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Abstract

This paper presents a new modeling method based on Maxwell tensor method for radial
suspension forces of AC magnetic bearing. Comparing existing method, the invention explicitly
designed for AC magnetic bearing is more accurate. Take the AC hybrid magnetic bearing (AC
HMB) for example, this paper presents the mathematically modeling process of radial
suspension forces with the proposed method. In a comparison of the model established by
equivalent magnetic circuit method and by the proposed method, the high uniformity is revealed
in its expression form (the only difference is the coefficient between them). To illustrate the
precision of the proposed modeling approach, relevant verification experiment are designed and
conducted. Indeed, the experimental results show that the proposed modeling method is more
accurate than the traditional method (equivalent magnetic circuit method).

1 Introduction

The researchers all over the world have long been committed to research the direct current (DC) magnetic bearing
[1-2]. However, many of the research on the alternating current (AC) magnetic bearing until recent years are
developed and have aroused wide concern in the public [1]. Here, The AC magnetic bearing is so called because this
magnetic bearing can be controlled by AC motor control method to suspend the rotor, which is different from DC
magnetic bearing. In a radial DC magnetic bearing, usually four independent electromagnets are arranged around the
rotor. They are operated either by four unipolar power amplifiers or by two bipolar amplifiers. A simplification of
magnetic bearing can be achieved by the arrangement of only three electromagnets. If regards as it a DC magnetic
bearing, that still needs three independent unipolar power amplifiers for controlling the radial part of magnetic
bearing. But if regards it as an AC magnetic bearing, that just requires a three-phase power converter which is
already widely used in AC motor control method. So AC magnetic bearing has mature three-phase motor testing and
digital control technology used for reference, thus the cost of control system of magnetic bearing can be greatly
reduced. For more precise radial (two degree of freedom) control of AC magnetic bearing, building correct
mathematic model of radial suspension forces is particularly important. However, the existing modeling methods for
radial suspension forces of AC magnetic bearings are not enough precise [1-6]. Due to the configuration and
working principle of AC magnetic bearing has similarities to the suspension subsystem of bearingless motor, thus
the modeling method for radial suspension forces of bearingless motor could be reference for modeling the radial
suspension forces of AC magnetic bearings. In this paper, a new radial suspension forces modeling method of AC
magnetic bearing based on Maxwell tensor method is proposed, which makes modeling process more accurate
compared with the conventional modeling method.

2  Configuration and Principle of AC HMB
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2.1 Principle of radial suspension forces production for AC HMB

Figure 1 shows the configuration of radial AC HMB. For AC HMB, the radial suspension forces acting on the rotor
consist mainly of Maxwell forces. The Maxwell forces are divided into two parts [3]: one is the forces resulting
from the eccentric of rotor in bias magnetic field without control current; the other is the forces resulting from
control current in bias magnetic field without the eccentric of rotor.
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Figure 1: Configuration of Radial AC HMB

3  Mathematical Models of AC HMB

3.1 Modeling process based on Maxwell tensor method for radial suspension
forces of AC HMB

3.1.1  Forces acting on the rotor

According to Maxwell tensor method, the Maxwell forces per unit area dS along dimensional angle 6 on the rotor
surface can be expressed as
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Where / is the equivalent length of rotor,  is radius of rotor, and g is the permeability of the vacuum.
Owing to the eccentricity of the rotor caused by disturbance force f, the resulting forces per unit area dS along
dimensional angle 0 on the rotor surface can be expressed as
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The equations of the Maxwell forces are broken down into components Fx and Fy in the x-axis and y-axis.
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The expression of the eccentric angle is as follows

a =arctan(y, / x;) 4)

The eccentric direction is defined as the direction point to the minimum air-gap length. That is the direction of the
rotor eccentricity is in the same direction with the disturbance forces.
Usually the rotor eccentricity can be expressed by the eccentricity ratio
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In this paper, the Maxwell Forces acting on AC HMB shall be decided jointly by the magnetic fluxes density
generated by control coils and magnet permanent. Thus the two parts of magnetic fluxes density needed to be
analyzed respectively, and then be summed to get the result of magnetic fluxes density.

3.1.2  Calculation of magnetic fluxes density in air-gap generated by control coils

The fundamental component of magnetic motive force in the air-gap generated by control coils is derived by
neglecting the higher axial space harmonics.

1>2(0,t) = F, cos(6 — ot — ) (6)

Where F) is the amplitude of fundamental component of magnetic motive force in the air-gap generated by control
coils. ¢ is the phase angle corresponding to time ¢ equals zero, @ is ramp mechanical angle. @ is electrical angle
following the change of current.

The air-gap length at the ramp angle 8 can be expressed consider the rotor eccentricity as follows

0(0,t) = 6y(1— gcos(6 — a)) @)
B0 = 100550
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The pole arc angle of the magnetic bearing is 90 degrees, then we can get
By 077
Fyp ee(%,% )
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Where
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Foav Fops Fyc are the aptitudes of the three-phase magnetic motive forces in the air-gap generated by three-phase
current A, B and C. F; is the fundamental amplitude of the rotating magnetic motive force generated by control coils.
N3 is the single-phase effective turns. I is the aptitude of the single-phase current. p is the number of poles of
rotating magnetic field. The p is 1 for the AC HMB described in the paper.

The magnetic fluxes density in air-gap generated by control coils is as follows by [3]
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Substituting the expression of F, into Equation (8), and the value of € is very small, thus the quadraticterm can be
ignored in calculation.

B,(6,t) = B, cos(6 — wt — p)(1+ gcos(0 — a)) (12)
3.1.3  Calculation of magnetic fluxes density in air-gap generated by permanent magnet
The magnetic motive force generated by permanent magnet can be get as follows
F =H,h, (13)
Where H,, is magnetic intensity at work point. H,, is the length of permanent magnet in direction of magnetization.

In the condition that the rotor deviates from the equilibrium position at a given time ¢, the magnetic fluxes
density in air-gap generated by permanent magnet at ramp mechanical angle 6 can be get as follows

31(‘9,1):171' Hy _ Fi'/uO (14)
26(6,t) 26y(1-¢cos(f0—a))

Then also ignores the square terms of €, we can get
B (6,t) = B/(1+ &cos(6 — a)) (15)

The magnetic fluxes density in air-gap generated by the permanent magnet is as follows

Ho
B - 'H ’h 16
1 250 m "'m ( )

3.1.4  Caculation of Maxwell forces Fy, Fy,

According to the principle of field intensity superposition in the air-gap, the magnetic fluxes density generated by
control coils and permanent magnet B(6, ¢) can be got as

B(6,t)=B,(0,t)+ B,(0,1)

=(1+&cos(0—a))- (B, + B, cos(0 — ot — ) (17)

Due to the magnetic motive force is landed in the air-gap nearly all of poles, thus the components F, and F, in
the x-axis and y-axis can be got as
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Due to the values of € and B, are both too small, for simplicity, we will just ignore the square terms of them and
the simplified expression can be got as follows
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In Equation (19), the former is the controlled radial suspension force generated by control coils, which can
adjust the distribution of magnetic field in air-gap by adjusting the control current in control coils.

E. Calculation of Maxwell forces Fiy, F,

From Equation (11), (16) and (19), and using the Clark transformation of coordinates, the controlled radial
suspension force generated by control coils F;, and Fj, can be written as

3nirH,,h, 1 ~%~N3I cose 3nlrH,,h, 1N, -(% -1 cos )
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Where iy, iy are the current components in x-axis and y-axis transformed from the synthetic current of three-phase
currents by a Clark coordinate transformation.

Some conventional and practical relationships are used for the following derivation process, and the expressions
are as follows
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Where i+ ip, ic are three-phase control currents. &V, is each phase effective coil turns of equivalent two-phase coils.

i~ i,are control currents translated by 3/2 coordinate transformation.
Where
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Due to the total power is identical to the original system after transformation, the expression by simple Clark
coordinate transformation as Equation (20) shows can be revised by 3/2 coordinate transformation as follows

(22)
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3.15 Calculation of Maxwell forces Fi, Fyy

In Equation (19), the later is the Maxwell force generated due to the rotor eccentricity, which is proportional to the
eccentricity with the direction of the eccentric rotor. The Maxwell force components in x-axis and y-axis F;, and Fj,
of single piece of AC HMB can be written as

3xlreB? 3xlreH,*h, 1,
k=5 Cosa=————"-"—-cosx
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3.1.6 Calculation of Maxwell forces Fy, Fy,

Due the AC HMB has two pieces of stator and the calculation above are based on single piece, thus the Maxwell
force acting on the rotor is virtually two times the calculation results of single piece, and the expression is as
follows
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The resulting forces acting on the rotor should be sum of the radial suspension forces and the disturbance force.
The equations of the Maxwell forces are broken down into components F, and F, in the x-axis and y-axis with a
disturbance force set to f are as follows

ﬁ' 3zlrH,, h,, 11N g4 3xlrH,*h, 1, ]
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where Fj.. Fj, are the components of resulting force F; in the x-axis and y-axis. f.. f, are the components of
disturbance force f'in the x-axis and y-axis.

3.2 Modeling process based on equivalent magnetic circuit method for radial
suspension forces of AC HMB

In [6], a detailed derivation process of modeling process based on equivalent magnetic circuit method for radial
suspension forces of AC HMB is presented. Thus the modeling process is no longer restarted here, and the

expression is as follows
Fw 3 1 0 ix 3 1 0]l x
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Where the expression of K; (force-current coefficient) is K, = , K., (force-displacement coefficient)

0

RS . , . . .
'110713 , S is the equivalent area of the pole. Thus the resulting force acting on the rotor is as follows

0
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3.3 Contrastive result of two methods

isK,, =

In order to validate the feasibility of the presented method, this section will make a comparison of modeling results
using two methods. The S in K, may be decided by the structure of AC HMB: the / (equivalent length of rotor) in
Equation (1) is the partial rotor parameters for single piece of stator for AC HMB. The designed air-gap length is
0.5mm, while the actual work air-gap length is 0.25mm due to the limitation of assistant bearing. Thus the sum of S
(equivalent area of each pole) is close to the rotor surface area in integral expression of Maxwell force. Due to the
pole arc angle of the magnetic bearing is 90 degrees (1/4 circumference), thus equivalent area of each pole is close
to the 1/4 rotor surface area.
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Substituting F, = H, &, into Equation (32) and Equation (33), we can get that
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Thus the resulting force acting on rotor is as follows
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Compare Equation (28) and Equation (36), the two expressions are consistent in form. For K, the minor difference
is almost solely based on multiple of the relationship between the equivalent area of each pole and rotor surface area
corresponding to the region of each pole. For K, the only difference in two expressions is a multiple of the
relationship of 3/2 between them, under the condition that the equivalent area of each pole is approximated as rotor
surface area corresponding to the region of each pole.

4 Experiment and Analysis

4.1 Experimental Analysis on model of radial suspension forces

The model of radial suspension forces for AC HMB built in the paper is a linearized model round the equilibrium
position, thus only the applicable linear range of radial suspension has actually been tested. Due to the particularity
of structure and the consistency on force/current coefficient and force/displacement coefficient in x-axis and y-axis,
thus the experiment process can be simplified. So tests have been done only about the relationship of control current,
eccentric displacement and radial suspension forces in one direction, which is enough to test the accuracy of the
established model.

4.2 Experimental results
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According to the analysis method on how to tests the relationship between the control current and radial suspension
force, and the relationship between the eccentric displacement and radial suspension force, the experiment have been
done and the datas have been collected and recorded. Comparison between the test result and simulation results
adopting two modeling methods with MATLAB software is shown in Figure 2.
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Figure 2: Comparison diagram between simulation and test results

From Figure 2, we can see that compared to with the equivalent magnetic circuit method, the results with the
improved Maxwell tensor method for radial suspension forces of AC HMB are more close to the experiment result.
That said, now a more accurate method has been found, which starts from the fundamental suspension principle of
AC magnetic bearing to the goal that making the established model very close to the real model.

5 Conclusions

In this paper, the correctness of the model for radial suspension forces of AC HMB with the proposed method is
verified by the same modeling results with the equivalent magnetic circuit method. And the experiment results show
that the model based on the Maxwell tensor method is more close to the experiment results. Thus, the new modeling
method based on Maxwell tensor method makes the modeling results on radial suspension forces of AC HMB more
accurate compared with the equivalent magnetic circuit method, it also can be a guide for some other structure and
types of AC magnetic bearing.
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