Novel Linear Magnetic Bearings for Feed Axes with Direct Drives
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Abstract

Contact- and frictionless magnetic bearings permit very high travel velocities and accelerations and
provide excellent damping. Thus, they exceed the natural limitations of contact bearing systems. But they
are also complex and voluminous and require an extensive electronic periphery. This paper introduces a
novel linear bearing, which enables a complete suspension with a reduced number of magnets. The
structure of these magnet modules and the ensuing feed axis is presented with special emphasis on their
development, testing and characteristics. Furthermore, the paper details the achieved results regarding the
stability of the bearing with different control structures and presents some planned control extensions.
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1 INTRODUCTION

The technology of magnetic bearings is a constant topic of
research and development in order to reduce their size,
the number of electromagnets and the required electrical
current. The continuing progress in computer technology
and power electronics provides more use of its advan-
tages than ever. The contactless and thus friction-free
bearing permits very high speeds and accelerations with
high damping and at the same time features no wear, no
lubrication and a complete lack of abraded particles. This
even allows its use in sensitive environments. And it also
enables the possibility of influencing the bearing during
operation, e.g. with position corrections in five degrees of
freedom. On the other hand, it demands a highly dynamic,
active control to achieve stable positioning and can only
provide a limited dynamic stiffness.

Magnetic bearings are mostly used as rotating bearings
for high speed shafts or as linear bearings in diverse
transportation applications [1]. An application process for
a machine tool which would profit from the very high feed
speeds of a linear axis with magnetic bearings is pendular
grinding. It is characterized by many repeated movements
in one axis and exerts only moderate process forces on
the moving slide.

The continuous advances in power electronics and data
processing equipment as well as innovative core geome-
tries promise a further improvement in the stiffness and
the stability of magnetic bearings.

2 THE MAGNET MODULES

Newly designed magnet modules will reduce the required
number of electromagnets for a novel linear magnetic
bearing [2]. Instead of the 12 magnets, which are com-
monly used to control five degrees of freedom [3], only six
modules are needed for a complete set of bearings. This
reduction cuts the necessary number of inverters and
current sensors in half and significantly lessens the wiring
complexity of the system. In addition, the principle of the
modules allows a favorable rearrangement of the needed
space for the bearings.

The modules realize the permanent magnetic support of
an electromagnet without creating the additional losses
that are inherent to a classic hybrid magnet. l.e. they
avoid the virtually enlarged air gap, which originates from
the permeation of the permanent magnet material by the
electromagnetic flux. Additionally a preload, which other-
wise can only be created by two separate, facing electro-
magnets, is generated through the permanent magnetic
force. These advantages allow the operation in a steeper
section of the parabolic characteristic curve defining the
relationship between the magnetic induction and the
magnetic force without consuming additional electrical
current. This increases the dynamics of the electromagnet
and thus the dynamic stiffness of the complete bearing.
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Figure 1: Functional principle of the magnet module.

The new magnet module consists of two U-shaped, lami-
nated core halves with electric coils. Between these hal-
ves a layer of permanent magnets is embedded into the
final core. The corresponding yoke has two teeth which fit
into the openings of the U-shapes. Thus, the force gene-
rating pole areas are moved from the faces of the core
arms to the inner side surfaces and the sides of the teeth,
see Figure 1. The yoke and its teeth reach along the com-
plete length of the track and demand a very high accuracy
with regard to the straightness and the parallelism of the
yoke. The air gaps between the core and the tooth sides
are 0.5 mm wide in the nominal operating point.



The Neodymium-Iron-Boron (NdFeB) permanent magnets
between the two halves of the core close their flux loops
following two paths, which cross all four air gaps, also see
Figure 1. As long as the core is in a central position above
the yoke teeth, the created magnetic forces are equal in
all four gaps and neutralize each other. The core rests in
the position of an unstable equilibrium. As soon as the two
coils are fed with an equal but differently signed amount of
current, the superposition of the fluxes results in a usable
force vector. If the position of the core above the yoke is
measured and corrected with a sufficiently high frequency,
a stable levitation state can be reached and controlled,
including the compensation of additional disturbing forces.

In the first stage of the development, the geometry was
analyzed and optimized with the help of FEM calculations
to ascertain the strength of the magnetic flux in the core in
relation to the generated force. Thus, the concept could
be validated and the final dimensions of the magnet core
were determined.

3 THE 1-DOF TEST BENCH

3.1 The set-up of the test bench

A prototype of the module and the control algorithms were
tested on a single-degree-of-freedom (1-DOF) test bench,
which fixates all degrees of freedom except the vertical
movement. On this test bench the control and the stability
of the levitation state can be optimized. In addition, it
allows the measuring of the dynamic stiffness against
disturbances and is also suitable for force measurements.
The setting up operation of the single magnet module
provided valuable experience for the construction of the
feed axis and identified the potential difficulties.

In the test bench the module is clamped into an aluminum
frame, which is connected to the structural elements by
conventional roller bearings. This leaves only the degree
of freedom which is orthogonal to the movement of the
planned machine tool table and enables a vertical
levitation but no rotations or feed movements. The control
and supply of the module requires a number of peripheral
components which are also tested on this test bench. The
air gap of the magnet is measured with an inductive eddy
current sensor, which uses the yoke surface as target.
Separately, the coil current is measured with a contactless
current transformer. The current is supplied from a Pulse-
Width-Modulation (PWM) inverter which is controlled by
the analog output voltage of the control loop. This inverter
ascertains the maximum control frequency of 20 kHz.
These components will also be used in the feed axis and
hence are also tested in this preliminary set-up.

Figure 2: 1-DOF test bench.

3.2 Control characteristics and measurement results

The magnet module is controlled by a Pl-state control
algorithm [4], [5]. The closed feedback loop redirects the
actual values of the air gap width, its differentiation and

the current back to the control input as scaled state vari-
ables. In addition, the feed forward branch of the position
error contains an integrator which nullifies static position
offsets. This structure guarantees the fast compensation
of disturbances and exact adherence to the target values.

Preliminary to the experimental validation of the module
and control algorithm, its performance was tested in
Matlab/Simulink simulations. These were used to model
the control circuit as well as the characteristics of the
magnet module and peripheral components and played a
decisive role in the determination of the control parame-
ters. The final dynamic stiffness of the bearing relies
mainly on the optimal setting of these parameters.
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Figure 3: Air gap during a cut off experiment on the 1-
DOF test bench.

For the operation of the 1-DOF test bench the control
algorithms have been compiled into a digital signal pro-
cessor, which receives the sensor signals, calculates
control output and supplies it to the inverter. The control
parameters remain accessible during operation and can
be used to optimize the performance. Figure 3 displays an
exemplary measurement result. Due to practical reasons
the disturbance was limited to a 5 kg weight which was
pulling the magnet module upwards using a pulley system
and which was then cut off to create a repeatable force
impulse. The slight noise disturbance of the air gap signal
and an additional mechanical jitter are due to the tight
parameter settings to achieve maximum stiffness.

The resulting disturbance can be seen clearly in the figu-
re. The evaluation of several test series of cut-off experi-
ments with varying control parameters proved a maximum
stiffness of the single bearing of 23 N/um. In the feed axis
four vertical magnet modules will superpose their carrying
power and thus their added stiffnesses will provide the
slide’s stability.

During steady state levitation in the 1-DOF test bench the
module consumes about 0.6 A of current to carry its own
weight and displays a jump of 0.15 A to compensate for
the disturbance. The output voltage of the control, which
could use a range of +10 V, stays below 0.05V to com-
pensate for the force impulse.

Especially the parameter which scales the influence of the
derived air gap width, was found to be very sensitive. The
signal derivation strongly amplifies the remaining signal
noise and degrades the quality of this state variable.
Thus, there are ongoing tests to enhance the signal
quality by using an additional acceleration sensor and
integrating its signal. Preliminary results yielded an impro-
ved signal quality but not yet a utilizable increase in
bearing stiffness. This is due to a significant phase lag in
the signal, which originates from the necessary filtering. A
promising approach seems to be the superposition of the
derived position signal and the integrated acceleration sig-
nal in different frequency ranges. The limited frequency



ranges would decrease the need for filtering, if they are
chosen carefully.

4 THE FEED AXIS

The aim of the accompanying research project is the de-
velopment of a prototype of a machine tool feed axis with
magnetic bearings which consist of the described magnet
modules. The axis is to reach a dynamical stiffness of at
least 100 N/um in the vertical direction, which would have
to counter the majority of all process force related
disturbances. With a projected feed speed of more than
3 m/s in the central segment of the track, the axis is
supposed to sustain a highly dynamic pendular move-
ment, thus providing a stable platform for e.g. a grinding
application. In addition, the magnetic bearings can be
influenced in various ways to offer supplementary possibi-
lities, see chapter 4.2.

4.1 The structure of the feed axis

Figure 4: Construction model of the feed axis.

The feed axis features four vertical levitation magnets on
the corners of a rectangular slide and one horizontally
guiding module in the center of each face side. The
structure of the slide was designed for maximum mecha-
nical stiffness to ensure its stability against disturbing
forces. Only thus is it able to guarantee the exact position-
ing of the magnet modules on their yokes. The levitation
magnets provide the main carrying force and the rotatory
stability against pitch and roll movements. And the re-
maining two modules control the horizontal alignment
along the track and the yaw tendency of the table. They
are designed equal to the vertical modules. Even though
they do not carry any of the weight of the slide, they still
have to deal with the normal forces of the feed drives.

Figure 5: Details of the feed axis slide.

The feed drives are two linear motors, which are posi-
tioned to the left and the right of the table’s long axis in
parallel to the horizontal guiding modules. In these posi-
tions the combination of the motors forms a double-comb
configuration, which balances the effect of the enormous
attractive normal forces between the primary and second-
dary parts. Otherwise, the normal forces have to be ab-
sorbed by the bearings. The motors are slightly inclined to
angle the force vector of the normal forces up and thus
using it for the partial compensation of the slide’s static
weight. This eases the load of the bearings.

The slide is running in a 3 m track, that mainly consists of
three yokes, which complete the magnetic circuits, and
the secondary parts of the motors. Two yokes are set up
vertically and each interacts with one pair of levitation
magnets. The third, horizontally oriented yoke is integra-
ted into a massive central beam and serves both guiding
magnets. In addition, the secondary parts are mounted to
the sides of this central beam.
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Figure 6: The feed axis prototype.

4.2 Control principles and auxiliary control functions

The feed axis control principle is based on the same PI-
state control algorithm as the 1-DOF test bench, only this
time there are five degrees of freedom to monitor. The
remaining sixth degree of freedom will be controlled by
the linear motor through a separate control unit.

In this case all DOF will be controlled directly instead of
controlling the single magnet modules. This requires an
additional coordinate transformation, which transfers the
actual movement at the position sensors and the air gaps
of the individual magnet modules into the motion of the
two translatory and three rotatory degrees of freedom.
These transformed movements along the axes of the
coordinate grid are processed through the state control
loops and the outputs are transformed back into control
signals for the six magnet modules and superposed, thus
preventing them from working against each other.

It is a characteristic performance limitation of single mag-
net control principles, that two or more modules are ben-
ding the table structure while trying to adhere to their
target values without regard to the mechanical coupling
between them, which is due to their fixed position on the
slide structure. The mechanic tolerances in the assembly
of the slide and track prevent an ideal positioning. Thus,
the four levitation magnets, which constitute an over-
determined system, never span one common, fully hori-
zontal plane, as they theoretically should. The extent of
the difference in performance of the two control approa-
ches is a topic of the research project.

In addition to the DOF control the contactless bearing with
its controllable air gaps and active control circuit offers
several possibilities for supplementary control measures.

An auxiliary feed forward control for the compensation of
the process forces is planned to increase the dynamic
stiffness of the active bearing. The small reaction time to a
disturbance normally is an inherent characteristic of every
reactive, feedback control loop with unpredictable distur-
bances. It generally requires a deviation as control input
before it can start to generate a compensation force. In a
regular and repetitive process like pendular grinding, the
expected and known process forces can be compensated
very accurately. In every stroke the same force is projec-
ted at the same time as soon as the grinding wheel cuts
into the material. The additional controller will adapt cur-
rent and force in such a way that the complete compen-
sation force is available at the right time. Thus the devia-
tion of the vertical position of the table can presumably be



avoided almost completely. At the beginning a teach-in of
several strokes has to be observed, in which data about
the timing and the amplitude of the disturbing force are
collected. This will be averaged and transformed into the
necessary compensation force. Besides, the algorithm
has to calculate the timing when to start generating the
force. The data collection will be continued after the acti-
vation of the controller to allow a continuous optimization
of the compensation.

Furthermore, the accessibility of the air gaps opens the
possibility to position the slide up to the accuracy of the air
gap width sensors in several degrees of freedom. This
possibility would extend to an adjustment of up to about
+ 100 um and could enhance the positioning accuracy of
the slide greatly. However, the displacement would have
to consider the effect on the bearing’s stiffness since it
would change the point of operation of the magnet
module. Therefore the actual effectiveness of this function
remains to be examined.

These auxiliary functions and additional tests with accele-
ration sensors as supplemental control input will be imple-
mented in the course of 2007.

4.3 Current measurement results

In the current stage of the development the feed axis is
set up completely with the exception of the linear drives.
Thus, the current tests and optimizations are limited to
stationary levitation and manual movement along the
track.

The comparison of measurement results with a single
magnet control and the first versions of the direct DOF
control already show a definite enhancement of the
control quality. The deviation and oscillation after a
manual, vertical force impulse disturbance decrease nota-
bly, see Figure 7 and Figure 8. The figures can be con-
sidered exemplary for all modules. A further improvement
of the levitation quality is to be expected with further
optimization of the mechanical set-up and alignment on
the one hand and the control parameters on the other
hand.
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Figure 7: Air gaps of a vertical levitation magnet with DOF
control (left) and single magnet control (right).
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Figure 8: Air gaps of a horizontal guiding magnet with
DOF control (left) and single magnet control (right).

To achieve the shown stable levitation state, each magnet
module consumes about 3.5 A of current. Since the linear
motors are not yet installed, they do not provide their
weight compensation for the slide yet. The guiding mag-
nets need almost no permanent current, since they are
only stabilizing the table but do not carry any weight.

In the next step the stiffness of the bearing will have to be
evaluated with measured, repeatable force impulses. The
displayed preliminary experiments cannot be used for this,
since neither the amplitude of the manually created distur-
bances is not yet reliably repeatable.

Special attention has to be given to the horizontally
stabilizing modules. Since gravity does not exert a dam-
pening influence on the operation of these modules, they
are way more sensitive to disturbances. In addition, there
are only two of them, in comparison to the four levitating
modules, thus limiting the horizontal stability even further.

5 SUMMARY

This paper presents the development of a novel magnetic
bearing for a feed axis with direct drives. The bearing
mainly consists of magnet modules, which combine
electro- and permanentmagnetic forces and can project a
usable force in two directions along one axis, instead of
one direction only. Thus the complete bearing uses
considerably less actuators than comparable electromag-
netic bearings. However, the innovative core geometry in
combination with an optimized state control and several
auxiliary control functions will result in a very stiff bearing,
which can sustain very dynamic and stable movements
along the track.

During the development the magnet module and its
control underwent testing in simulations and a preliminary
1-DOF test bench for a single prototype without feed
movement. Subsequently, the feed axis itself was con-
structed and is used to optimize all components of the
bearing system. The final aim for the performance of the
bearing is a pendular movement with a top speed of more
than 3 m/s in the process area and vertical stiffness of at
least 100 N/pum.

At the present stage of the development the feed axis can
sustain a stationary levitation without feed. The ongoing
measurements have so far yielded a significant difference
between a single magnet control and direct control of the
table’s degrees of freedom. The DOF control enhances
the quality of the levitation and adds stability.
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