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Abstract

Auxiliary bearings are used in many rotor systems, e.g. those with active magnetic
bearings. In a case of a contact with the auxiliary bearing, high impact forces and
wear are possible. Therefore the auxiliary bearings have to be replaced after a certain
number of contact events. This is very costly and often needs complete dismantling of
the rotor system.

In this paper a concept for model based condition monitoring of an auxiliary bearing
is developed. The rotor system is modeled in a multibody simulation environment, in-
cluding the contact to the auxiliary bearing and various fault parameters. After contact
(drop or bouncing contact) occurs in the real rotor system, an identification algorithm
analyses the measuremental data of the contact event and determines the fault which
occurred. Based on the results of the identification algorithm, an optimization tool
aligns the rotor simulation with the measurement by varying the fault parameters. Af-
ter the alignment of the simulation, the simulation results are evaluated. The contact
forces are evaluated against location on the surface of the auxiliary bearing and are
stored. This procedure is performed after each contact event. Hence, a weighting of
the load over the surface of the auxiliary bearing is gained. Depending on the material
and structure, these data can be used for a life-time estimation of the auxiliary bearing.
Using an active magnetic bearing test facility, the monitoring system has been success-
fully tested.

Key words : model-based monitoring, auxiliary bearings, condition monitoring, con-
tact, non-smooth mechanics, multibody simulation, unilateral contact.

1. Introduction

Active magnetic bearings (AMBSs) provide et&nt and contact free levitation of rotors
and have many advantages compared with oil film bearings. However, due to their limited
force capacity, they have to incorporate auxiliary bearings to protect the rotor and stator lam-
inations in the case of large rotor vibrations. Depending on the impact condition, auxiliary
bearings may sustain high impact forces during contact resulting contact stresses, tempera
tures and strains. Therefore they have to be replaced after a certain number of contact events
Also contact events necessitate machine shut-downs. Replacement of auxiliary bearings re-
quires the machine to be taken out of service and dismantled. This is costly and therefore
there is a need to assess the condition of the auxiliary bearings after each contact without
dismantling the machine. Improvements in the reliability of magnetic bearings are of current
research interest and are essential to extend the application areas of these bearings to safe
critical systems in aerospace, automotive and manufacturing industries. Magnetic bearings
usually incorporate a processor for control purposes, and can be used as bearings, actuator
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and sensors. Therefore, they form an essential part of amsystonitoring and fault detec-
tion systert®). Many research activities have concentrated on develcguiagtive magnetic
bearing controllers to prevent the rotor contact with darjl bearings under transient load-
ing, or if the contact does occur, to minimize the impact dgenand to recover the rotor
position as quickly as possible without the necessity td slown the systef®, 2%, Fault
detection and tolerance systems mainly concentrate otifigiag faults in sensors or mag-
netic bearing coils, and are usually based on a stochagiioagh'®,(7) (18) Sypnkava,
investigated fault detection at rotor systems with actiagnetic bearings. Using stochastic
methods, various faults like transducer malfunctiongaligprocessing failures or unbalances
are identified. Hckmann,? published a work regarding the identification of unbalare a
misalignment. Only the signal of the rotor orbit is used fastdentification. However, there
is no work reported on identifying the condition of the aiaty bearings, which are inactive
during the normal operation of the magnetic bearings, amtéd¢heir condition cannot be
detected by the existing sensors in the system. Therefonedal based condition monitoring
system is proposed here to identify the condition of the laryibearings after each impact,
and detect when they are required to be replaced.

2. Concept of the Condition Monitoring

The concept for model-based condition monitoring of aarflibearings is based on the
concept of Hckmann,2),

Phases Rotor system Flow of information
l Sensor signals
Monitoring of existing sensors:
e.g. <
- control currents
- rotor orbit (displacement)
A Measuremental data
Yes
No

Identification of failure
e.g.

B - drop

- disturbance of AMB
- additional load on rotor
- upcoming misalingment

l Fault parameter

Simulation

C Determination of unknown
fault parameter by optimization

l Data of contact event evaluation

D Storage of contact event data

Evaluation of auxiliary bearing
condition:

E Contact event data - force magnitudes over surface
- duration of rubbing

- trend analysis

Fig. 1 Concept for a model-based condition monitoring system
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The scheme, shown in Fig. 1, consists of various phaseshvaélabeled by A to E.

2.1. PhaséA: Monitoring

During normal operation of the rotor system, a monitoringtsg, which already exists
in many cases, observes the signal of existing sensorsatfotcurrents of active magnetic
bearings and the rotor orbit. As long as the measured sigmalgithin the tolerable range
of operation, Phases B to E are on stand-by. When the limitswislg a contact event are
exceeded, the floating measurement of the observed sigraptured and transfered to Phase
B. It is essential that the floating measurement compriseddita starting at the beginning of
the disturbance.

2.2. PhaseB: Identification of failure

In a first step, the measured signals of the contact eventvateated using caseftkr-
entiation and statistical models. There has been somegugwork on identifying various
failures at rotor systerfig),(12),

For the present paper, some defects are embedded in thiitdeioin algorithm in Phase
B, which reduces possible faults down to the fault which edubbing. Depending on the
application and the faults, various defect charactesstidich are used for the identification,
are distinguishable. These can be based on stochasticyaiean values and others in time as
well as in the frequency domain. The defect characteristiecalculated from the measured
signals. In the following the list of embedded faults, antedecharacteristics (in brackets) is
given.

Fault at the active magnetic bearing (AMB)

e Cut-dof of channel(s) of AMB: All control currents are evaluated piecewise. If one
becomes zero, a cuffof the corresponding channel is detecj)ed.

e Disturbance of the control currentdf there is a significant change in the signal of the
control currents just before there is a change in the sigrfi&he rotor deflection, a disturbance
of the amplifier of the AMB is detected. The additional agsirequency is one of the fault
parameters.

Fault at the rotor

e Changing unbalanceThe mean radius of the rotor orbit increagéscreases.

¢ Misalignment between rotor and drive systemhé¢ center of the mean radius moves,
while the average of the radius amplitude does not incre@ke.angle of the movement of the
center is one of the fault parameteérs.

The selection of suitable defect characteristics alsomgpen the available sensor informa-
tion. In the presented example, the following signals aeslue determine the type of fault:

e Rotor orbit (i.e. rotor deflections) at an AMB
e Control currents of an AMB

The identification of the fault determines the fault paramgtdepending on the defect,
e.g. in the case of a cutfoof one or more of the AMB channels, the fault parameter is know
Itis a function of the control current, which is zero. Unknofault parameters are determined
by the optimization algorithm in Phase C.

The procedure of the identification algorithm in this casghiswn in Fig. 2.

The output of the identification process, the type of fabk, fault parameter (known and
unknown) as well as the measurement is transferred to Phdéa@embedded fault can be
determined, the concept exits at this point due to a non-feddault.

2.3. PhaseC: Simulation, Optimization
The simulation environment used in this phase, has to beessfidly aligned with the




MQOVIC2010

Start of identification

Eval. of AMB control currents
Is a channel ~ 0?

Evaluation of freq. domain

of control currents and rotor orbit
Is a change in control currents
BEFORE in rotor defl.?

Evaluation of mean radius
of rotor orbit
Is the mean radius increasing?

Evaluation of the centre of
mean radius of rotor orbit
Is the center moving?

Transfer to simulation

Cut-off of one ore more channels
Fault parameter:
-current factor = 0

Disturbance in control currents
Fault parameter:

-disturbance frequency (known)
-disturbance amplitude (unknown)

Changing unbalance
Fault parameter:
-unbalance (unknown)

Misalignment

Fault parameter:

-direction of misalignment
(known)

-angle of misalignment (unknown)

Not a modeled fault

Fig. 2 Procedure of identification of a fault (Phase B)

initial undamaged rotor system. All defects, which showddrizluded in the concept, have to
be included in the modeling. If the condition of the systeraraies over the lifetime, some
of the parameters of the simulation have to be regarded asv#mant, e.g. the friction in the

auxiliary bearing.

Using the data from the identification process, all pararsatéexcluded faults are set
to the initial (undamaged) value. All known fault paramstare set in the simulation model.
Solving for the unknown fault parameters and the time-va@ad therefore unknown param-
eters of the model determines the optimization problemhénpresent case, the time-variant
parameter is the friction of the contact. The cost functiwhjch is used to compare sim-
ulation and experiments for the optimization, has to regmeg¢he contact event. The most
important characteristic of the contact event is the dontimabbing state. Three cases will
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be distinguished:

(1) Swinging on the bottom of the auxiliary bearing (swirgjin
(2) Swinging+ Temporarily full annular rub in forward direction (forwardb)
(3) Sw.+ Fw. rub+ Temporarily full annular rub in backward direction (backd/aub)

The dominant state is in the first case (swinging). In the séaase, it is rubbing in the
forward direction and in the third case it is rubbing in thelbaard direction. There will
always be temporarily forward rubbing before the transitmbackward rubbing, but not vice
versa. Hence, there is an increasing dominance of the rglshates, swinging» forward
rub — backward rub, which also represents increasing damage teytem. For a detailed
discussion of the various rubbing states, reféfto

The cost function should reflect the occurrence of thesetbases. For this reason, an
evaluation of contact locations in polar coordinates igppeed (the origin of the coordinate
system is the center of the undeformed rotor shaft). Theestbthe polar angle clearly shows
the occurrence of the particular rubbing state. In case ofaillation around zero the state is
swinging, in case of a positive value, it is forward rubbimgidoackward rubbing is indicated
by a negative slope. The slope should be determined fromltbeeti polar angle.

The duration of the occurrence of the certain rubbing stategvaluated from the slope.
The duration of the swinging state is calculated from thetiwhere the slope is in the vicinity
of zero. The duration of the state forward rub is taken fromdhration of a positive slope
and the duration of the state backward rub from a negatiyeesl®he proposed cost function
is calculated as follows:

feost = Cauingtswing + Curubtfwrub + Cowrublowrub 1)

wherecg,ing, Crurub @NdCuyurup are the cofficients of the swinging state, the forward rub state
and the backward rub state, respectivedyn,, trurup andip,rup are the respective durations of
the states. To take the increasing dominance of certaiesstas described) into account, the
codficients are chosen in the following ascending order:

Csuing << Ctyrub << Couwrub )

The comparison of the contact event in the measurement angrtiulation can be per-
formed using this cost function.

In this approach, the optimization algorithm uses the inipfiltering method. Implicit
filtering is a projected quasi-Newton method for bound c@msed optimization problems.
The gradients are computed with a finitéfelience and the fierence gradient varies as the
optimization progresses. A detailed discussion is giveKiyey?),

2.4. PhaseD: Storage of a contact event
After the optimization finishes, the simulation data of tbatact event are stored. These
data comprise:
e Contact forces vs. time,
e Rotor orbit vs. time,
e Orbit of auxiliary bearing vs. time,
e Rotor speed.

2.5. PhaseE: Evaluation of auxiliary bearing condition

In the second part of the concept, the actual condition chthxdiary bearing is evaluated
after each contact event. The analysis of the contact f@acéshe orbits can vary depending
on the application and the type of auxiliary bearings. Is thaper the sum of forces vs. polar
angle of the contact point is evaluated.

For a certain application of an auxiliary bearing, furth@restigations have to be per-
formed, to estimate the life-expectancy, e.g. a corraidiigtween the sum of forces vs. polar
angle of the contact point and the wear inside the auxili@gring.
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3. Simulation Environment

The simulation environment MBSim (htffmbsim.berlios.de), which was developed at
the Institute of Applied Mechanics, is used for the conc&pis simulation library is licensed
underGNU Lesser General Public License (LGPNBSIm is based on a framework for the
efficient simulation of multibody systems with unilateral cacts and elastic elements. The
framework comprises the description of the system dynaagagell as numerical methods as
provided in®,®). A brief overview is now given. For a more comprehensiveddtrction to
the formulation and numerics of non-smooth dynamic§'sée

3.1. Non-smooth Dynamics
The non-smooth dynamics of the system are described in remmeasure dierential
equation. The dynamics of a bi- and unilateral constrailystesn can be expressed by

Mdu = hdt + WdA. ©)

The matrixM = M(q) denotes a symmetric, positive definite mass matrix andraégpen
the f-dimensional vector of generalized coordinates Rf. The vectoru = § denotes the
velocity vector. The acceleration measure

du = Gdt+ (U* — u”)dy (4)

is the sum of the continuous partlt and the discrete parts{ — u~)dn. The second term is
the diference of the left and the right limit of the velocities weigghby the sum of the Rac
delta functionsls; at the discontinuitieg:

dy = 3 ds, (5)

cwoift=t

d6i=d6(t—ti)={ 0ift %1t (6)

On the right hand side of equation (3) the vedtos h(u, g,t) contains all smooth external,
internal and gyroscopic forces. The reaction measure ircomeactsWdA is decomposed
by the generalized force direction® = W(q) and the magnitudedA. In analogy to the
acceleration measure, the reaction meadreontains forced due to persisting contacts as
well as impulsed\ due to collisions of bodies at the impact tintes

dA = Adt+ Ady,. )

Integrating (3) under consideration of therkEx delta (5) yields the classical equations of
motion for a constrained system and the impact equations.

The computation of the acceleratioinsis well as the post-impact velocitias in equa-
tion (3) requires knowledge of the unknown contact reastiband A;, respectively. Thus,
additional contact laws must be constituted. Contacts éetvbodies in the system are mod-
eled as discrete point contacts whereby the contact zorssusreed to be totally rigid. Defor-
mations of elastic components are only regarded in formebtlerall discretization, no local
deformation e.g. of a beam cross-section is modeled. Caesdg, a contact corresponds to
a constraint. In this context twoftierent types of contacts are considered, for whidfedgnt
contact laws hold: persisting contacts which are alwaysatlpand contact that may be open
or closed.

The contact reactions

dA dAg
WdA = (Wy WT)( dA? ] =W Wy Wr)| dAy (8)
dAT

are decomposed into components normal (index N) - split uglateral (B) and unilateral
(V) - and tangential (T) to the contact plane.
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3.2. Dynamics between Impacts
First of all, only smooth motion is considered, i.e. no imggaaccur. Then a bilateral
contact implies a bilateral constraint of the form

ge =0,1g €R, 9)

wheregg denotes the normal distance of the interacting bodies indhtact point. The second
type of contact also allows for detachment. The associatéddtaral constraint is given by
the SceNorini-FicaErA-cONdition

gu = 0,4y = 0,gudy = 0. (20)

The respective force laws are shown in Figs. 3 a and 3b.

A 7\’3 A xU A }\‘T
— tu
e o e
gs gu gr
R AN S—
(a) Bilateral constraint (b) Unilateral constraint (¢) COULOMB friction

Fig. 3 Force laws for bi- and unilateral contacts and frictio

For both bi- and unilateral constraints, dry friction is swered. In order to establish
Couroms’s law, the force of a single contact is decomposed in a compoly € {1g, Ay}
normal to the contact plane and — in case of three dimensayra&mics — tangential com-
ponentsiy in friction direction. Using the relative tangential veliycgr , Couroms’s friction
law is given by

if gr = 0= |A7] < polAnl (11)

if gr # 047 = —%ﬂmm. (12)

For the planar case, the force law of a tangential fricti@moaitact is plotted in Fig. 3c.
3.3. Impact dynamics

In contrast to persisting and detaching contacts, a clasimgact implies a discontinu-
ity in the relative and therewith possibly all generalizedoeities. Therefore impacts must
be treated separately. Th&ext of an impact of a specific contact may concern all other

constraints, the bilateral as well as the unilateral types.
The impact law for a bilateral contact is given by

g5 = 0,Ag€R (13)

and ensures that relation (9) is not violated after coltisioGiven on impulsive level, iv-
TON’S impact law in the formulation of Mreau:

gy = 0,Ay = 0,gj5Ay =0 (14)
and Gurowms’s friction law with the normal reactiony € {Ag, Ay }:

if g1 = 0= |A7] < uolAn| (15)
if g5 # 0=AT = —%plANl (16)

hold for active contacts (i.ex = 0) only.
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3.4. Elastic components

There are many modeling possibilities for elastic beamdable in the literatur®. A
co-rotational modéP shows an fiicient behavior in the planar case compared to absolute
nodal coordinate formulatiof8. It is extended to a three-dimensional description usiAg in
ertial approachéd, where the physically interpretableiEr-BernourLr beam formulation is
used. The mathematical derivation is based on the ideasitaf flement theory for assem-
bly, and multibody formulations for the evaluation of theuations of motion for each finite
element?),
3.4.1. Coordinate Settings Using a general stationary frame of reference, the entire
kinematic of one finite element can be described as showrgindi-iusing a reversed Cardan

O dip By Be

Fig. 4 Internal coordinates.

parameterisation

("] (X) = ®s, + wlO (X) 5 @1 (X) = s, + wl]_ (X) 5 @2 (X) = @s, + w,2 (X) (17)
a set ofinternal coordinates

O = (XS Ys. 28, 950» 051> 052 & AL 1. Ores BL1s Br1s Aoy Oro. BLos Bro- ko) (18)

is defined by the position vector and the angle parametaizaf the trihedral of the finite
element center as well as the longitudinal strain, thefments

wi(=lo/2) :==dii, wi(0):=0, wi(lo/2):=dri, =12, (19)

w (-1o/2) :=BLi, w, (0):=0, w;(1o/2):=Pri, i=12 (20)
of the ansatz functions with the finite element lenigtind the torsion

ko:=b-n = wg —sin(gs,) w; . (21)
The degree of the polynomials

w =8, X + by X+ ¢, C+d, X, i=012 (22)
is a compromise between too muchftgtning for lower orders and too much support for higher
orders with the coficients ofwg being constrained by the constant torsion characteristics
of (21). In combination, rigid and elastic body motions aezalipled and a compact form
of the equations of motion with appropriate approximatiah depending on the boundary
conditions is available for evaluation.

For coupling of finite elements the global coordinates

Gg = (XL, YL, ZL, QL0 PL1, PL2: CLys CRys Clys CRys XRs YR, ZR, PR0, ¢r10r) (23)
with

C, ‘=wr (—|0/4) , Cr, == w1 (|0/4) , CL, ‘= w2 (—|0/4) , Cr, == w2 (|0/4) (24)

are used (see Fig. 5) to obtain equations of motion in minie@esentation. The information
between the coordinate sets is transferred by the motioheoheutral fiber resulting in a
transformationF (qi,qg) = 0, which can be solved with tvton’s method using analytical
Jacosian evaluations.
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Fig. 5 Global coordinates.

3.4.2. Equations of Motion  With the Larancian formalism
9 (Ve +V,)

-
d(oT\ (aT )T
=) (=) + =0 25
dt (8qi) aai aa; (5)
it is possible, to derive the equations of motion with respeche internal coordinates given
the kineticT, elasticVe and gravitationaV/, energy:

Mig —hi=0. (26)
Globally the equations of motion satisfy
IEMidig g — g (hi = MiJigag) = 0 (27)
—— —
MQ hg

with the Jcosian of transformationlg.
3.4.3. Assembling of the Beam Elements For coupling the finite elements an extended
vector of global coordinates describing the whole beantgire has to be defined. Itis given

by
. T
Qg = ( 5 XY Zj 91,0, @1, @2, Cj,LpCj,Rlst,LpCj,stXj+l,--~) . (28)
The relationship between the internal coordinates of ttiefinite element and these extended
global coordinates can be writtengs = Q (qge). Then
B da;,
dag,

is the dcosian matrix of this transformation. For the whole structure wktfinite elements
one gets the assembled equations of motion

‘]ijge : (29)

k k .
ZlJIgeMiiJijge tg, — ZlJﬁge (h, = M Ji.0g.) = 0. (30)
J= J=
— e

Mge hge

This is a sparse system of equations, which can be implecherty dficiently by index-
scanning for used degrees of freedom on the global partsn, Gpeerations on zero entries
can be avoided.

The formulation allows for arbitrary dynamic contact sttoas as introduced in the pre-
vious section, especially non-smooth dynamics includini¢gateral contacts and dry friction.
For the present case, rigid disks are bilaterally bounddstiaft; the two unilateral contacts to
the top and bottom circles of the auxiliary bearings are rfestias being rigid with GuLoms
friction.
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3.5. Numerical Framework

Two different groups of numerical schemes can be used to integiitggetal constrained
equations of motion: event-driven and time-stepping s&@¥mThe event-driven scheme de-
tects events like detachments or impacts and resolves #due teansition times. Between these
events the motion of the system is smooth and all contact éaeseduced to bilateral con-
straints. Thus the equations of motion can be integrated digiredard ODDAE-integrator
with root-finding. In contrast, time-stepping methods aasda on a time-discretization of the
system dynamics including the constraints. A detectionvehts is not needed and the dis-
cretization can be chosen such that the constraints arkéeftiéither on position or on velocity
level. Moreover, a time-stepping algorithm turns out to beywobust in terms of numerical
errors. The described multibody simulation uses a timpgsitg method on the velocity level.
A detailed description of the numerical framework can benfbin®. A comprehensive re-
view on time integration of non-smooth systems is providéd.i

3.6. Co-simulation with Simulink

A co-simulation between MBSim and A
LAB/SIMULINK IS used to integrate the feedback con- ﬁs t
woller. Maran provides an Applcation PIograryng., — |
ming Interface (API) called "MrLaB engine”, whic
allows calls to Mrras from C as a computatlon
engine. The MrLas engine communicates with IATLAB [/} A7

A Blla Bfa Bl

separate MrLaB process via pipes (in Unix) and At.
through ActiveX on Microsoft Windows. There is Fig.6 Co-
a library of functions that allows start and end of a simulation

process, sending of data to and fromxahke, and
sending of commands to be processed.

Figure 6 shows the synchronization of the co-simulation.e Téedback controller is
calculated in MrLas/SivuLink with a fixed time step size dftc using an ELer discretization
asitis used at the experimental test rig. The simulatioalisutated with the much lower fixed
time step size\ts of the time stepping integrator. The synchronization staith "A”. The
positions and velocities, which are used by the feedbacicaiter, are transferred to Mras
and one calculation step of the controller is started iniMs. In the meantime the multibody
simulation MBSim execures until the end of the controllerdistepAtc is reached. With the
synchronization "B” the calculated control force for thewadors is transferred to MBSim and
the actuator force in the multibody simulation is updated.

The advantages of the co-simulation are as follows. Sine@8PACE real-time hard-
ware uses LNk for the code generation of the controller, a singtadsink model of the
controller can be used for both - simulation and experim&ut.a very rapid controller de-
velopment and optimization can be achieved. There is alserray source caused by the
modeling of the test rig controller in another simulatioritaare. Also, the co-simulation
takes advantage of recent multi-core processors, becatsedn the synchronization steps
MBSim and MsrLaB are two independent processes.

4. Testrig

To verify the developed concept, a test rig, which has begrldped at the University
of Bath?Y), is used.

The rotofmagnetic bearing system consists of two active magnetidrigsaand two ac-
tive auxiliary bearings (Fig. 7). The rotor is 600 mm long @&®mm in diameter with two
magnetic bearing cores and two collars. Each collar is jpogitl along the rotor at an aux-
iliary bearing. The collar diameter and surface fiyiisaterials determines the rotauxiliary
bearing clearance gap and contact friction. The compléte noass is 6.5 kg. The active mag-
netic bearings are eight-pole types configured to operatgpssing pairs and positioned at
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Fig. 7 TestRig

45deg to the vertical to maximize static load capacity. Tlagnetic bearing cofstator clear-
ance gap is 0.8 mm and the maximum force capacity of the lgaisn2.6 kN. Performance
roll-off occurs at 275 Hz. The magnetic bearings have a negatifieests of 3.9 M¥m. Ro-
tor position is measured using eddy current sensors loealj@dent to each magnetic bearing.
The active auxiliary bearings are also located adjacehgposition sensors. Initial control of
the rotor is achieved using local proportional-integrdfedential (PID) feedback. Controller
gains kp= 5.1 MN/m, ki = 0.01 MNsm and kd= 0.05 MNgm provide a stable rotor with
low damping characteristics. The PID controlled rotor hasural frequencies at 1049 yad
(mainly rigid body mode), 1252 rgsl (mainly rigid body mode), 2329 rgl(first bending
mode) and 4599 radsl (second bending mode).

5. Modeling

The simulation model of the rotor

system shown in Fig. 8 comprises a _ - A

3D flexible rotor, 4 rigid disks, 2 auxil- & 2 =

iary bearings, the disk of the motor, the g 2 2 g

flexible shaft coupling and two unilat-§ '; §) g;) g é” z
eral rigid contacts between the auxiliarg Lf g g Lf =y *i
bearing disks and the auxiliary bearing_féf § ~ ‘g o ‘g < § S ;3 -
Additionally, unbalance masses can b# %é %% %% A{g% = E
added to every disk. The shaft codls A< A Z AL ”

pling is modeled as a spatial spring-
damper-element. The disk of the mo-

tor is coupled to the environment us- % T T %

ing spring-damper-elements. The math-

ematical modeling of the components is F e L
described in Section 3. Fig. 8 Modeling

5.1. Modeling of the auxiliary bear-

ing
The auxiliary bearings are ball bearing types, which are etextlusing a ring having
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one rotational degree of freedom. This degree of freedonamspeéd, which represents the
friction of the bearing. The unilateral contact with theénisurface of this ring is modeled as
a spatially rigid contact with friction.

5.2. Modeling of faults
As mentioned in section 2, the modeling of four faults is jded. The following em-
bedded faults have been selected:
e Unbalance masses
Angular misalignment between the rotor shaft and the motor
Cut-of of one or more channels of the AMBs
e Disturbance of one or more channels of the AMBs

6. Experimental study: Rotor drop at 2700 rpm

Various experiments of rubbing with and without controléadkiliary bearings have been
performed. A rotor drop has been chosen as an example to $tepwassibilities of the
concept of condition monitoring. For this experiment, thr is running at a constant speed
of 2700 rpm and at a time o&0.5s both AMBs are switchedffo Both auxiliary bearings
are used as passiyeonventional backup bearings. The example starts withé®?Bashere
the measurement is treated. It is assumed that the momjteyistem detected the fault and
already captured the sensor signals (Phase A).

PhaseB: Identification of failure The identification procedure uses the measurement of
the rotor drop: the rotor orbit next to the auxiliary bearihgFig. 9, left); and next to the
auxiliary bearing; and the control currents of the AMB chalsr(Fig. 10). For comparison of
measurement and simulation the rotor speed is shown adaliypsee Fig. 9, right.
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Fig. 9 Experiment: rotor orbit at auxiliary bearing 1 (lefdtor speed (right)

As shown in figure 2, the procedure of the identification rimeugh various checks. In
the presented example, the first check already determiedattlt, which is &‘Cut-o f7 of all
channels of the AMBSs” The fault parameter, which is used in the simulation, ischofaof

all control current channel§:Factor of control currents= 0" .
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Fig. 10 Measurement of the control currents of the AMBs

Using the determined fault, the simulation is con-

figured. All fault parameters from detected faults, are gahe initial, no-fault values. The
only unknown parameter is the friction d@eient of the contacts, which is assumed to be
transient over the life-time of a auxiliary bearing. In tleisample it is assumed that both
auxiliary bearings have the same friction fia@ent.

As discussed in section 2, the slope of the polar angle ofdh&act point of the auxiliary
bearing 1 has been evaluated (Fig. 11). In the presentedptgdinhas been found that in all
experiments, the same rubbing state has been establishethiauxiliary bearings. For that
reason, only auxiliary bearing 1 was evaluated. The slopessiclearly the occurrence of the
rubbing state.
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Fig. 11 Determination of the polar angle to the contact pdidtaX1 (left) and its
slope (right)

The duration of the occurrence of the certain rubbing statesaluated from the slope,
and is used for calculating the cost function.
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One run of the simulation is established from an initial ghefsrotation at the measured
rotational speed, where the initial transiefieets decay, followed by the incidence of the
fault. The evaluation of the cost function takes the timerfithe occurence of the fault until
the rotor is stopped.

Using the optimization algorithrimplicit filtering the unknown friction coicient has
been successfully determined after several iterationsngube determined parameter, the
alignment of simulation and measurement is very good. Timilsited rotor orbits at the
auxiliary bearing 1 is shown in Fig. 12, left. The rotor speédhe simulation is shown in
Fig. 12, left. The simulated speed matches the measured spegwell.
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Fig. 12 Simulation: rotor orbit at auxiliary bearing 1 (leftptor speed (right)

PhaseD: Storage of contact event  As described in the concept, the simulation data of
the contact event are stored.

PhaseE: Evaluation of auxiliary bearing condition Depending on the application and
the type of auxiliary bearing, several kinds of evaluatibthe contact event are conceivable.

4 Evaluation load, AUX1

3.5¢

Sum of contact force

1.5

1 50 100 150 200 250 300 350
Angle in deg

Fig. 13 Evaluation of two contact events

In the presented example, the sum of the contact forces ggpdiar angle in auxiliary
bearing 1 is evaluated. As a result, the distribution of #silting contact forces - superposi-
tion of normal and tangential forces - over the surface ofatingliary bearing is performed,
which gives information of the wear of the surface. The exiin of the two contact events
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is shown in Fig. 13. One can see, that depending on the vacmnisct events, a distinctive
distribution of the load over the surface is calculated. dtea with the maximum load limits
the life-time of the auxiliary bearing.

7. Conclusions

A new concept for model-based condition monitoring of aaryl bearings has been de-
veloped. After each contact event, the measured data aleate@ in several steps. Using
this evaluation the number of modeled faults is reducededdhlt, which leads to rubbing.
An optimization algorithm aligns a sophisticated simwatof the rotor system, including the
fault, with the measurement. The simulation data of theargvent are stored. Following
each contact event, the stored data of all occurred coraaetevaluated, giving an estima-
tion about the life expectancy of the auxiliary bearing. Atteg has been used to proof the
concept. The test rig consists of a rotor shaft, two magretarings and two auxiliary bear-
ings. An experiment involving cutfbof the AMBs followed by a rotor drop is evaluated by
the concept. The fault is identified. After the optimizatidime simulation aligns very well
with the measurement. The determined simulation data afgh&ct event allow an accurate
estimation of the condition of the auxiliary bearings.
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