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Abstract: In the paper, the configuration and principle of the radial AC hybrid magnetic bearings are
expounded, and the mathematical models of suspension forces are deduced by using the method of equivalent
magnetic circuits. Nonlinearities of suspension forces and cross coupling between the two degrees of freedom
are studied further by calculating the suspension forces at different displacements and control currents to
validate the feasibility of the mathematical models. Then based on the mathematics models , the digital control
system is designed. The hardware based on TMS320F2812 is developed, and the software of control system is
developed. The experiments are completed and the test results have shown that the AC hybrid magnetic bearing
has good dynamic and static performance.
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Introduction

Magnetic Bearings are typical electronic and mechanical products, which can suspend the
rotor in the space between the rotor and stator without mechanical contact by the generated
magnetic force. According to the type of current driven, magnetic bearing can be classified
as AC magnetic bearing and DC magnetic bearing. For the DC magnetic bearing, high cost
of power amplifiers are essential for a radial magnetic bearing, for the AC magnetic bearing,
only an AC 3-phase power inverter is enough, and has the merits of mature application
technology, low cost and small size. According to principle of producing suspension forces,
magnetic bearings can be classified as passive magnetic bearing, active magnetic bearing
and hybrid magnetic bearing. Hybrid magnetic bearing depends on a permanent magnet to
provide the biased fluxes and several electromagnetic coils to supply the control fluxes, so
the volume of its power amplifier is much smaller than active magnetic bearing, and this
kind of bearing has a compact structure and lower power consumption, meanwhile, larger air
gap can be realized due to the permanent magnet biased.

In the paper, a radial AC hybrid magnetic bearing is presented. The radial AC hybrid
magnetic bearing incorporates the merits of AC stimulating and permanent magnet fluxes
biasing. Based on introduction of configuration and principle, and the mathematical models
of suspension forces are deduced. Nonlinearities of suspension forces and cross coupling
between the two degrees of freedom are studied. The hardware of digital control system
based on TMS320F2812 is designed, and the software of control system is developed using
C language and assemble language in the C2000 development environment. The experiments
have shown that the AC hybrid magnetic bearing has good dynamic and static performance.

Configuration and Principle

Configuration of Radial AC Hybrid Magnetic Bearing. Fig. 1 shows the configuration of
radial AC HMB, which consists of two radial stators with three poles, three radial control
coils, a rotor, a shaft, an aluminum ring and a permanent magnet ring magnetized axially.
The permanent magnet provides the bias fluxes and 3-phase coils provide control fluxes of
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the radial HMB. Radial stators are made of stacked Silicon-Steel Sheets, and the permanent
magnet material is Nd-Fe-B.

Principle of Radial AC HMB. The magnetic fluxes path of radial AC HMB is presented
in Fig. 2. In Fig. 2, A, B and C represents each pole’s position respectively, iA, iB and iC are
the radial control currents, respectively. The real lines with arrows represent the static bias
fluxes generated by the permanent magnet, which start from N-pole of the permanent
magnet, flow through one side of the stator, the radial air gap, the rotor, the other side of the
stator, then go back to S-pole of the permanent magnet. The dashed lines with arrows
represent the control fluxes generated by the control coils, the radial control fluxes are
conducted by the radial stator, radial air gap and the rotor.

Based on principle of bearingless motor, the condition which must be satisfied in
generating radial levitation force: p2 = p1  1, p1 is the number of pole pairs of motor
winding, p2 is the number of pole pairs of torque winding. If p1=0, p2=1, the bearingless
motor is changed into a radial magnetic bearing with only radial suspension force in fact.
Based on the motor theory, balanced 3-phase currents flowing in the 3-phase symmetric
windings will produce a rotating magnetic field, thus form a unipolar and incorporated
magnetic flux. As the rotor departs from the balance position due to disturbances, the radial
position sensors measure the radial offset values of the rotor and transfer the displacement
signals to the controller. Then the controller transforms them into control current signals, the
power amplifier is driven by the control signals and outputs exciting currents. In this way,
the stimulating currents generate control fluxes, which are superposed with the biased fluxes,
and the resulting force can be pointed in any direction and suspend the rotor in the ideal
balance position.

Mathematical Models

Calculation of the Equivalent Magnetic Flux Path. To simplify calculation of the
magnetic fluxes path, only the leakage of the inner and outer annulus of the permanent
magnet are considered, the whole fluxes path system is taken as a parallel connection system
composed by leakage reluctance and available fluxes. And as well, only the air gap
reluctance is considered, the reluctance of the irons and the rotor and the eddy current losses
are neglected. Therefore, the equivalent permanent magnet circuit is laid out in Fig. 3.

In Fig. 3, Fm is the magnetomotive force that the permanent magnet provides for outer
circuits, φm is the total magnetic flux that the permanent magnet generates, φl is the total
magnetic fluxes leakage of the permanent magnet, the leakage permeance is Gl, GA1, GB1,
GC1 and GA2, GB2, GC2 describe the one side and the other side of radial air gap permeance,
respectively. Supposing that the rotor has positive displacements x and y in the two
directions x and y respectively, then the magnetic permeance of each air gap can be
calculated as follows.
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where μ0 is the permeability of the vacuum, S is the radial magnetic pole area, δ is the radial
air gap length. Based on the Kirchhoff’s laws of the magnetic circuit, the biased fluxes of
each air gap in Fig. 1 can be calculated as follows
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Calculation of the Equivalent Electromagnetic Flux Path. In Fig. 2, the control coils
are stimulated with certain current, the equivalent fluxes path of electromagnets generated by
the coils is shown in Fig. 4, the corresponding equations are shown as
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(3)

where Nr is the turns of each radial control coil, ij is the radial control current( j = A, B, C)
Expressions of Radial Magnetic Attractive Forces. Assuming that the rotor has

positive displacements x and y in the x- and y-direction, respectively, then the
magnetomotive forces generated by the resulting magnetic flux of each radial air gap can be
expressed as the follow

     2 2 2 2 2 2
P 1 C 1 P 2 C 2 P 1 C 1

0 0 02 2

i i i i i i
iF

S S S

     

  

  
   (4)

where i=A, B, C

Substituting Eq. 1, Eq. 2, Eq. 3 into Eq. 4, on the assumption that the rotor has a very
small displacement from the radial balance position, Eq. 4 can be linearized as the follow
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Fpm is the magnetomotive force generated by the permanent magnet flux in each radial air
gap, whose value is the same in each radial air gap when the rotor is in the balance position,
kir is called as radial force-current coefficient, kxy is called as radial force-displacement
coefficient. All of the Fpm, kir and kxy are constants in the event of the configuration of the
magnetic bearing and the balance position of the rotor is determined.
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Substituting Eq. 5 into Eq. 6. The resulting forces in x- and y-direction can be calculated
as follows
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The condition for a 3-phase system is applicable.

A B C 0i i i   (8)

With Eq. 9, Eq. 10 and Eq. 11, the equations of the forces Fx and Fy with the three phase
currents as parameters can be obtained
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Analysis of Nonlinearity and Cross-coupling

As can be seen from Eq. 4, the relationships about suspension forces, the displacements and
control currents are non linear. Fig. 5(a) and Fig. 6(a) based on the physical model, and Fig.
5(b) and Fig. 6(b) based on the mathematical model are both for analysis about nonlinearity
and coupling of suspension forces. From the geometry of the figures we see the trend plots
are similar, so the primary mathematical model is correct and Eq. 4 is reasonable. The graphs
in Fig. 6(a) and Fig. 6(b) are perfectly symmetrical, they are fully comparable to a DC HMB
[1]. So it’s easier to find a stable controller for y-direction. And the strong asymmetry in x-
direction as Fig. 5(a) and Fig. 5(b) show is caused by three poles geometrical asymmetrical
arrangement of the radial magnetic poles about y-axis. A robust controller can handle the
nonlinearity and asymmetry problems when the rotor is working in a big air gap. But if the
rotor is working near the reference balance position, a linear controller is enough to make the
bearing works well.
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Fig. 7(a) and Fig. 7(b) show the relationships about suspension force, the displacement in
x-direction and y-direction in two different lights, the same for Fig. 8(a) and Fig. 8(b). The
Fig. 7(a) and Fig. 8(a) can clearly reflect the displacement-force stiffness of the bearing in x-
and y-direction respectively. As can be seen from this couple of waterfall surfaces, the
corresponding different displacement- force curves take on nonlinearity with the rise of
displacements. Fig. 7(b) and Fig. 8(b) can clearly reflect the suspension forces in x- and y-
direction affected by the displacements in y- and x-direction respectively due to cross
coupling effects. As can be seen from this couple of waterfall surfaces, the surfaces become
bended severely with a rise of the displacements in the other direction. But the surfaces near
the reference balance position show there is little coupling on the condition of small
displacements for the rotor. So based on the linearization mathematical model as showed in
Eq. 5, it is feasible to design a linear controller to control the bearing system well.

Digital Control System

Control Scheme. The picture for this prototype is shown in Fig. 9. The basic control scheme
of radial AC HMB is shown in Fig. 10, the whole control system consists of controller,
power inverter module, the displacement detection module and prototype ontology. The
displacement sensors measure the real radial position of the rotor and output minus feedback
signals to Linear Close-loop Controller, compared with the position reference values set
previously in the controller, and then the controller will transform the displacements into
force signals with PID method. By 2/3 transformation, 3-phase control currents signals iA*,
iB*, and iC* are generated, which will produce real control currents (iA, iB, and iC)[5] .The
control currents will generate the control fluxes, the suspension force will be generated by
the controllable fluxes and makes the rotor suspend in the radial balance position.

Hardware of Digital Control System. To realize the real time control of this digital
control system, a high performance digital processor TMS320F2812 is used in this system as

(a) (b)
Fig.5 Calculated current-force graph of the bearing
in x-direction and y-direction when iy, y equal zero

1. x=0 2. x=0.1 3. x=0.2 4. x=0.3 5. x=0.4

(a) (b)
Fig.6 Calculated current-force graph of the bearing

in y-direction and x-direction when ix, x equal zero
1. y=0 2. y=0.1 3. y=0.2 4. y=0.3

(a) (b)
Fig.7 Relationships among Fx, displacement x

and displacement y, ix=iy=0

(a) (b)
Fig.8 Relationships among Fy, displacement y

and displacement x, ix=iy=0
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a CPU, which has been used in motor control widely due to its lower cost and losses.
Hardware structure of radial AC HMB is shown in Fig. 11.

Software of Digital Control System. The software of this bearing system is constituted
by a main program module and several interrupt modules. At the first, the main program
finishes the configuration of Watchdog, System clock, A/D conversion and Event
management, and then initializes the system variables. Finally, the main program starts the
timer, opens the interrupt circulation and waiting the occurrence of interrupts. The interrupt
service program module will finish the control arithmetic for the magnetic bearing’s
magnetic suspension forces. The program flow charts are shown in Fig. 12.

Experimental result. Fig. 13(a) shows the displacement wave forms in x- and y-direction
in the test research on the suspension characteristics of the rotor. The voltage of the balance
position for rotor is 1.5V. In the graph, the displacement wave forms in x- and y-direction

exist small fluctuations around the balance position, and show that the system achieved
stable suspension. Fig. 13(b) shows the displacement wave forms in x-direction in the test
research on the floating characteristics of the rotor.

The rotor floats from the maximum displacement in negative office back to equilibrium
position rapidly under the control of current, and show that the system has good performance
for the floating.

Conclusion

Based on introduction of configuration and principle of the radial AC HMB, the
mathematical models of suspension forces are deduced by using the method of equivalent
magnetic circuits. Nonlinearities of suspension forces and cross coupling between the two
degrees of freedom are studied. The hardware of and the software of the digital control
system are designed, and the experiments are completed and the test results have shown that
the AC hybrid magnetic bearing has good dynamic and static performance.
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