
midpoint of shaft, which means the crack locatethatsymmetric cells induces the same

eigenvalue changes. Due to this reason, the dhgoig not able to distinguish the cracks
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in symmetric positions. It is also found that thethod is limited to detect the multiple
cracks. In Fig. 3.9, it is obvious to see that rigdue shifts are independent on the crack
angle. No matter what the crack angle is, it domsaffect the eigenvalue and therefore

current method could not be able to detect thekaagle correctly.

3.3.3 Damage I dentification: Open Cracked Shaft with AMB

According to above analysis, we concluded that damage detection failure is
caused by the symmetric structure of shaft systémchwieads to the Eigen degeneracy.
To overcome this problem, an active magnetic bga@tMB) is introduced to break the
symmetry. For simplicity, we assume that AMB deviEe@roviding the constant stiffness
gainsky,, andky,in rotating frame {c} which makes the whole systeme-invariant. The

system diagram is shown in Fig. 3.10.
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ZGy
Fig. 3.10 Time-invariant shaft-bearing system

The AMB device is introduced into the shaft systenbreak the structural symmetry

by making the adjustable AMB stiffness values ob tlateral directions different. As
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shown in Fig. 3.10k,, andkyy are the adjustable AMB lateral stiffness valued xanis
the AMB location.
Figs. 3.11 and 3.12 show the damage identificatesults for the damaged shaft —

bearing system with single transverse open craek€d).
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Fig. 3.11 Convergesghaft-bearing crack damage energy ratio estim@tase |
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The results show that introducing AMB does ioyar the damage estimation for single
transverse open crack on the shaft system. We eanttst the damage irf" Zcell
estimated in Fig. 3.4 is not showing in Fig. 3.1i.addition, the damage parameter

iterations become much smoother and converge nastarfto the actual values.
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Fig. 3.14Estimated shaft-bearing damage parameters vstidteraumber: Case Il
Figs. 3.13 and 3.14 show the damage identidicatesults for the damaged shaft

system with duel transverse open cracks (Cas8dine as case |, the damage estimation
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of case Il improves greatly. The crack energy seatind damage parameters quickly go to
the actual values without oscillation. Thereforegdking symmetry plays an essential
role in distinguishing the multiple cracks on thef system. Similar as the eigenvalue
analysis we did in the previous section, we wansttaly it again to investigate what

makes things different.

1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
crack location /m

0.2
crack location /m

Fig. 3.15 Eigenvalue variations vs. crack location
a=1mm,#=0°, Q=100Hz,ky,=10°N/m, ks, =ON/m, x,=0.3m

The changes of first and second eigenvalues aresyrotnetric with respect to the
midpoint of shaft since AMB breaks the structunaingnetry as shown in Fig. 3.15. In
Fig. 3.16, eigenvalue changes in a harmonic wayewhe crack angle is varying from 0
to 2t. Compare to the system in 3.3.2, the eigenvalamgds are not independent with

the crack angle any more. However, crack angldilisnet able to detect in this case
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because the mapping is not unique from eigenvaiaages to crack angle. We can see

from Fig. 3.16 that ona/ could have four corresponding crack angles.

crack angle rad/s

Fig. 3.16 Eigenvalue variations vs. crack angle
a=1mm,x=0.14m,Q=100Hz,k,,=10°N/m, kp,=ON/m

Although rotating AMB could break the structurahsyetry of rotor system and get
very good damage estimation results, it is notifdaso provide constant AMB stiffness
in rotating frame. Usually, active magnetic bearisgnstalled in fixed frame and it is
easier to provide the constant stiffness in fixedne which produces the time-varying
term in rotating frame. Hence, we are going to tgvéhe damage identification method

for shaft system with stationary active magnetiarbegy in next section.

58



3.4 Floquet based Damage | dentification of Time-Varying Rotor System
The system studied in this section is a crackedt System with active magnetic

bearing in stationary coordinate system {n}.

n,

"G o
[
X
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// — AMB
/o L
Soarn

Fig. 3.17 Time-varying shaft-bearing system

3.4.1 Active Bearing M odel

In the system, an Active Magnetic Bearing (AMB)introduced to break the modal
symmetry with respect to the center point of shiafgliminate symmetry of Eigen modes
and to enhance the accuracy of crack detectiontseddere the feature of adjustable
bearing stiffness or virtual added mass in tworddtelirections is used to break the
transverse modal symmetry. When the system is gbeduby bearing stiffness, the
additional potential energy due to the active lgpm rotating frame {c} is

u, = % K,,(V, COSQ1) - W, Sin(Qt))?

(3.22)
+%kbw(vb Sin(Qt) + w, cosQt))*

When the system is perturbed by bearing massdtié@nal kinetic energy produced by

bearing in rotating frame {cis:
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T, = ”;OV ([V, - W, Q] cosQt) —[W, +v,Q]sin(Qt))>

(3.23)
+ % (I, — W, Q] sin(Qt) + [y, +v,Q] cosQt))?

wherevy(t) andwy(t) are shaft deflections at the bearing positiomaasured from fixed

frame {n}. Furthermorek,, andky, are the adjustable AMB lateral stiffness valued an

m,y, andmy,, are synthetic mass values due to acceleratiorbéeidcontrol. The system

equations-of-motion are obtained via Lagrange’shoeiand are given as:

[M + M ()]G +[C, +G,]q +[K, + K, (1) ~K,]q=0 (3.24)

with
M, () =M, +M_e > + M e/** (3.25)
K, (1) = K, +K_e?*" +K e** (3.26)

Note since the equations are formulated in thatireg frame {c}, both the shaft and the
crack damage matrices are time-invariant; howdwerasymmetric AMB stiffness in the
fixed frame introduces periodic parametric termse Tapplied asymmetric bearing
stiffness and inertia feedback terms are usedar#mage detection process to break the
symmetries associated with the two transverse sHaftection planes enabling
identification from natural frequency measurememnsthout direct modeshape

information.

3.4.2 Siffness Perturbed Damage | dentification M ethodology

To develop the damage detection methodology, thatemns-of-motion are recast

into the following state-space form with state wect=[q" ¢']' 00O
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X :(A(t) +§AAk(t)5ka (3.27)

Here the periodic system and damage matrié€g, and AA(t), are expanded in the

complex exponential series as:

Ny, Nh
A)= DA™ and aa, ()= S AA, e (3.28)

n=-N, n=-Nj
WhereN;, is the number of system harmonics. In the casbethaft-bearing systemy,
= 2. Utilizing Floguet theory, the homogeneous 8Bofuof the linear periodically time-

varying system can be expressed as

Ny . had .
X, () =D cu (hert with u ) =>u, "™ (3.29)
k=1

n=—oo

With complex characteristic (Floquet) exponeniszatjax and corresponding periodic

modeshapes, (t) . After performing harmonic balance, the followihgper-dimensional

eigenvalue problems whose solutions characterieenibminal and damaged system

spectra are given as.

[Al-A]U, =0 (3.30)
[(A +Mk)f—(A+§AAJ.5j)](uk +AU,)=0 (3.31)

Here, u, is the Fourier coefficient vector of the" nominal right eigenvector

(modeshape)A andaA, are the hyper-dimensional nominal system matrik damage

perturbation matrix given by,
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el A A,
) A, A,-jQl A, A, (3.32-a)
A= A, A, Ao Al A,
A, Ay Agtidl Ay
A, A, Ag+j20
AAo,k AA—Lk AA—z,k
~ AA+L|< AAo,k AA—Lk AA—z,k (332-b)
DA = DA, DA, DA, DAL DA, -
DA DA DA DA,
’ AA+2,k AA+1.k AAo,k
U=l Uk,—zT uk,—lT Uk,oT LIl<,+1T LII<,+2T ]T (3.33)

Furthermore, A4, and AU, are damage induced perturbations in the charatteri

exponents and mode shapes. Utilizing left and rggenvector orthogonality whewgt)

is the left periodic eigenvector,

v, (1) = ivkvneant (384

vi)Tu, )= = V,'U, =9, (3.34-b)

and using a %l order perturbation approach that neglects thecetieau, , the damage

identification is formulated in terms of the follovg frequency-shift sensitivity matri®
p=S8  with [§]=V/ 84U, (3.35)

where AL =[A), ... AA,..J" IS @ vector of measured Floquet characteristicoe&pt

shifts obtained by comparing FRFs of the damaged andamaged systems and
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8=[3 ... 9,,]" is the vector of unknown damage parameters whachbe estimated in

the least-squares sense as
3., =[S"S]'STAM (3.36)

Using (3.36) as an initial damage estimate,segbent estimates can be iteratively

improved by including the effect of the damage et modeshape perturbatisu, .
Specifically, based on thé"lestimate of the damage paramesés[5* ... 3, T,

the K" estimate of the damaged system mode shagiesan be determined from
o Na ~
[(4 +D4)1 =(A+3AA;6)]U1 =0 (3.37)
j=1

Using this, the R estimate of the damage induced mode shape peitmbaare

& results in the

est

AU® =U® —uy,. Expanding (3.31) and using the estimates® and s

following iterative damage estimation approach.

8 =[S g0 1gMT Py, (3.38-a)

with
S =[§9]=V,"0A, (U, +AUY) (3.38-h)

and
P =[RY] = @+V,"AUY)g, (3.38-c)

Since the initial estimate®

est

is determined from (3.36), the damage estimatigarghm

only relies on the measured resonance frequenttg ¢%i. Note this iterative approach is
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very similar to the iterative approach developedsattion 3.3 for the time-invariant
second order system case.

By taking advantage of the adjustability of theiaeisupport stiffness and damping
provided by the AMB, the natural frequency shiftaserements can be performed at
various PD feedback gain settings to enrich tha-dat and enable complete estimation
of the damage parameters.

- JAYS
Initialize by i

neglecting
eigenvector change

5, " =[S'S]'S AL

A

~ Ng . -
(A + D) = (A+> DA UM =0
j=1

AT =00 ~U
I 1 | I
lterative ol =[S sW] s Py,
eigenvector
update L

No

Converged?

) Yes
Final Damage

Estimate est

Fig. 3.18 Iterative damage identification process

Specifically, the natural frequencied(p), the damage induced frequency-shifts and

mode shape perturbatioAd(p) and AU(p) are implicitly functions of the active bearing
support stiffness valugs=[k, k. ]- By tuningp to N. different settings, we obtaiN.

sets of linearly independent equations which ehelnacterize the effect of the damdge
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P(p.)AA(p,) S(p.) Ar(p,)
P(pz)A;‘-(pz) _ S(pz) 6_5 A)"(pz) :éﬁ (339)

PPy )AMPy,) | [ S(Pw,) AMpy,)

By forming the composite estimation matricesand P and measuring\Nyeas modal
frequency-shiftsAA(pi), at N, different control settings such that the estinmapooblem
becomes over determined (iMneadN: > Ny ) enables complete estimation ®fwvithout

the need to measure all the frequency shifts, qaatily the higher modes.

3.4.3Virtual Mass Perturbed Damage | dentification M ethodology

To develop the damage detection methodology, thatems-of-motion are recast

into the following state-space form with state wvect=[q" ¢']' O0O™*
Ny
E(t)x = (za) +3'07, ()3, Jx (3.40)
k=1

Here the periodic system mass, stiffness and dameadeces, E(t), 4], andAZ(t), are

expanded in the complex exponential series as:

N . Ny ) Nj, .
E()= Y Ee"™ Z{t)= >.Ze" Az, ()= Y AZ, " (3.41)

el e emr
whereN; is the number of system harmonics. In the caskeo§haft-bearing systemy

= 2. Using the same solution as Eq. (3.29) andpmaihig harmonic balance, the followin
g hyper-dimensional eigenvalue problems whose isolsicharacterize the nominal and d

amaged system spectra are given as.

[AE-Z]U, =0 (3.42)
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[, +BA)E-(2+ 3 02,6)(U, +AU,) =0 (3.43)

Here,Z andE are the hyper-dimensional nominal system stiffresd mass matrices

given by,
Z,-j2QE, Z,-]jQE,
R - Z4-j2QE, Z,-JQE,  Z, (344-a)
Z= Z,-JQE, Z, Z,+]|QF

Z, Z,+]JQE, Z,+|2QF,
Z_,+]JQE, Z,+]j2QE, --

- E, E, E, - (3.44-b)

m
1
:om
S
m
o
m
il

By taking the same steps as in section 3.4.2 ténative damage parameters are obtained

by the following equation:

3k =[S g TglT plopy, (3.45-a)

with
S =[sM]=V,"AZ (U, +AUW) (3.45-b)

and
PY =[RM] = V,TE(U, +AU%) (3.45-c)

Specifically, the natural frequencied(p), the damage induced frequency-shifts and

mode shape perturbatioAd(p) and AU(p) are implicitly functions of the active bearing
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support virtual mass valugs=[m,_,,m,,]. By tuningp to N different settings, we obtain

N: sets of linearly independent equations which eclchracterize the effect of the
damage .

In the case of the shaft/disk system, the faekituning plays a critical role in
overcoming indeterminacy induced by structural swtmn Specifically, the axi-
symmetric nature of the shaft-disk system resuitgepeated natural frequency and
modeshape pairs, one corresponding to each lgikena¢. As a result of this symmetry,
each mode pair has identical damage sensitivita ttrack at a given axial location
resulting in a rank reduction of the sensitivityrfmulations. This situation is problematic
for the damage identification approach due to thet that the method only utilizes

frequency shift information, and no measured moaesitdata.

18 s &1

o eddy current probe
ower —  (auxiliary sensor
Amplifier v ( T:T/y )
S
—~——® |[ e
j™ damage Crack

cell EM Ll

actuator Rotor
% & Qi g probe  disk

Fig. 3.19 Shaft/Disk system with symmetry breakiegdback control
To address this, a symmetry breaking active feddibaatrol is utilized to remove the
modal degeneracy during the damage identificatromcgss. Here, as shown in Fig. 3.19,
the AMB applies a localized asymmetric position aundeleration feedback control of

the form
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wherefy, andfy,,, are actuation forces applied on the shaft in batéral directions with
acceleration feedback (inertia) gaims, andm,,, and position feedback (stiffness) gains
kov andkyy. By performing the damage identification under tiplgs sets of asymmetric
gain values i.emy,, # My, andky, # Ky, the modal symmetry is broken and (3.39) can be

rendered fully determinate.

3.4.4AMB Stiffnessand Virtual Mass Tuning

The aim of tuning AMB stiffness is to gathermadrequency shifts which can be used
for damage estimation. We can achieve this goaldoking for the suitable AMB
stiffness ranges in which the frequencies shitirgity. To choose a suitable set of AMB
stiffness and virtual mass tuning gains, it is g that they should be selected from
the range in which there is strong frequency-stafhage sensitivity.

Figs. 3.20 and 3.21 show the natural frequencyatiari due to a 1 mm crack as a
function of crack location and AMB stiffness gdip, (withk,, =0). Here Figs. 3.20 and
3.21 show the % and 2 mode variation of the non-rotating shaf@=0 RPM).
Regardless of damage location along the shaftttieedamage element number), tfe 1

and 2 mode natural frequencies are most sensitive tcadenfor AMB stiffness values

in the range [10- 1] N/m.
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crack location /m

loglk, )
Fig. 3.20 Natural frequency variation due to 1 nmack vs AMB stiffness gaik,, and damage
location withky,= 0 N/m,Q = 0 RPM, AMB locatiorx = 0.37%., 1 mode

4 b
A log(k, )
Fig. 3.21 Natural frequency variation due to 1 nmack vs AMB stiffness gaik,, and damage
location withk,,= 0 N/m,Q = 0 RPM, AMB locatiorx = 0.37%., 2" mode

crack location m

crack location ‘m

logk_)

Fig. 3.22 Natural frequency variation due to 1 nmack vs AMB virtual mass gaim,, and
damage location withm,,,= 0 Kg,Q = 0 RPM, AMB locatiorx = 0.37%, 1* mode
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Fig. 3.23 Natural frequency variation due to 1 nmack vs AMB virtual mass gaim,, and
damage location with,,,= 0 Kg,Q = 0 RPM, AMB locatiork = 0.37%., 2 mode

Figs. 3.22 and 3.23 show natural frequency vamadiothe first two modes induced by

1mm crack as a function of crack location and wirtmass gaim, (withm,, = 0). We

can see from these figures that the frequencysshdte little change when the bearing
mass is tuned in the range PHL0®] Kg and fluctuate stronger when the bearing
stiffness is tuned in the range from FH1L0Y] Kg.

Using this range as a guide, two different set&\MB active stiffness/mass tuning
gains are utilized in the damage identificationgeiss. Most critically, the first tuning set
consists of purely symmetric AMB stiffness/massngawhile the second set consists of
asymmetric stiffness/mass gains. These two turetgyare given in Tables 3.4 and 3.5.

Table 3.4 Symmetric AMB stiffness tuning set

trial 1 | trial 2 | Trial 3| trial 4
kov (N/m) | O 10 10° 10’
kow (N/m) | O 10 10° 10’
my(Kg) |0 001 | 005 | 0.1
mow(Kg) |0 0.01 | 005 | 0.1
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Table 3.5 Asymmetric AMB stiffness tuning set
trial 1 | trial 2 | Trial 3| trial 4
kov (N/m) | 10 0 10 10°

kow (N/m) | O 10 10 10
my (Kg) | 0.1 0 0.05 | 0.1
mw(Kg) |0 0.1 0.1 0..05

3.4.5 Case Study
In this section, a damage case is studied usingtiffoess/mass tuning sets proposed
in section 3.4.4. Table 3.6 shows the damage paease

Table 3.6 Shaft Crack Damages Il

Cell No. | Crack Depth Crack Angle
1 0.1 mm 0°
2 0.2 mm 80
3 0.3 mm 160°
4 0.4 mm 240
5 0.5 mm 320
6 0.6 mm 10
7 0.7 mm 80
8 0.8 mm 60°
9 0.9 mm 40°
10 1.0 mm 20°

(a) Stiffnesstuning sets
Figs. 3.24 and 3.25 show the damage identificatesults for the symmetric and
asymmetric stiffness tuning sets. Specifically,sFi§ 24-a and 3.25-a show the actual and

converged estimates of the crack energy rati@ndr, of symmetric and asymmetric

stiffness tuning sets, respectively. Figs. 3.24rd &.25-b show the shaft damage
parameter iteration history for the symmetric argynametric stiffness tuning sets,
respectively.

It can be obtained from Eq. (2.40) that a tvanse crack on the shaft-bearing system

induces stiffness reduction in both lateral di@tsi and their cross-coupling direction.
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The sum of reduction in both lateral directiongigariant for a given crack depth and the
stiffness cross-coupling depends on the crack plaagge. Since the Floquet based
method is independent of the orientation angleratk; only two damage parameters are

needed per cell to estimate the stiffness reductidoth lateral directions.

10°

5L

W Actual energy ratio
M Estimated energy ratio

crack energy ratios
o @ & q =

=

0

1 2 3 4 5 6 7 8 9 10
element number

Fig. 3.24-aConvergedhaft crack damage energy ratio estimates; symen®MB stiffness
tuning set, AMB locatiox = 0.37%, Q = 3600 RPM.

——estimateql
—actual

damage parameters

0
iteration number

Fig. 3.24-b Estimated shaft damage parametersevation number; symmetric AMB stiffness
tuning set, AMB locatiox = 0.37%, Q = 3600 RPM.

These results clearly show the importance of inidjzan asymmetric stiffness tuning set.
With symmetric AMB stiffness, the damage estimadesnot converge to the actual

values and the modal degeneracy prevents the éstifam converging. However, with
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asymmetric stiffness, the damage estimates indeedecge to their true values within

approximately 20 iteration steps.

2x10°
8 !

Wl Actual energy ratio
6 MlEstimated energy ratio

crack energy ratios
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Fig. 3.25-a Converged shaft crack damage energyestimates; asymmetric AMB stiffness
tuning set, AMB locatiox = 0.37%, Q = 3600 RPM.

damage parameters

. .30
iteration number

Fig. 3.25-b Estimated shaft damage parametersevation number; asymmetric AMB stiffness
tuning set, AMB locatiox = 0.37%, Q = 3600 RPM.

(b) Masstuning sets
Figs. 3.26 and 3.27 show the damage identificatiesults for the symmetric and
asymmetric mass tuning sets. Specifically, Figs6-&2 3.27-a show the actual and

converged estimates of the crack energy rati@ndr, . Figs. 3.26-b and 3.27-b show
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the shaft damage parameter iteration history fer gfhmmetric and asymmetric mass

tuning sets, respectively.

W Actual energy ratio
o MlEstimated energy ratio

crack energy ratios
@ & q

B

1 2 3 4 9 10

5 6 7
element number

Fig. 3.26-a Converged shaft crack damage energyeastimates; symmetric AMB mass tuning
set, AMB locatiorx = 0.37%, Q = 900 RPM

damage parameters

3
iteration number

Fig. 3.26-b Estimated shaft damage parametersevation number; symmetric AMB mass
tuning set, AMB locatiorx = 0.37%., Q = 900 RPM
The similar results are obtained using AMB massnmiisets, which shows the damage
estimates are not able to converge to the actumbda values with symmetric tuning set
while they indeed converge to their true valueshinitapproximately 20 iteration steps

with asymmetric mass tuning set.
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Fig. 3.27-a Converged shaft crack damage energgyestimates; asymmetric AMB mass tuning
set, AMB locatiorx = 0.37%, Q = 900 RPM

damage parameters

30
iteration number

Fig. 3.27-b Estimated shaft damage parametersevation number; symmetric AMB mass
tuning set, AMB locatiox = 0.374., Q = 900 RPM

3.4.6 Asymmetric AMB Stiffness Role

It is important to note that the requirement ofrasyetric tuning necessarily demands
the ability to conduct damage identification of aripdically time-varying system.
Specifically, the equations-of-motion become pedallly time varying in both the
rotating frame (due to AMB stiffness/mass asymmetigd fixed frame (due to the
presence of crack damage). Here, we are goingaiyzmthe role of AMB stiffness/mass

tuning in damage identification by studying two plexdamage cases listed in Table 3.7.
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Table 3.7 Shaft Crack Damages Il

Case Il Case IV
Cell No.| Crack Depth Crack Angle| Cell No.| Crack Depth Crack Angle

1 0 N/A 1 0 N/A
2 1.0 mm 0° 2 1.0 mm 0°

3 0 N/A 3 0 N/A
4 0 N/A 4 0 N/A
5 0 N/A 5 0 N/A
6 0 N/A 6 0 N/A
7 0 N/A 7 0 N/A
8 0 N/A 8 0 N/A
9 0 N/A 9 1.0 mm 60°

10 0 N/A 10 0 N/A

Case Ill is a single crack located &f 2ell and Case IV is duel cracks located 4t 2

with crack angle=0° and"cell with crack angle=60°. The symmetric and aswtrin

sets, listed in Table 3.8, are used to detect dineadje separately.

Fig. 3.28 shows the estimated errors on eaktlasea function of bearing locations for
case lll. Fig. 3.28-a shows the energy ratio efaoreach cell when the damage is
detected by symmetric set and Fig. 3.28-b showsitleegy ratio error for each cell when
the damage is detected by asymmetric set. The tlapet the error between estimated
and actual energy ratio for correspondifigell. We can see from Fig. 3.28 that the plots

are basically smooth for most of the bearing l@ratind both tuning sets work well for

Table 3.8 Symmetric and asymmetrical sets

Tuning set No. 1, 2| 3 4
Symmetric | ke (N/m) | 10 | 10" | 10° | O
sets Kow (N/m) | 10° | 10" | 10° | O
Asymmetrical| kp(N/m) | 10| 10°[ 10°| 0
sets kow(N/m) | 1G° | 10" | 10° | 0

single crack identification.
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Fig. 3.28 Energy ratio errors for case Il (a) Syatrit (b) Asymmetric

Fig. 3.29 shows the estimated errors on each sdllfanction of bearing locations for
case IV. Fig. 3.29-a shows the energy ratio eroordach cell when the damage is
detected by symmetric set and Fig. 3.29-b showerleegy ratio error for each cell when

the damage is detected by asymmetric set.
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Fig. 3.29 Energy ratio errors for case |V (a) Syrmn€b) Asymmetric
It is clear to observe the role of asymmetragbports when the system has multiple
cracks. Since no modeshape information is utilimedhe damage estimation process
(only frequency shift data from a single sensor FRRE shaft modal symmetry in the two
lateral planes renders the estimation indetermirittgsically, this is due to the fact that
a given crack can produce the same frequency ishdither lateral mode depending on
the crack phase. Hence asymmetric stiffness tugsangs are required to break the modal

symmetry.

3.5 Summary

In this chapter, a new vibration-based damage ifiigatton methodology for cracked
rotor systems with periodically time-varying dynasiis developed and demonstrated on

a shaft-bearing system. Since the crack is assumbd always open during operation,
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the crack parameterg,B? andc? are constant in crack coordinate systexy Y., z}.
Through the coordinate transformation, the crackamatersap?, , B?, andc?, are

dependent on the crack phasa rotating coordinate system {c}. Based on the dgen
identification results of linear time-invariant ootsystem, the usage of natural frequency
shifts is not enough to distinguish the crack ledabn symmetric cells with respect to
shaft midpoint. Consequently, Active Magnetic Begr{(AMB) is introduced to break
structural symmetry which gives the system stiffi@sceleration feedback. Through
proper tuning, AMB is able to provide adjustabliéfrsess or virtual mass gains to enrich
the dataset for damage identification and henceovesithe Eigen degeneracy of the
symmetric shaft structure. It is found that natdrauency shifts are sensitive in the
AMB stiffness range [1%-1]] N/m or AMB virtual mass range [1%-10%] Kg. With
symmetric and asymmetric AMB stiffness/virtual mgsins, the damage parameters are
estimated by damage detection algorithm basedast $guare and eigenvector updating
methods. The asymmetric support plays an importdatin damage identification which
gives more accurate results. However, this metsddnited to detect the crack phase,
though it works well to estimate the location amgptth of transverse open cracks. This

problem will be addressed in Chapter IV.
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Chapter 1V
METHODOLOGY Il: SSDEBAND FREQUENCY RESPONSE FUNCTION
BASED DAMAGE IDENTIFICATION OF ROTOR SYSTEM WITH OPEN

CRACKS

4.1 Introduction

This chapter develops a damage detection methodhwiki aimed to estimate the
structural damage by utilizing the influence ofak®on dynamical property. It has been
known the crack on the structure will cause thengkaof natural frequencies. In fact, it
also induces the change of frequency response idmncthis method explores the
characteristics of frequency response function (F&Rime-invariant/varying systems.
The same crack model is used in this chapter gaehHll and the cracks are assumed to
be open all the time during operation. The LeastaBe and Newton-Raphson methods
are used to solve the initial guess and the follgwiteration, respectively. Finally,
numerical examples demonstrate the effectivenesk amturacy of this method in

detecting both the magnitude and phase of thetataladamage.

4.2 Damaged FRF Char acteristics

First of all, we focus on the transfer functionidation of time-invariant stationary
beam system and recast the equations-of-motiorthetdollowing state-space form with
state vectok=[q" ¢']' OO

X:(A +§AAk]x+BUU(t) (4.1)

k=1

y=Cx
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where B is input matrix and ¢is output matrix. The general form of input andpo
matrix is given as:

2n

f——/%\ I ,__Ja\
0 .- 0 M™* #(x,) 0 - 0
B, = - - (4.2)
2n n

0O ---0 MY0 --- 0 P(x,)

c :¢(X5n) 0O --00 ---0

y

(4.3)
0 - 0 ¢(x) 0 --- 0O

whereM is the mass matrix, is the input location anxl is the sensor location. Here, the
external excitatiom(t) are expanded in the complex exponential series as:

u(t) = ue' (4.4)
Then, the solution of the system can be expressed a

x(t) = Xel“ (4.5)
Substituting Eq. (4.2) and (4.3) back into Eq. J4the transfer function of damaged

system is given as:
~ ) Nd
T,,=C,(jed —A-> AA,)"B, (4.6)
k=1

To study the characteristics of transfer functitw, transfer function is calculated for
the damaged beam system as shown in Fig. 4.1. yEtens is assumed to be stationary

and have a 1mm crack with O crack angle.

82



Y,y
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=,

Electro
Magnetic
Actuator

Fig. 4.1 Non-rotating beam with EM actuator forimbgation
Fig. 4.2 shows\[Ty,| variations while the excitation frequency varyingm 0 to 1000
Hz. The blue and red line denotes the transfertiomdifference observed at the sensor
location X in two lateral directions, respectively. The tramsfunction shiftsAT,, are
obtained by subtracting the transfer function ofmimal system from the damaged

transfer function. It is obvious to see thaT,| have peaks when the system is excited

near resonance.

| | | |
| | | |
| | | |
| | | |
: : : :
1 1 1 1 1 1 1
200 300 400 500 600 700 800 900 1000
excitation frequency /Hz

Fig. 4.2 ATy, | variations vs. excitation frequency;
X=3/4L, x=1/4L, a=1mm, x.=0.14m
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Next, we investigate how the magnitude and @leddransfer function change versus
crack location and angle. Fig. 4.3 and 4.4 shownfagnitude and phase of transfer
function shifts as a function of crack location ftie shaft-disk system with a 1mm

transverse crack.

0 005 01 015 02 025 03 035 04
crack location /m

Fig. 4.3 AT,,| variations vs. crack location;
x=3/4L, x=1/4L, a=1mm,»=170 Hz

1.57

1.5775

1.577

1.5765

phase rad/s

yu

1.576

AT

1.5755

1.57 005 01 015 02 025 03 035 04

crack location /m
Fig. 4.4AT,, phases vs. crack location;
x=3/4L, x=1/4L, a=1mm,w=170 Hz

Unlike the symmetric eigenvalue changes with respethe midpoint of the shaft in

Fig. 3.8, the magnitude and phase\d{, is not symmetric which eliminate the limitation
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of symmetric structure of rotor system and therefmakes it possible to distinguish the
cracks located at symmetric cells.

In Chapter Ill, we concluded that the eigenvaludtslare independent of the crack
angle, which means the damage detection algoritased on the Floguet theory is not
able to detect the crack angle of the cracks. Tihus,important to investigate that if the
transfer function shifts are affected by the crangle. A 1mm crack with varying angle
is put on a fixed location on the shaft-disk systemd the transfer function is observed in
n, and i directions while the system is excited in direction. Fig. 4.5 shows the
magnitude and phase affy, in m; direction as a function of crack angle. Fig. 416\8s

the magnitude and phase/fy, in n; direction as a function of crack.

1.577¢

1.577¢

phase rad/s

3 1.5774

AT

1.5777

3
crack angle rad/s

Fig. 4.5AT,, variations vs. crack anglez dir.;
x=3/4L, x=1/4L, a=1mm,X.=0.14m w=170 Hz
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phase rad/s

yu

AT

crack angle rad/s

Fig. 4.6ATy, variations vs. crack anglgzdir.;
x=3/4L, x=1/4L, a=1mm,x;=0.14m =170 Hz

In Fig. 4.5, the magnitude and phase /fy, are symmetrically distributed and
periodically changing, which could not tell thefdience of auxiliary angle. For example,
a crack with crack angle #3an not be distinguished from a crack whose aisgk£3r
only using ATy, observed in f direction. However, phase &T,, behaves like step
function and is not symmetric any more igdirection (Fig. 4.6), which enables the

possibility of identifying the crack angle.

4.3 Newton-Raphson M ethod

4.3.1 Introduction

The Newton-Raphson method [155], or Newton Médihs a powerful technique for
solving equations numerically. Like so much of tliféerential calculus, it is based on the
simple idea of linear approximation. The Newton Met, properly used, usually homes

in on a root with devastating efficiency.
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Let f(x) be a well-behaved function, and tdbe a root of the equatid(x) = 0. We start
with an estimateg of r. Fromx,, we produce an improved-we hope-estimatd-romx,,
we produce a new estimakg We go on until we are ‘close enough’ teor until it
becomes clear that we are getting nowhere. Theeaeweral style of proceeding is
called iterative Of the many iterative root-finding procedures, tRewton-Raphson

method, with its combination of simplicity and pawis widely used.

4.3.2 Newton-Raphson Iteration
Letxp be a good estimate ofand letr = X, + h. Since the true root is andh =r — X,
the numbeh measures how far the estimagas from the truth.

Sincehis ‘small’, we can use the linear (tangent line)raximation to conclude that
0=f(r)= f(x, +h) = f(x,)+hf(x,) 4.7)

and therefore, unle$yXxo) is close to 0,

hx 00 (4.8)
f (%)
It follows that
r=x0+h=xo—%xx‘;)) (4.9)

Our new improved estimaig of r is therefore given by

= 3, - o) 4.10
f (%) (410

The next estimatg, is obtained fronx; in exactly the same way aswas obtained from

Xo-
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X, =X SLYY (4.11)

)= x — ) (4.12)

4.3.3 Geometric Interpretation
In the picture below, the curwe = f(X) meets thex-axis atr. Let a be thecurrent
estimate of. The tangent line tg = f(x) at the pointd, f(a)) has equation:
y= f(a)+(x—a)f (a) (4.13)
Let b be thex-intercept of the tangent line. Then

_f&®

=

14)

f'(a)

/r/b a

Fig. 4.7 Newton method [155]
Compare with Eq. (4.12p is just the ‘next’ Newton-Raphson estimaterofThe new
estimateb is obtained by drawing the tangent linexat a, and then sliding to theaxis
along this tangent line. Now draw the tangent kneb, f(b)) and ride the new tangent

line to thex-axis to get a new estimateRepeat.
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We can use the geometric interpretation togmhesinctions and starting points for
which the Newton Method runs into trouble. It woldd wrong to think of the Newton
Method simply in terms of tangent lines. The NewhMathod is used to find complex
roots of polynomials and roots of systems of equitiin several variables, where the

geometry is far less clear, but linear approxinratitll makes sense.

4.3.4 The Conver gence of the Newton Method

The argument that led to Equation (4.7) usedrformal and imprecise symbel We
probe this argument for weaknesses.

No numerical procedure works for all equatidfs: example, lef(x) =% + 17 ifx # 1,
and letf(1) = 0. The behavior dfx) near 1 gives no clue to the fact th@) = 0. Thus no
method of successive approximation can arrive atdblution off(x) = 0. To make
progress in the analysis, we need to assumef(tat in some sense smooth. We will
suppose thdt’ (x) (exists and) is continuous near
The tangent line approximation is an approximatlaet's try to get a handle on the error.
Imagine a particle travelling in a straight linedaletf(x) be its position at tim& Then
f (x) is the velocity at time. If the acceleration of the particle were alwaysh@n the
changein position from timex, to time Xp+h would behf (Xp). So the position at time
xoth would bef(xp) + hf’ (xo)—|note that this is the tangent line approximatishich we
can also think of as the zero-acceleration appration.

If the velocity variesn the time fromxg to Xp + h, that is, if the acceleration is not 0,
then in general the tangent line approximation nat correctly predict the displacement

at timexp +h. And the bigger the acceleration is, the biggerdtror is. It can be shown
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that if f is twice differentiable then the error in the tamgydéine approximation is
(1/2)h%” (c) for somec betweenx, andx, + h. In particular, if|f” (X)| is large betweerq
andxo + h, then the error in the tangent line approximat®targe. Thus we can expect
large second derivativés be bad for the Newton Method.

In the argument for Equation (4.7), fromf@g)+hf'(xo)) we concluded thatw
—f(%0)/f' (Xo). This can be quite wrongfif(xo) is close to 0: note that@®L is close to 3, but
3:02/10 8 is not at all close to/30 %, Thus we can expect first derivatives close to be

bad for the Newton Method.

4.4 FRF based Damage | dentification of Time-Invariant System

The basic idea of FRF based damage identificatiethod is to utilize the transfer
function shifts between nominal and damaged systedetect the damage. To achieve
this, Newton-Raphson method is employed to itetiageinitial guess obtained by least
square method. The rotor system we studied is assumbe static in this section and

hence it is a time-invariant system as shown in £ig).

4.4.1 Damage | dentification Algorithm

Starting from Eq. (4.4), the transfer functsimft is given as

—_ — — H -1 . -1
AT, =T,-T,=C,lidd —A-DA)"B,-C,(iad -A)'B,  (4.15)
It can be approximated after taking Taylor expamsibthe first term,
_ f -1 . -1
AT, =C,(iad —-A)"DA(iad -A) "B, (4.16)

Ng

with AA = (5, AAS +5, AAS, +0,, AAS, ) (4.17)

=
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With the transfer function shifts, th& lamage estimate is formulated by substituting Eq.

(4.17) into Eq. (4.15),
SoW =P (4.18)

with 6=[3,, ... 3, d,, ... O

y.Ng “z1 Z,Ny

0,

21 J,,x,]" Is the vector of unknown damage

parameters which can be estimated by using leastregqnethod.

50 =(s's)'s'p (4.19)

Similar as the way to enrich the dataset in Floduasted damage identification method,

multiple sensors and/or excitation frequenciestmamnised to remove the rank deficiency

of Eq. (4.19).
S@) PO
s=| 3@ _| P (4.20)
S("\lf) P(Nf)

Starting the iteration g/, the new solutions are calculated by Newton-Rapimsethod.

5 =50 -[3_(69 ] E(0") (4.21)
Where

E(@")=C,(jol —A-AA®)'B, -T,,

A ) — e () e (i) e () e (4'22)
AA Z a-quAA>/,1 +5y,1AAz,1 +0,,,0A

Yz, Yz,
j=1

4.4.2 Damage | dentification: Open Cracked Beam
Two damage cases listed in Table 4.1 are studigHisnsection. The shaft and disk

parameters are listed in Table 3.1 and Table 4.2.
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Table 4.1 Shaft Crack Damages

Case V Case VI
Cell No.| Crack Depth Crack Angle| Cell No.| Crack Depth Crack Angle

1 0 N/A 1 0 N/A
2 0 N/A 2 0 N/A
3 0 N/A 3 0 N/A
4 1.0 mm 45° 4 1.0 mm 45

5 0 N/A 5 0 N/A
6 0 N/A 6 0 N/A
7 0 N/A 7 0.8 mm 60°

8 0 N/A 8 0 N/A
9 0 N/A 9 0 N/A
10 0 N/A 10 0 N/A

Table 4.2 Disk parameters
Parameters Value | Units
Disk position 0.2 m
Disk outer radius 0.05 |m
Disk thickness 0.01 |m
Disk density 7800 | kg/m?®
Disk elastic modulus 200 | GPa

In order to ensure that all the damage parametans be estimated from the
measured transfer function shift informati&vy,, multiple (N; =4) excitation frequencies
and sensors are utilized to enrich the data andentiag problem over-determined as
shown in equation (4.20). The excitation frequeselyand sensor location set are given
in Table 4.3 and 4.4, respectively.

Table 4.3nterrogation frequency set

trial 1 | trial 2 | trial 3 | trial 4
o (Hz) 150 300 600 900

Table 4.4Sensor location set
pair | Sensor 1 Sensor 2 Sensor 3
Xs(m)| 1/8L 3/8L 5/8L
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Fig. 4.8 and 4.9 show the damage identificatesults for the damaged shaft system
with single transverse open crack (Case V). Spiji Fig. 4.9 shows the actual and
converged estimates of the crack energy ratioceak angles, wherein the blue and red

bar denotes the actual and estimated value regphcti

é 4x10’5‘ ‘ ‘ ‘
> Il Actual energy ratio
g 2 II Il Estimated energy rafio
c
9]
¥9 I
E L L L L L L L L L L
°< 1 2 3 4 5 6 7 8 9 10
element nurmber
¥ 0.5 . .
4] Il Actual angles
g) II Il Estimated angles
g -
o
U_O.“ L L L L L I I I I I

i1 2 3 4 5 6 7 8 9 10
element nurmber

Fig. 4.8 Convergedhaft crack damage energy ratio estimates: Case V
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T T T T
% o - . i i I
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_ L L L I
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| | | |
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@ | | | |
= y "
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l l l l
_ L L L L
b 8 10 12 14 16
iteration nurber

Fig. 4.9Estimated shaft damage parameters vs. iteratiorbaur€Case V

Furthermore, Fig. 4.9 shows the shaft damagarpeter iteration history, wherein the
blue dash line and red star line denotes the a@ndl estimated damage parameters
respectively. Compared with the results in Chaptehe results show that the FRF based

damage identification method works better and nedffieient to detect the magnitude
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and crack angle. The real part of damage parametengerges to the actual value very

quickly while the imaginary part goes down to zeAs.we analyzed in last section, the

symmetric structure does not lead to the wrongredion any longer in this case since

we utilize the magnitude and phase of transfertfancshifts.

Fig. 4.10 and 4.11 show the damage identibcatesults for the damaged shaft system

with duel transverse open cracks (Case VI). Smatifi Fig. 4.10 shows the actual and

converged estimates of the crack energy ratioceak angles, wherein the blue and red

bar denotes the actual and estimated energy espectively.
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Fig. 4.10 Convergeshaft crack damage energy ratio estimates: Case VI
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Fig. 4.11Estimated shaft damage parameters vs. iteratiobaur@ase VI
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Furthermore, Fig. 4.11 shows the shaft danpsgameter iteration history, wherein
the blue dash line and red star line denotes thealhand estimated damage parameters
respectively. Again, this method works well to ae¢telual cracks located at the

symmetric cells with different crack angles.

4.5 FRF based Damage I dentification of Time-Varying Rotor System

For the damaged system shown in Fig. 4.12, timgivarterm will always appear in
the equation of motion regardless which coordiratstem the EOM is based on, if
bearing stiffness is asymmetric. Specifically, &raotating with shaft leads to time-
varying term in fixed frame {n} and so does asymmgebearing stiffness for rotating
frame {c}. Based on the damage identification metraeveloped for time-invariant

system, the method for time-varying system is psepan this section.

n2
pA 0
Xy :
>
at :
s mu 2R Tgﬁ Q
— )
| o o H IX,n:L,Cl
: ﬂkbwg« s T &, e
i :jq EM actuator i
! L !
0-3 1 1
N,
2.,

Fig. 4.12 Rotating rotor/shaft system with EM atbna
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4.5.1 Damage | dentification Algorithm

To develop the damage detection methodology, thatens-of-motion are recast

into the following state-space form with state wectz[qT v, - g v ]T

X:[A(t)+ZdAAk(t)jX+Buu(t) (4.23)
y=CX

y

In this section, the EOM is derived in fixed fraqré. Hence, the system matriR is
time-invariant. Here the external excitation anandge matricesu(t), and AA(t), are
expanded in the complex exponential series as:
u(t) =uel“
Ny _ (4.24)
DA(1) = D DA, "

n=—-Ny
whereNy is the number of system harmonics. In the casheoghaft-disk systenN;, = 2.

The solution of the linear periodically time vargiaystem can be expressed as

Ny . .
xt)= Y x,e"%e (4.25)

=—Nx
After performing harmonic balance, the followingpley-dimensional problems whose

solutions characterize the nominal and damagecemsystansfer function matrices are

given as:
T=CA™'B (4.26)
~ A N “
T=CA-Y AA,)"B (4.27)
k=1

Here, A and AA, are the hyper-dimensional nominal system matrixl alamage

perturbation matrix given by,
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j(w=2Q)1 - A, -A -A,
-Ay j(w=Q)I -A, -Ag A, (428_8')
A= A, “AL dd-A -A, AL
—A, “Ay J(+Q)I -A, e h
“A, “Aa J(@+2Q)l =Ay -
DA, DA, DA,
) DAL DA DAL DAL, N (4.28-b)
DA =] DA, DAL, DA, DAL, DA,
! AA+2,k AA +1k AAok AA—Lk
AA o DAL DA,

Using the Taylor expansion on Eq.

(4.27), the damaegntification is formulated in

terms of the following sensitivity matri,

T-T=E6(38A,)6 B =6 (Y 0,A )G B (4.29)
kL =
U
AT, = SOeq (4.30)
with
S =CG?A,G™B (4.31)
B is hyper-dimensional input matrix ar@ is hyper-dimensional output matrix.
% =lo-0 B, o0 (4.32)
C=@n,+)0C,

The following iterative process is similar with theocess for time-invariant system. Note

that the Jacobian and iterative error matricehgper-dimensional.
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4.5.2 Damage | dentification: Time-varying Shaft/Disk System

In this section, the parametric study is done twl fthe sensitive range of transfer
function. To do this, the excitation frequency ivided into three categories: near-
resonance, near-sidebands and far-off-resonanc, tie frequency response functions
of the system shown in Fig. 4.13 are calculateajyplying force at 3M and placing the

sensor at 318 The system is assumed to have the damage listEabie 3.6.
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Fig. 4.13 Rotor system for damage detectigrB/4L, X=3/8L, kn,=1CF, kp, =0, 2=3000 RPM
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Fig. 4.14-a Frequency response function magnitude
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FRF for sensor at 3/8L, z dir.
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Fig. 4.14-b Frequency response function phase

Fig. 4.14-a and 4.14-b show the magnitude and pbifequency response function
of nominal and damaged rotor system. Several ree@sacan be seen from Fig. 14-a and
their corresponding frequencies are around 170, 200, 930 Hz. Note that damaged
FRF has several sidebands around 70, 300, 800,1830,Hz due to the damage and the
sidebands for second mode is relatively smalltia $pecific case.

According to above analysis, three excitation fegpy sets are designated as near-
resonance, near-sideband & resonance and farsdfiemce set in Table 4.5, 4.6 and 4.7
respectively.

Table 4.5Near-resonance frequency set

trial 1 | trial 2 | trial 3
o (Hz) | 160 190 890

Table 4.6Near-sideband & resonance frequency set
trial 1| trial 2 | trial 3
Setll| 70 300 890

Table 4.7Far-off-resonance frequency set
trial 1| trial 2 | trial 3
Set Il | 400 500 600

Fig. 4.15, 4.16 and 4.17 show the damage estimaésults for using near-resonance,

near-sideband & resonance and far-off-resonancpidrecy set, respectively. For each

98



Fig., it includes the subplots of energy ratiosicevof crack angle, damage parameter

iteration history and estimated error history. Nbgre that twice of crack angle is

adopted as a parameter since the crack parameterged in previous chapters are

represented in terms of2
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Fig. 4.15 Damage estimates for near-resonanca)setack damage energy ratio estimates (b)
crack angle estimates (c) damage parameter iteraistory (d) estimated error history
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Fig. 4.16 Damage estimates for near-sideband &nerste set: (a) crack damage energy ratio
estimates (b) crack angle estimates (c) damagengdea iteration history (d) estimated error

history
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Fig. 4.17 Damage estimates for far-off-resonantésderack damage energy ratio estimates (b)
crack angle estimates (c) damage parameter iteraistory (d) estimated error history

With near-resonance and near-sideband excitdtequency, the estimated energy
ratios, twice of crack angle and damage parametergerge to their actual values within
several steps. Meanwhile, the estimated error doegero quickly. However, the
estimation results are not good with far-off-resm®a excitation frequency. The
estimated error starts from around 500% and erulsndr250% in 20 steps. For energy
ratio, the algorithm fails to estimate the correatues for i and 18 cells. For crack
angle, big discrepancy appears 8t 2", 39 cells and angles for6and 18 cells is not
be able to be recognized.

With above observation, it is obvious to get thenatosion that better damage

estimation results can be obtained using near-eesmnand near sideband excitation
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frequency. What is the reason behind this conch®ibhe answer will be revealed by the

transfer function data obtained from three freqyesets shown in Fig. 4.18, 4.19, 4.20.
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Fig. 4.18 Transfer function shift data from neaserance set
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Fig. 4.20 Transfer function shift data from far-ofsonance set

Figs. 4.18-4.20 show the magnitude and phaséraoisfer function shifts at the
excitation frequencies and their sidebands. Tha ftam main peak and sidebands were
all used for damage detection. For near-resonandenaar-sideband set#&\T|,| are
around the magnitude of $6-10% xm/N. For far-off-resonance set, the values falihie
range [10 ~10Y] um/N. Thus, the transfer function shifts are mudorsger when the
system is excited near resonance or sideband. ©wttrer hand, the transfer function
shifts are not very sensitive in the far-off-resocea region which results in worse

estimation results.

4.6 Summary

As stated in Chapter lll, Floquet based metbaty utilizes the natural frequency
shifts which is independent of crack phase fordimgle cracked system without AMB.
Also, the shifts are same for the symmetric pas#iwith respect to the midpoint of shaft.

However, these conclusions do not hold any moreF@guency Response Function
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(FRF) based method which uses the magnitude anskepbfatransfer function shifts to
detect the damage. Since the magnitude and phatsansfer function shifts are not
symmetric versus crack location and angle, thishogktenables the possibility of
distinguishing the multiple cracks and detectingckr angle. The damage detection
algorithms are explored for both time-invariant dimde-varying systems. For the time-
varying system, stronger transfer function shitie e obtained by exciting the system

near resonances or sidebands and consequentlytlibaefamage identification.
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Chapter V

DAMAGE IDENTIFICATION OF BREATHING CRACKS IN TRUSS SYSTEM

5.1 Introduction

In this chapter, FRF based damage identificatn@thodology is developed for a truss
system to detect the mass and stiffness uncedsaiat well as the breathing cracks. This
approach is based on the Newton-Raphson methodtdizés damage-induced changes
of frequency response functions to estimate therggwand location of structural damage.
The dynamical model of truss system is built udimg finite element method [156] and
the crack model is based on fracture mechanicst, Rine method is synthesized via
numerical examples to illustrate the essentialitycansidering the existence of mass
uncertainty besides stiffness uncertainty. Thea,lithear damage detection algorithm is
developed in frequency domain on the premise afrapsons and used to identify the
damage of truss system. Finally, the nonlinear thieg cracked truss system is
simulated in the time domain and the vibration algs processed and used for nonlinear

damage identification of breathing cracks.

5.2TrussMode

A truss is one of the simplest and most widedgd structural members. It is a straight
bar that is designed to take only axial forcesyefwe it deforms only in its axial
direction. The cross-section of the bar can betray, but the dimensions of the cross-
section should be much smaller than that in thaladirection. Finite element equations

for such truss members will be developed in thigido The element developed is
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commonly known as the truss element or bar elen@nth elements are applicable for
analysis of the skeletal type of truss structugasitesms both in two-dimensional planes
and in three-dimensional space.

In planar trusses, there are two componentshenx and y directions for the
displacements as well as for the forces. For spasses, however, there will be three
components in the, y andz directions for both displacements and forces. Keletal
structures consisting of truss members, the trumsilbers are joined together by pins or
hinges (not by welding), so that there are onlgdsr(not moments) transmitted between
the bars. For the purpose of explaining the corsceqre clearly, this topic will assume
that the truss elements have a uniform cross-secliberefore, to deal with bars with
varying cross-sections, one should develop equationa truss element with a varying
cross-section, which can also be done very easllgwWing the procedure for uniform
truss elements. Note that there is no reason fl@mntechanics viewpoint to use bars
with a varying cross-section, as the force in aipaniform.

5.2.1 Shape Function Construction

global node j
local node 2

Dy;

global node
local node 1 X]

Fig. 5.1 Truss element and the coordinate systé&®][1

10€



Consider a structure consisting of a number ofsgssor bar members. Each of the
members can be considered as a truss/bar elememifofm cross-section bounded by
two nodestiy = 2). Consider a bar element with nodes 1 andeaeth end of the element,
as shown in Fig. 5.1. The length of the elemeit iShe localx-axis is taken in the axial
direction of the element with the origin at node 1.

In the local coordinate system, there is only ol@&Hat each node of the element, and
that is the axial displacement. Therefore, ther tistal of two DOFs for the element. In
the FEM discussed in the previous topic, the dipigent in an element should be

written in the form
u"(x) = N(X)d, 5.1)
whereu” is the approximation of the axial displacementwitthe element) is a matrix

of shape functions that possess the propertiesidedandd, should be the vector of the

displacements at the two nodes of the element:

d, :{“1} (5.2)
U,

The axial displacement in the truss element cagiven in a general form

u"(X) = a, +ax=[1 x][;ﬂ =p'a (5.3)

1
where o is the vector of two unknown constants, and a;, and p is the vector of
polynomial basis functions (or monomials). For thasticular problem, we use up to the
first order of polynomial basis. Depending upon piheblem, we could use a higher order
of polynomial basis functions. The order of polyrahbasis functions up to th# order

can be given by



(5.4

The number of terms of basis functions or monomaasshould use depends upon the

number of nodes and degrees of freedom in the elerSace we have two nodes with a

total of two DOFs in the element, we choose to haxeterms of basis functions, which

gives Eq. (5.3). Note that we usually use compbetiers of polynomial basis functions,

meaning no lower order term is skipped while carding Eq. (5.3). This is to ensure

that the shape functions will be able to reproctaraplete polynomials up td” order. If

K" order term of a polynomial basis is skipped, thaepe function will only be able to

ensure a consistency o&{)" order, regardless of how many higher orders ofontals

are included in the basis.

In deriving the shape functipwe use the fact that

U(X) o=,
u(x) o, = U,

s ol

Solving the above equation fey we have

k=L, )

Substituting the above equation into Eq. (5.3)0lv&in

Using Eq. (5.3), we then have

ux) = pla=[L x]{go} =[L-x/, x/Ie]{SI} = N(¥d,

2
The matrix of shape functions is then obtainedheform

NOY =[N N,(]=[L-x/1, x/1,]
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We obtained two shape functions because we hav®®I¢s in the truss elements.

N, N,

» X

Fig. 5.2 Linear shape functions [156]
The graphic representation of the linear shapetiome is shown in Fig. 5.2. It is clearly
shown thatN; gives the shape of the contribution from nodapldisement at node In
this case, the shape functions vary linearly actiosslement, and they are termed linear

shape functions. Substituting Eq. (5.9) and (518) Eqg. (5.1), we have

u(x) = N (U, + N, (U, = U, +-2 - Yy (5.10)

e
There is only one stress componeptin a truss, and the corresponding strain can be
obtained by

SO tU gy (5.11)

g =
*0x [

e

where the strain matri® has the following form for the truss element:

B=2 [N N]=[¥1, v 512

5.2.2 Element Matrix in the Local Coordinate System
Once the strain matriB is obtained, the stiffness matrix for truss eletsazan be

expressed as:



I 1

—_ T — le _:I/Ie _ — EA 1 -
ke—L!B chV—A.[OLﬂe }E[ I, 1/Ie]dx——e 3 (5.13)
where A is the area of the cross-section of the truss ehmiNote that the material
constant matrixc reduces to the elastic modulus, for the one-dimensional truss

element..

The mass matrix for truss elements can be obtased

JNGN, NN Ad.[2 -1
m, = TNdV=Ap|°| * % *°2dx="""e 5.14
=], Aij{Nle N,N, 6 |-1 2 (5:19)

5.2.3 Element Matricesin the Global Coordinate System

Element matrices in Eq. (5.12) and (5.13) wa&anulated based on the local
coordinate system, where tkexis coincides with the neutral axis of the b&gwen in
Fig. 5.1. In practical trusses, there are many badifferent orientations and at different
locations. To assemble all the element matricetm the global system matrices, a
coordinate transformation has to be performed &mheslement to formulate its element
matrix based on the global coordinate system femthole truss structure. The following
performs the transformation for both spatial arehpt trusses.

(a) Spatial trusses
Assume that the local nodes 1 and 2 of the eles@mneéspond to the global nodeand,
respectively, as shown in Fig. 5.1. The displacdnag¢ra global node in space should
have three components in tie Y and Z directions, and numbered sequentially. For
example, these three components atithrode are denoted HYs.,, Ds.; and Ds. The

coordinate transformation gives the relationshipwiken the displacement vector de
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based on the local coordinate system and the dmplent vectorD. for the same

element, but based on the global coordinate syxtém

d,=TD,

where

andT is the transformation matrix for the truss elemgiven by

l,b, m n 0O O O

T=|'
0 0 0 I m n
in which
- _X X
l; =cosk, X) = I
M, =cos(xY) =~ —
Z, -7
n, =cosk,Z) =

e

(5.15)

(5.16)

(5.17)

(5.18)

are the direction cosines of the axial axis of el@ment. The length of the elemelyf,

can be calculated using the global coordinateletwo nodes of the element by

l. =\/(Xi _xi)2+(Yi —Yi)2+(Zj _Zi)2
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The transformation matrix also applies to the foreetors between the local and global

coordinate systems:

f_=TF, (5.20)

where

F = (5.21)

in which F,_,,F;_,, F; stand for the three components of the force veattaodei based
on the global coordinate system.

The global stiffness and mass matrices are:

I Iy m i, -5 -hmy -k
Iy m, m; mn, -hmy -mp -mn,
_TT _AE| kny m; ny n; -kn, -mn,  -nf
=t kET _T lliié _liJi n:\j - Iijlnij |:12 | Iij r:ﬂ\j | Iij ni; 5.22)
“hm -y -mny lm, mmn,
by -mny - ny kg myny ny

B 2 2
2l i 2Iij m, 2Iij n; Iij Iij m, . n

ij i
2,m 2mp 2mny my my m
M =TTm T = AEL|2in, 2mn,  2n%  Ln, mn n

) 5.23

¢ ¢ 6 17 I, m, i, 28 2,m 2kn (-23)

Iy, m; mn;  2ymy 2mp 2mpn,
2

2
L I, mn n; 2, 2mn, 2n;

1) B
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(b) Planar trusses

For a planar truss, the global coordinaXe¥ can be employed to represent the plane of
the truss. All the formulations of coordinate tfamsation can be obtained from the
counterpart of those for spatial trusses by simelyoving the rows and/or columns
corresponding to the- (or Z-) axis. The displacement at the global noddould have
two components in theX and Y directions only: Dy.; and Dy. The coordinate
transformation, which gives the relationship betvtee displacement vector de based on
the local coordinate system and the displacemettor®,, has the same form as Eq.

(5.16), except that

D2i -1
% (5.24)
D2j -1 -

D,,

I

D =

e

and the transformation matrixis given by
[ .0 O
T ={ i } (5.25)
0 0 I m
The force vector in the global coordinate system is

FZi -1

I:2i
(5.26)

o =
F2j—1

F,;

All the other equations for a planar truss have shene form as the corresponding
equations for a space truss. TKigandM. for the planar truss have a dimension of 4 x 4

in the global coordinate system. They are listetbbews:
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I I, my U L'
. m 2 -lm -m
K,=Tk,T=RE WM M =i = (5.27)
Ie - Iij - Iij m Iij lij m

-hkm -mp o my my;

25 2ym, I Iy,
2 2
-T™Tm.T = AEl | 2ym  2mp Ly m;

M 5.28
¢ ¢ 6 17 I, m; 27 2,m (5.28)
hmy o 2ymy 2y
5.2.4 Equation of Motion
The kinetic and potential energy of the trussnie can be expressed as:

— 1 \T & n |~

T _EQ MR
"= (5.29)

U =%QT(2KZJQ—QTP
whereQ is the whole global coordinates aNg, is the number of truss member. By
applying the Lagrange principle and removing tleefiom of constraints, the equation
of motion for the damaged system is given as,

(M, -M)Q+C.Q+(K, ~K,)Q=F, (5.30)
whereM, C,, Kcis the constrained mass, damping and stiffnessxmraspectivelyMy is
the mass perturbation matrix induced by mass umogyt and Ky is the stiffness

perturbation matrix induced by stiffness uncertgif.is the global nodal force vector.
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5.3 Crack Model under Axial Load
Different from the flexural shaft, the truss baomdy forced by tension or compression

without moment. Thus, the crack model is differeain that built in Chapter 3.

Fig. 5.3 Cracked bar cross-section
For a truss bar as shown in Fig. 297 P;= P,= Ps= Ps = 0. Therefore, the crack

energy equation (2.24) can be simplified as:

1
U, :EIA(Kll)ZdA

(5.31)
Ky, =0 mF(n/h)
whereo; is the axial stress of the bar which is,
P _E
01:71;2 :E(Ui —uj) (5.32)
Substituting Eq. (5.32) into crack energy equatiea,have
7E2
U, = £ (U -uf [, 7F2(n1 A (5.33)

The stiffness matrix for a truss bar element in lbeal coordinate system can be

expressed as:
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1 —
e =9 - Z,E”j R2 (71 WA == EA =dk, (5.34)
ad, | EAL -1 1

e

whered, is the damage parameter of the bar. After taknegcoordinate transformation,

the stiffness matrix in the global coordinate systs:

I L
[. m. 2 -lm -m

Ke=TTkeT = {ZE”I F2(n /h)dA}AE O T N L N EY S
EA -2 -m 12 ym

—hmy -y Lmy m;
(5.35)
The bar damage paramewy is studied with the increase of the crack deptie Mon-
dimensional form ofd, is given as:

—6’ a
d, = _ 2Em R5Iv -(1-a)

ea Tk j 7F2(77 [ h)d&dry (5.36)

where,

Q|
I

(5.37)

0|
| ™
o=z

5.4 Damage | dentification: Mass and Stiffness Uncertainty
The truss system studied in this section isvshio Fig. 5.4. The truss parameters are

shown is Table 5.1.

@3 @ 4@ 5 ® ¢ ®

WLV.V.VLVAR

1@11@10

Fig. 5.4 Truss system
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Table 5.1 Truss parameters

Parameter Value Units
Bar length]e 1 m
Bar radiusR 0.125| In

Bar density,0 2800 | kg/nt

Bar elastic modulug 75 GPa
Number of bar member 19 --

5.4.1 Stiffness Uncertainty Detection

Assuming that the truss has stiffness faults ligtéfiable 5.2, the FRF based damage

detection method developed in Chapter 4 is usegl thedletect them.

Table 5.2Truss Stiffness Faults

D

Bar No. | Stiffness Faults Bar No.| Stiffness Faults
1 0 11 0
2 0 12 0
3 -7.5% 13 0
4 0 14 0
5 0 15 -10%
6 0 16 0
7 0 17 0
8 0 18 0
9 -5% 19 0
10 0

Fig. 5.5 shows the actual and estimated stfrfaults of truss members. The blue and

red bars denote the actual and estimated stiffia@disparameters, respectively. Fig. 5.6

shows the damage parameter iteration history. €akparts of estimates converge to the

actual stiffness faults within several iterativepst and meanwhile the imaging parts of

estimates go to zero.
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Fig. 5.6Damage parameter iteration history; input: joinsénsor: joint 2 & 4
Sometimes, the truss may have mass faultsdsetie stiffness faults which require

the damage detection algorithm to be modifiedhdf mass fault is ignored during the
damage identification process, estimated error dvbappen. Assuming that the truss has

5.4.2 Stiffness and M ass Uncertainty Detection



the stiffness faults in Table 5.2 as well as mas#d listed in Table 5.3, the stiffness
faults are revaluated using the original FRF bakedage identification method.

Table 5.3Truss mass Faults

Bar No.| Mass Faults Bar No. | Mass Faults

1 0 11 -10%

2 0 12 0

3 0 13 0

4 -5% 14 0

5 0 15 5%

6 0 16 0

7 0 17 0

8 0 18 0

9 0 19 0

10 0
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Fig. 5.7 Actual and estimated stiffness faults gigimg mass faults); interrogation input: joint 5,
sensor: joint 2 & 4
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Fig. 5.8Damage parameter iteration history (ignoring mastg); interrogation input: joint 5,
sensor: joint 2 & 4

Obviously, the existence of mass faults does hageeat impact on the estimation
accuracy of stiffness faults as shown in Fig. ;@ &.8. Hence, a modified algorithm is
proposed to include the mass uncertainty as desgithated parameter.

The equations-of-motion are recast into the follayvistate-space form with state

vectorx=[q" q']"

[E + iAEk (t)JX = (A + iAAk (t)]x +B,u(t)
y=CXx

(5.38)

Here the external excitation is expanded in thepierexponential series as:
u(t) = uel (5.39)
Nm is the number of bar members. The homogeneougi@olof the time-invariant

system can be expressed as

x(t) = Xel“ (5.40)
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After performing harmonic balance, the damagedstearfunction are given as a function

of both mass and stiffness faults,

- Nam N
T=C,[ju(E+D AE,)-A-> NA,]IB, (5.41)
k=1 k=1

Using the Taylor expansion on Eq. (5.41), the damagntification is formulated in

terms of the following sensitivity matri,

_~ Nm Nm
T-T=C,G*(Q 0A, -D AE,)G™B,
= =1

k=1 k

" " (5.42)
...... =C,G™*(Q.0nA +D . ,E)G™B,
k=1 k=1
U
AT, =S3, (5.43)

Using the same procedure and following theattee process shown in Fig. 5.9, the
mass and stiffness faults can be detected by tlufieab algorithm.

A
Initialize by lTy”

neglecting
High order term

8, =[SS]'S'AT,,
(k) Ny N

‘—' E(du ) SCYG~ Y DAL + jad AE(T) "By~ T
k=1 k=1

Newton- o (k1) é(kﬂ) -1 (k-1)
Raphson a:st =5est - E \est E(585t )

method

No

Converged?

. Yes
Final Damage

Estimate &

Fig. 5.9 Iterative damage identification process
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Fig. 5.10Mass and stiffness fault estimates interrogatiguinjoint 5, sensor: joint 2, 3, 4 & 5
Fig. 5.10 shows the estimated mass and stéfriaslts detected by the modified

algorithm and both kinds of faults are able to btedted accurately.

5.5 Linear Damage | dentification: Breathing Crack

When the stiffness fault is caused by a transveraek on the truss, the crack will
open and close with the variation of internal foroam the one hand, the crack is closed
when the bar is compressed. On the other hand|libpen under tension. In this way,
we call the crack is breathing. This breathing fiorcis determined by the status of bar
element force which can be obtained by computirgréal-time distance of bar joints.
Therefore, the breathing function is a nonlineanction which is dependent on the joint
displacement.

In order to investigate the nonlinear behawvidthe truss problem, we first assume that
the breathing function is a function of time. Ino#lmer words, we assume the excitation

force drives the crack breathing with exciting fniegcy. Thus, the problem becomes a
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nonlinear problem of time and we are able to lireeathe problem by performing Fourier

Expansion later.

5.5.1 Crack Breathing Function
Assuming that the crack opens and closes when dhésbstretched and compressed

respectively, the crack breathing functidpt ¢{g¢pends on the phase of bar internal

force.
1 —ﬂ <t<T/2—ﬂ
f ()= w p aé (5.44)
0 T/2-Tk<t<T-2K
w w

Here, gis the phase of force f&" member which is calculated through the following
steady-state equation:

X =Ax+Bu(t)

5)4
F=C:x ®)
where C_ is the output matrix for bar internal force gives a
Ny 1 -1
C, :E—AZGPTJ (5.46)
|e n=1 _1 1

With T, is the transformation matrix from local coordinatgstem to bar coordinate
system ands, is the positioning matrix for placing the elemematrix into the global

matrix.
Note that the crack position is assumed not tocatfee breathing phase, since the wave
speed transmitted in the bar is much faster tharvithrating speed. For example, thé 1

frequency for wave transmission is much larger ti@nexcitation frequency,
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n F >> (5.47)
Vo

5.5.2 Damage I dentification Algorithm in Frequency-domain
To develop the damage detection methodology foathieg cracked truss, the

equations-of-motion are recast into the followingtes-space form with state vector

X = (A +§AAK fk (t)\JX + Buu(t) (548)

y=Cx

Here A andAA are the system matrix and damage matricesfiéids crack breathing

function which switches between 0 and 1 periodycsiiown in the Fig. 5.11.

crack breathing function

L L
T2 T 3T/2 2T
time

Fig. 5.11 Crack breathing function

The blue solid line is the actual breathing furnmtithe red star line and dash line denotes
the two-term and four-term Taylor expansions of iheathing function, respectively. In
the damage identification algorithm, the three-teéfaylor approximation is used to

convert the nonlinear system to linear periodictihye-varying system.
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(1) = i+%i sin[(2n ;nl)_(cit +4)] (5.49)

The homogeneous solution of the linear periodicdliye-varying system can be

expressed as
N, )
xt) = ) X" (6)5
k=-N,

Where N, is the number of system harmonics. After performiagmonic balance, the
following hyper-dimensional problems whose solusiotharacterize the nominal and

damaged system transfer function matrices are ggen

A

fa3 ~ N ~ ~
T=C,[G-> 0A]"B, (5.51)
k=1

G andaA, are the hyper-dimensional nominal system matrik damage perturbation

matrix given by,

-j2d - A, -A -A_,
Ag —jd-A, —A, A
G= A, A, A, -A, -A, (5.52)
A, Ay jd-A, —Ay
-A, A, j2ad - A,
AAq, DAL, DA,
A AA L DAy DAL, DA, (5.53)
DA =1 DA, DAL DA, DAL, DA, '
AA 5 DAL, DA, DA,
AA G DAL DA,




with

AK ) = oK,
1 . 1
AK 5y = (on _1)ﬂ(sm[(2n -1)¢, |+ 7 cod(2n-1)g, ]]5KK ) (5.54)
1 . 1
AK “(2n-1)k = (2n—1)r[[sm[(2n _1)¢k] - T COS{(ZI’] _1)¢k]J5k Ky
n=12

and

B,=[0 0 B, 0 0

5 (5.55)
C,=@n,+)0C,

The following steps are similar with the algoritiimsection 4.5.1.

5.5.3 Damage I dentification Algorithm in Time-domain

Previously, the damage identification methods wereeloped in frequency domain.
For the practical damage detection, vibration dgyase acquired and processed in time
domain. Therefore, it is necessary to develop @wmate detection algorithm in time
domain.

The equations-of-motion are recast into the follgyvstate-space form with state

vectorx=[D,” D,

x (A +3nA, fk(t)]x +B,u(t) (5.56)

k=1

y=Cx

Using 3-term approximation of Taylor expansion in. §5.49), the crack breathing

function can be expressed as:
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(1) :1+£[Sin(ax +¢Q+M} (5.57)
2 3
The input function u(t) and the homogeneous satutid the linear periodically time-

varying system can be expressed as
u(t) =usin(at)

X, (t) = X, +§:[X§sin(nax)+ X¢ Cos(nwt)] (5.58)

WhereN;, is the number of system harmonics. After performiagmonic balance, the

following hyper-dimensional problems whose solusiotharacterize the nominal and

damaged system transfer function matrices are gigen

Eo) A ~ Np, ~ ~
T=C,[A-) NA]"B, (5.59)

k=1

G andaA, are the hyper-dimensional nominal system matri damage perturbation

matrix given by,

Y AL A
2 2 2 2
A A W AiTAS ASTA As A3
2 2 2
Ac iy A AS+A] AL +AS s AS
! 2 2 2 2
AT-AS A+AT L AL A
2 2 2 2
S| ASAL ATAS 4 AL A
= 2 2 2 2
Ag Ay i A 3ad h _Al
2 2 2 2
AS A AL gy oA A A
2 2 2 2
AS AL AL AL L
2 2 2 2
_AS A3 _AY L4l A .
:2 2 :2 2 : : . (5'60)




A BAL BAL DAL DAY ]
ok 2 2 2 2
DAS, DA, 0 AA, ;AAgk DA, ;AAik AAzgk _AA;Z,k
pAS, 0 DA, DAS, ;AAik DA, ;AAgk AAzgk AAzgk
AAT —DAS, DA +AAY, DA, 0 DA, _AAJS.k
2 2 2 2
A AAG —DAT DAL +DAS, 0 AA DA, DA,
AA, = 2 2 ok 2 2
DAT DA DAT AAS
DAS, 21,k 21k DA, 0 21,k _ sz
DAY DAY DAS DAY
DAS, _ sz 21k 0 DA, 21,k 21,k
DAG DA DA; DAY
3k 3k : : 1k 1k DA, 0
2 2 2 2 '
DAS AAS AAS DAY
_BA5k 3k AR 1k 0 DA,
2 2 2 2 -
(5.61)
with
2n, T
~ f—J%\
Bu =10 Bu o ...
(5.62)
C,=(n,+)0C,

The following steps are similar with the algoritimsection 4.5.1.

5.5.4 Case Study

In order to ensure that all the damage paraseta be estimated from the measured
transfer function shift informatioAT,,, multiple sensors or/and excitation frequencies
are utilized to enrich the data and make the probteer-determined as shown in
equation (4.20). Two excitation frequency setsused to detect the damage: one is near-
resonance set and the other is far-off-resonartcassehown in Table 5.4 and 5.5. A pair

of sensors are placed on joint 3 to measure thpnse ink andy directions (Table 5.6).
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Table 5.4Near-resonance excitation frequency set

trial 1 | trial 2
w (Hz) 90 190
Table 5.5Far-off-resonance excitation frequency set
trial 1 | trial 2
o (Hz) 50 150

Table 5.6 Sensor position set
Sensor (pair
Joint No. 3

II M estimateql
-0.05- Mactual

damage parameters

L L L
0 2 4 6 8 10 12 14 16 18 20
truss member index

~estimate(]
—actual |

i 4

| |
| |
1 1
9 10

iteration number
Fig. 5.12 Estimation results for near-resonanceisetrrogation input: joint 5 in y dir.
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1 2 3 4 5 6 7 8 9 10

iteration number

Fig. 5.13Estimation results for far-off-resonance set; irdgation input: joint 5 in y dir.

Fig. 5.12 and 5.13 show the comparison ofacnd estimated stiffness faults and

damage parameter iteration history for near-resmand far-of-resonance excitation
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frequency set, respectively. The blue and red karotks the actual and estimated
stiffness faults, respectively. These results ragstiow the effectiveness of near-

resonance excitation in damage detection proceghwlas shown in Chapter IV.

5.6 Time-domain Simulation
In this section, truss model is simulated to get tlonlinear joint displacements and

they are compared with those from simulation ofigified linear model.

5.6.1 Linear Simulation Diagram

Fig. 5.14 shows the simulation diagram of damageatien, which contains the
excitation frequency switching block (Fig. 5.15)ack phase switching block (Fig. 5.16),
damaged and nominal truss system block, convolubiock (Fig. 5.17) and damage
detection block. The excitation frequency switchbigck is used to get multiple sets of
transfer function and enrich the dataset for dam@gfection. Crack phase switching
block gives the system crack phases for the coorefipg excitation frequency. The
vibration response of damaged and nominal systeconguted through S-functions in
damaged and nominal truss system block. Then, thetion response signals are
processed in the convolution block to obtain HarimoRourier Coefficient (HFC).
Finally, the damage detection block estimates thmalje parameters using HFCs as

input.
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5.6.2 Nonlinear Simulation Diagram
As mentioned at the beginning of this section,damaged truss system is a nonlinear
problem. The breathing function of crack is a noedir function of bar joint displacement.

Hence, the system equation of motion is written as:
. . Nd
MCQ+CCQ+(KC _ZKd,k fk (t’Q))Q: Pc (563)
k=1

Here, Ky is the stiffness reduction matrix dff truss bar member when the breathing

crack is openfy(t,Q) is a nonlinear function which can be expressed as:

_ 1 u@Q=>0
fk(t,Q)—{O 4(Q) <0 (5)64

with

u@ =l +Qu =% = QP+ (v +Q -y, -Q, P~k -x F +(y -y, ] .65)
wherex;, X;, yi andy; are the coordinates of notdandj in x andy directions;Qui, Qxj, Qyi
andQy;are the displacements of nadendj in x andy directions.

The full nonlinear vibration simulation of the dagea truss system is given in this
section. Fig. 5.18 shows the nonlinear simulati@gihm, which contains the excitation
frequency switching block, damaged and nominalsteystem block, damage feedback
block (Fig. 5.19), convolution block (Fig. 5.17) cardamage detection block. The
excitation frequency switching block is used to gretitiple sets of transfer function and
enrich the dataset for damage detection. The viliraesponse of damaged and nominal
system is computed through S-functions in damagedhaminal truss system block. For
the nonlinear system, crack phase is not designatedivance because it can only be

obtained by computing the distance of bar jointating to the response of every step.
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Fig. 5.19 shows the details of damage feedbackbAdach judges the status of damage

and gives the feedback to the system for every Jtegn, the vibration response signals

are processed in the convolution block to obtaimnidaic Fourier Coefficient (HFC).

Finally, the damage detection block estimates tamatje parameters using HFCs as

Damaged Truss System
OMEGA
OMEGA
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qd qd
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Fig. 5.18 Simulation diagram for nonlinear system
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5.6.3 Frequency Spectrum Comparison

For a linearly time-varying system, an excitatioeqguency leads to not only the
frequency response at said frequency but also phalidebands. This feature benefits
the process of damage detection, since the infewsmaf sidebands enriches the dataset
for damage detection. However, it is a questionithee could be able to use this feature
to detect the damage in a nonlinear system. Thegomputed the joint displacements of
time-varying and nonlinear system under the sanmeade condition and compared the

frequency spectrum of the displacements.

Fig. 5.20 Truss damage detection: nonlinear

The truss system shown in Fig. 5.20 is excited idingction at joint 5 by four

excitation trails with different frequency as shoinrfFig. 5.21 and Table 5.7.

el E e

Ky i e e e R B

Excitation Frequency /Hz

150

Time /s

Fig. 5.21 Excitation frequency switching
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Table 5.7Excitation frequency set: nonlinear Truss
trial 1 | trial 2 | trial 3 | trial 4
90 190 290 390

o (Hz)

The displacements of joints are calculated ftbmlinear and nonlinear simulation in
last section. Fig. 5.22 shows the displacementafafed system at joint 3xdirection.

The red and blue lines denote the output from neali and linear simulation,

respectively.

damaged system displacement, joint 3 in x dir.
1 ‘
—nonlinea
IS
= 1
el
[op
-1 L L L L
100 150 200 250 300
time /s
1 -
fllneaﬂ
IS
= 1
el
[op
1 1 1 1
50 100 150 200 250 300

time /s
Fig. 5.22 Displacement of joint 3 indirection

We can see from Fig. 5.22 that the vibration goestéady state after a while for each

harmonic input. The next step is to pick a segnoésteady response and do Fast Fourier

Transform so that the frequency components initireascould be observed.
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Fig. 5.23 Frequency spectrum for each harmonictinpu

Fig. 5.23 shows the linear and nonlinear frequesmgctrums for each of harmonic
inputs. The red and blue lines denote nonlinear lenedr spectrum, respectively. The
nonlinear response has a lot of irregular highdergy harmonic components while the
linear response is mainly composed of the primany sideband harmonics. It can be
seen that the curves match each other very weleaprimary peak for all inputs. For
lower excitation frequency such 90 Hz and 190 Hinaks like spectrum lines are close
at I sideband location. For the higher order sidebattus discrepancy can be seen
obviously. To decide how many frequencies we canfasdamage detection, we need to
take a close look at the values at the primary @eaksidebands for both nonlinear and
linear model. Fig. 5.24 shows Harmonic Fourier @oeints (HFCs) for each of the
harmonic inputs. They are calculated by convolutioethod and represent the specific
values at primary peak and sidebands locationaeteti from the frequency spectrum

(Fig. 5.24).
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Fig. 5.24 Transfer function shifts data for eachnt@nic input

5.6.4 Damage I dentification

In this section, the damage is estimated usingemifft number of sensors and
frequencies. Table 5.8 gives four cases which Wwél used for damage detection
individually.

Table 5.8Damage detection setup
Sensor (pair] Harmonics

Casel | Joint2 &10 Primary
Case Il | Joint2 &10 | Primary & T sideband
Case lll Joint 2 Primary

Case IV| Joint 2 Primary & T sideband

Fig. 5.25-5.28 show the damage detection resultwf cases including the stiffness
faults comparison and damage parameter iteratistortyi The blue and red bar denotes
the actual and estimated stiffness faults, respalgti The blue dash line and red star line

denotes the actual and estimated damage paranresgsctively.
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Fig. 5.26 Damage estimation results, Case Il
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Fig. 5.27 Damage estimation results, Case Il
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Fig. 5.28 Damage estimation results, Case IV

The results show that primary peak aritisideband interrogation is always better
than just using primary peak interrogation regessllé we use 1 or 2 pairs of sensors.
The data from primary peak is not enough to makestimsitivity matrix fully ranked if
we use only one pair of sensors in case lll. Tloeegfthe sensor should be increased or

more excitation frequency should be applied whemat easy in the practical project.
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However, the estimation results are much bettghéf information of I sideband is
added in case IV. It shows that the sidebandsadtza benefit the damage detection even

though some data are not perfect matched withatee af linear model.

5.7 Summary

In this Chapter, FRF based damage identificatiethodology is modified to identify
the stiffness and mass uncertainties as well adtbathing cracks existed on a truss
system. First, the truss model is built based oitefielement methods and the crack
model is rebuilt because the crack only enduresidarand compression on a truss bar.
Different from three damage parameters in rototesys only one parameter is needed to
represent the severity of damage. Meanwhile, tbation of damage can only be targeted
at bar element due to much faster wave transmisgernd. For a practical truss, it may
have stiffness reduction or mass uncertainty ddertg-term usage and wear. Therefore,
the method is used to detect both stiffness and masertainties existed on a truss. It is
shown that better estimation results can be actieviile including both kinds of
uncertainty as unknown parameters.

When the truss has transverse cracks, the damaggfichtion becomes a nonlinear
problem due to the nonlinear behaviors of breatluiragks. For simplicity, the crack is
assumed to be open and close with exciting frequekidith this assumption, the
breathing function is a square wave and the dardatgction algorithm is developed in
frequency and time domain.

However, the crack does not open and close witbrnstant frequency in reality. To

get the nonlinear vibration response, the nonlirsggtem model is built and the crack
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status is determined by judging the distance ofjbiats. The frequency spectrums are
compared between the linear and nonlinear respamdeéHarmonic Fourier Coefficients
are computed by taking the response to the corigallllock and moving average filter.
Finally, the Harmonic Fourier Coefficients of prigaand f' sidebands are used in

damage detection and acceptable results are obBitaine
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Chapter VI

DAMAGE IDENTIFICATION OF BREATHING CRACKSIN ROTOR SYSTEM

6.1 Introduction

This chapter develops a damage detection methddsthised to detect the breathing
cracks on the rotordynamic system. It employs thm@nge of transfer function between
undamaged and damaged system to detect the ciidekfreathing crack model is built
and compared with several classic breathing craddets. Then, the method is
demonstrated by several numerical cases of dameigetn using shaft sensors and
laser scanner. Finally, the breathing cracked rey@stem is simulated in the Simulink
and the real-time vibration signal is processed ased for damage identification of

breathing cracks.

6.2 Breathing Crack M odel

In the rotor system, the existence of shaft cradkanges the shaft stiffness and
impacts on the dynamical property of rotor syst&e. introduced several crack models
in the Chapter |, such as square wave model andecosodel. In this chapter, Stress
Intensity Factor (SIF) method is used to deterntiveeopen and close region of breathing
cracks. Crack close line is calculated for evetation angle while SIF is zero and then

crack open region can be further determined.
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6.2.1Zero SIF Method

In the fracture mechanicds,, K, and K;, are the stress intensity factors (SIF)
corresponding to opening mode, sliding mode andréig mode. When the crack is
open, K, > 0. Thus, we could compute, for every point in the crack region and

determine the crack close line Ky= 0 [150].

n

Fig. 6.1 Cracked shaft cross-section

Fig. 6.1 shows the cross-section at crack locatkor. a random position in crack

region, the first SIFs in two directions are:

TR
] 4 (6.1)
&

K. =E= 2 [mF(o/h)

The total first stress intensity factor is

K| :KI/7+KI€ (62)
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6.2.2 Crack Open Region
In this section, we simulate the opening and clpsihbreathing crack while assuming
that the breathing behavior is determined by gyavig. 6.2 shows the coordinate

transformation between crack and rotating-framedioates.

Ye

zw _____ _

Fig. 6.2 Coordinate transformation: breathing crack

For simplicity, the angle between two coordinates 0°. When the shaft is rotating

with the speed, the external forces in two directions of rotatirgme coordinate is,

=-mgcoqQt
gz = mggin(ét) ) ©3)

According to zero SIF method, we retrace the powith K, = 0 in the entire crack
region. Here, the crack depth is chosen b&/20 Obviously, the crack is fully open when
the rotation angle is 0°/360° and it is fully cldsehen the angle is 180°. Fig. 6.3 shows

the cross-sections of breathing crack under diffeshaft rotation angles. The gray and

white region denotes the closing and opening regfamack, respectively.
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Fig. 6.3 Crack open region

For the crack with deptR/2, it keeps fully open and close for about 60 degrfor each
state in one period. For other rotation angles, dfack is in transition state. Fig. 6.4

gives the area variation of crack open region \&etka rotation angle.

—zero SIF
—Cosine
—Square

[6)]

N

w

crack open region area?m

=

Fig. 6.4 Area variation of crack open region

The blue solid, red dash and red star line dertbtearea calculated by zero SIF method,

cosine and square model, respectively.
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6.2.3 Breathing Crack M echanism

Different from the open crack, the stiffness reducparameters of breathing crack are

function of rotation angled®(Qt), BP(Qt) andC?(Qt), which are shown in Fig. 6.5.

stiffness reduction parameters

rotation angle rad/s

Fig. 6.5 Stiffness reduction parameters vs. ratagiogle a=R/2

Unlike the open cracks, the stiffness reductiorapeaters are not independent on the
rotation angle any more for breathing cracks. Foropen crack with any depth, the
parameter iny. direction is always much larger than the agedirection and the
parameter in cross-coupling direction is alwaysozdtlowever, the parameter i
direction (Fig. 6.2) is not dominant while the dtais opening in the early stage of
transition. Furthermore, the crack leads to stdfheeduction in cross-coupling direction
in crack coordinate because the crack open regioot symmetric with respect to the
axis.

Next, the stiffness variation in rotating cooate {c} is expressed as a function of

crack angle? and rotation angl@t. Here, we define the stiffness reduction pararseter

c2, 63 and the cross-coupling directionsAgs(@, Qt), B (6,Qt) andCF,(8,Qt):



A% (6,0t) = 2AP(Qt)cos? 8 + 2BP(Qt)sin? 8 - 2CP (Qt)sin 20
B, (6, Qt) = 2AP(Qt)sin? 8 + 2BP (Qt)cos* 8 + 2CP (Qt)sin 26 (6.4)

C.

cs(6,at) =[AP(at) - BP(Qt)]sin28 + 2¢P (Qt) cos28

[0
—B2(0,20)] |
+c59(0,m) .

- — L

stiffness reduction parameters

04441444444\;441444

Fig. 6.6 stiffness reduction parameters vs. ratagiogle a=R/2, 6=0°
Fig. 6.6 shows the stiffness reduction pararsetariation versus rotation angle (crack
angle = 0°). When the crack angle is 0°, the stBfreduction parameters in rotating-

frame coordinate behave like those in crack coatdinFig. 6.7 shows the variation
of A (6,Qt), B (8,Qt) andCF(8,Qt) with the change of rotation angle when the crack

angle is varying from 0° to 165° with an intervéd°l The solid, dash and star line
denotes the stiffness reduction parameter in @ and cross-coupling direction,

respectively.
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Fig. 6.7 stiffness reduction parameters variatésR/2; (a)Qt=0; (b) Qt=15°; (c)Qt=30°;

(d) Qt

75° (g)Qt=90°; (h)Qt=105°; (i) Qt=120°; (j) Qt=135°; (k)

45°; (e)Qt=60°; (f) Qt=

=165°;

150° () Qt

Ot=
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The maximum magnitudes gaf,(6, Qt), B5(6,Qt) andcy,(6,qt) vary periodically with
periodz. Max{A’,(6,0t)) goes down in the ran@exd<z/2 while Max(B, (6, Qt)) rising up,
and vice versa in the rangé2<6<z. MaxC/,(6,Qt)) is monotonously increasing in the
range 0<@<n/4 & 3n/4<6<z and monotonously decreasing in the ramfe<<3z/2.
Also, it can be observed that the phasgdp, Qt), BE,(6,Qt) andc?,(g,Qt) shift left with

the increase of the crack angle. Furthermore, fifiecteof cross-coupling stiffness

reduction is dominant by the terra?(Qt) near the rangé=nz/2 (n=0, 1, 2 ...) and by

the term|AP(Qt)- BP(Qt)| near the rangé=nz/4 (n=1, 3 ...).

6.2.4 Crack Model Comparison

In this section, the stiffness reduction parametmes calculated by Dimarogonas

method, Cosine and square model.

[

T
23 ‘ —zero SIA
|
é I ——cosine
g-. ‘ |+ square
o3
<
7
1 T T T T T
a3 3 : : : : : : —zero SIR
= | | | | | |—cosine
G 05 ------ === A oo e === 4 + square
o | | | | | |
~ | | | | | |
C&J% | 1‘ Plana e ] s \aasinanisny J% | |
v | | 1 | |
C'0 1 2 3 4 5 6 7
rotation angle rad/s
l T T T T T
o3 3 : : : : : : —zero SIF
= | | | | | |—cosine
R s squae
~Z | | | | | |
DOCS | | | | | |
R | | | | | |
lO 1 2 3 4 5 6 7

rotation angle rad/s

Fig. 6.8 Stiffness reduction parameters comparigoR)2
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2 3 —zero SIR
= ——cosine
Q05 ------ *+ square
S
238
< Ol -
0 7
1
2/ 3 —zero SIH
= ——cosine
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e
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0 4 7
rotation angle rad/s
l T T T T T
23 : : : : : : —zero SIK
§ I I I I | |—cosine
G O ; 1 + square
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~ | ] | ] | ]
lO 1 2 3 4 5 6 7

rotation angle rad/s

Fig. 6.9 Stiffness reduction parameters comparigoR/10

Fig. 6.8 shows the stiffness reduction paramsefor a breathing crack with deg®?
and crack angle 0°. Fig. 6.9 shows the parameters fcrack with deptii/10. After
unifying A%(0,Qt) to 1, it is easy to see thataxB?,(0,Qt)) and max(C?,(0,Qt)) become
smaller with the decrease of crack depth. The natgB,(0,Qt)/ A%(0.Qt)) is 0.2 for
a=R/2 and 0.04 foe=R/10 which means that’,(0,Qt) is dominant for small cracks. The
ratio max{C, (0,Qt)/ A% (0,Qt)) is 0.2 fora =R/2 and 0.1 foe=R/10.

By comparing the different models, we found tdosine model is closer to the actual

curve when the crack depth is large and square Im®deore accurate to describe the

breathing behavior for small cracks. In additia,(0,Qt) is assumed to be 0 in Cosine

and Square crack models. This assumption approdichesal situation with the decrease

of crack depth.
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6.3 Damage | dentification Algorithm
For the breathing cracked rotor system, the equationotion is given as,
.e 1y ne
[M+M,]g+[C, +G, +G,1q +[K, _Z fl oK, ]q=0 (6.5)

k=1
K (t)

Here, f, is breathing function fok" element. The cosine crack model is adopted in this

chapter andf, can be expressed as,
1
f (t)= E[l_ codQt +6,)] (6.6)

with g, is the angle of crack ok" element. Then, the equation-of-motion is recasst in

the following state-space form with state veot@f[qT q' ]T

X :[A —%“AAk fk(t)Jx+ B,u(t) (6.7)
y=CX

y

The external excitation and damage matriags), and AA(t), are expanded in the
complex exponential series as:
u(t) = ue'™
Ny, , (6.8)
AA (D) = ZAAn,keJth

n=—Ny
whereNy is the number of system harmonics. In the casbheoghaft-disk systenN;, = 2.
The homogeneous solution of the linear periodicdliye varying system can be

expressed as

Ny . .
x(t)= Y x,e""e (.9

n=—Nx
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After performing harmonic balance, the followingpley-dimensional problems whose

solutions characterize the nominal and damagecmsystansfer function matrices are

given as:

T=CG'B

- A oA N ~
T=C(G-) AA)'B

k=1

(6.10)

(6.11)

Here, G and AA, are the hyper-dimensional nominal system matrixl alamage

perturbation matrix given by,

i(w-29)1 - A, ~A,
A, i(@-O)
é: -A, Ay
-A,
DA,
DA
AAK = DAL,

_AO

DA
DA,
Y
DA,

Using the Taylor expansion on Eq

-A,
-A
ja - A,
“Ay
—A,

AA -1k
DA
AA +1,k

A’A‘+2,k

DA,

. (4.32),

terms of the following sensitivity matri,

-A,
—AL -A,
Jw+ Q) - A, -A
-A, j(w+2Q) -A, -
DA
AA L, DA,
DA DA,
DAL, DA,

(6.12-a)

(6.12-b)

the damiagntification is formulated in

~ ~ N A A A an N o & A
T-T=CG'(QAA,)G'B=CG*(D 5A,)G"B
k=1 k=1

U
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AT,, = SO, (6.14)
With
S, =CG™A G™B (6.15)

Bis hyper-dimensional input matrix are is hyper-dimensional output matrix.

B=(2n,+1) 0B

- ' 16)
C=(@n,+)0OC]

The following iterative process is similar with theocess for time-invariant system. Note

that the Jacobian and iterative error matriceshgper-dimensional. The stiffness matrix

of time-varying system is a function of time whicéin be expressed as:

K(t) = iK”ej“Qt (6.17)

n=-N,
with

1
K®= Ks _EZ(JMkKy,k +Jszz,k +5yszyzk)

k=1

K

yzk' N yzk

4 1< RN
K™= 4(kZ;C059k(5ykKy,k +0,,K, + 5yszyzk)k - J;SInek(Jy,kKy,k +0,K, +0

)] (6.18)

1( & o
K= 4£;cosﬁk(5y,kKy,k +3,K, +3,,K )+ ij;SInﬁk(Jy)kKy‘k +30,K,, + 5yszy2k)]

6.4 Damage | dentification: Shaft Sensors

In this section, the linear damage case in Talfles3studied using FRF based damage
identification method for time-varying shaft—diskstem (note the damage is breathing).
Using the conclusion obtained from Chapter 4, tysesn is given the excitation near
resonances and sidebands (Table 6.1) dt & three pairs of sensor on the locations

listed in Table 6.2.
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Table 6.1Excitation frequency set: rotor breathing crack
trial 1 | trial 2 | trial 3 | trial 4
o (Hz) 160 120 220 890

Table 6.2Sensor location set: rotor breathing crack
Sensor 1 Sensor 2 Sensor 3
Xs(m)| 1/8L 3/8L 5/8L

Figs 6.10 and 6.11 show the damage identificatiesults for the damaged shaft
system with single transverse open crack. Spetifickig. 6.10 shows the actual and
converged estimates of the crack energy ratioceak angles, wherein the blue and red
bar denotes the actual and estimated values réesggctFig. 6.11 shows the shaft
damage parameter iteration history, wherein the blash line and red star line denotes
the actual and estimated damage parameters resgechlote that twice of crack angle

can be estimated by Eqg. (6.19),

20
20 =tant—2— (6.19)
(6, -9,)

x 10"

[

B Actual
B Estimated

energy ratios
[=)
1]

1 2 3 4 5 6 7 8 9 10
element number

B Actual

B Estimated

1 2 3 4 5 6 7 8 9 10
element number

Fig. 6.10 Breathing crack energy ratio and anglienases: linear case
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iteration number

Fig. 6.11Estimated breathing damage parameters vs. iteratiorber: linear case
It is known that three damage parameters are needestimate an open crack in the
rotor system. However, nine damage parameterseap@red to represent a breathing

crack. Besides the original three parameders J,, andd,,, representing the stiffness

reduction in two lateral directions and their crossipling direction, extra estimated

damage parameteds, sing,, J,, sing,,9d,,,

sing,, 9, cosf, , J,, cosh, andd,

yzk COSH,
have to be estimated during the damage identifingtirocess of a breathing crackdh
cell. As shown in Eq. (6.18). These parametersaaseciated witl# which enables us to
estimate the crack angle rather than twice of ceancte. Table 6.3 gives the estimates of

these 6 extra parameters. In this table,d, J3 Jds Js and Js denote the damage

parametersd,, sing, , 9,,sing, , J,,,

sing, , 9,, cosb, , 9,, cosg, and J,

yzk

cosb, ,

respectively.
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Table 6.3 Estimated parameters related with craglea

Cell number| Re@1) | Rep,) | Reps) | Reps) | Reps) | Repes)
1 -0.0000 0.0000| -0.0000 -0.0011| 0.0000| -0.000d
2 0.0002| 0.0057 0.0010 0.0000 0.0010 0.0002
3 0.0050| 0.0007 -0.0018-0.0136|-0.0019| 0.0049
4 -0.0075| -0.0218| -0.0124| -0.0043| -0.0126| -0.0071
5 -0.0220| -0.0157| 0.0180| 0.0262 0.018y -0.0215
6 0.0152| 0.0007 0.0026 0.0862 0.0042 0.0149
I 0.0065| 0.1256 0.021y 0.0012 0.0221 0.0038
8 0.0422| 0.1199 0.066b5 0.0244 0.0687 0.0884
9 0.0930| 0.0667 0.0744 0.1108 0.0795 0.0887
10 0.0945| 0.0154 0.0332 0.2598 0.0422 0.0913
Table 6.4 Sirf) calculated from estimated parameters
Cell Sind
number| Re@1)/Re@,) | Re@2)/Re@,) | Re@s)/Rely,)
1 -0.0009 0.5388 -0.3891
2 0.9851 0.9848 0.9848
3 0.3420 0.3420 0.3420
4 -0.8660 -0.8660 -0.8660
5 -0.6428 -0.6428 -0.6428
6 0.1736 0.1736 0.1736
7 0.9848 0.9848 0.9848
8 0.8660 0.8660 0.8660
9 0.6428 0.6428 0.6428
10 0.3420 0.3420 0.3420
Table 6.5 Cog{) calculated from estimated parameters
Cell Cogk
number| Re@s)/Re@,) | Re@s)/Rel,) | Rels)/Rel,,)
1 0.9976 -0.5291 -0.3947
2 0.1737 0.1736 0.1737
3 -0.9397 -0.9397 -0.9397
4 -0.5000 -0.5000 -0.5000
5 0.7660 0.7660 0.7660
6 0.9848 0.9848 0.9848
7 0.1736 0.1736 0.1736
8 0.5000 0.5000 0.5000
9 0.7660 0.7660 0.7660
10 0.9397 0.9397 0.9397

By calculating Refs)/ Re@1), Rep s)/ Re@ 2), Re@s)/ Rep 3), we have the sifif) and

cos@k) estimated fromd,, d,andd,, listed in Table 6.4 and 6.5. For very small cracks



with zero crack angle, R&)/Re(@,,) and Refe)/Re@y;) may have very large error
because Ré(,) is very small and has the same level of magnitasl@wumerical error.

Therefore, it is better to refer the estimatiomirthe dominant crack parameters.

2 T T
Wl Actual angle
[Estimates 1
19 [ClEstimates 2
: BEstimates 3
l, ,
R
[%]
Q
(o))
g 0.5 ]
: Ll
5 | . I [T
-0.5 B
_l L L L L L L L L L L

element number

Fig. 6.12 Crack angle multiple estimates: lineaeca
Fig. 6.12 shows the comparison of actual crackemnghd three trials of estimates. The
blue, cyan, yellow and red bar denotes the actsdimates fromd,, estimates frond,
and estimates froy,, respectively. Table 6.6 gives the details ofreates.

Table 6.60 calculated from estimated parameters
Cell 0
Numberk Sy Oz2k Syzk
0.1887 | -149.5690 130.3040
80.0001 80.0000 79.9998
160.0000f 160.0001 160.0000
-120.00040 -120.0000| -120.0000
-40.0000| -40.0000 -40.000
10.0000 10.0000 10.000
80.0002 80.0000 79.999
59.9999 59.9999 60.000
40.0001 40.0002 39.999
19.9999 19.9996 20.000

Blojo|~Njo|a|sw|ne
= OO OO0
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6.5 Damage | dentification: Laser Scanner
In this section, we utilize a laser scanner as aimgosensor which keeps sweeping

the entire surface of the rotor instead of usingsees attached to shaft. The system is

Scanning
Laser
U y(t)

shown in Fig. 6.13.

ny
T « Scan o
X Y Point 2
?l . = —
| ¢ ié?\nx
| F(t) = Re'
Xs(t) :%[1+ sin(ct)] ' Shaker

Fig. 6.13 laser scanning damaged system

6.5.1 Damage I dentification Algorithm
Due to the scanning laser, the output ma@jxis not time-invariant any more. The

equations-of-motion becomes,
X:[A(t)+ZdAAk(t)JX+Buu(t) (6.20)
k=1
y(t) =C,(t)x

Assuming the output matri€, can be expressed as the summation of harmonit®eas

following equation,

C,(t)= %cme“’*’st (6.21)

I==N;



The external excitation and damage matriags), and AA(t), are expanded in the
complex exponential series as:
u(t) =ue'
Ny , (6.22)
AA (D) = Z:AAn,keJnQt

n=—Nj,
whereNj is the number of system harmonics. In the casheohaft-disk systenN, = 2.
The homogeneous solution of the linear periodicdliye varying system can be

expressed as

Nx . .
x(t)= > x,e""el (6.23)

n=-N,

Substituting Eqg. (6.29) and (6.31) into Eq. (6.2h§ output response y(t) becomes,

N, N ]
yOy = Y Dy, el (6.24)
n=-N, 1=-N;
The coefficienty | is,
ynl _Clxn (5)2
with
C_y,
C. +
c,= " (6.26)
CN

After performing harmonic balance, the followingpley-dimensional problems whose
solutions characterize the nominal and damagecsystansfer function matrices are

given as:

T=CG™'B (6.27)
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- a oA N ~
T=C(G->AA,)"B (6.28)
k=1

Here, G and AA, are the hyper-dimensional nominal system matrixl alamage

perturbation matrix given by,

f(w=2Q) - A, -A -A,
-A, (w-Q)-A, -A, -A, (6.29-3)
G= “A, “Ay ja - A, “AL -A, )
-A, “Ay j(w+Q)l -A, -A,
-A., “AL @2 -A, -
DAg DAL, DA,
) DAL DA DAL DAL, (6.29-b)
DA =] DA, DAL, DA, DA, DA, -

AA +2,k AA +Lk AAO,k AA 1.k
AA +2,k AA +1Lk AA 0,k

Bis hyper-dimensional input matrix ard is hyper-dimensional output matrix.

B=(2n,+1) 0B,
C=(2n,+)0OC,

36)

The following iterative process is similar with thecess for time-invariant system.
Next, the output matrix is derived in detaiccdrding to the assumed mode method,

we have
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Y0 =36 (D 0)=[bcl) 2lel) - g, (<)o o --

with them" assumed mode,

@.,(x,(t)) =sin m”;(_s(t)

Here, x_(t) is the scanning position which is assumed to be,

(0)= 5 [t+sin(eot)]

Taking Eq. (6.37) into Eq. (6.36), the assumed m@de expressed as,

8, (x.(t)) = sin%(t) = sin[ﬂn Msin(a)st)}

L 2 2
Assuming then™ mode can be expressed by Fourier expansion,
@, (x. () =ci™ +Z[c‘m’ cosnat +c™ sin na)st]

The Fourier coefficients can be solved by the feifg integral,

m mzmr  mir
CO

S

mrmr . mir

= TiT! @, (x (t)dt == Ism[— + 7sm(a)t)}dt

G
a,
d,
G
4,

Ay

m

(6.31)

(6.32)

(6.33)

(6.34)

(6.35)

(6.36)

co _TEJ.¢ (x,(1)) sinneytdt = —J'sm[—+—sm(a)t)}sm(na)t)dt (6.37)

S
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o

mrr

T, Ts
& == [ ¢ (%, (1)) cosneutdt = TE | sin{m—zﬂ + TSin(a)st)} cospat)dt  (6.38)
0 s 0

=2
TS
Let a = wt, the coefficient are simplified as,
ci™ = a))da =— |sin — +m—sma}da
j%ug)) j QL
¢y = .|'¢;n(xs(a)) cospa)da =— .|'S|n[7 + m—zﬂsma} cosfa)da (6.39)

m =1 n(a)da = L (sin] M7+ M7 }- d
Cen ﬂ.([qqn(xs(a))sm(na) a ﬂJ;sm[ > + > sina |sin(ha)da

Here gives the Fourier coefficients,

cg“’:(—)zJ( ),m=1,3,5;-

(6.40)
ci™ =0,m= 246
c™ =0
c™=0m=1,3,5; (6.41)
e =(-1)?2Jl(m—2”) M=2,46;
¢ =0
¢ =(-1)z ZJ( Ty m=1,35; (6.42)
c®=0,m= 246
¢ =0
¢ =0,m=1,3,5; (6.43)

Q?=0)23( Ty m=2,4,6;-

¢ =0
mi 2
e =2 2 oo (b, (25~ - ssavas(mry o () m =135
(m7)
™ =0,m=2,4,6;-
(6.44)
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¢y =0
¢ =0,m= 135,

™ = (_1)3 2 e (mr mm m7r mr _
cm =(-1) (m”js { 48= ( 5 ” (M7 { 192+12( 5 j :IJZ( 5 )},m 246,
2

(6.45)

6.5.2 Damage | dentification: Rotating Shaft-Disk System with Laser Scanner

In this section, the linear damage case in Talfles3studied using FRF based damage
identification method for time-varying shaft—disk/ssem. Using laser scanner as
moving sensor has obvious advantage that it cdeatall of the information about the

whole shaft by one sensor. Thus, the number ofosens dramatically reduced. The

excitation set in Table 6.1 is used here again.

ox 10

[e]
.§ Ml Actual energy ratio
S g Ml Estimated energy ratio 4
S
24
(]
x
g2
o

0 1 2 3 4 5 6 7 8 9 10

element number
2
Ml Actual angle
: [JEstimated 1
o 1 [lEstimated 2
% IHHI MEstimated 3
¥ o 1 L — I oo e e |
]
o
L L L

- L L L L L L L
L 1 2 3 4 5 6 7 8 9 10
element number

Fig. 6.14 Convergesghaft crack damage energy ratio estimates: lasensc
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Fig. 6.15Estimated shaft damage parameters vs. iteratiobauraser scanner
The estimation is obtained using the first fb@armonics of vibration response. Figs
6.14 and 6.15 show the damage identification redolt the damaged shaft system with

single transverse open crack. From Fig. 6.14, it lsa observed that the crack angle

estimates | and Il are more accurate fdrcgll because they are corresponding to the

dominant crack parametedy andd, .

6.6 Time-domain Simulation

Previously, the damage identification methods wexeed on the frequency response
function and developed in frequency domain. In fastion, we simulate the vibration of
shaft—disk system in Simulink and obtain the dispfaents of shaft using assumed
mode method. Then, the Harmonic Fourier Coeffigesmte computed by convolution
block and transfer function block and utilized bgnthge detection block to detect the

damage.

16t



6.6.1 Time-domain Damage | dentification Algorithm
Different from the algorithm in frequency domaitetvibration signals are real
numbers which requires the algorithm to be modifiedm exponential form to

trigonometric form. The equations-of-motion areascinto the following state-space

form with state vectok =[q" §']'

k=1

X:(A_iAAkfk(t)]x-i-Buu(t) (646)
y=C,X

y

Here, f, is breathing function fok™ element. The cosine crack model is adopted in this

chapter andf, can be expressed as,
f (t) = % [1-codat +4,)] (6.47)

with 8, is the angle of crack o element. The input function u(t) and the homogeseo

solution of the linear periodically time-varyingssgm can be expressed as
u(t) =usin(at)
NX
Xh(t) = Z[X: Sin(aI + th) + Xr? COS(aI + th)] (6.48)

n=—N,
WhereNy is the number of response harmonics. After perfogiiarmonic balance, the
following hyper-dimensional problem whose solutioharacterizes damaged system

transfer function matrices are given as,

S A~ N

T=C,A- Z A, ]7B, (6.49)

k=1

G andaA, are the hyper-dimensional nominal system matrik damage perturbation

matrix given by,
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A (w-Q)i % —%
~(w-Q) A % -
Al Al A d A AL (6.50)
A= 2 2 2 2
S S c
A Af —ad A i i
2 2 2 2
AL A A (w+Q)l
2 2
AL A —(w+Q) A
2 2 :
DAS DAY
DA, 0 721* - 2”
0 A, AAT, DAY,
' 2 2
DA, DAS DAS,  DAS
" 2Lk 2Lk A, 0 21,k _ 2Lk (6.51)
- _DAT DAY, 0 AA AAT DAY,
2 2 ok 2 2
DAL, DAS, AA 0
2 2 oK
MAS,  DAS
_ 1k 1k 0 DA,
2 2 ,
with
2n, T
~ ——
B,=|0 0 B, 0 --- 0

(6.52)
C,=(2n+2)0C,

The following steps are similar with the algoritimsection 4.5.1.

6.6.2 Simulation Diagram

Fig. 6.16 shows the simulation diagram of damageatien, which contains the

excitation frequency switching block, Cosine crac&del block, damaged and nominal



rotor system block, displacement block, convolutidack, HFC computing block and

damage detection block.
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Fig. 6.16 Simulation diagram: rotor system

OMEGA

The excitation frequency switching block is dis'® get multiple sets of transfer

function and enrich the dataset for damage deteclihis block not only changes the

excitation frequency but also varies the amplitudésinputs for every excitation

frequency. Cosine crack model block gives the systhe information of damage

approximated by Cosine crack model. The vibratiesponse of damaged and nominal

system in modal coordinate is computed throughrstfans in damaged and nominal

shaft system block. Then, the displacements obddoyelaser scanner are obtained by

assumed mode method in the displacement blockingasough the convolution block,

Harmonic Fourier Coefficient (HFC) are obtained.t®&ohat these HFCs are not the
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transfer function data we need, because the syssemriven by multiple inputs
simultaneously. Therefore, these HFCs are needegb tthrough the HFC computing
block and transform to HFCs for single input. Fipathe damage detection block

estimates the damage parameters using HFCs as input
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Fig. 6.17 Excitation frequency switching block
Fig. 6.17 shows the excitation frequency swiitghblock which has the function of
changing excitation frequency and force amplitutiee reason of changing excitation
frequency is that more sets of transfer functionl@de obtained to enrich the dataset for
damage detection. The amplitude switching blocksed to change the amplitudes of
multiport inputs so that multiple trails of vibrati response could be obtained for
different combination sets of inputs. Later, theyl ae transformed to the data for each

single input by HFC computing block.
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Fig. 6.18 Amplitude switching block
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Fig. 6.19 Cosine Crack Model Block

Cosine crack model block is shown in Fig. 6.T8is block is using Cosine crack

model to simulate the breathing behavior of damage. time-varying damage stiffness

matrix is,
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AK  (t) = %[1— codQt +6,AK (6.53)
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Fig. 6.20 .Convolution block
Fig. 6.20 shows the convolution block which computee HFCs for multiple inputs. To
get the transfer function for single input, HFC guting block is employed to convert
the HFCs for multiport inputs to HFCs for singlepin. Definey,, vy ... y are the
vibration response of inputs, W, ... U,

Iy, v, — v]=Tu u, - u] (6.54)
Assuming the transfer functions foinput ports are needed and we hatrails of inputs,

the transfer function matrix T could be solved wherk,
T=vyuT (LU )* (6.55)

Here, ifU is unit matrix (not necessarily square)
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i i,
10 --- 0
01 -0

u=|. . . tk (6.56)
00 -1

The measured vibration responéamatrix is transfer function matrix. When we need
the transfer functions of many input ports, it isremconvenient to assign random number

to the amplitude of force,

ull u12 u1i
u u u

u=| 2 2 2 (6.57)
ukl ukl uki

Then, HFCs are computed by Eg. (6.55) and usednmade detection block to detect the

damage.

6.6.3 Damage | dentification Results
Similarly, multiple excitation frequencies arglized to enrich the data and make the
problem over-determined. The excitation frequenelyis given in Table 6.7 and laser
scanner is used for damage detection.
Table 6.7Excitation frequency set: rotor simulation

trial 1 | trial 2
o (Hz) 170 900

Fig. 6.21 shows two excitation frequencies \whace used for damage detection. The
input lasts 30 seconds for each frequency and H#s anterval between two trials. The

amplitudes variation of force is shown in Fig. 6.22
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Fig. 6.22 Force amplitudes for 2 input ports
Fig. 6.23-6.25 show Harmonic Fourier Coefficientsrultiport inputs for DC term, 1
and 2% harmonics collected by laser scanner dmicection, respectively. We could see
that HFCs oscillate at the beginning stage of aioibh and converge with the increase of
time while the vibration response goes to stabtewvéier, these HFCs are not able to be
using for damage detection. We need to calculageHRCs for single input from Eg.

(6.55).
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sin((wt-Q)t sin(wt) sin((wt+Q))
0.0% 0.0 0.1
0.005 0.005 0.05
IS IS IS
= ” = N =
o° O—— o° O o Ow —
L LL LL
T I T
-0.005 -0.005 -0.05
004 50 100 004 50 100 0% 50 100
time /s time /s time /s
cos((t-Q)) cos(t) cos(t+Q))
0.015 0.015 0.1
0.01 0.01 0.0
£ o005 £ o0.005 g :
o o o 0 >_{
2 o 2 0 — g
T I T
-0.005 10.005 0.0
004 50 100 004 50 100 0% 50 100
time /s time /s time /s

Fig. 6.24 Harmonic Fourier Coefficients of multiporputs for ' harmonic, gdir.

174



sin((wt-Q)t sin(t) sin((wt+Q))
0.’)

0.05 5 2
0 U { 0 ~
£ N g 0O p —1 E
= = =
° -0.05 > ( 02
L L L
I I -5 I
0.1 0.4
— -
01 50 100 1% 50 100 0. 50 100
time /s time /s time /s
cos((t-Q)) cos(t) cos((t+Q))
0.04 5 0.2
0.02 0
£ o R . £
k=] k=] o -0.2
2 002 2 2
I I -5 I
-0.04 04
- ’MJ
0.0 50 100 1% 50 100 0. 50 100
time /s time /s time /s

Fig. 6.25 Harmonic Fourier Coefficients of singtert inputs for 2 harmonic, gdir.

T T T T
Ml Actual energy ratio
I Estimated energy ratio

o]

==

N

N

crack energy ratios

o

1 2 3 4 5 6 7 8 9 10
element number

crack angles x

1 2 3 4 5 6 7 8 9 10
element number

'
=
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Fig. 6.27 Damage parameter iteration history
Using the HFCs computing by left least square nebt®the input of damage detection
block in time domain, the estimation results areamied in Fig. 6.26 and 6.27. Fig. 6.26
shows crack energy ratio and angle comparison aqd6R27 gives damage parameter
iteration history. The blue dash line and red $itee denotes the actual and estimated

damage parameters respectively.

6.7 Summary

The crack is assumed to be breathing during operatue to the effect of gravity or
imbalance weight. Zero-SIF (Stress Intensity Fgcateethod is employed to determine
the close line of open crack area. It is found thatcrack parameter is a function of both
crack phase and rotation angle and this functiom loa approximated by a cosine
function. In Chapter Ill, we know that 3 damage goaeters are needed for damage
detection of open cracks. For breathing crackspferparameters are needed to estimate

oisin (0) andgicos @) terms {=y, z, y2. The transfer function can be obtained from the
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vibration response measured by sensors attachedhaft or laser scanner. After
validating the algorithm in frequency domain, tich@main simulation is conducted and
Harmonic Fourier Coefficients (HFC) of vibratiorsponse is calculated by convolution
and left least square techniques and then filtere@n average moving window filter.
Finally, the damage detection is processed by udif@s for single input channel as the

input of time-domain damage detection block.



Chapter VII

CONCLUSIONSAND RECOMMENDATIONS FOR FUTURE WORK

7.1 Summary and Conclusions

This thesis explores two kinds of new vibrationdthsdamage identification
methodologies: Floquet based method (Methodologyand Frequency Response
Function (FRF) based method (Methodology Il). Basedhe open cracked rotor system,
Floquet based method is developed using Floqueairghdeast square method and
eigenvector updating method. It is found that tmethod is able to detect the crack
location and severity effectively with the assis&mf Active Magnetic Bearing (AMB).
The adjustable stiffness or virtual mass of AMB dfés the damage identification by
proper tuning. The introduction of AMB breaks thansnetric structure of rotor system
along the axial direction as long as the AMB is platced in the midpoint of shaft. In
addition, the asymmetric stiffness of AMB plays iamportant role in breaking modal
symmetry and distinguishing multiple cracks. Thodgbquet based method works well
to identify the crack depth and location, it couldt tell the crack angle since the
mapping from natural frequency shift to crack angleot unique.

To overcome this problem, FRF based method is suiestly developed which
utilizes the magnitude and phase of transfer foncshifts induced by damage. FRF
based method provides the advantages of randomdgé&ting frequency and multiple
inputs/outputs which greatly increase the varidtydjustable parameters. The damage
detection algorithm is derived based on Taylor Espan, least square method and

Newton-Raphson method. It is found that the tranffection shifts are more sensitive
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when the system is excited near resonances oraidsb Consequently, the damage
estimation results are much better while using #nesonance or near sidebands
excitation. For time-varying system, sidebands app¢ frequenciesb £ nQ and they
drift away from the resonance with the increaseatétion speed. The information of
sidebands enriches the database for damage datemtid also helps to reduce the
number of sensors. Armed with this method, two &ioél breathing cracked system are
studied: breathing cracked truss system and rggies.

For the breathing cracked truss system, the cramdeiris rebuilt because the crack
is driven open and close by axial force. Accordimétrain Energy Released Rate (SERR)
concept in fracture mechanics, only one damagenpetea is needed to represent and
estimate one crack on a truss bar. For the dami@amgednvariant system with stiffness
and mass uncertainties, FRF based method is maodibe include both kinds of
uncertainties as the desired estimated parametersialds very good results. For the
damaged truss system with breathing cracks, seassaimptions are made to convert the
breathing functiorik(t,Q) to pure function of timé(t) in the first step. Theri(t) can be
approximated by Fourier expansion and the lineamatge detection algorithm is
developed in time-domain. The second step is totlgetvibration response of joints
through simulation without any assumptions. By ddiast Fourier Transform (FFT), the
frequency components contained in the response bearobserved from frequency
spectrum. Finally, Harmonic Fourier CoefficientdHEk) for primary peak and sidebands
are used for damage detection after comparingrdguéncy spectrum of nonlinear and
linear vibration response. It is concluded that #idebands do improve the damage

detection results and meanwhile reduce the nunfisersors.



For the breathing cracked rotor system, the presewbork is using Cosine crack
model to approximate the nonlinear behavior of thiieg cracks. Assuming the breathing
crack is driven by gravity, the nonlinear modelbigilt based on zero stress intensity
factor method and compared with Cosine and SquareeVgrack models. An important
discovery in this part is that nine damage pararsetee needed to represent a breathing
transverse crack in rotor system. Similar as opaoks the first three damage parameters
are able to detect the crack depth and twice afkcamgle. The other six parameters are
related to crack angle and can give three setsagkangle estimates. It is recommended
that the crack angle estimates are more accurdte bding estimated by dominant terms.
In frequency domain, distributed damage is idesdifusing different kinds of sensor,
such as sensor attached to shaft or laser scaiméme domain, the vibration of
damaged and nominal rotor systems is simulatedH@s for multiple input channels
are computed by convolution method and filter byvimg averaging window. As the
input of damage detection block, HFCs of singleuinghannel are obtained from HFCs

for multiple channels by left least square method.

7.2 Recommendations for Future Work

One of the continued topics will be more parametticly of damage detection using
laser scanner. As we known from previous studyerlasanner is able to provide much
information of multiple harmonics if the scanningn€tion is decomposed by Fourier
Expansion. Compared with damage detection usinfy skasor, the number of sensors
can be dramatically reduced with the usage of lasmmner. Fig. 7.1 shows the

Frequency Response Function (FRF) of damaged sysigmdistributed damage case
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which is observed from multiple shaft sensors. Fi@. plots FRF of damaged system

with distributed damage case obtained from lasanrser.
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Fig. 7.1 Damaged FRF: shaft sensors
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Fig. 7.2 Damaged FRF: laser scanner
The further investigation will be done to explone impact of scanning frequeneyon
the output matrix Cand frequency response functions.

Another recommended research is the damage detedtieal breathing cracked rotor

system by including the nonlinear crack model itite simulation diagram. The crack
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open area is determined by calculating the bendioghents in two lateral directions
according to the vibration response in real-timbe Pproposed simulation diagram is

shown in Fig. 7.3.
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Fig. 7.3 Breathing cracked rotor system nonlingaufation

Here, the damage feedback block take the vibratgsponse of damaged system to
compute the bending moments in real time. Thenr¢laétime crack open area can be
determined by taking the bending moments to zeFo(Slress Intensity Factor) method.

There are more research topics we would like tdorgsuch as:

(1) Damage identification based on torsional vibravbnotor system

Unlike the bending moment and axial force, tergvill induce the sliding and shearing
deformation of transverse crack. Therefore, difier&IFs will be involved in the
calculation of crack released strain energy. Itveyy interesting to explore the
characteristics of torsional vibration and the dgendetection based on it.

(2) Experiment verification of damage identification tiveed
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A lot of theoretical damage detection methodgehbeen done and demonstrated via
numerical examples and simulations. The next sdp implement the experiments and
test these theories. Of course, there will be ntadlynical difficulties encountering in the
experimental work, such as the measurement of higlaural frequencies, the
installation of sensors, the noise cancellatiowvibfation signals, etc. Once all of these
works is done, it will provide a comprehensive guide of damage identification

including theory, application and experiments.
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