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Structure

� Basic Principles of Magnetic Bearings
– Magnetic Levitation

– Potentials and Limits

– Conventional electromagnetic bearing

The Magnet Module and the 1 DOF Test Bench

The Feed Axis
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Electromagnetic Levitation

� Controlled Electromagnet and passive, ferrous back yoke
� Attractive forces only
� Direct control of the air gap in the magnetic circuit, highly accurate positioning
� Reactive control principle
� Permanentmagnetic amplification possible

Source: IFW, Hannover

Source: IEM, RWTH

Magnet Force

Airgap
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Potentials and Limits

� Very high speed and acceleration

� High, controllable damping ratio

� No wear due to lack of friction

� Suitable for extremely clean and sensitive environments

� Nonmagnetic casing can protect against aggressive media and pollution

� Active position control
– Predictive control against expected disturbances

– Active vibration damping in multiple degrees of freedom

� Large installation space

� Large control effort, limited dynamic stiffness

� High costs

� Magnet forces: Protection of the bearing against magnetized particles
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Conventional Approach to a Magnetic Guideway

� Magnetic bearings with bias force through
a pair of electromagnets with opposite
force directions

� Additional magnet against the rear face of 
the yoke for horizontal guidance

� Four groups of three magnets on the
corners of the slide to control five degrees
of freedom

� Small test bench as first stage of a 
complete bearing arangement to 

– test control concepts

– determine magnet characteristics
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Structure

Basic Principles of Magnetic Bearings

� The Magnet Module and the 1 DOF Test Bench
– Functional Principle and Control of the Magnet Module

– Mechanical Assembly

– Set-up and Measurements at the 1 DOF Test Bench

The Feed Axis
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Functional Principle of an Integrated Magnet Module

� 90°deflection of the force 
direction

� Permanentmagnetic
amplification

� Coil current amplifies
force in two air gaps and 
weakens it in the other
two

� Resulting force along one
axis, depending on the
current sign
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Assembly of the magnet cores
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Magnet module and supporting frame

permanent magnetsmech. stop bar

coil
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1-DOF-Test Bench for a Prototype Magnet Module
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The PI-State Controller

� Approach of a state controller with
complete feedback and additional 
integrator for stabilization

� Simulation models the magnet using
the differential state equations and 
calculated coefficients

� At the feed axis each control loop
acts on one decoupled degree of 
freedom
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Measurement Result of a Step Disturbance

� Cut-off experiment
mLoad = 5 kg

� Sampling rate 10 kHz

� M = -131, k1 = -0.5, 
k2 = -0.0007, k3 = -0.13

� Deviation 2.2 µm

� Settling time 20 ms

� Stiffness 23 N/µm

� Supply current without
load: 0.6 A
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Structure

Basic Principles of Magnetic Bearings

The Magnet Module and the 1 DOF Test Bench

� The Feed Axis
– Mechanical Set-Up

– Movie Clip
– Control principles

– Measurement results
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Construction and Characteristics of a Feed Axis with Ma gnet 
Modules

� Distribution of two linear direct drives (double comb) 
and six magnet modules on a stiff slide structure

� Complete control of five degrees of freedom with just 
six magnet modules

� Inclination of the drives to compensate for the static
weight of the slide

� Track length of almost 3 m, completely equipped
with back yokes for the magnet modules and 
secondary parts for drives

� Maximum speed of more than 3 m/s with a peak
acceleration of almost 20 m/s²

� Possible mode of operation is a fast pendular
movement for a grinding application
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3D-Sketches of the slide (without cover plate)

magnet modules

linear direct drives



Page 16� ��������	
��
�����

Assembly of the Feed Axis
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Current State of Assembly of the Feed Axis
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Lifting from the standby position into the operating point
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Video of levitating slide movement
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2nd video of levitating slide – side view
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Control of the DOF vs. Single Module Control

� Single Module Control
– Fixates the air gap in every magnet module

– No correlations between modules
– Ignores mechanical coupling of the modules through the structure

– Competing Force components introduce torsional bending into the structure

– Four actuators to be forced into one plane (three point definition) – overdetermined system

� DOF Control
– Translates the air gap widths into a spatial description of the slide`s position

– Control signals for the DOF are split up into commands for the modules

– Superposition of the command signals eliminates competing force components

� DOF Control results in a smoother, stabler and more reliable control behavior with an 
even current distribution
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Module Combinations for DOF Control
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Measurement Comparison of the Control approaches
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Measurement results – Disturbance Effect on a Degree of F reedom
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Measurement results – Disturbance Effect on a Physical Ai r Gap
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Summary and Outlook

� Development of integrated magnet modules with permanentmagnetic amplification allows 
energy-saving force generation in both directions of one axis with one actuator

� Successful testing of a prototype module on a small test bench for one DOF

� Control optimization with a PI – state controller resulted in a dynamic stiffness against 
disturbances of up to 25 N/µm

� Design of a contactless bearing of six modules for a feed axis with linear direct drives

� Construction of a prototype feed axis, verifying the design of the bearings and its control 
concept

� Special emphasis on the structural integrity of the moving slide against drive and bearing 
forces

� Integration of the linear direct drives and optimization of completed system with feed 
motion

� Extension of the control unit with supplementary functions to enhance the stiffness

� Evaluation of the completed test bench in its final set-up towards machining applications
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