
Simulation-Based Controller Design

for an Active Auxiliary Bearing

Lucas Ginzinger

Heinz Ulbrich

Institute of Applied Mechanics, Technical University Munich, 85748 Garching, Germany

ginzinger@amm.mw.tum.de, ulbrich@amm.mw.tum.de

ABSTRACT

A framework for the development of a feedback
controller for an active auxiliary bearing is presented.
Experiments show the success the developed control
concept. A simulation for the elastic rotor and the
auxiliary bearing including the non-smooth nonlin-
ear dynamics of the rubbing contact is used to de-
velop the feedback controller. The auxiliary bearing
is attached to the foundation via two unidirectional
actuators. The control force is applied indirectly us-
ing the active auxiliary bearing only in case of rub-
bing. Experimental studies have been carried out at
a rotor test rig. The experiments show the outstand-
ing success of the strategy. In case of rubbing, the
contact forces are reduced up to 85%.

INTRODUCTION

Rubbing phenomena in rotating machinery is a se-
rious malfunction which can lead to the complete
destruction of a system. In rotating machinery, in-
creased efficiency is often achieved by tightening op-
eration clearances. If the machine is not operating
under normal conditions, the stationary and rotating
elements are in danger of coming in contact. Conven-
tional auxiliary bearings or touch down bearings are
used to prevent direct contact between the rotor and
the casing in case of a failure of magnetic bearings or
when the rotor response is too large, but they do not
stabilize the rotor. Various states of rotor rubbing,
including the destructive backward whirling and very
high impact forces are possible. In literature there
are many publications about active vibration control
of flexible rotors. Numerous works over the last 30
years deal with control forces acting directly on the
rotor without contact using magnet bearings, e.g. [6]
and [9]. The main disadvantage of this concept is the
limited available space for the actuators. Therefore,
concepts have been developed to actuate on the bear-
ing housings and thereby indirectly on the rotor in
opposition to magnet bearings, e.g. [3], [5].
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Figure 1: Active auxiliary bearing

ACTIVE AUXILIARY BEARING

A simple rotor system is taken as an example to
show the possibilities of an active auxiliary bearing
to control the rubbing of a rotor. The control force
is applied indirectly by an auxiliary bearing which
is attached to the foundation via two unidirectional
actuators as shown in figure 1. The actuators are
mounted in a 90 degree alignment. For experimen-
tal verifications electromagnetic actuators have been
used which have been developed at the Institute of
Applied Mechanics, TU Munich. The main advan-
tage of this type of electromagnetic actuator is a
large stroke up to 1 mm at frequencies up to 250
Hz. Forces up to 1000 N are available. Depending
on the application of an active auxiliary bearing, the
requirements for the actuators vary strongly. The se-
lection of suitable actuators depends on various pa-
rameters, such as the size of the air gap in the aux-
iliary bearing and the rotational speed of the rotor
system. The advantages of this control concept are
the following: If the rotor system runs in the usual
operation state, the active auxiliary bearing does not
take effect, so the original design of the rotor system
can be kept to largest extent unchanged. In case
of a rotor to stator contact, the auxiliary bearing
does not only limit a too large response amplitude
of the rotor and prevents the rotor/blades and the
casing/seals from direct contact, but also effectively
reduces the rubbing severity and especially avoids
the occurrence of destructive rubbing states such as
backward whirling. The capability of existing auxil-
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iary bearings, i.e. as safety bearings in active mag-
netic bearing systems or as run-through resonance
support, can be well extended from this concept by
introducing active control.

FEEDBACK CONTROL
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Figure 2: Principle of the control concept

A two-phase control strategy has been developed,
which guarantees a smooth transition from free ro-
tor motion to the state of full annular rub. To keep
the principal purpose in mind, the control scheme
also has to limit the rotor amplitude as a passive
auxiliary bearing does. As input the controller only
needs the position of the auxiliary bearing, the po-
sition of the rotor shaft inside the auxiliary bearing
and the information of the shaft encoder. The op-
eration phases of the control concept are shown in
figure 2. During normal operation condition, which

means that the rotor deflection rN is smaller than
a defined limit rlimit, the controller is deactivated.
When the rotor deflection becomes too large, e.g.
due to a sudden arising unbalance, and rN exceeds
rlimit, the controller is activated. In the first control
phase, the movement of the auxiliary bearing is syn-
chronized with the rotor orbit followed by a smooth
transition to a contact. In the second phase, the
feedback control assures a permanent contact in the
rubbing state of ”synchronous full annular rub” and
low contact forces.
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Figure 3: Contact kinematics

In order to define the essential geometrical vari-
ables a cross section of the auxiliary bearing and the
rotor is shown schematically in figure 3. The origin
of the coordinate system coincides with the center
of the undeformed rotor, rr is the position vector to
the center of the deformed rotor (in the cross section)
and ra to the center of the auxiliary bearing. The air
gap in the auxiliary bearing is δ0 and rN represents
the vector from the center of the auxiliary bearing to
the center of the rotor. Additionally the polar angles
ϕa and ϕr of the vectors ra and rr are introduced.
The overall control target can be specified as

qad = arg min

(q̈,q̇,q)

{

gN

ġN

, (1)

with arg min = values of q̈, q̇,q that minimizes gN

and ġN . The vector q are the generalized coordi-
nates of the rotor and the auxiliary bearing, gN is
the distance between the contact points and qad the
target trajectory for the auxiliary bearing. Equation
(1) includes that the relative distance becomes zero
to get a permanent contact and the relative velocity
in normal direction should be as small as possible
to get a smooth transition from free rotor motion to
the state of full annular rub. The relative velocity of
the contact point in tangential direction ġT will not
be taken in consideration in equation (1) because a
non-sliding contact would cause a backward whirl,
which is not wanted.
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In both phases of the control scheme, the desired
position of the auxiliary bearing is chosen in a way
that the movement of the auxiliary bearing is syn-
chronized with the orbit of the rotor and the contact
point coincides with the point of the surface of the
rotor which is farthest from the origin of coordinate
system, figure 3. This means that

ϕa desired = ϕr . (2)

In case of contact this results in a movement pattern
of ”synchronous full annular rub”. The destructive
”backward whirl” is avoided.

Furthermore the desired polar radius |rN desired|
is needed to determine the desired position of the
auxiliary bearing according the equation

ra desired =

(

ϕa

|ra|

)

=

(

ϕr

|rr | − |rN desired|

)

.

(3)
So the 2D problem to control the orbit has turned
into a 1D control problem of |rN desired|. In the
first control phase (free rotor motion), which means
|rN | ≤ δ0 , the target position of the auxiliary bear-
ing follows

|rN desired| = |rN | −

∫

(|ṙN | − vpmax)dt = (4)

= |rN | −

∫

(|ṙN | − A eα|rr |)dt, (5)

where vpmax is the maximum relative velocity of
the contact points. The constant factors A and α

are chosen in such a way that first impact is kept
small but also that the amplitude of the rotor does
not exceed δ0, to meet the principal purpose of an
auxiliary bearing.

In case of contact (second control phase), which
means |rN | = δ0, the desired distance |rN desired|
follows:

|rN desired| = δ0 +
1

KP

fperm, (6)

with fperm the desired contact force during the per-
manent contact and 1

KP

a conversion coefficient.
Note that it is necessary to choose a desired con-
tact force, which is large enough to ensure a perma-
nent contact despite of elements of uncertainty of the
measurement and control system.

A feedback linearization is used to control the elec-
tromagnetic actuators, see [4],[7], which is based on
a mechanical model of the active auxiliary bearing
including the nonlinear dynamics of actuators and
the joint friction. There are three main effects of the
proposed control concept which improve the dynam-
ics of a rubbing rotor system:

• The avoidance of multiple impacts reduces the
whole load of the system significantly.

• The control concept introduces additional ex-
ternal damping into the rotor system because
the controlled motion of the auxiliary bearing
assures that the contact force in normal direc-
tion points towards the centre of the undeformed
rotor shaft, see equation (3). Additionally the
friction force in tangential direction points in
opposition to the rotational direction.

• As a consequence of the permanent contact be-
tween the rotor and the auxiliary bearing there
is a change in the stiffness of the whole system.
So it is possible to shift the resonant frequencies
of a rubbing rotor running at a critical speed.

SIMULATION ENVIRONMENT

For the analysis of the dynamics of a controlled
rubbing rotor system and the optimization of the
feedback control system the simulation environment
MBSim (http://mbsim.berlios.de), which was devel-
oped at the Institute of Applied Mechanics, is used.
MBSim is based on a framework for the efficient sim-
ulation of multi-body-systems with unilateral con-
tacts and elastic elements. The framework comprises
the description of the system dynamics as well as
numerical methods as provided in [2], [10]. A brief
overview will be given in the following. For a more
comprehensive introduction to the formulation and
numerics of non-smooth dynamics see [1], [8].
The non-smooth dynamics of the system is described
in terms of a measure differential equation. The dy-
namics of a bi- and unilateral constrained system can
be expressed by

Mdu = hdt + WdΛ. (7)

The matrix M = M(q) denotes the symmetric, pos-
itive definite mass matrix and depends on the f -
dimensional vector of generalized coordinates q ∈
R

f . The vector u = q̇ denotes the velocity vector.
The acceleration measure

du = u̇dt + (u+ − u−)dη (8)

is the sum of the continuous part u̇dt and the discrete
parts (u+ − u−)dη. The second term is the differ-
ence of the left and the right limit of the velocities
weighted by the sum of the Dirac delta functions
dδi at the discontinuities ti:

dη =
∑

i

dδi, (9)

dδi = dδ(t − ti) =

{

∞ if t = ti
0 if t 6= ti

, (10)
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On the right hand side of equation (7) the vector
h = h(u,q, t) contains all smooth external, internal
and gyroscopically forces. The reaction measure in
the contacts WdΛ is decomposed by the generalized
force directions W = W(q) and the magnitudes dΛ.
In analogy to the acceleration measure, the reaction
measure dΛ contains forces λ due to persisting con-
tacts as well as impulses Λ due to collisions of bodies
at the impact times ti:

dΛ = λdt + Λdη. (11)

Integrating (7) under consideration of the Dirac

delta (9) yields the classical equations of motion for
a constrained system and the impact equations.
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Figure 4: Force laws for bi- and unilateral contacts
and friction

The computation of the accelerations u̇ as well as
the post-impact velocities u+

i in equation (7) requires
the knowledge of the unknown contact reactions λ

and Λi, respectively. Thus, additional contact laws
must be constituted. Contacts between bodies in
the system are modelled as discrete point contacts

whereby the contact zone is assumed to be totally
rigid. Deformations of elastic components are only
regarded in form of the overall discretisation, no lo-
cal deformation e.g. of a beam cross-section is mod-
elled. Consequently, a contact corresponds to a con-
straint. In this context two different types of contacts
are considered, for which different contact laws hold:
persisting contacts which are always closed and con-
tact that may be open or closed.
In the following, the force laws of the two contact
types are explained for smooth and non-smooth mo-
tion. For this, the contact reactions

WdΛ =
(

WN WT

)

(

dΛN

dΛT

)

= (12)

=
(

WB WU WT

)





dΛB

dΛU

dΛT



 (13)

are decomposed into components normal (index N)
- split up in bilateral (B) and unilateral (U) - and
tangential (T) to the contact plane.

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, (14)

where gB denotes the normal distance of the inter-
acting bodies in the contact point. The second type
of contact also allows for detachment. The associ-
ated unilateral constraint is given by the Signorini-

Fichera-condition

gU ≥ 0, λU ≥ 0, gUλU = 0. (15)

The respective force laws are shown in Fig. 4 a and
4b.

For both bi- and unilateral constraints dry fric-
tion 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 dimensional dynamics –
tangential components λT in friction direction. Us-
ing the relative tangential velocity ġT , Coulomb’s
friction law is given by

ġT = 0 ⇒ |λT | ≤ µ0|λN | (16)

ġT 6= 0 ⇒ λT = − ġT

|ġT |µ|λN |. (17)

For the planar case, the force law of a tangential
frictional contact is plotted in Fig. 4c.

IMPACT DYNAMICS

In contrast to persisting and detaching contacts,
a closing contact implies a discontinuity in the rela-
tive and therewith possibly all generalized velocities.
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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 uni-
lateral ones.

The impact law for a bilateral contact is given by

ġ+
B = 0, ΛB ∈ R (18)

and ensures that relation (14) is not violated after
collisions. Given on impulsive level, Newton’s im-
pact law in the formulation of Moreau

ġ+
U ≥ 0, ΛU ≥ 0, ġ+

U ΛU = 0 (19)

and Coulomb’s friction law with the normal reac-
tion ΛN ∈ {ΛB, ΛU}

ġ+
T = 0 ⇒ |ΛT | ≤ µ|ΛN | (20)

ġ+
T 6= 0 ⇒ ΛT = −

ġ
+

T

|ġ+

T
|
µ|ΛN | (21)

holds for active contacts with gN = 0 only.

ELASTIC COMPONENTS

The rotor shaft is modeled by a spatial bending-
torsional beam using a polynomial finite-element
formulation for slender structures. Based on the
Euler-Bernoulli theory with superposed torsion
and small deflections, all deformations are described
in rotating reference systems individually attached
to each node. The formulation allows for arbitrary
dynamic contact situations as introduced in the pre-
vious section, especially non-smooth dynamics in-
cluding 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 bot-
tom circles of auxiliary bearing are modeled rigid in-
cluding Coulomb friction.

NUMERICAL FRAMEWORK

The set of constrained measure differential equa-
tions is discretized and integrated by a half-explicit
time-stepping method. The underline discretisation
is built with consideration of non-smoothness charac-
terized by jumps in the system velocities. The evalu-
ation of the force-laws is done by a fixed-point itera-
tion scheme. A detailed description of the numerical
framework can be found in [2]. A comprehensive re-
view on time integration of non-smooth systems is
provided in [8].

COSIMULATION WITH SIMULINK

A co-simulation between MBSim and Mat-

lab/Simulink is used to integrate the feedback con-
troller. Matlab provides an Application Program
Interface (API) called ”Matlab engine” which al-
lows to call Matlab from C as a computation en-
gine. Matlab engine programs communicates with

a separate Matlab process via pipes (in Unix) and
through ActiveX on Microsoft Windows. There is a
library of functions provided that allows you to start
and end a process, send data to and from Matlab,
and send commands to be processed. Figure 5 shows

t

MBSim

MATLAB

A B A B A B A

ΔtS

ΔtC

Figure 5: Cosimulation

the synchronisation of the cosimulation. The feed-
back controller is calculated in Matlab/Simulink

with a fixed time step size of ∆tC using an Euler

discretisation 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 integra-
tor. The synchronisation starts with ”A”. The posi-
tions and velocities, which are used by the feedback
controller, are transferred to Matlab and one calcu-
lation step of the controller is started in Matlab. In
the meanwhile the multibody simulation MBSim cal-
culates until the end of the controller time step ∆tC
is reached. With the synchronisation ”B” the cal-
culated 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 the fol-
lowing. Since the dSpace real-time hardware 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 development and optimization
can be achieved. There is also no error source
caused by the modelling of the test rig controller
in another simulation software. On the other hand,
the cosimulation takes advantage of recent multi-
core-processors, because between the synchroniza-
tion steps MBSim and Matlab are two independent
processes.

MODELLING

The simulation model of the rotor system repre-
sents the test rig and comprises the flexible rotor,
a unilateral contact with friction between the rotor
and the auxiliary bearing and a co-simulation be-
tween MBSim and Matlab/Simulink to integrate
the feedback controller. There are three rigid discs -
the big disc, one small disc which is running inside
the auxiliary bearing and a disc which is running
inside the magnetic bearing. The discs are rigidly
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coupled on the elastic rotor. The rotor is attached
to the environment via two spring-damper elements,
which represents the ball bearings and bearing hous-
ings. The modelling of the auxiliary bearing is shown
on figure one and includes the actuators, the three
joints and the joint friction. The contact between
the rotor and the auxiliary bearing is modelled as a
rigid contact as described above. The overall model
is a full 3D model of the presented rotor system.

CONTROLLER DESIGN

The optimal parameters for the feedback controller
for the test rig have been determined using the sim-
ulation. After this, experiments with these parame-
ters have been carried out and the results have been
used to verify the simulation. Using the verified sim-
ulation the parameters have been optimized again.

TEST RIG

1

8

6

2

4

5

3

7

Figure 6: Test rig (1: drive system, 2: magnetic
bearing, 3: rotor disk, 4: auxiliary bearing, 5: elec-
tromagnetic actuators, 6: displacement sensors, 7:
accelerometer, ball bearing, 8: ball bearing)

The test rig can be assembled in various modifica-
tions. The assembly with a very flexible rotor shaft
(diameter 12mm) is shown in figure 6. The air gap
between the rotor and the auxiliary bearing is 0.3

mm. A magnetic bearing is used to create realistic
excitations to the rotor such as a sudden arising un-
balance, so that the rotor comes into contact with the
auxiliary bearing. A direct current disc-servomotor
allows a rotational speed up to 3500 rpm. Several
sensors are used to gather information. There are
two eddy current displacement sensors to measure
the position of the rotor besides the auxiliary bear-
ing. The same sensors are installed inside the actu-
ators. Load washers in each actuator are measuring
the actuator forces, from which the contact forces are
determined indirectly. With the help of accelerome-
ters the load of the bearings are recorded. The mea-
sured forces and accelerations are only used to show
the performance of the control system.
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Figure 7: Experimental results 1 - contact forces: the
controller is DEACTIVATED

For the experiments a dSpace real-time hard-
ware board (”DS1103”) is used for the feedback
controller, which main advantages are the very
high flexibility and the processing power. For the
analysis of the controller, the contact forces between
rotor and the auxiliary bearing during rubbing are
highly important. It is hardly possible to measure
these forces directly without interfering with the
whole system. Therefore they will be determined
indirectly via measurements of the forces of the
actuators and using the mathematical model of the
system. Experimental results of rotor rubbing at
the test rig with and without controlled auxiliary
bearing are presented. For the case ”without con-
trol” the auxiliary bearing was fixed mechanically
concentrically with the undeformed rotor and was
working as a conventional passive auxiliary bearing.
The first results show an experiment without using
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Figure 8: Experimental results 1 - rotor deflection:
the controller is DEACTIVATED
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Figure 9: Experimental results 1 - orbit: the con-
troller is DEACTIVATED

the control system. The rotor system is running
at a constant speed of 500 rpm without additional
unbalance. At a time of t=1.0s the magnetic
bearing applies a sudden arising unbalance. Figure
7 shows the contact forces versus the time, figure
8 the rotor deflection versus the time and figure 9
the rotor orbit. Without the addional unbalance
there is no contact between rotor and the auxiliary
bearing. The rotor deflection is below 0.1mm. After
the arising of the unbalance at t=1.0s the rotor
comes into contact with the auxiliary bearing and
the rubbing leads to the destructive ”backward
whirling” with very high contact forces and a large
deflection.

The same experiment (500 rpm, additional unbal-
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Figure 10: Experimental results 2 - contact forces:
the controller is ACTIVATED
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Figure 11: Experimental results 2 - rotor deflection:
the controller is ACTIVATED

ance after t=1.0s) has been repeated with an acti-
vated control system. The figures 10, 11 and 12 show
the measurements with the active auxiliary bearing.
The automatic activation system tracks the position
of the rotor and activates the control system after
the arising of the unbalance at a time of t=1.0s just
before the occurrence of the first contact. The con-
trol system is able to assure a permanent contact in
the desired state of ”synchronous full annular rub”
with very low contact forces. A state of ”backward
whirling” can be avoided. For the presented experi-
mental results, the contact forces are reduced by 85
%. At the same time the rotor deflection is reduced
by 75%. Figure 12 shows the rotor orbit during the
experiment. The orbit before t=1.0s (without addi-
tional unbalance) is plottet black and the orbit dur-
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Figure 12: Experimental results 2 - orbit: the con-
troller is ACTIVATED

ing the controlled state of rubbing is plottet black.
It should be denoted, that there is no lubrication in-
side the auxiliary bearing in both experiments. This
results in a very high friction, which is the ”worst
case” for the control system. In case of a lower fric-
tion coefficient the requirements to the control sys-
tem are much lower and the rotor orbit during rub-
bing is smoother than the presented one.

SUMMARY AND OUTLOOK

A framework for the development of a feedback
controller for an active auxiliary bearing is presented.
Using the simulation of the elastic rotor and the aux-
iliary bearing a robust two-phase control strategy
has been developed. The controller assures a smooth
transition from free rotor motion to the state of full
annular rub with very low contact forces. Experi-
mental studies have been carried out at a rotor test
rig. A comparision of experiments with and without
actively controlled auxiliary bearing shows the suc-
cess of the control system. In case of rubbing, the
contact forces are reduced up to 85% using the con-
trol system. At the same time the rotor deflection is
decreased, too.

There are several possibilities of supporting a ro-
tor system by using an active auxiliary bearing. In
case of a suddenly arising unbalance, the controller is
activated automatically if the rotor response is too
large. The active control stabilizes the rotor and
keeps the load of the whole system low, so that a
safe coast-down is possible. On the other hand, it is
also possible to use the control system for a safe run-
through of a resonance frequency. Future research
work will focus on the investigation of the relation-
ship between the parameters of the rotor system and
the requirements for the actuators to control the rub-

bing in an auxiliary bearing. Furthermore concepts
for several possible applications will be developed.

REFERENCES

[1] B. Brogliato, A. A. Ten Dam, L. Paoli, F. Gnot,
and M. Abadie. Numerical simulation of finite
dimensional multibody nonsmooth mechanical
systems. In ASME Applied Mechanics Reviews,
2002.

[2] M. Förg, R. Zander, and H. Ulbrich. A frame-
work for the efficient simulation of spatial con-
tact problems. In Proceedings of the ECCO-

MAS Conference on Multi-Body Systems, Mi-
lano, Italy, 2007.

[3] S. Fuerst and H. Ulbrich. An active support sys-
tem for rotors with oil-film bearings. In 4th Int.

Conf. on Vibrations in Rotating Machinery of

the Institution of Mechanical Engineers, pages
61–68, Edinburgh, Scotland, 1987.

[4] L. Ginzinger and H. Ulbrich. Feedback lineariza-
tion rub control using an active auxiliary bear-
ing. In 12th IFToMM World Congress, Besan-
con, France, 2007.

[5] J.W. Moore, D.W. Lewis, and J. Heinzmann.
Feasibility of active instability problems in high-
performance turbomachinery. In Proceedings of

Workshop, Texas A & M University, College

Station, Texas,USA, 1980.

[6] G. Schweitzer. Stabilization of self-exited rotor
vibration by an active damper. In Dynamics of

Rotors - IUTAM Symposium, Lyngby,Denmark,
1974.

[7] Jean-Jacques E. Slotine and Weiping Li. Applied

Nonlinear Control. Prentice Hall, 1991.

[8] Ch. Studer. Augmented time-stepping integra-
tion of non-smooth dynamical systems. In ETH

E-Collection, 2008.

[9] H. Ulbrich, G. Schweitzer, and E. Bauser. A
rotor supported without contact - theory and
application. In Proceedings of the Fifth World

Congress on Theory of Machines and Mecha-

nisms, 1979.

[10] R. Zander, Th. Schindler, M. Friedrich, R. Hu-
ber, M. Förg, and H. Ulbrich. Non-smooth dy-
namics in academia and industry: recent work
at tu münchen. In Acta Mechanica, 2008.

8


	Text40: － 412－
	Text41: － 413－
	Text42: 
	Text43: － 414－
	Text44: 
	Text45: － 415－
	Text46: 
	Text47: － 416－
	Text48: 
	Text49: － 417－
	Text50: 
	Text51: － 418－
	Text52: 
	Text53: － 419－
	Text54: 11th International Symposium on Magnetic Bearings
	Text55: August 26-29, Nara, Japan


