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Abstract: Aiming at the control of eight-pole heteropolar radial hybrid magnetic bearing (HRHMB), The Magnet-Simulink
co-simulation method is proposed. First, the program block diagram of PID control magnetic system is built in Simulink. Then
the model of the eight-pole HRHMB in Magnet is imported into the control program of Simulink. Finally, the Magnet-Simulink
co-simulation model of the eight-pole HRHMB system controlled by PID is established. The results of simulation show that the
Magnet-Simulink co-simulation method can realize real-time monitoring of rotor displacement, current, electromagnetic force,
magnetic flux density and other parameter changes. Therefore, the Magnet-Simulink co-simulation method not only improves
the efficiency of magnetic bearing control simulation, but also provides a new idea for exploring the rationality of the structural
parameter design and working principle of the magnetic bearing.
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I. INTRODUCTION
Hybrid magnetic bearings (HMB) use the bias magnetic flux by the permanent magnet to replace the bias magnetic flux in the

control coil. Because HMB has the advantages of low power consumption, small size, long life, etc. Therefore, it has broad
application prospects in many industrial applications such as energy storage flywheels, wind power generation, turbomolecular
pumps and compressors [1-3].

HMB can be roughly divided into two categories, namely homopolar hybrid magnetic bearing and heteropolar hybrid magnetic
bearing [4-5]. Among them, the HRHMB has received wide attention from scholars due to its shorter axial length and less magnetic
leakage [6]. In [7], the HMB is analyzed by the equivalent magnetic circuit (EMC). Then, the finite element software is used for
simulation and calculation. The research results show that when the magnetomotive force inside the permanent magnet increases,
the bearing capacity and stability of the bearing can be improved. At the same time, when the bias magnetic flux is greater than half
of the saturation magnetic flux, the actual bearing capacity is the largest. In [8], a 3-DOF electromagnetic bearing with annular
radial control coil is proposed. This structure reduces the copper loss of the electromagnetic bearing structure by using annular coil.
And, the weak cross coupling effect of 3-DOF electromagnetic bearing is proved by 3-D FEM. In [9], a new type of radial HMB
structure is designed. Then, it is concluded that there is no coupling in the magnetic circuit of this HMB. Finally, a stable static
suspension experiment was carried out. The experimental results show that this kind of magnetic bearing can significantly reduce
power loss. In [10], Based on the six-pole HRHMB, the principle of designing the bias magnetic field of the magnetic bearing
according to the smallest bearing capacity in each direction is proposed. Then the suspension force of the magnetic bearing was
simulated and analyzed. The simulation results show that the suspension force in the X and Y directions within a certain range has
good linear characteristics. In the meanwhile, the linear range in the x direction is greater than the linear range in the Y direction. In
[11], Based on the EMC method, the design method of the eight-pole HRHMB structure parameters is derived. The experimental
results show that the HRHMB designed by this method has excellent suspension performance. In [12], a twelve -pole HRHMB is
designed, its EMC model is derived, and a twelve -pole HRHMB prototype is made. The simulation and experimental results show
that the new HRHMB produces a large suspension force. At the same time, the linearity of suspension force, current and
displacement is high.

Many scholars have carried out in-depth research on the structural design and control of HRHMB[13-15]. But most of the
researches are limited to the finite element simulation of the magnetic bearing system without controller control, or monitoring the
data through physical control. Therefore, the experiment is difficult and costly. And it is impossible to observe the magnetic field
changes of the magnetic bearing system in suspension. However, the co-simulation method realize real-time monitoring of rotor
displacement, current, electromagnetic force, magnetic flux density, and other parameter changes [16-17]. Furthermore, the working
principle of the designed magnetic bearing structure is accurately analyzed. And this method provides a reference for the study of
the structure of the electromagnetic bearing and the design of the controller.
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Il. STRUCTURE OF EIGHT-POLE HRHMB
As shown in Fig. 1, the eight-pole HRHMB consists of a radial stator, a radial control winding, a rotor, and a block-shaped
permanent magnet. In HRHMB, a stator with a circular outer periphery and 8 magnetic poles is used. Among the 8 magnetic poles,
4 control magnetic poles and 4 magnetic poles embedded in block permanent magnets are staggered. Then, the magnetic poles form
an alternating magnetic pole arrangement of NS poles. And, in order to reduce the influence of eddy current and hysteresis, both the
stator and rotor are laminated with 0.3mm silicon steel sheets.

Fig. 1 Structure for the eight-pole HRHMB

IHHLLMAGNET-SIMULINK CO-SIMULATION
First, the eight-pole HRHMB structure model is established in the Magnet software. And, the model is imported into Simulink. Then,
the PID controller is designed. Finally, the PID control block diagram of Magnet-Simulink co-simulation is built. As shown in Fig.
2, the input port is the coil current and load. And, the output port is voltage, displacement, speed and electromagnetic force. The
gravity of the rotor in the vertical direction is 100N, and the load in the horizontal direction is ON.
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Fig. 2 PID Control Block diagram of eight-pole HRHMB System Magnet-Simulink Co-Simulation

A. Vertical Impact Simulation

As shown in Fig. 3 and Fig. 4, is that the rotor stably suspended in the equilibrium position is subjected to a vertical downward
impact force of 100N. The rotor moves downward under the impact force. Then, the rotor reaches a maximum displacement of
3.9x10°m, as shown in Fig. 5 and Fig. 6. Since the air gap between the rotor and the magnetic poles of the stator is reduced, the air
gap flux density of the magnetic poles B; and B, increased by 0.016T. As the air gap between the upper magnetic poles of the rotor
and the stator is increases, the air gap magnetic flux density between the upper magnetic poles of the rotor and the stator is reduced
by 0.045T. At this time, the PID controller increases the current of the coil of the magnetic pole A,. And, the magnetic flux density
of the magnetic pole A; in the air gap increased by 0.28T. In addition, the PID controller reduces the current of the coil of magnetic
pole A4, and the magnetic flux density of magnetic pole A, is correspondingly reduced by 0.39T. Due to the coupling effect, the
maximum displacement of the rotor in the horizontal direction is 8.12x10°m. Therefore, the coupling between the vertical direction
and the horizontal direction of the structure is small.
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(a) The rotor’s vertical displacement response (b) The rotor’s horizontal displacement response

Fig. 3 The displacement response of the rotor under vertical impact
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(a) The rotor’s vertical electromagnetic force response (b) The rotor’s horizontal electromagnetic force response
Fig. 4 The electromagnetic force response of the rotor, under vertical impact
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Fig. 5 The current response of the rotor under vertical impact
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Fig. 6 The comparison of air gap flux density between the rotor in the lowest and equilibrium position

As shown in Fig. 3, is that the rotor moves upward under the action of electromagnetic force. Then it reaches the top position, as
shown in Fig. 4, Fig. 5 and Fig. 7. The air gap between the lower magnetic poles of the rotor and the stator is increases. At the same
time, the air gap between the upper magnetic poles of the rotor and stator is reduced. Then, the PID controller increases the current
of the coil of magnetic pole A4. And the magnetic flux density of magnetic pole A4 has increased by 0.246T. The PID controller
reduces the current of the coil of the magnetic pole A2, and the magnetic flux density of the magnetic pole A2 is reduced by 0.172T.
Due to the need to balance the gravity of the rotor at all times, the magnetic flux density in the A2 magnetic pole air gap of the stator
is larger than that of the A4 magnetic pole. In the end, the rotor is stably suspended in the equilibrium position.
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Fig. 7 The comparison of air gap flux density between the rotor in the lowest and top position
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B. Horizontal Impact Simulation

As shown in Fig. 8 and Fig. 9. Because the rotor does not set an external load in the horizontal direction, the rotor quickly reaches a
stable suspension state. Then, an impact force of 100N is applied to the rotor in the horizontal direction. At the same time, the rotor
reaches a maximum displacement of 4.21x10-5m. As shown in Fig. 10 and Fig. 11. When the air gap between the rotor and the left
magnetic pole of the stator is reduced, the PID controller increases the current of the magnetic pole Al. Then, the magnetic flux
density of the magnetic pole Al in the air gap increases by 0.142T. In the meantime, the PID controller reduces the current of the
magnetic pole A3, and the magnetic flux density of the magnetic pole A3 is reduced by 0.174T.
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(b) The rotor’s horizontal displacement response
Fig. 8 The displacement response of the rotor under horizontal impact
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Fig. 9 The electromagnetic force response of the rotor under horizontal impact
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Fig. 10 The current response of the rotor under horizontal impact
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Fig. 11 The comparison of air gap flux density between the rotor in the leftmost and equilibrium position

As shown in Fig. 8, Fig. 10 and Fig. 12, is that the air gap between the rotor and the right magnetic pole of the stator is reduced, and
the air gap between the rotor and the left magnetic pole of the stator is increased. At this time, the PID controller increases the
current of the magnetic pole A3, and the magnetic flux density of magnetic pole A3 increases by 0.14T. The PID controller reduces
the current of the magnetic pole Al, and the magnetic flux density of the magnetic pole Al is reduced by 0.12T. Since there is no
displacement in the vertical direction of the rotor, the magnetic flux density in the air gap of the magnetic poles A2 and A4 is
basically unchanged. In the end, the rotor is stably suspended in the equilibrium position.
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Fig. 12 The comparison of air gap flux density between the rotor in the leftmost and rightmost position

C. Simulation Of Simultaneous Impact In Vertical And Horizontal Directions

As shown in Fig. 13 and Fig. 14. When the stably suspended rotor receives an impact force of 100N in the vertical downward
direction and horizontal leftward direction respectively, the rotor moves to the lower left under the impact force. As shown in Fig.
15 (a)-(d) and Fig. 16, is that the maximum displacement of the rotor in the horizontal and horizontal directions is 2.79x10-5m and
2.56x10-5m, respectively. At this time, the magnetic flux density of magnetic pole A2 and magnetic pole Al increased by 0.158T

and 0.112T, respectively. The magnetic flux density of magnetic pole A4 and magnetic pole A3 is reduced by 0.27T and 0.069T
respectively.
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Fig. 13 The displacement response of the rotor under horizontal impact and vertical impact
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Fig. 14 The electromagnetic force response of the rotor under horizontal impact and vertical impact
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Fig. 15 The current response of the rotor under horizontal impact and vertical impact
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Fig. 16 The comparison of air gap flux density between the rotor in the lower and equilibrium position

As shown in Fig. 15 and Fig. 17, is that the magnetic flux density of magnetic pole A2 and magnetic pole Al decreased by 0.118T
and 0.108T, respectively. Then, the magnetic flux density of the magnetic pole A4 and the magnetic pole A3 increase by 0.146T and

0.084T correspondingly. Since the eight-pole HRHMB has a small coupling, the flux density of the other magnetic poles is almost
unchanged. In the end, the rotor is stably suspended in the equilibrium position.
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Fig. 17 Comparison of air gap flux density between the rotor in the lower position and the rotor in the upper right position

IV.CONCLUSIONS
In the paper, the program block diagram of PID control magnetic system is built in Simulink. Then the model of the eight-pole

HRHMB in Magnet is imported into the control program of Simulink. Finally, the Magnet-Simulink co-simulation model of the
eight-pole HRHMB system controlled by PID is established. The simulation results show that the Magnet-Simulink co-simulation
method can realize real-time monitoring of rotor displacement, current, electromagnetic force, magnetic flux density, and other
parameter changes. Therefore, the Magnet-Simulink co-simulation method not only improves the efficiency of magnetic bearing

control simulation, but also provides a new idea for exploring the rationality of the structural parameter design and working
principle of the magnetic bearing.
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