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Abstract— The current and position dependent force and flux linkage
characteristics of the studied radial active magnetic bearings are deter-
mined by the finite element computations in the entire operating range.
Based on results of the performed computations the considerable impact
of magnetic nonlinearities and cross coupling effects on properties of radial
active magnetic bearings is established. The obtained characteristics are
incorporated into the dynamic mathematical model, which is based on the
current and position dependent radial forces and partial derivatives of flux
linkages.
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I. INTRODUCTION

A
CTIVE magnetic bearings are a system of controlled elec-
tromagnets which enable contact-less suspension of a ro-

tor [1]. Two radial bearings and one axial bearing are used to
control the five degrees of freedom of the rotor, while an inde-
pendent driving motor is used to control the sixth degree of free-
dom. No friction, no lubrication, precise position control and vi-
bration damping make Active Magnetic Bearings (AMB’s) par-
ticularly appropriate and desirable in high-speed rotating ma-
chines. Technical applications include compressors, centrifuges
and precise machine tools.

The electromagnets of the discussed radial AMB’s (Fig. 1) are
placed on the common iron core [2]. Their behavior is therefore
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Fig. 1. Radial AMB’s: A – stator, B – rotor, C – housing

magnetically nonlinear. Moreover, the individual electromag-
nets are magnetically coupled. The impact of magnetic nonlin-
earities and cross coupling effects on properties of AMB’s can
be efficiently evaluated in the entire operating range with the
analysis of force and flux linkage characteristics.

The force and flux linkage characteristics of the dis-
cussed radial AMB’s are determined by the Finite Element
Method (FEM), using the programming environment described
in [3]. The AMB force is calculated by the Maxwell’s stress ten-
sor method. The validation of the calculated force is performed
through the comparison with the measured force in the entire op-
erating range. Flux linkages are determined from average values
of a magnetic vector potential in the coils. The flux linkages was
not possible to measure due to the mechanical problems of the
rotor fixation. The calculated flux linkage characteristics were
therefore examined through the additional force calculation in
the entire operating range.

The obtained characteristics are incorporated into the dy-
namic AMB model, which is based on the current and position
dependent radial force and partial derivatives of flux linkages.
The presented dynamic model considers the magnetic nonlin-
earities as well as cross coupling effects, and therefore describes
the radial AMB’s more complete than dynamic models which
are avaliable in the literature [2] [4]. Moreover, it is appropri-
ate for the nonlinear control design, as well as for the real time
realization.

II. FINITE ELEMENT COMPUTATION

The geometry and the magnetic field distribution of the dis-
cussed radial AMB’s is shown in Fig. 2. The problem is formu-
lated by Poisson’s equation (1), where A denotes the magnetic
vector potential, � is the magnetic reluctivity, J is the current
density, and r is Hamilton’s differential operator.

r � (�rA) = �J (1)

The magneto-static computation was performed by the
2D FEM, using the programming environment described in [3].
In the first step the bearing geometry, the material, the current
densities and the boundary conditions were defined. Next, an
initial discretization of 9973 nodes and 19824 elements was gen-
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Fig. 2. The Geometry and magnetic field distribution of the discussed ra-
dial AMB’s for the case x = y = 0:1 mm, ix� = 0 A, iy� = 1 A and
I0 = 5 A.

erated. During the analysis of errors, adaptive mesh refinement
was applied. Refined mesh is defined by 16442 nodes and 32762
elements, where the value 1.60 for the average aspect ratio is
reached.

The radial force characteristics Fx(ix�; iy�; x; y) and
Fy(ix�; iy�; x; y) were calculated in the entire operating range
using the Maxwell’s stress tensor method (2), where l de-
notes the bearing’s axial length, �0 the permeability of vacuum,
while components of a magnetic flux density are denoted as Bx

and By. The integration was performed over the contour C
placed along the middle layer of the three-layer air gap mesh,
shown in Fig. 3a).
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The characteristics of flux linkages  1(ix�; iy�; x; y),
 2(ix�; iy�; x; y),  3(ix�; iy�; x; y) and  4(ix�; iy�; x; y)
were calculated in the entire operating range from average val-
ues of the magnetic vector potential in the stator coils (3).
Np denotes the number of turns per pole, while �Aa;k, �Ab;k,
�Ac;k and �Ad;k denote the average values of a magnetic vec-

tor potential for the particular coil-end for the k-th electromag-
net (k = 1 : : : 4). In Fig. 3b) the magnetic vector potential and
the flux linkage of the electromagnet no. 3 is shown.

 k = Npl
�
( �Aa;k � �Ab;k) + ( �Ad;k � �Ac;k)

�
(3)
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Fig. 3. The refined air gap mesh a), and the magnetic vector potential and the
flux linkage of the electromagnet no. 3 b).

Considering the symmetry in geometry (Fig. 2), the mutual
influence between electromagnets in the x- axis (no. 1 and no. 2)
and electromagnets in the y- axis (no. 3 and no. 4) can be de-
scribed by (4) and (5).

 1(ix�; iy�; x; y) =  2(ix�; iy�;�x; y) (4)

 3(ix�; iy�; x; y) =  4(ix�; iy�; x;�y) (5)

III. FORCE MEASUREMENT

Force measurement was performed for different values of the
control current and rotor position in the y- axis, while the control
current and the rotor position in the x- axis were both equal to
zero. The bearing force was measured by a bending beam load
cell HBM Z6FC3. The rotor position was measured with an
induction proximity probe Vibro-meter TQ401, while a LEM
HY 10-P sensor was used for the current measurement. All four
electromagnets were supplied by a 20kHz, 270V PWM current
source inverter. For the real time feedback algorithm execution
and data acquisition a dSPACE 1103 PPC board was used.

IV. RESULTS

Due to the manufacturing process of the rotor steel sheets the
magnetic properties of the rotor surface change and the mag-
netic air gap became larger than the geometric one. The air gap
was therefore increased in the FEM-based computations from
0.4 mm to 0.45 mm. The increase in the air gap for 0.05 mm
can be compared with the findings in [4].

A good agreement between the radial force characteristics,
calculated by the FEM and measured, can be seen in Fig. 4a)
and in Fig. 4b). In Fig. 4d) – Fig. 4g) FEM-based results for the
flux linkage characteristics are given. Flux linkage characteris-
tics were not measured due to the mechanical problems of the
rotor fixation. The calculated flux linkage characteristics were
therefore examined through the additional force calculation (6)
in the entire operating range. N denotes the total number of
turns of the electromagnet and A the area of one pole. � is the
force acting angle, while �0 and � denote the permeability of
vacuum and the leakage factor respectively. Flux linkage in the
y- axis, i.e.  3 and  4 are calculated by the FEM in the entire
operating range. Results of the proposed force calculation (6)
are shown in Fig. 4c). The agreement between the radial force
characteristic calculated by the FEM and calculated by (6) is
very good; the maximum relative difference inside the operat-
ing range is 10 %.
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To evaluate the impact of magnetic nonlinearities and cross
coupling effects on properties of the discussed radial AMB’s,
it is sufficient to analyze the results inside the operating
range (iy� 2 [�2 A; 2 A], y 2 [�0:1 mm; 0:1 mm]). From
the obtained results linear force and flux linkage characteristics
of the discussed radial AMB’s are determined. However, con-
sidering the current and position dependent partial derivatives of
flux linkages, the electro motive forces can change considerably
due to the magnetic nonlinearities and cross coupling effects.
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Fig. 4. Radial force characteristic Fy(iy�; y): a) calculated by the FEM, b) measured, c) calculated trough FEM-based flux linkage characteristics. Flux linkage
characteristics, calculated by the FEM: d)  3(iy�; y), e)  3(iy�; x), f)  1(iy�; y), g)  1(iy�; x).

V. DYNAMIC AMB MODEL

The dynamic AMB model is according to the circuit model
presented in Fig. 5 given by (7) and (8):
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where u1, u2, u3 and u4 are the supply voltages, ix�

and iy� are the control currents in the x- and in y-axis.
R is the coil resistances, m mass of the rotor, while I0 is
the bias current. The FEM-calculated force characteris-
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Fig. 5. The circuit AMB model.

tics Fx(ix�; iy�; x; y) and Fy(ix�; iy�; x; y) and character-
istics of flux linkages  1(ix�; iy�; x; y),  2(ix�; iy�; x; y),
 3(ix�; iy�; x; y) and  4(ix�; iy�; x; y) are incorporated into
the proposed dynamic AMB’s model. The current and position
dependent partial derivatives of flux linkages required in (7) are
calculated through analytical derivations of the continuous ap-
proximation functions.

VI. CONCLUSION

The force and flux linkages characteristic of the discussed ra-
dial AMB’s are determined by the FEM in the entire operat-
ing range. The validation of the calculated force is performed
through the comparison with the measured force. The mea-
surement of the calculated flux linkages was not performed due
to the mechanical problems of the rotor fixation. The calcu-
lated flux linkages were therefore examined trough the addi-
tional force calculation. It has been shown, that the results of
force calculation trough FEM-based flux linkage characteristics
are very good. The obtained results show linear force and flux
linkage characteristics of the discussed radial AMB’s inside the
operating range. However, the electro motive forces can change
considerably due to the magnetic nonlinearities and cross cou-
pling effects. The obtained characteristics are incorporated into
the dynamic AMB model, which is based on the current and
position dependent radial force and partial derivatives of flux
linkages.
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