Modelling the Performance Characteristics of Radial Active Magnetic Bearings – Comparison of 2-D and 3-D Finite Element Method and Reluctance Network Method
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Abstract: - Comparison of the accuracy of different numerical computation methods in calculating the performance characteristics of radial active magnetic bearings is presented. It is shown that when the magnetic cores of the stator and the rotor remain at the linear region of the core materials magnetization curve, the two-dimensional approaches, i.e. 2-D finite element method and reluctance network method, are valid. However, these methods neglect the end-field effects, which deteriorates their accuracy especially when the rotor and the stator core are saturated. In order to accurately cover the whole operation range of radial active magnetic bearings 3-D finite element method should be used. 
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1   Introduction

Active magnetic bearings (AMB’s) utilize magnetic forces to maintain contact-less suspension between rotating and stationary surfaces. The contact-less operation of active magnetic bearings offer many advantages compared with the traditional bearings such as absence of lubrication, high-rotation speed, low bearing losses, low vibration and maintenance-free operation. They are used in increasing numbers of industrial applications such as high-speed electrical machines, flywheels for energy storage, high-speed spindles for machine tools, turbo-machinery and centrifuges [1]. 

     In a typical AMB system two radial magnetic bearings and one axial magnetic bearing control the five degrees of freedom. The axial bearing consists of axially symmetric electromagnets in the stator and a disc in the rotor. The rotor and the stators of an axial bearing are usually made of solid iron. The most popular radial active magnetic bearing system, which is the topic of this paper and is shown in Fig. 1, comprises of a laminated stator core with eight magnetic poles arranged circumferentially around the laminated rotor structure, which is attached to the shaft of an electric machine. The magnetic flux paths can be arranged either so that the poles are alternating or paired. Both configurations have their benefits and weaknesses [2], [3]. The coils of two poles are connected in series, i.e. the bearing comprises of four electromagnets producing radial forces on the rotor in four directions. When current is applied to the stator coils, an attractive magnetic force is generated between the stator poles and the rotor. This attractive force increases as the distance between the stator and the rotor surfaces decreases thus making the system unstable in nature. When operating at low magnetic flux density values the attractive force is proportional to the square of the current. This non-linear relationship can be effectively linearized by a bias current. 
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Fig. 1. Schematic diagram of an eight pole radial active magnetic bearing and its coils and currents.

     The position of the rotor with respect to the stator is measured and the position signals are utilized in controlling the currents in the stator coils. The same position controller controls the electromagnets on the opposite sides of the rotor. In the case of differential driving mode, the position controller computes a control current, which is added to one electromagnet and subtracted from the opposite magnet, i.e. the attractive force is increased in one electromagnet and decreased in the opposite magnet. The total force of the radial active magnetic bearing is a sum force produced by all the electromagnets. The linearized force-current relationship in x-direction at the vicinity of the operation point is written as [4]
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where F is the total force of the radial bearing, k is a geometric factor, N is the number of turns in a coil, Ib is the bias current, A is the area of a pole-pair, ( is the length of an air-gap, Icontrol is the control current and x is the position of the shaft. In Eqn. (1) the coefficients of Icontrol and x are known as current stiffness ki and position stiffness kx, respectively. It must be mentioned that (1) fails when the currents are not at the vicinity of the bias current. Furthermore, (1) is not valid when the rotor and stator cores are saturated or the rotor is too eccentric. However, the linearized force-current characteristics can be evaluated at different operation points in order to cover the whole operation range and the results can be used for basic controller design [1].

     The main interest for the designer of radial active magnetic bearing system is to predict the force versus current characteristics, current stiffness and position stiffness as well as the dynamic inductances of the coils of the bearing system at different operation points as accurately as possible. Especially the variation of the performance characteristics of a radial active magnetic bearing between different operation points is of main importance for the controller design. 

     The most common way of evaluating the radial force characteristics and the dynamic inductances of the coils is to use the two-dimensional (2-D) finite element method (FEM), the results of which are presented e.g. in [4], [5]. The 2-D FEM analysis is relatively fast and accurate enough when the rotor and the stator core remain in the linear region of the magnetization curve of the core material. However, the 2-D analysis neglects the end-field effects, which deteriorates the accuracy of the 2-D field solution especially when the rotor and the stator core are saturated. 

     The 3-D FEM analysis takes the end-field effects into account and the accuracy of the magnetic field solution is improved within the whole operation range of the radial active magnetic bearing. However, the computation time needed in 3-D analysis is considerably longer compared to the 2-D analysis. Only a few results considering 3-D analysis of radial active magnetic bearings have been published. In [6] an analysis of the magnetic circuit of magnetic bearings with permanent magnet excitation was reported, but the performance characteristics of the bearing system were not studied. 

     The third alternative in solving the parameters of a radial active magnetic bearing is the reluctance network method (RNM), the results of which can be found e.g. [7], [8]. RNM provides a satisfactory accuracy compared to FEM but with only a fraction of computation effort. The solution region in RNM is two-dimensional, i.e. it also neglects the end-field effects.

     The objective of this paper is to compare the accuracy of different numerical calculation methods in the evaluation of the force versus current characteristics of the radial active magnetic bearing as well as dynamic inductances of the coils and the current and position stiffness of the bearing. It is shown that the accurate evaluation of the force versus current characteristics of a radial active magnetic bearing at the whole operation range requires 3-D FEM modelling. This is due to the fact that when the stator and rotor cores are saturated, the end-field effects cannot be neglected in the force calculation. The effect of the end-fields to the performance characteristics of radial active magnetic bearings will be discussed in detail. The accuracies of the discussed computation methods were verified by comparing the calculated force-current characteristics with the measurements of a prototype radial magnetic bearing.

2   Method of Analysis

In this section the basic principles of the calculation methods, i.e. 2-D FEM, 3-D FEM and the reluctance network method, are discussed and the equations used for force and dynamic inductance calculations are given. In all cases the magnetic field can be assumed to be magneto-static. 

2.1
2-D FEM

The 2-D electromagnetic field of the radial active magnetic bearing in the Cartesian plane is described in terms of magnetic vector potential A as
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where ( is the reluctivity and J is the current density. The dynamic inductance of a coil is defined as a partial derivative of flux linkage ( with respect to the current I
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     The flux linkage is calculated from the magnetic vector potential solution as an integral over the studied winding region (w, leading to
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where N is the number of turns in coil and l is the axial length of the bearing. It must be noticed that if several coils are simultaneously current supplied, the flux linkage calculated by (4) takes into account the mutual effects between coils.  

     The force calculation is based on the principle of virtual work [9]. In this method, the force is calculated as a partial derivative of the magnetic co-energy Wco with respect to the virtual displacement s
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     The current stiffness ki and position stiffness kx are calculated as
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2.2
3-D FEM 
In three-dimensional magneto-static problems the magnetic field strength H in regions where source currents are present and the permeability is that of free space can be represented by a reduced scalar potential ( 
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where Hs is the magnetic field due to the coils in free space computed by the Biot-Savart law. The impressed field satisfies Ampere’s law
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In highly permeable iron regions without source currents the total scalar potential (, defined as
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is used. The differential equations to be solved are [10]  
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Evaluation of the flux linkage of the coil is obtained by deriving the magnetic co-energy with respect to the current flowing through the coil. Hence,
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where H0 is the field created by the coil in vacuum. The integration of (13) is performed over the whole study domain. The dynamic inductance is calculated using (3). The force calculation in 3-D is done using the virtual work method. Therefore (5) is also valid in 3-D analysis.

2.3
Reluctance network method
In the reluctance network method, the magnetic circuit of a radial active magnetic bearing is composed of sources describing the magneto-motive forces created by the coils and reluctances representing different parts of the geometry. A uniform magnetic flux distribution in the flux path cross-section is usually assumed and the leakage flux is allowed to flow only in the modelled leakage paths. 
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Fig. 2. The reluctance network model of the radial active magnetic bearing.

     The equivalent reluctance network model of a radial active magnetic bearing with definitions of loop-fluxes (i and branch fluxes (i is shown in Fig. 2. The geometry is divided into reluctances representing a sector of the stator yoke Rsy, upper Rzup and lower Rzlow part of the stator tooth, stray flux reluctance between teeth Rslot, air-gap R( and a sector of the rotor yoke Rry. Magneto-motive forces created by the coils are modelled with sources denoted by N/2ik.

     Initial values of rectangular volume reluctances are calculated as
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where li is the length of the reluctance in the direction of the flux density, Ai is the cross sectional area of the reluctance, (i(Bi) is the permeability of the branch material and Bi is the flux density of the branch. Between the iteration steps the reluctances consisting of non-linear iron are updated using
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where the branch magnetic field strength Hi(Bi) is evaluated from the magnetization curve of the material using cubic spline interpolation.

     The non-linear equations of the RNM can be expressed in the matrix form as
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where R is the diagonal reluctance matrix, ( is the branch flux vector, ( is the loop-flux vector, T is the loop-set matrix connecting the branches to correct loops, i is the coil current vector and N is the matrix coupling the coil currents to the magneto-motive force of the loops. Loop-fluxes are solved using Newton-Raphson algorithm. The electromagnetic characteristics of the radial active magnetic bearing are derived from the solution of (16). 

     The force per pole is calculated as
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where the partial derivative of the reluctance matrix with respect to the rotor displacement q is a constant matrix because the displacement affects only the air-gap reluctances. The dynamic inductance matrix containing the self and mutual inductances of the coils can be calculated directly as [3]
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where J is the Jacobian matrix. The total dynamic inductance of the kth coil is obtained from (18) as a sum over the kth column.  

3 Test Bearing

The test bearing was an eight-pole radial active magnetic bearing designed and manufactured at Lappeenranta University of Technology. Both the rotor and the stator cores were made of laminated electrical steel sheets. The magnetic flux paths were arranged so that the poles were paired, i.e. NNSSNNSS. The main specifications of the bearing are shown in Table 1.

Table 1. 

The main dimensions of the test bearing.

	Stator diameter
	180

	Core length
	60

	Shaft diameter
	60

	Rotor outer diameter
	89.8

	Air gap length
	0.6

	Number of turns per magnet
	180

	Width of the stator teeth
	18

	Slot to slot diameter
	144


4 Results and Discussion

The accuracy of the force-current calculation results of different numerical calculation methods was verified by comparing them to the bearing forces obtained from the measurements. In FEM calculations Flux-2DTM and Flux-3DTM software packages from CEDRAT were used. The RNM-calculations were performed using MatlabTM environment.  

     In the force-current calculations only one pole-pair, i.e. one electromagnet, was current supplied and the bias current was set to zero. The measurements were done at two points, i.e. with centred rotor and with rotor eccentricity of 100 (m to the direction of the resultant bearing force. The comparison between the calculated and measured bearing forces of one pole-pair with the centred rotor and with zero bias current is shown in Fig. 3.  The corresponding results with the rotor eccentricity of 100 (m are shown in Fig. 4.  
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Fig. 3. Comparison of the calculated and measured bearing forces when the rotor is centred.
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Fig. 4. Comparison of the calculated and measured bearing forces at rotor eccentricity of 100 (m.

It is seen in Figs. 3 and 4 that when operating at low coil currents the measured bearing force shows good correlation with the results obtained with 2-D FEM, 3-D FEM and RNM. When the coil current is increased and the rotor and the stator cores start to saturate, the two-dimensional methods (2-D FEM and RNM) tend to overestimate the bearing force. This overestimation is caused due to neglecting of the end-field effects. In fact the magnetic flux density at the air-gap is not uniform in magnitude along the axial length of the bearing. In the end-regions of the stator and the rotor cores the flux density and thus the force production are lower than in the geometric centre of the bearing. The effect of the end fields cannot be taken into account using the two-dimensional approaches. The results obtained from the 3-D FEM analysis, where the end-field effects are taken into account, show very good correlation with the measurements within the whole operation range.  

     The calculated bearing forces as a function of the control current with centred rotor are shown in Fig. 5. The bias current was 3.75 A, i.e. when the control current is zero all the coils are supplied with the bias current. The calculated dynamic inductances of one electromagnet as a function of control current are shown in Fig. 6. 
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Fig. 5. Calculated bearing force when the rotor is centred. The bias current is 3.75 A.
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Fig. 6. Calculated dynamic inductance of one electromagnet. The bias current is 3.75 A and the rotor is centred.

It is seen in Fig. 5 that the results of the bearing force obtained from 2-D FEM and RNM are very close to each other. However, the results obtained from the 3-D FEM analysis clearly show the effect of the end-fields on the force-current characteristics. The effect of the end-fields on the dynamic inductance of the coil is of minor importance as seen from Fig. 6. The dynamic inductance calculated using RNM is slightly bigger than the results obtained from the 2-D and 3-D FEM analyses. One should notice that the dynamic inductance changes dramatically due to the saturation.

     The calculated current stiffness and position stiffness of the test bearing with the centred rotor are given in Figs. 7 and 8. The position stiffness was evaluated by moving the rotor (10 (m to the direction of the bearing force around the centre point of the rotor. The position stiffness of the bearing at centred rotor was calculated as an average of these two movements. 
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Fig. 7. Calculated current stiffness of the bearing. The bias current is 3.75 A and the rotor is centred.
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Fig. 8. Calculated position stiffness of the bearing. The bias current is 3.75 A and the rotor is centred.

5   Conclusion

The performance characteristics of radial active magnetic bearings were calculated using 2-D FEM, 3-D FEM and RNM. The force-current dependence of the test bearing was measured and the results were compared to the computation results. It was shown that 3-D FEM analysis should be used in order to cover the whole operation range of radial active magnetic bearings.
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