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Abstract— There is growing interest in magnetic bearing
applications because of their advantages for contactless sup-
port, high-speed operation, vibration control, condition mon-
itoring and fault diagnostics. However, they have limited force
capacity and have to incorporate retainer bearings to protect
the laminations when vibration levels reach the clearance
level. Retainer bearings can take a relatively small number
of rotor drops followed by machine shutdown. There are
many potential applications where transient events or sudden
changes in operating conditions could drive the rotor into
contact with retainer bearings. These include land, sea and air
transport applications, which are exposed to external inputs
and disturbances, and system shut down is not acceptable.

This paper describes the application of a Recursive Open
Loop Adaptive Controller (ROLAC), an adaptive and fast
acting controller, to prevent contact between a flexible rotor
and retainer bearing. If however contact does occur, then
the control action will minimize the damage and recover the
rotor position without the need to shut down the system. It is
assumed that the magnetic bearings are fully operational and
contact is due to external disturbances such as sudden un-
balance, base excitation, blade loss or damage. Experimental
results are presented to demonstrate the effectiveness of the
control algorithm.

Index Terms— Magnetic bearings, contact dynamics, re-
cursive Fourier transform, adaptive control.

I. I NTRODUCTION

The future of magnetic bearing applications relies on
addressing the safety and reliability issues in critical applic-
ations [1]. One of the complex dynamic failure modes of
active magnetic bearings (AMBs) is when a rotor contacts
its retainer bearing. In applications such as land, sea and
air transportation, the contact problem may occur due to
transient or abrupt disturbances. Understanding the contact
dynamics is essential for designing controllers to prevent
contact, minimise damage or recover the rotor position.

The conventional approach to modelling contact forces
utilizes Hertzian theory, where the contact forces are ex-
pressed in terms of the penetration depth through stiffness
and damping coefficients [2]–[4]. In some applications,
these parameters vary exponentially [5], [6]. It is difficult
to predict the contact modelling parameters, which may
change during the contact as a function of temperature,
surface damage etc. Most importantly, these models have
to use large stiffness coefficients to simulate material
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properties and to restrict the penetration depth, causing
computational inefficiencies and difficulties due to high
frequency oscillations. A constrained Lagrangian formu-
lation has been proposed to simulate the contact dynamics
in a computationally efficient manner [7], [8]. This method
does not require the contact forces to be modelled. When
the radial displacement reaches the bearing clearance, the
simulation is switched to a constrained model, where the
contact is treated as a constraint on the system. This
constraint is included in the system equations through
a Lagrangian multiplier. The constraint, and hence the
contact forces, are automatically calculated during the
simulation and the zero crossing of the radial constraint
force indicates a return to a non-contact mode of operation.
This method can easily be extended to cover multi contact
cases including backward whirl rolling motion [9]. In this
study, the model is used to develop, test and tune controllers
before real-time implementation.

Controllers designed to be used for normal non-contact
operation of magnetic bearings usually do not function well
under contact conditions. Various passive, active, adaptive
and modern control techniques have been developed to
control active magnetic bearings under normal operations,
to minimize rotor vibrations, and also to minimize trans-
mitted forces [10]–[14]. A simple, but effective method
of controlling synchronous vibration under varying op-
erating conditions has been introduced by Burrows and
Sahinkaya [10], [15], [16]. This open loop adaptive control
strategy, also referred asautomatic balancing, can also
be used to attenuate multi-frequency vibrations of the
rotor [17]. However, it is not fast enough to prevent contact
as it relies on the steady state response and a Fourier
transform of measured displacements. Subsequent work to
improve the reaction speed of the controller to transient
changes has shown the potential of the technique [18], [19],
but the phase of the measured vibration response under
contact may be changed to such an extent that synchronous
controllers may worsen the rotor response, resulting in
contact with higher forces [20]. A phase modification is
proposed to restore the rotor position.

In this paper, a recursive open-loop adaptive control
scheme is implemented. This is a modified version of the
open loop adaptive control (OLAC) method and utilises
a recursive version of the Fourier transform to update op-
timum control force components at every sampling interval.
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Fig. 1. Experimental flexible rotor/magnetic bearing system

II. EXPERIMENTAL SETUP

The experimental system consists of a uniform flexible
steel shaft of length2 m and radius0.025 m, with four
10 kg disks of radii 0.125 m. The rotor of total mass
100 kg is mounted horizontally on two radial magnetic
bearings each of which has a radial force capacity of1.25
kN with a bandwidth of100 Hz. The magnetic bearings
have an air gap of1.2 mm and each is protected by a
retainer bearing having a0.75 mm clearance. Eight eddy
current displacement sensors are placed in four planes at a
45◦ angle with the vertical line. A schematic view of the
experimental setup showing the rotor, magnetic bearings,
retainer bearings and sensors is provided in Fig. 1.

The rotor considered in the present paper is flexible.
Critical speeds were measured experimentally as 10 Hz,
17 Hz, and 28 Hz. The rotor displacements were measured
relative to the base frame with four pairs of eddy current
displacement transducers. At each transducer location, a
precision stainless steel collar is mounted on the shaft to
minimise the measurement errors due to material imper-
fection. The control current of the magnetic coils were
supplied through eight amplifiers with a bias current of
4.3 A for the lower poles and 5.7 A for the upper poles,
giving a negative stiffness of2×106 N/m and a static lifting
to support the rotor. The rotor-bearing system stability is
ensured through local PID controllers, which were digitally
implemented with a sampling frequency of 4 kHz using
dSPACE.

III. R ECURSIVEOPEN-LOOPADAPTIVE CONTROL

(ROLAC)

The OLAC calculates the optimum frequency response
of the control force by a Least Square Estimator as fol-
lows [10]:

∆U(jΩ) = [R(jΩ)T R(jΩ)]−1R(jΩ)T Q(jΩ)
= H(jΩ)Q(jΩ) (1)
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Fig. 2. Block diagram of the recursive open-loop adaptive controller
(ROLAC).

whereQ(jΩ) is the frequency response vector containing
all eight measurement locations,H(jΩ) is the complex
control gain matrix, andR(jΩ) is the receptance matrix
between the measured and control signals.

The partial receptance matrixR can either be calculated
from the rotor bearing model, or estimated experimentally
without any knowledge of system parameters. The estima-
tion involves sending small amplitude test signal from each
AMB axis one at a time, and measuring the changes in the
frequency response of the displacements [16]. Frequency
responses can be calculated by a Fourier transform using
one or more synchronous periods of steady state data. Since
theR matrix is not a function of the external disturbances
and unbalance distribution, it can be identified during
system commissioning. However repeated online identific-
ation during the normal operation of the system may be
beneficial for condition monitoring and fault diagnostics if
there is a change in the measured response [21]

The recursive version updates the Fourier coefficients at
each sampling time, and hence the optimised open loop
control parameters are updated at each sampling time.
ROLAC acts as soon as the orbit size starts to increase,
and hence it achieves fast adaptation of the control force in



accordance with changing operating conditions and sudden
external disturbances.

Since equation (III) gives the optimum modification of
the control force, the recursive version is implemented
through an integrator with an integrator constant ofα as
shown in Fig. 2.

U(jΩ, t) = α

∫
H(jΩ)Q(jΩ, t)dt (2)

whereQ(jΩ, t) is the recursive Fourier transform of the
displacements and can be calculated as follows:

Q(jΩ, t) = J(jΩ, t) − J(jΩ, t − 2π/Ω) (3)

where the integralJ(jΩ, t) is defined as:

J(jΩ, t) =
Ω
2π

∫ t

τ=0

q(τ) e−jΩdτ (4)

whereq(t) is the time domain measurement vector. This
gives a control force in the time domain

u(t) = Re[U(jΩ, t)ejω]
= Re[U] cos(Ωt) − Im[U] sin(Ωt) (5)

The simulation model is used to find an optimum value
for the integration constantα = 7. Higher values give
faster but oscillatory transient response, whereas low values
make the controller slow acting. Settingα = 0 after the
steady state response is established is equivalent to using
the OLAC.

The H(jΩ) matrix is estimated online at selected run-
ning speeds and stored in a file for subsequent use. A
linear interpolation is used to obtain theH matrix between
the stored speed values during runup and rundown of
the system. The real-time implementation allows a user
to update or measure theH matrix during steady state
operation of the system at any speed. The speeds at which
the H matrix is stored are carefully selected by using
computer simulations so that its elements show piecewise
linear behaviour.

IV. EXPERIMENTAL RESULTS

Various experiments were carried out to demonstrate the
effectiveness of ROLAC under single and multiple contacts
with the retainer bearings. In all cases, a sudden out-of-
balance disturbance is applied to the rotor through the
magnetic bearings to initiate the contact. The ROLAC plus
PID results are compared with PID only controllers. The
first experimental result in Fig. 3 shows the performance
of the ROLAC under normal operating conditions. The
system was operated at a running speed of 10Hz with
PID controllers that support the rotor and ensure system
stability. The ROLAC control algorithm was switched on
after the 10th synchronous cycle as indicated by arrows on
Fig. 3. It clearly demonstrates the capability of ROLAC to
attenuate the inherent vibration from approximately 150µm
to 50µm at the 7th and 8th sensors and 75µm to 30µm
at the 5th and 6th sensors. This is similar to the OLAC
performance.
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Fig. 3. Vibration attenuation using ROLAC atΩ = 10Hz

The experimental results in Fig. 4 show the speed at
which ROLAC responds to a sudden change in unbalance
forces. The rotor running speed was set toΩ=35Hz, which
is well above the first flexural frequency. An unbalance
of 10.34gm and 8.27gm was introduced through MB1
and MB2, respectively. Fig. 4(a) shows the reduction in
vibration level at both AMB locations under ROLAC. The
same measurements with a PID only controller is shown in
Fig. 4(b). The corresponding orbits are shown in Fig. 5(a)
and Fig. 5(b), respectively.

The capability of ROLAC to prevent rotor contact with
retainer bearings is presented in Figs. 6 and 7. The contact
was initiated by injecting an out of balance force of
105.37gm through MB1 at the 5th synchronous cycle at
the running frequency ofΩ=12.5Hz. The rotor orbits with
a PID controller is compared with those with ROLAC in
Fig. 6. The measured radial displacements under ROLAC
are shown in Fig. 7. Under PID control in Fig. 6(a), contact
occurs at the MB2 location and the rotor remains in contact
with no chance of recovery. However, ROLAC not only
prevents the contact, but also reduces vibration levels to a
very low level.

It may not be possible to prevent contact if the sudden
change of unbalance is significant. A contact case was
initiated at a running frequency of 10Hz with a sudden out
of balance of 202.64 gm applied through both magnetic
bearings. The rotor orbits with PID only control is shown
in Fig. 8(a), where contact occurs at both magnetic
bearings and the rotor remains in contact for the rest of
the operation. This makes it necessary to run down the
rotor. The performance of ROLAC for the same case is
shown in Fig. 8(b). Although contact was not prevented,
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Fig. 4. Experimental displacements at both magnetic bearing locations
when sudden out of balance is introduced atΩ = 35Hz.

the rotor position was recovered very quickly (less than
two synchronous cycles), then returning to a low vibration
steady state operation. The measured radial displacements
of the rotor at both magnetic bearing locations is shown in
Fig. 9 thereby demonstrating the effectiveness of ROLAC
under severe contact conditions.

V. CONCLUSIONS

The capacity for contactless support offered by magnetic
bearings makes them potentially significant for applications
that require high standards of safety during abnormal
condition without shutting down the system. A ROLAC
controller is introduced to increase the speed of the con-
troller action to changes in the vibration levels. A recursive
Fourier transform is utilised and implemented with an
integrator to update the optimum force amplitude and
phase at every sampling interval. Experimental work is
described using a flexible rotor/magnetic bearing system
to demonstrate the ability of ROLAC to prevent contact
or to recover the rotor position quickly with minimum
impact damage if contact does occur. It is shown that the
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Fig. 5. Experimental rotor orbits at both magnetic bearing locations
when sudden out of balance is introduced atΩ = 35Hz.
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Fig. 6. Experimental rotor orbits at both magnetic bearing locations
when sudden out of balance is introduced atΩ = 12.5Hz.
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Fig. 7. Measured radial displacements of the rotor with the application
of ROLAC at Ω = 12.5Hz.
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Fig. 8. Experimental rotor orbits at both magnetic bearing locations
when sudden out of balance is introduced atΩ = 10Hz.

rotor can resume its linear and stable mode of operation
after contact without the need to shut down the system.
ROLAC is capable of attenuating vibration due to inherent
out of balance, sudden changes of out of balance and abrupt
disturbances.
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