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Abstract— The current and position dependent flux linkages and
forces of radial active magnetic bearings are determined by the finite el-
ement method. The results obtained are incorporated into the dynamic
model of active magnetic bearings in order to evaluate the influence of
magnetic nonlinearities and cross coupling effects on their dynamic and
static properties. The presented results show that the magnetic nonlin-
earities and cross coupling effects can change the electro motive forces
considerably. These cross coupling effects are calculated and can be im-
plemented in the control design as additional compensations.

INTRODUCTION

Active Magnetic Bearings (AMB’s) are a system of con-
trolled el ectromagnets which enable contact-less suspension of
arotor [1]. The electromagnets of the discussed AMB’s [2]
are placed on the common iron core, which means that their
behavior is magnetically nonlinear. Moreover, the individual
electromagnets are magnetically coupled.

For the control design of the AMB’sthelinearized dynamic
model s are commonly used, where magnetic nonlinearitiesand
cross coupling effects are not considered [1]. The nonlineari-
ties can be taken into account, for example by the nonlinear
force characteristics and dynamic inductances [3]. The influ-
ence of the disturbing cross coupling effectsis neglected in the
majority of the dynamic AMB models, which are available in
the literature, although the efficient cross coupling compensa-
tion isimportant to get better closed-1oop dynamic behavior of
the device.

In this paper, the impact of the magnetic nonlinearities as
well as cross coupling effects on the properties of AMB’s is
evaluated. The characteristics of flux linkages and radial forces
are determined by using the Finite Element (FE) method and
verified by measurements in the entire operating range of the
bearing. The determined characteristics areincorporatedin the
dynamic AMB model. The obtained dynamic model is used to
evaluate the impact of magnetic nonlinearities and cross cou-
pling effects on the properties of AMB’s. The proposed dy-
namic model is appropriate for the nonlinear control design.

FINITE ELEMENT COMPUTATION

The geometry and the magnetic field distribution of the
studied AMB'’s is shown in Fig. 1, while the AMB circuit
model is shownin Fig. 3.

The magneto-static computation was performed by 2D FE
method using (1), where A denotes the magnetic vector poten-
tia, v isthe magnetic reluctivity, and J is the current density.
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Fig. 1. The AMB geometry and magnetic field distribution.
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The flux linkages v, v, 13 and 1, were calculated in
the entire operating range from average values of the mag-
netic vector potential in the stator coils for different control
currents i, A and i, A, and for different rotor displacementsin
the z- and in y-axis. The radia forces F, and F), were calcu-
lated by Maxwell’s stress tensor method.

DYNAMIC AMB MODEL

The dynamic AMB model is according to the circuit model
presented in Fig. 3 given by (2) and (3):
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whereuy, us, us and uy arethe supply voltages, I, isthe bias
current, i, A and i, are the control currentsin the - and in
y-axis. R stands for the coil resistances. F, and F), arethera-
dia forcesin the z- and in y-axis, respectively. The character-
istics Ibl(iwA,iyA,:U,y), gbg(izA,iyA,x,y), gbg(izA,iyA,x,y)
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Fig. 3. The circuit AMB model.

and Ya(iza,iya,z,y), as wel as Fy(iga,iya,z,y) and
Fy(iza,iya,z,y) were determined by FE computations. The
current and position dependent partial derivatives of flux link-
agesrequired in (2) have been determined numerically. There-
fore, the magnetic nonlinearities and cross coupling effects are
incorporated into the dynamic AMB mode (2), (3) by the cur-
rent and position dependent flux linkages and forces.

In standard AMB models the terms like ;i’pi and —8523 are
Y
oY1

constant, the terms like B, and 88—121 are neglected, while the
forces are given by the linearized functions. Therefore, the
dynamic model proposed in this paper is much more consistent
in comparison with the standard AMB models.

RESULTS

A good agreement between the computed and measured
forces can be seen in Fig. 2a) and Fig. 2b). The partia deriva-
tiv&%, &, % and 52+ areshownin Fig. 2c) - Fig. 2f).
Theflux linkages were determined by the FE method, whilethe
partial derivatives were calculated numerically. The presented
results are given for the case when the control current i, and

therotor position in the z-axis are equal to zero.

;ﬁ (iya,y), 1) partial derivative %2 (i, a,y)

From the computed results shown in Fig. 2c) — Fig. 2f) can
be seen that the current and position dependent partial deriva-
tives of flux linkages are different from zero. As a conse-
guence, the electro motive forces (emf’s) can vary in a range
up to 16 % when compared to those, obtained by the standard
AMB models.

CONCLUSION

The impact of magnetic nonlinearities and cross coupling
effects on the properties of radial AMB’s is studied in the pa-
per. It has been shown that the results of the FE computa-
tions can be used to improve the standard AMB models. In
this way, the magnetic nonlinearities and cross coupling ef-
fects are considered in the proposed dynamic model, which is
appropriate for the evaluation of static and dynamic behavior
of the AMB’s. The presented results show that the influence of
magnetic nonlinearities and cross coupling effectsis not negli-
gible. In the case of the discussed AMB's, the emf’s can vary
dueto the magnetic nonlinearities and cross coupling effectsin
the range up to 16 % in comparison with those data obtained
by the standard models. These effects have to be considered in
the nonlinear control design as cross coupling compensations.
Therefore, the closed-loop dynamics can be improved in the
best possible way.
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