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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 (AMBs) provide efficient 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 safety
critical systems in aerospace, automotive and manufacturing industries. Magnetic bearings
usually incorporate a processor for control purposes, and can be used as bearings, actuators
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and sensors. Therefore, they form an essential part of a system monitoring and fault detec-
tion system(15). Many research activities have concentrated on developingadaptive magnetic
bearing controllers to prevent the rotor contact with auxiliary bearings under transient load-
ing, or if the contact does occur, to minimize the impact damage and to recover the rotor
position as quickly as possible without the necessity to shut down the system(19),(20). Fault
detection and tolerance systems mainly concentrate on identifying faults in sensors or mag-
netic bearing coils, and are usually based on a stochastic approach(16),(17),(18). Sahinkaya,(11)

investigated fault detection at rotor systems with active magnetic bearings. Using stochastic
methods, various faults like transducer malfunctions, signal-processing failures or unbalances
are identified. Heckmann,(12) published a work regarding the identification of unbalance and
misalignment. Only the signal of the rotor orbit is used for this identification. However, there
is no work reported on identifying the condition of the auxiliary bearings, which are inactive
during the normal operation of the magnetic bearings, and hence their condition cannot be
detected by the existing sensors in the system. Therefore, amodel based condition monitoring
system is proposed here to identify the condition of the auxiliary bearings 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 auxiliary bearings is based on the
concept of Heckmann,(12).

Rotor system

Monitoring of existing sensors:
e.g.

- control currents
- rotor orbit (displacement)

Within limits?
Yes

Simulation

Determination of unknown
fault parameter by optimization

No

Fault parameter

Identification of failure
e.g.

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

Measuremental data

Sensor signals

Storage of contact event data

Contact event data

Evaluation of auxiliary bearing
condition:

- force magnitudes over surface
- duration of rubbing
- trend analysis

Flow of information

Data of contact event evaluation

Phases

A

B

C

D

E

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

2.1. PhaseA: Monitoring
During normal operation of the rotor system, a monitoring system, which already exists

in many cases, observes the signal of existing sensors e.g. control currents of active magnetic
bearings and the rotor orbit. As long as the measured signalsare within the tolerable range
of operation, Phases B to E are on stand-by. When the limits following a contact event are
exceeded, the floating measurement of the observed signals is captured and transfered to Phase
B. It is essential that the floating measurement comprises the data starting at the beginning of
the disturbance.

2.2. PhaseB: Identification of failure
In a first step, the measured signals of the contact event are evaluated using case differ-

entiation and statistical models. There has been some previous work on identifying various
failures at rotor systems(11),(12).

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

Fault at the active magnetic bearing (AMB)
• Cut-off of channel(s) of AMB: (All control currents are evaluated piecewise. If one

becomes zero, a cut-off of the corresponding channel is detected.)
• Disturbance of the control currents: (If there is a significant change in the signal of the

control currents just before there is a change in the signal of the rotor deflection, a disturbance
of the amplifier of the AMB is detected. The additional arising frequency is one of the fault
parameters.)

Fault at the rotor
• Changing unbalance: (The mean radius of the rotor orbit increases/decreases.)
• Misalignment between rotor and drive system: (The center of the mean radius moves,

while the average of the radius amplitude does not increase.The angle of the movement of the
center is one of the fault parameters.)

The selection of suitable defect characteristics also depends on the available sensor informa-
tion. In the presented example, the following signals are used to determine the type of fault:

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

The identification of the fault determines the fault parameters, depending on the defect,
e.g. in the case of a cut-off of one or more of the AMB channels, the fault parameter is known.
It is a function of the control current, which is zero. Unknown fault parameters are determined
by the optimization algorithm in Phase C.

The procedure of the identification algorithm in this case isshown in Fig. 2.
The output of the identification process, the type of fault, the fault parameter (known and

unknown) as well as the measurement is transferred to Phase C. If no embedded fault can be
determined, the concept exits at this point due to a non-modeled fault.

2.3. PhaseC: Simulation, Optimization
The simulation environment used in this phase, has to be successfully aligned with the
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Start of identification

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

Yes

No

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

Transfer to simulation

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

Yes

No

Disturbance in control currents
Fault parameter:
-disturbance frequency (known)
-disturbance amplitude (unknown)

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

Yes

No

Changing unbalance
Fault parameter:
-unbalance (unknown)

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

Yes

No

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 should be included in the concept, have to
be included in the modeling. If the condition of the system changes over the lifetime, some
of the parameters of the simulation have to be regarded as time-variant, e.g. the friction in the
auxiliary bearing.

Using the data from the identification process, all parameters of excluded faults are set
to the initial (undamaged) value. All known fault parameters are set in the simulation model.
Solving for the unknown fault parameters and the time-variant and therefore unknown param-
eters of the model determines the optimization problem. In the present case, the time-variant
parameter is the friction of the contact. The cost function,which is used to compare sim-
ulation and experiments for the optimization, has to represent the contact event. The most
important characteristic of the contact event is the dominant rubbing state. Three cases will
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be distinguished:

( 1 ) Swinging on the bottom of the auxiliary bearing (swinging)
( 2 ) Swinging+ Temporarily full annular rub in forward direction (forwardrub)
( 3 ) Sw.+ Fw. rub+ Temporarily full annular rub in backward direction (backward rub)

The dominant state is in the first case (swinging). In the second case, it is rubbing in the
forward direction and in the third case it is rubbing in the backward direction. There will
always be temporarily forward rubbing before the transition to backward rubbing, but not vice
versa. Hence, there is an increasing dominance of the rubbing states, swinging→ forward
rub→ backward rub, which also represents increasing damage to the system. For a detailed
discussion of the various rubbing states, refer to(14).

The cost function should reflect the occurrence of these three cases. For this reason, an
evaluation of contact locations in polar coordinates is proposed (the origin of the coordinate
system is the center of the undeformed rotor shaft). The slope of the polar angle clearly shows
the occurrence of the particular rubbing state. In case of anoscillation around zero the state is
swinging, in case of a positive value, it is forward rubbing and backward rubbing is indicated
by a negative slope. The slope should be determined from the filtered polar angle.

The duration of the occurrence of the certain rubbing statesare evaluated from the slope.
The duration of the swinging state is calculated from the time, where the slope is in the vicinity
of zero. The duration of the state forward rub is taken from the duration of a positive slope
and the duration of the state backward rub from a negative slope. The proposed cost function
is calculated as follows:

fcost= cswingtswing + cfwrubt fwrub + cbwrubtbwrub (1)

wherecswing, cfwrub andcbwrub are the coefficients of the swinging state, the forward rub state
and the backward rub state, respectively.tswing, t fwrub andtbwrub are the respective durations of
the states. To take the increasing dominance of certain states (as described) into account, the
coefficients are chosen in the following ascending order:

cswing << cfwrub << cbwrub (2)

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

In this approach, the optimization algorithm uses the implicit filtering method. Implicit
filtering is a projected quasi-Newton method for bound constrained optimization problems.
The gradients are computed with a finite difference and the difference gradient varies as the
optimization progresses. A detailed discussion is given byKelley(13).

2.4. PhaseD: Storage of a contact event
After the optimization finishes, the simulation data of the contact event are stored. These

data comprise:
• Contact forces vs. time,
• Rotor orbit vs. time,
• Orbit of auxiliary bearing vs. time,
• Rotor speed.

2.5. PhaseE: Evaluation of auxiliary bearing condition
In the second part of the concept, the actual condition of theauxiliary bearing is evaluated

after each contact event. The analysis of the contact forcesand the orbits can vary depending
on the application and the type of auxiliary bearings. In this paper the sum of forces vs. polar
angle of the contact point is evaluated.

For a certain application of an auxiliary bearing, further investigations have to be per-
formed, to estimate the life-expectancy, e.g. a correlation between the sum of forces vs. polar
angle of the contact point and the wear inside the auxiliary bearing.
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3. Simulation Environment

The simulation environment MBSim (http://mbsim.berlios.de), which was developed at
the Institute of Applied Mechanics, is used for the concept.This simulation library is licensed
underGNU Lesser General Public License (LGPL). MBSim is based on a framework for the
efficient simulation of multibody systems with unilateral contacts and elastic elements. The
framework comprises the description of the system dynamicsas well as numerical methods as
provided in(3),(5). A brief overview is now given. For a more comprehensive introduction to
the formulation and numerics of non-smooth dynamics see(1),(4).

3.1. Non-smooth Dynamics
The non-smooth dynamics of the system are described in termsof a measure differential

equation. The dynamics of a bi- and unilateral constrained system can be expressed by

Mdu = hdt+WdΛ. (3)

The matrixM = M (q) denotes a symmetric, positive definite mass matrix and depends on
the f -dimensional vector of generalized coordinatesq ∈ R f . The vectoru = q̇ denotes the
velocity vector. The acceleration measure

du = u̇dt+ (u+ − u−)dη (4)

is the sum of the continuous partu̇dt and the discrete parts (u+ − u−)dη. The second term is
the difference of the left and the right limit of the velocities weighted by the sum of the Dirac
delta functionsdδi at the discontinuitiesti :

dη =
∑

i
dδi , (5)

dδi = dδ(t − ti) =






∞ if t = ti
0 if t , ti

. (6)

On the right hand side of equation (3) the vectorh = h(u,q, t) contains all smooth external,
internal and gyroscopic forces. The reaction measure in thecontactsWdΛ is decomposed
by the generalized force directionsW = W(q) and the magnitudesdΛ. In analogy to the
acceleration measure, the reaction measuredΛ contains forcesλ due to persisting contacts as
well as impulsesΛ due to collisions of bodies at the impact timesti :

dΛ = λdt+ Λdη. (7)

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

The computation of the accelerationsu̇ as well as the post-impact velocitiesu+i in equa-
tion (3) requires knowledge of the unknown contact reactions λ andΛi , respectively. Thus,
additional contact laws must be constituted. Contacts between bodies in the system are mod-
eled as discrete point contacts whereby the contact zone is assumed to be totally rigid. Defor-
mations of elastic components are only regarded in form of the overall discretization, no local
deformation e.g. of a beam cross-section is modeled. Consequently, a contact corresponds to
a constraint. In this context two different types of contacts are considered, for which different
contact laws hold: persisting contacts which are always closed; and contact that may be open
or closed.
The contact reactions

WdΛ = (WN WT)





dΛN

dΛT



 = (WB WU WT)





dΛB

dΛU

dΛT





(8)

are decomposed into components normal (index N) - split up inbilateral (B) and unilateral
(U) - 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 impacts occur. Then a bilateral

contact implies a bilateral constraint of the form

gB = 0, λB ∈ R, (9)

wheregB denotes the normal distance of the interacting bodies in thecontact point. The second
type of contact also allows for detachment. The associated unilateral constraint is given by
the Signorini-Fichera-condition

gU ≥ 0, λU ≥ 0, gUλU = 0. (10)

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

λB

gB

λU

gU

λT

•gT

+ | |μ λN

- | |μ λN

(a) Bilateral constraint (b) Unilateral constraint (c) COULOMB friction

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

For both bi- and unilateral constraints, dry friction is considered. In order to establish
Coulomb’s law, the force of a single contact is decomposed in a component λN ∈ {λB, λU}

normal to the contact plane and – in case of three dimensionaldynamics – tangential com-
ponentsλT in friction direction. Using the relative tangential velocity ġT , Coulomb’s friction
law is given by

if ġT = 0⇒ |λT | ≤ µ0|λN| (11)

if ġT , 0⇒λT = −
ġT

|ġT |
µ|λN|. (12)

For the planar case, the force law of a tangential frictionalcontact is plotted in Fig. 3c.

3.3. Impact dynamics
In contrast to persisting and detaching contacts, a closingcontact implies a discontinu-

ity in the relative and therewith possibly all generalized velocities. Therefore impacts must
be treated separately. The effect 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

ġ+B = 0,ΛB ∈ R (13)

and ensures that relation (9) is not violated after collisions. Given on impulsive level, New-
ton’s impact law in the formulation of Moreau:

ġ+U ≥ 0,ΛU ≥ 0, ġ+UΛU = 0 (14)

and Coulomb’s friction law with the normal reactionΛN ∈ {ΛB,ΛU}:

if ġ+T = 0⇒ |ΛT | ≤ µ0|ΛN| (15)

if ġ+T , 0⇒ΛT = −
ġ+T
|ġ+T |
µ|ΛN| (16)

hold for active contacts (i.e.gN = 0) only.
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3.4. Elastic components
There are many modeling possibilities for elastic beams available in the literature(6). A

co-rotational model(7) shows an efficient behavior in the planar case compared to absolute
nodal coordinate formulations(8). It is extended to a three-dimensional description using in-
ertial approaches(9), where the physically interpretable Euler-Bernoulli beam formulation is
used. The mathematical derivation is based on the ideas of finite element theory for assem-
bly, and multibody formulations for the evaluation of the equations of motion for each finite
element(10).
3.4.1. Coordinate Settings Using a general stationary frame of reference, the entire
kinematic of one finite element can be described as shown in Fig. 4. Using a reversed Cardan

rS

xI

yI

zI

tS

nS

bS

ǫ̃ κ0
dL1 dL2

dR1

dR2

βR1

βR2

βL1 βL2

Fig. 4 Internal coordinates.

parameterisation

ϕ0 (x) := ϕS0 + w
′

0 (x) , ϕ1 (x) := ϕS1 + w
′

1 (x) , ϕ2 (x) := ϕS2 + w
′

2 (x) (17)

a set ofinternal coordinates

qi :=
(

xS, yS, zS, ϕS0, ϕS1, ϕS2, ǫ̃,dL1,dR1, βL1, βR1,dL2,dR2, βL2, βR2, κ0
)T (18)

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

wi (−l0/2) := dLi , wi (0) := 0 , wi (l0/2) := dRi , i = 1,2 , (19)

w
′

i (−l0/2) := βLi , w
′

i (0) := 0 , w
′

i (l0/2) := βRi , i = 1,2 (20)

of the ansatz functions with the finite element lengthl0 and the torsion

κ0 := b · n
′

= w
′′

0 − sin
(

ϕS1

)

w
′′

2 . (21)

The degree of the polynomials

wi := awi x
5 + bwi x

4 + cwi x
3 + dwi x

2 , i = 0,1,2 (22)

is a compromise between too much stiffening for lower orders and too much support for higher
orders with the coefficients ofw0 being constrained by the constant torsion characteristics
of (21). In combination, rigid and elastic body motions are decoupled and a compact form
of the equations of motion with appropriate approximation not depending on the boundary
conditions is available for evaluation.

For coupling of finite elements the global coordinates

qg :=
(

xL, yL, zL, ϕL0, ϕL1, ϕL2, cL1, cR1, cL2, cR2, xR, yR, zR, ϕR0, ϕR1, ϕR2
)T (23)

with

cL1 := w1 (−l0/4) , cR1 := w1 (l0/4) , cL2 := w2 (−l0/4) , cR2 := w2 (l0/4) (24)

are used (see Fig. 5) to obtain equations of motion in minimalrepresentation. The information
between the coordinate sets is transferred by the motion of the neutral fiber resulting in a
transformationF

(

qi ,qg

)

= 0, which can be solved with Newton’s method using analytical
Jacobian evaluations.
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zI
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tL

nL

bL

rR

tR

nR

bR

cL1
cL2

cR1

cR2

L

R

Fig. 5 Global coordinates.

3.4.2. Equations of Motion With the Lagrangian formalism

d
dt

(

∂T
∂q̇i

)T

−

(

∂T
∂qi

)T

+





∂
(

Ve + Vg
)

∂qi





T

= 0 (25)

it is possible, to derive the equations of motion with respect to the internal coordinates given
the kineticT, elasticVe and gravitationalVg energy:

M i q̈i − hi = 0 . (26)

Globally the equations of motion satisfy

JT
igM iJig

︸   ︷︷   ︸

Mg

q̈g − JT
ig

(

hi −M i J̇igq̇g

)

︸                ︷︷                ︸

hg

= 0 (27)

with the Jacobian of transformationJig.
3.4.3. Assembling of the Beam Elements For coupling the finite elements an extended
vector of global coordinates describing the whole beam structure has to be defined. It is given
by

qge :=
(

. . . , x j , y j , zj , ϕ j,0, ϕ j,1, ϕ j,2, c j,L1, c j,R1, c j,L1, c j,R2, x j+1, . . .
)T
. (28)

The relationship between the internal coordinates of thej-th finite element and these extended
global coordinates can be written asqi j = Q

(

qge

)

. Then

Ji jge :=
dqi j

dqge

(29)

is the Jacobian matrix of this transformation. For the whole structure withk finite elements
one gets the assembled equations of motion

k
∑

j=1
JT

i jge
M i j Ji jge

︸            ︷︷            ︸

Mge

q̈ge −
k

∑

j=1
JT

i jge

(

hi j −M i j J̇i jgeq̇ge

)

︸                           ︷︷                           ︸

hge

= 0 . (30)

This is a sparse system of equations, which can be implemented very efficiently by index-
scanning for used degrees of freedom on the global parts. Then, operations on zero entries
can be avoided.

The formulation allows for arbitrary dynamic contact situations as introduced in the pre-
vious section, especially non-smooth dynamics including unilateral contacts and dry friction.
For the present case, rigid disks are bilaterally bound to the shaft; the two unilateral contacts to
the top and bottom circles of the auxiliary bearings are modeled as being rigid with Coulomb
friction.

9
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3.5. Numerical Framework
Two different groups of numerical schemes can be used to integrate unilateral constrained

equations of motion: event-driven and time-stepping schemes(2). The event-driven scheme de-
tects events like detachments or impacts and resolves the exact transition times. Between these
events the motion of the system is smooth and all contact lawsare reduced to bilateral con-
straints. Thus the equations of motion can be integrated by astandard ODE/DAE-integrator
with root-finding. In contrast, time-stepping methods are based on a time-discretization of the
system dynamics including the constraints. A detection of events is not needed and the dis-
cretization can be chosen such that the constraints are fulfilled either on position or on velocity
level. Moreover, a time-stepping algorithm turns out to be very robust in terms of numerical
errors. The described multibody simulation uses a time-stepping method on the velocity level.
A detailed description of the numerical framework can be found in(3). A comprehensive re-
view on time integration of non-smooth systems is provided in(4).

3.6. Co-simulation with Simulink

t

MBSim

MATLAB

A B A B A B A

ΔtS

ΔtC

Fig. 6 Co-
simulation

A co-simulation between MBSim and Mat-
lab/Simulink is used to integrate the feedback con-
troller. Matlab provides an Application Program-
ming Interface (API) called ”Matlab engine”, which
allows calls to Matlab from C as a computation
engine. The Matlab engine communicates with a
separate Matlab process via pipes (in Unix) and
through ActiveX on Microsoft Windows. There is
a library of functions that allows start and end of a
process, sending of data to and from Matlab, and
sending of commands to be processed.

Figure 6 shows the synchronization of the co-simulation. The feedback controller is
calculated in Matlab/Simulink with a fixed time step size of∆tC using an Euler discretization
as it is used at the experimental test rig. The simulation is calculated with the much lower fixed
time step size∆tS of the time stepping integrator. The synchronization starts with ”A”. The
positions and velocities, which are used by the feedback controller, are transferred to Matlab
and one calculation step of the controller is started in Matlab. In the meantime the multibody
simulation MBSim execures until the end of the controller time step∆tC is reached. With the
synchronization ”B” the calculated control force for the actuators is transferred to MBSim and
the actuator force in the multibody simulation is updated.

The advantages of the co-simulation are as follows. Since the dSPACE real-time hard-
ware uses Simulink for the code generation of the controller, a single Simulink model of the
controller can be used for both - simulation and experiment.So a very rapid controller de-
velopment and optimization can be achieved. There is also noerror source caused by the
modeling of the test rig controller in another simulation software. Also, the co-simulation
takes advantage of recent multi-core processors, because between the synchronization steps
MBSim and Matlab are two independent processes.

4. Test rig

To verify the developed concept, a test rig, which has been developed at the University
of Bath(21), is used.

The rotor/magnetic bearing system consists of two active magnetic bearings and two ac-
tive auxiliary bearings (Fig. 7). The rotor is 600 mm long and30 mm in diameter with two
magnetic bearing cores and two collars. Each collar is positioned along the rotor at an aux-
iliary bearing. The collar diameter and surface finish/materials determines the rotor/auxiliary
bearing clearance gap and contact friction. The complete rotor mass is 6.5 kg. The active mag-
netic bearings are eight-pole types configured to operate asopposing pairs and positioned at
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Fig. 7 Test Rig

45deg to the vertical to maximize static load capacity. The magnetic bearing core/stator clear-
ance gap is 0.8 mm and the maximum force capacity of the bearings is 2.6 kN. Performance
roll-off occurs at 275 Hz. The magnetic bearings have a negative stiffness of 3.9 MN/m. Ro-
tor position is measured using eddy current sensors locatedadjacent to each magnetic bearing.
The active auxiliary bearings are also located adjacent to the position sensors. Initial control of
the rotor is achieved using local proportional-integral-differential (PID) feedback. Controller
gains kp= 5.1 MN/m, ki = 0.01 MNsm and kd= 0.05 MNs/m provide a stable rotor with
low damping characteristics. The PID controlled rotor has natural frequencies at 1049 rad/s
(mainly rigid body mode), 1252 rad/s (mainly rigid body mode), 2329 rad/s (first bending
mode) and 4599 rad/s (second bending mode).

5. Modeling
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Fig. 8 Modeling

The simulation model of the rotor
system shown in Fig. 8 comprises a
3D flexible rotor, 4 rigid disks, 2 auxil-
iary bearings, the disk of the motor, the
flexible shaft coupling and two unilat-
eral rigid contacts between the auxiliary
bearing disks and the auxiliary bearings.
Additionally, unbalance masses can be
added to every disk. The shaft cou-
pling is modeled as a spatial spring-
damper-element. The disk of the mo-
tor is coupled to the environment us-
ing spring-damper-elements. The math-
ematical modeling of the components is
described in Section 3.

5.1. Modeling of the auxiliary bear-
ing

The auxiliary bearings are ball bearing types, which are modeled using a ring having
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one rotational degree of freedom. This degree of freedom is damped, which represents the
friction of the bearing. The unilateral contact with the inner surface 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 provided. The following em-

bedded faults have been selected:
• Unbalance masses
• Angular misalignment between the rotor shaft and the motor
• Cut-off of one or more channels of the AMBs
• Disturbance of one or more channels of the AMBs

6. Experimental study: Rotor drop at 2700 rpm

Various experiments of rubbing with and without controlledauxiliary bearings have been
performed. A rotor drop has been chosen as an example to show the possibilities of the
concept of condition monitoring. For this experiment, the rotor is running at a constant speed
of 2700 rpm and at a time of t=0.5s both AMBs are switched off. Both auxiliary bearings
are used as passive/ conventional backup bearings. The example starts with Phase B, where
the measurement is treated. It is assumed that the monitoring system 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 bearing1 (Fig. 9, left); and next to the
auxiliary bearing; and the control currents of the AMB channels (Fig. 10). For comparison of
measurement and simulation the rotor speed is shown additionally, see Fig. 9, right.
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Fig. 9 Experiment: rotor orbit at auxiliary bearing 1 (left),rotor speed (right)

As shown in figure 2, the procedure of the identification runs through various checks. In
the presented example, the first check already determines the fault, which is a”‘Cut-o ff of all
channels of the AMBs”’. The fault parameter, which is used in the simulation, is a factor of
all control current channels:”‘Factor of control currents= 0”’ .
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Fig. 10 Measurement of the control currents of the AMBs

PhaseC: Simulation, Optimization Using the determined fault, the simulation is con-
figured. All fault parameters from detected faults, are set to the initial, no-fault values. The
only unknown parameter is the friction coefficient of the contacts, which is assumed to be
transient over the life-time of a auxiliary bearing. In thisexample it is assumed that both
auxiliary bearings have the same friction coefficient.

As discussed in section 2, the slope of the polar angle of the contact point of the auxiliary
bearing 1 has been evaluated (Fig. 11). In the presented example it has been found that in all
experiments, the same rubbing state has been established inboth auxiliary bearings. For that
reason, only auxiliary bearing 1 was evaluated. The slope shows clearly the occurrence of the
rubbing state.
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Fig. 11 Determination of the polar angle to the contact point at AUX1 (left) and its
slope (right)

The duration of the occurrence of the certain rubbing statesis evaluated 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 phase of rotation at the measured
rotational speed, where the initial transient effects decay, followed by the incidence of the
fault. The evaluation of the cost function takes the time from the occurence of the fault until
the rotor is stopped.

Using the optimization algorithmimplicit filtering the unknown friction coefficient has
been successfully determined after several iterations. Using the determined parameter, the
alignment of simulation and measurement is very good. The simulated rotor orbits at the
auxiliary bearing 1 is shown in Fig. 12, left. The rotor speedof the simulation is shown in
Fig. 12, left. The simulated speed matches the measured speed very well.
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Fig. 12 Simulation: rotor orbit at auxiliary bearing 1 (left), rotor 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 evaluation of the contact event are conceivable.
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Fig. 13 Evaluation of two contact events

In the presented example, the sum of the contact forces vs. the polar angle in auxiliary
bearing 1 is evaluated. As a result, the distribution of the resulting contact forces - superposi-
tion of normal and tangential forces - over the surface of theauxiliary bearing is performed,
which gives information of the wear of the surface. The evaluation of the two contact events
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is shown in Fig. 13. One can see, that depending on the variouscontact events, a distinctive
distribution of the load over the surface is calculated. Thearea with the maximum load limits
the life-time of the auxiliary bearing.

7. Conclusions

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