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Abstract:

 At present, because of their advantages of simple structure, low cost, low power consumption and high efficiency, single winding bearingless permanent magnet synchronous motors (SBPMSMs) have become one of the research hotspots in the bearingless technology field. However, a high motional-electromotive force (EMF) is generated by rotor rotation in the single winding, which already has side-effects on the normal suspension force current, and the suspension force response can be delayed. Because the method of double torque current inverse injection in the symmetrical winding allows the motional-EMFs of the corresponding phase windings to offset each other in the opposite direction, with no adverse effects on original performance, a T-shaped single winding configuration is proposed to realize precisely that effect. In this paper, the analytical expressions of the radial suspension force and torque are deduced and the motional-EMF and performance are analyzed by finite element method using the Ansys-Maxwell software. In addition, a suspension force vector closed loop control strategy is proposed to improve the suspension performance. The complete control strategy of torque and suspension force is designed based on the above motor winding configuration. Finite element analysis (FEA) is used to verify the T-shaped winding structure. The control strategy is demonstrated by software (MATLAB) simulation and an experimental prototype. These results show that the winding structure and the control strategy can achieve the desired effect, improving the radial suspension force.
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1. Introduction


Bearingless permanent magnet synchronous motors (BPMSMs) have the advantages of high speed, high efficiency, high power density, no wear, no lubricant, no-pollution, maintenance-free, and so on. Therefore, they have been widely investigated for centrifugal compressors, turbo molecular pumps, flywheel energy storage systems, etc. [1]. Conventional BPMSMs require two sets of stator windings: the torque winding and the suspension force winding, sharing the same stator slots to simultaneously generate torque and suspension forces. There inevitably exist the problems of making the motor size larger, processing process complexity and increased power consumption [2]. The magnitude of the suspension current required during normal operation is low, which results in insufficient utilization of the suspension winding which can provide sufficient suspension force under the maximum allowable eccentric displacement, further spread and application of BPMSMs has been hindered [3].



To overcome the above problem, the single winding bearingless permanent magnet synchronous motor (SBPMSM) whose torque winding current and the suspension force winding current are integrated into a single winding are increasingly being reported in international conference proceedings [4,5]. This is mainly due to the stator model: the two needed magnetic fields are generated by feeding two groups of currents into the single set of windings, where the one can produce unbalanced forces for rotor suspension and another one generates the torque needed to control the rotation of the rotor. At present, SBPMSMs have been demonstrated in single-phase [6], three-phase [7], five-phase [8], and six-phase [9] stator winding types. These motors all have two different current sequences generating both levitation and rotation fluxes. However, they do not overcome the motor’s motional-EMF which has an effect on the suspension current and then the suspension force response becomes slow at high rotational speeds, although the copper consumption is reduced. Therefore, a larger drive voltage or added winding turns and magnetic field density are required [3]. A bridge configured [10] and a parallel configured [11] winding structure have been proposed to eliminate motors’ motional-EMF at suspension inverter terminals. However, the bridge configuration requires a three isolated single phase power converter, which increases the cost of design. The parallel configuration always causes the rated torque to be reduced by half, diminishing down the original motor’s efficiency. Based on a bearingless AC induction motor, the bridge and parallel winding configurations are compared in the [12]. The merits and drawbacks of each of them are explored in terms of control complexity and the required hardware.



At present, like conventional BPMSMs, the suspension force control methods of the SBPMSMs in common use include of the rotor flux-oriented vector control, the direct control for rotor displacement, the independent control and the direct suspension force control based on flux observation [13,14,15,16]. The first three methods are essentially vector control methods, and the suspension force is adjusted only by negative displacement feedback, which largely limits the accuracy and speed of displacement tracking. The last one is a double closed loop control system, which increases the radial suspension force closed loop part (computed in real time by on-line identification of the flux) on the basis of displacement closed loop control. Despite the fact the control precision of the suspension force is improved, the fluctuation of suspension force component pays a larger price. A current control scheme with minimized power losses has been applied to decouple force and torque in [17], but it also only adopted eccentric displacement closed loop control. Thus the accuracy and dynamic performance of suspension force control are limited.



In this paper, firstly, the winding structure of a single winding double three-phase BPMSM is modified and a T-shaped single winding configuration is formed. The beginning of one of the three-phase winding units is linked to one inverter for the suspension force current and the torque current injection. The terminals in the corresponding phases of two three-phase winding units are connected, respectively, and the joints are extracted for the double torque current injection only by another inverter. The beginning of another three-phase winding unit is connected as the neutral point N. Therefore, when the motor is running normally, the motor’s motional-EMFs in the corresponding phases will offset each other in the opposite direction. The suspension force current and torque performance thus remain unaffected and the drive component cost is reduced [3].



Secondly, the control strategy of torque and suspension force based on the above motor winding configuration is designed and a suspension force vector closed loop control is proposed for this system. Thus, the radial suspension force can be determined in real time and used for negative feedback by calculating the amplitude and phase of the two sets of currents, after the torque current and the suspension force current are observed directly in the static coordinate system.




2. Improved Winding Structure and Operation Principle


Figure 1 shows the basic structure and winding configuration of a single winding double three-phase BPMSM, where there are two three-phase winding units, indicted by blue lines and red lines, respectively, supplied with two conventional three phase voltage source inverters. A 4-pole surface-mounted permanent-magnet with parallel magnetization is mounted on the rotor. The six phase windings of two three-phase winding units are wound around the 24-slots of an ordinary permanent magnet synchronous motor (PMSM). The phase difference of every three-phase winding unit in spatial distribution is 120 degrees, but the phase difference between two three-phase winding units is 180 degrees so it has a mirror image distribution is its description in stator mechanical space. Namely, U1 phase and U2 phase, V1 phase and V2 phase, W1 phase and W2 phase are symmetrical and defined as the corresponding phases. It is assumed that the beginnings of each winding unit are connected to the two inverters separately and the terminals of each three-phase winding units are connected as the two neutral points N separately. Therefore, the structure of this motor can be regarded as a dual Y shift 180 degrees double three-phase PMSM.


Figure 1. Schematic of a single winding bearingless permanent magnet synchronous motor.
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Therefore, when the torque current which drives the motor needs to be injected into the motor winding by the two inverters, the currents of each phase which belong to the same three-phase winding unit must be of equal amplitude and the phase-shift between them should be 120° and of positive order, but the corresponding phases are the same in the two winding units so that a two pole-pair revolving magnetic field can be generated in the air gap. When the suspension force current which suspends the rotor needs to be injected, the current phase difference of each three-phase winding unit likewise is 120 degrees, but the phases of the corresponding phases are the opposite in the two winding units so that a one pole-pair revolving magnetic field occurs in the air gap. To ensure the direction consistency of the two revolving magnetic fields, every phase current needs to be written as follows:
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(1)




where it(U1~W2) refers to each phase torque current, is(U1~W2) specifies each phase suspension force current, It and Is is the magnitude of torque current and suspension force current, ω is the electric angular frequency of current.



From the electromechanics principle, the motor’s motional-EMF is generated in all windings at high rotational speed. The higher the speed, the larger a motional-EMF is generated. The suspension current will be greatly influenced, especially in cases of very small suspension current during typical operation time of motor, then the suspension force response will be delayed.



To overcome the interference of the high speed motor’s motional-EMF on the suspension force, the winding configuration should be modified. From the following analysis, the terminals in the corresponding phases of two three-phase winding units are connected, respectively, and the joints are extracted as the middle lines and form a T-shaped configuration, making the line interface of the whole motor reach a total number of nine. Three of the beginnings which belong to one of the three-phase winding units are linked to the first inverter, three of their middle lines are linked to the second inverter, and the remaining three beginnings of another three-phase winding unit are connected as the neutral point N. Therefore, when a sum of torque currents is injected into the motor winding by the first inverter, a double torque current with opposite direction is injected into the motor winding by the second inverter. Only symmetrical four-pole fluxes can be produced by the winding (in the motor), which makes the air-gap flux density equal on both sides of the air gap, so that only the torque is generated in the rotor. However the directions of the motor’s motional-EMF produced in the connected winding are reversed, and they are counteract so that no induced voltage appears at the first inverter output terminals. Meanwhile, when a series of suspension currents is injected into the motor winding by the first inverter, two-pole fluxes will occur in the air gap. Therefore, the unbalanced air-gap flux density results in a magnetic suspension force, and the response and amplitude of suspension current are no longer limited by the high motor motional-EMF. The currents of the two inverters should then be expressed as follows:
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(2)




where ist(U~W)1 is the winding current supplied by the first inverter, it(U~W)2 is the winding current supplied by the second inverter. Both the original and improved winding topologies of the motor structure are shown in Figure 2 and Figure 3. Because all three phase winding structures are symmetrical, thus, the U-phase winding is explained below.


Figure 2. Winding topology of single winding double three-phase BPMSM.
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Figure 3. Winding topology of improved SBPMSM.
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The terminals in the U1 phase and U2 phase of two three-phase winding units are connected and the combination is extracted as the middle line and is linked to the second inverter. The beginning of the U1 phase is linked to the first inverter, then, the beginning of the U2 phase and the other two phases of the winding unit are connected as the neutral point N. In a similar manner, the connection mode is executed in the V-phase and W-phase.




3. The Analytical Expression of Suspension Force and Torque


3.1. Analytical Model of Suspension Force


As the magnetic field of the SBPMSM generated by the suspension current can be equivalent to the traditional BPMSM, the analytic suspension force model of a SBPMSM can be deduced by the Maxwell stress tensor method, like for a BPMSM. Based on the electromagnetic theory, Maxwell force and Lorentz suspension force both exist when the two sets of different sequences three-phase sinusoidal currents are injected to the motor winding, but considering the Lorentz force is relatively very small, it’s generally neglected. The Maxwell force consists of two main parts: eccentricity magnetic force and controllable radial force. The former refers to the uncontrollable radial force. When the rotor deviates from the center position, an asymmetric flux distribution is created causing an unbalanced magnetic pull so that the Maxwell force acting on the rotor and occurring as the negative stiffness coefficient force is not zero. The latter refers to the controllable suspension force. When the rotor is in its center position, if the suspension current is applied in the winding, the flux density is increased on one side of air gap, but decreased on the opposite side of the air gap, so the Maxwell force is likewise not zero and points in the magnetically enhanced direction.



As the number of pole pairs of two revolving magnetic fields Pt and Ps yields Ps = Pt – 1 (that is Ps = 1, Pt = 2), while considering the eccentricity of rotor, the suspension force components Fα, Fβ in the α-axis and β-axis can be written as:
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(3)




where μ0 is the vacuum permeability, l is the active length of the motor stator, r represents the stator inner diameter, Btf is the fundamental amplitude of the magnetic density synthesized by torque current and equivalent current of permanent magnet, Bs is the fundamental flux density generated by the suspension force current, μ and λ are the initial space angles of two fundamental magnetic densities, respectively. Using the vector current to replace flux density, Equation (3) can be also expressed as:
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(4)




where itf = it + if is the torque resultant current magnitude, it and if are the magnitudes of the torque current and the equivalent current of permanent magnets, respectively, is represents the suspension force current value, N is the number of turns of the winding, ke is the fundamental winding factor. As shown in Equation (4), the Maxwell force is proportional to the amplitudes of the suspension current while the torque current remains invariable and the rotor is in the central position, and its direction is up to the phase-difference of the initial space angle μ and λ. For more details on the mathematical formula of the suspension force, readers may refer to [18].




3.2. Analytical Model of Torque


According to the winding structure shown in Figure 2 and Figure 3, the vector of the phase voltage u, phase current i and phase flux linkage ψ can be written as:
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(5)







Then, the current dynamics are determined by the stator voltage equation:
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(6)




where R refers to matrix of the resistance of the motor winding, L specifies the matrix of the inductance of the motor winding, p is a differential operator. Due to the symmetry of the stator winding and the rather big air gap between the stator and rotor, which involves equal self-inductances and coupling inductances (these inductance parameters are solved by the energy perturbation method [19]), this avoids solving the flux linkage associated with each winding directly. Meanwhile, the flux linkages generated from the permanent magnet in the symmetric winding are the same, namely, ψU1 = ψU2, ψV1 = ψV2, ψW1 = ψW2:
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(7)




where L1 is self-inductance, L2, L3 and L4 are coupling inductances between phases. By taking U1 phase and U2 phase as an example, the voltage equation can be also expressed as:
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(8)







If the flow direction of the suspension current is taken as the positive direction, the synthesis current should be written as:
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(9)




where it(U–W) is the torque current, and is(U–W) is the suspension force current.



It can be seen from Equations (8) and (9), that when the double windings topology of the motor structure is applied, because there is no torque current in the suspension force winding, the inverter that only gives suspension current is not affected by the torque current. When the original winding topology of the motor structure which is shown in Figure 2 is applied, the terminal voltage of each inverter will be influenced by both the torque current and the suspension force current, especially the motor’s motional-EMF. When the improved T-shaped winding topologies of the motor structure which is shown in Figure 3 is applied, the voltage [image: there is no content] of the first inverter output terminals is given as:
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(10)







The bearingless motor is fed by a pulse width modulation (PWM) voltage-source inverter. From Equation (10), it can be seen that the terminal voltage of the first inverter is determined only by the suspension current rather than the torque current, because the torque current is eliminated, and it also means motor’s motional-EMF is eliminated. Then, the current commands of the first inverter are generated by detecting the torque current and suspension current.
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(11)







And the current commands of the second inverter are generated just by detecting the torque current:
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(12)







The Finite Element Method is an effective means to analyze the operating principle and performance of the motor. In this paper, the finite element models are established and the motor’s motional-EMF analysis carried out by means of the Maxwell Ansoft 16 Finite Element analysis software.



When the rotation speed is 3000 r/min, the waveforms of the no-load motional-EMF and finite element models of three different winding structures and connections are shown in Figure 4. The three structures in Figure 4 are to show, from left to right, the double windings, original T-shaped single winding and improved T-shaped single winding structures. As can be seen from Figure 4a, due to the two sets of windings configuration, the suspension force current control needs to be taken irrespective of the influence of the motor’s motional-EMF generated in the torque winding. The no-load motional-EMF values of the torque winding are indicated by the solid lines, and the amplitude is about 120 V, but the motional-EMF values represented by dashed lines in the suspension winding is low and the amplitude is only 13.6% of that of the torque winding. As shown in Figure 4b, due to the fact two sets of currents need to be injected into same winding by the two inverters, the no-load motional-EMF will vary with different speeds, so the motional-EMF amplitude is also about 120 V in all windings at 3000 r/min so that it should be considered when the terminal voltage of the first inverter is determined. It is found that no induced voltage appears at the first inverter output terminals, due to the T-shaped winding configuration applied from Figure 4c. The solid lines and dashed lines represent the no-load motional-EMF values generated by the torque current and suspension current, respectively. These amplitudes are about 210 V and 30 V, respectively and the amplitude of the no-load motional-EMF of the generated suspension current is only 14.3% of that generated by the torque current. Because the suspension current is provided only by the first inverter, its response cannot be limited by the motor’s motional-EMF and the finite element analysis results are thus in agreement with the analysis presented in Section 3.2.


Figure 4. The no-load motional-EMF of a BPMSM with different winding structures. (a) The two sets of windings configuration; (b) The single winding configuration; (c) The improved T-shaped single winding configuration.
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Furthermore, the FEA results of the torque and suspension force have been made at 3000 r/min based on the improved T-shaped single winding configuration, when a torque current of 8 A and suspension force current of 3 A are fed into the single winding and the results are shown in Figure 5.


Figure 5. Torque and suspension force of improved T-shaped SBPMSM.
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The dashed line represents the electromagnetic torque; its average value is about 8.5 N·m and pulsation of torque is about 1 N·m. The solid line indicates the radial suspension force; its amplitude is maintained at between 130–140 N. The performance of the torque and radial suspension force can be improved by the optimization of the permanent magnet thickness, pole-arc coefficients and air-gap length, etc. [20].





4. Closed Loop Control of Suspension Force Vector of SBPMSM


4.1. Principle of Closed Loop Control of Suspension Force Vector


The traditional suspension force control system is a single closed-loop control system, which is adjusted only by the negative displacement feedback, so the accuracy and celerity of displacement tracking is largely limited. Based on the principle of direct suspension force control (DSFC) in [15], which core is Equation (13), an inner radial suspension force closed-loop (computed in real time by on-line identification of current) is added to the single closed-loop control system, which core is Equation (14) and which details are described in Section 3.1. The actual radial suspension force can be computed by the observation of the amplitude and phase of the suspension force current and the torque current. The suspension force vector estimation in this paper can not only enhance the accuracy and dynamic response performance of the control system, but also reduce the computational complexity, making it more fit for real-time processing:
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(13)
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(14)







Figure 6 shows the suspension force vector and current vector diagram. λ is the angle between suspension force current vector is and U1-phase winding axis, µ is the angle between the torque current resultant equivalent current of the permanent magnet vector itf and the U1-phase winding axis, λ − µ is the angle between radial suspension force vector F and the U1-phase winding axis. As seen from the Figure 6, the value of the suspension force depends upon both the amplitudes and phases of the two sets of currents. The possible torque variation in the startup and steady-state stage of motor is first considered for generating a stable radial suspension force. Therefore, the amplitude and phase of synthesis equivalent current itf should be accurately determined first. The magnitude and phase of the actual radial suspension force are adjusted only by means of controlling the value of the suspension force current.


Figure 6. Diagram of the suspension force vector and current vector.
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To ensure the consistency and versatility of the above control strategy under any set of circumstances, especially in transient state operation, the relationship between the two sets of current components and suspension force need to be analyzed under the condition of accurate calculation of the values of the two sets of current components. The small-signal model is applied for an explicit and detailed analysis, like the direct suspension force control (DSFC) analysis method. Supposing that the increase of electromagnetic torque is ΔTe during the period from t to moment t + 1, this causes torque current resultant equivalent current of permanent magnet vector itf will be changed, while its amplitude will be reduced to be i′tf (t) and its phase will be increased to be μ′. Then, the changed torque produces suspension force vector changes from F(t) to F′(t), the phase value becomes λ − μ′ (as shown in Figure 7), derived from Equation (15). It can be written as:
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(15)






Figure 7. The relationship between the increment of suspension force and the suspension force current.
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There is a proportional relationship between the variation of suspension force and the variation of suspension force current. The difference between them is 1/Kmi′tf(t) times according to geometry knowledge shown in Figure 7. The angle should be computed as λ − (λ − μ′) = μ′ which is the same as the angle between vector i′tf(t) and vector F′(t). Assuming suspension force command is F(t + 1) at moment t + 1, as follows:
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(16)







Figure 8 shows the transformation of the suspension force current components and suspension force. In the stationary coordinates, it can be obtained as:
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(17)






Figure 8. Transformation of the suspension current components and suspension force.
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4.2. Regulation System


The detailed block diagram of the suspension force vector control based on the analytical model and principle noted above in Section 3.1 and Section 4.1 is shown in Figure 9. The torque current components itα and itβ in the two phase stator coordinate system (α- and β-axis) are transformed into d- and q-axis currents itd and itq by the detected angular position θ and fed back to the torque control system. Its amplitude it and phase μ are computed as the current feedback signals. Then, the suspension current feedback signals are detected by Hall current sensors, its amplitude is and phase λ are computed by means of the three phase suspension force current ia, ib and ic which had been subtracted from a half of the torque current. The suspension force components Fα and Fβ are thus calculated by Equation (13). Compared with the suspension force commands Fα* and Fβ*, the errors between them can be transformed into the current increment Δisα and Δisβ by the Force/Current Increment Transformation module. The suspension force current commands istα* and istβ* must be added to the torque current feedback values itα and itβ, then, the reference voltage vectors Vstα* and Vstβ* are gained and used for one SVPWM Control Module by Proportional-Integral-Derivative (PID) Controllers.


Figure 9. Block diagram of the suspension force vector control.
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The detailed block diagram adopting the torque control strategy is shown in Figure 10 based on the proposed above-motor T-shaped winding configuration and the analytical model in Section 2 and Section 3.1. The torque current commands itq* produced by the speed error and a Proportional-Integral (PI) controller. Due to the adoption of field orientation control, the torque current command itd* is defined as zero. Then, the torque current commands of the PI controller input must be carried out the double and opposite torque current increment Δitd and Δitq in the rotary coordinate system, the reference voltage vectors Vtd* and Vtq* are gained from the PARK inverse transformation by the PI controllers and their signals are sent to another SVPWM Control Module. Therefore, the three phase torque current feedback values needed are valid when the torque current detected by the Hall current sensors must decrease by half.


Figure 10. Block diagram adopting the torque control strategy.
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For the details of the relevant control system-like the field orientation control in torque control part and radial displacement closed-loop control part readers can refer to [12]. The controller schematic program of double closed loop vector control (DCLVC) for the SBPMSM is shown in Figure 11.


Figure 11. DCLVC block diagram of SBPMSM.
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5. Simulation and Experiment


5.1. Analysis of Simulation Results


To verify the feasibility of the control strategy, the MATLAB/Simulink environment has been used for the simulation. The simulation parameters are listed in Table 1. Moreover, Figure 12 shows the simulation results of both the DCLVC strategy introduced in Section 4 and the suitable current control (SCC) method proposed by [21]. The solid lines indicate the former control strategy results and the dashed lines indicate the latter control method results. Figure 12a illustrates the motor speed response curves from launch to rated speed under the two different control system conditions, respectively. The dynamic response time is the same where both responses take 0.08 s. Figure 12b illustrates the electromagnetic torque response curves, where the starting torque is about 8 N·m, and it jumped to 0 N·m as the speed stabilizes at 0.08 s because no load is imposed on the system.


Figure 12. Simulation results of the control system of SBPMSM. (a) Comparison of speed characteristics; (b) Comparison of torque characteristics; (c) Comparison of the α-axis displacements; (d) Comparison of the β-axis displacements.
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Table 1. Parameters of SBPMSM.


	Parameter
	Symbol
	Value





	Rated mechanical power
	PN
	500 W



	Stator slot count
	Q
	24



	Mechanical air gap length
	δ0
	1 mm



	Magnet thickness
	d
	3 mm



	Pole pair count
	PB
	2



	Winding resistance
	Ra
	2.43 Ω



	Winding inductance
	La
	1.25 mH



	Moment of inertia
	J
	0.82 g·m2



	Initial position of rotor
	α
	−0.45 mm



	Initial position of rotor
	β
	−0.2 mm



	Rotor mass
	m
	2.625 kg









After 0.1 s, a 2 N·m disturbance is imposed. As can be seen, the dynamic response curves are almost the same under the two different control system conditions. This shows that the DCLVC system corresponding the T-shaped winding configuration did not have any effect on the motor torque control strategy part. In the radial α- and β- positioning diagrams presented in Figure 12c,d, the rotor can be back to the equilibrium position from the original eccentric position (α = −0.45 mm, β = −0.2 mm) after an short time of unstable oscillation under the two different control system conditions, but there is some distinction in the adjustment process. Figure 13 shows the track for the mass center of the rotor under the DCLVC system. The rotor approaches to the center in a helix track, and suspends stably in the center.


Figure 13. Rotor trajectory.
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5.2. Analysis of Experimental Results


In order to further verify the effectiveness and correctness of the T-shaped single winding configuration and the suspension force vector closed loop control strategy mentioned in the section above and the simulation results, the experiment is carried out on a traditional surface mounted BPMSM, which motor interior windings have been rearranged based on the T-shaped winding wiring mode. The prototyping ontology is as follows: winding turns N is 30; air gap length g is 1 mm; permanent magnet thickness d is 3 mm; the air gap length of the auxiliary bearing is 0.5 mm. The hardware control platform is a TMS320F2812 digital signal processor plus a hardware interface circuit and a power driver circuit board. Figure 14 shows the experimental platform using the digital control system.


Figure 14. SBPMSM experimental platform using digital control system.
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Figure 15 show the measured waveforms of rotational speed and the waveform of the rotor position angle, respectively. The acceleration test results for the proposed the suspension force vector closed loop control strategy are shown in Figure 15a. The rotational speed is stepped up from launch to 3000 r/min. In Figure 15b, the rotor position angle changes periodically with time in the range of 0°~360° from launch to rated speed. The corresponding frequency is 50 Hz which is in agreement with the calculation formula for rotational speed when the rotation speed of the motor is 3000 r/min. Thereby, the reasonable operating characteristics of the speed closed loop is verified at 3000 r/min. It showed that the system did not produce any effects on motor torque performance, and simulation results are validated by experiments.


Figure 15. The experimental results of the control system. (a) The measured waveforms of rotational speed; (b) The waveform of the rotor position angle of SBPMSM stable operation to 3000 r/min.
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In order for the rotor to realize suspension and run steadily, the rotor displacement must be accurately measured in real time. The characteristic of the eddy current sensor that the output voltage value is linear with eccentric displacement can address this issue. Four QH8500 eddy current sensors are applied to estimate the rotor radical displacement in this experiment, whose real model and parameters are shown in Figure 16.


Figure 16. The real models and parameters of the QH8500 eddy current sensors.
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Figure 17a shows the radial displacement waveforms in the α- and β-direction. It shows that the suspension force current obtained by the suspension force vector closed loop control method can create enough radial suspension force to restrict radial reciprocating motion of the rotor at the center of the air-gap. The final stable displacement in the positive α-direction is less than ±0.023 mm, and the final stable displacement in the positive β-direction is less than ±0.020 mm. Figure 17b shows the current waveforms of the suspension force and torque of the U phase winding. Hence it can be established that closed loop control of the suspension force vector can achieve the desired effect, maintaining the stability of the rotor.


Figure 17. The experimental results of the control system. (a) The radical displacement of the α- and β-directions of stable operation; (b) The U phase currents of suspension force and torque when the motor rotation speed is 3000 r/min.
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6. Conclusions


In this paper, firstly, to overcome the interference of the high motor motional-EMF on the suspension force, an improved T-shaped winding structure is introduced based of the winding structure of a single winding double three-phase BPMSM, and simulation waveforms of no-load motional-EMF, torque and suspension force are compared and analyzed at 3000 r/min by means of FEA software.



Secondly, the analytical models of the suspension force and torque are derived. Lastly, a new closed loop control method of the suspension force vector for the SBPMSM is applied to overcome the shortcomings of poor control accuracy in the traditional suspension force control system, and constitute a DCLVC system. The control method is simulated by the MATLAB software and verified in an experimental prototype. Conclusions can be drawn as follows: the improved T-shaped winding structure is reasonable and effective, the new control strategy can achieve the desired effect, improving the control accuracy of radial suspension force.
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