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Abstract:



A novel flux control magnetic suspension system that places control plates beside the magnetic source (permanent magnet) is proposed. In a conventional flux-path control magnetic suspension system, the control plates were inserted between the magnetic source and the suspended object (floator). In contrast, the control plates were placed beside the magnetic source in the proposed system. In such a configuration, the effective gap becomes larger than in the conventional system. Basic characteristics of the proposed magnetic suspension system were studied both numerically and experimentally. The numerical analyses show that the attractive force acting on the floator increases as the position of the lateral ring-shape control plate increases. The variation of the attractive force is sufficient for the stabilization of the suspension system. It is also shown that lateral force can be generated by dividing the plates into halves and moving them differentially. The predicted characteristics are confirmed experimentally in a fabricated apparatus with a three-axis force sensor and a gap adjustment mechanism.
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1. Introduction


Magnetic suspension is a technology of suspending an object using magnetic force without any contact. Typical applications are the Maglev system [1] and magnetic bearing [2]. In addition, various applications are possible by taking advantage of such noncontact properties [3]. One of them is a wind tunnel system using magnetic suspension [4], in which an object is suspended by electromagnets across large gaps.



There are various methods of magnetic suspension that are classified according to ways of generating field force to support and material of the suspended body [1,2,3]. The most common method uses an electromagnet to suspend a ferromagnetic body (floator). The current of the electromagnet is controlled to produce a restoring force and damping. In several systems, direct field control using flux feedback has been applied [5,6,7,8]. One of the problems of this method is that a large current is necessary to achieve wide-gap suspension.



An effective approach to this problem is to use a permanent magnet as a magnetic source and a control flux-path mechanically [9]. In this approach, the amount of flux reaching the floator from the permanent magnet is controlled with a mechanism. There are several methods of controlling the flux path:

	
adjusting the reluctance in the magnetic circuit [9];



	
changing the flux path with a rotary actuator [10]; and



	
using a variable flux path mechanism [11].








In the first method, the actuator is required to generate force, canceling the gravity force acting on the floator so that a high-power actuator will be necessary to suspend a heavy floator. In the second method, the variation of the force is not expected to be large. This paper explores the third method.



In the original variable flux-path mechanism, ferromagnetic control plates are inserted into the gap between the magnetic source (permanent magnet) and the floator (ferromagnetic body). This is referred to as the flux-interrupted type. The distance between the plates is controlled with a pair of actuators [11] or a single actuator [12]. Because the flux from the permanent magnet to the floator is a function of the distance, the attractive force acting on the floator can be controlled with the actuator(s). However, the suspension force produced in the actual system was not so large [13]. One of the reasons is that the flux flowing into the control plates and the leakage flux are rather large and resultantly the flux reaching the floator is small. To overcome this problem, another type has been proposed in which ferromagnetic control plates are replaced by plates made of permanent magnet. This is referred to as the flux-concentrated type. The flux from the magnetic source to the floator is concentrated by the control plates so that the attractive force increases [14].



In both types, however, control plates are placed between the magnetic source and the floator. This leads to the reduction of the effective gap, which is defined as the gap between the floator and control plates instead of the magnetic source, which is an obstacle to achieving wide-gap suspension. In this paper, a new configuration of variable flux-path control mechanism, which is characterized by placing control plates beside a magnetic source, is proposed. This configuration is referred to as a laterally controlled type.




2. Principles


2.1. The Flux-Interrupted Type


In the flux-path control magnetic suspension system, the attractive force of the permanent magnet is controlled by varying the amount of flux that reaches the suspended object (floator). Figure 1a shows a schematic illustration of the flux-path control magnetic suspension using flux-path interrupted plates. In this system, a pair of control plates is inserted between the permanent magnet and the floator. As the distance between the control plates becomes wider, the amount of the flux reaching the floator increases and the attractive force acting on the floator becomes larger. In contrast, as the distance between the control plates becomes narrower, the attractive force becomes smaller. Based on this principle, the attractive force is controlled by adjusting the distance between the control plates.


Figure 1. A flux-path control magnetic suspension system using flux-interrupting plates: (a) a small attractive force when the distance between the control plates is small; (b) a large attractive force when the distance is large.
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2.2. The Laterally Controlled Type


Figure 1b shows a schematic illustration of the flux-path control magnetic suspension using control plates placed in the lateral of the magnetic source (permanent magnet). In this system, the attractive force is adjusted by moving the control plates in the vertical direction beside the permanent magnet. Thus, the effective gap is wider than that of the flux-interrupted type. Figure 2 shows the principle of adjustment of the attractive force. When the control plates are placed at the lowest position where the bottom of the control plates is aligned with that of the permanent magnet, more flux flows into the control plates, and the attractive force becomes smaller. When the control plates are placed at the highest position, where the top of the control plates is aligned with that of the permanent magnet, the attractive force becomes larger because the control plates work as yoke.


Figure 2. A flux-path control magnetic suspension system using control plates in the lateral of the magnetic source: (a) a small attractive force when the control plates are lowered; (b) a large attractive force when the control plates are raised.
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This configuration is suitable for achieving wide-gap levitation as mentioned above. One of the target applications is, therefore, a wind tunnel system in which a wide gap is required to avoid adverse effects caused by the wall of the tunnel.





3. Magnetic Field Analysis


3.1. Analytical Model


Figure 3 shows an analysis model. In such a system, flux leakage is rather large because the magnetic circuits are not closed, making the analytical study on the magnetic fields so complex that we used a Finite Element Modeling (FEM) program JMAG in the following analyses. The target model is composed of a cylindrical magnetic source, a ring-shaped control plate, and a spherical floator. The control plate is made of steel. The outer and inner diameters are 132 mm and 52 mm, respectively, and the thickness is 5 mm. The magnetic source is a permanent magnet with a diameter of 50 mm and a thickness of 10 mm. The floator is an iron ball with a diameter of 63.5 mm. The yoke is attached on the permanent magnet to increase the attractive force acting on the floator. The mesh size in the FEM analysis is 2 mm.


Figure 3. Analysis model and parameters: (a) analysis model; (b) parameters of magnetic suspension mechanism.
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3.2. Attractive Force Characteristics


The gap is defined as the distance between the bottom of the permanent magnet and the top of the floator. The control plate is placed at the position of 0 mm (the lowest position) or 10 mm. Figure 4 illustrates each position of the control plate. Figure 5 shows the gap-force characteristics obtained via numerical analysis. Compared to the attractive force without the control plate, the attractive force is smaller when the control plate is at the lowest position, and is larger at the position of 10 mm.


Figure 4. Position of the control plate.
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Figure 5. Analyzed gap-force characteristics for various positions of the control plate.
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Then, the gap is fixed to be 20 mm. The control plate is placed at the lowest position and moves upward to the position of 10 mm. The attractive force at each position is shown in Figure 6. The variation of the attractive force is 0.7 N/mm. In addition, the attractive force is saturated when the position is higher than 10 mm.


Figure 6. Attractive force when the control plate is moved in the vertical direction.



[image: Actuators 06 00011 g006]






In Appendix A, an analytical result of such attractive force characteristics is shown for comparison with a conventional suspension system with an electromagnet.



Next, to achieve the motion control of the floator in the lateral direction, the control plate is divided into halves symmetrically at the y-axis. The left half control plate (left control plate) is placed at the lowest position and moved upward. The attractive force in the y-direction (normal force) is shown in Figure 7. The variation of the attractive force is 0.4 Nm/mm and smaller than that obtained by the annular plate. The attractive force in the x-direction (lateral force) is shown in Figure 8. The lateral force is generated by moving one of the half plates.


Figure 7. Attractive force in the y-direction when half of a control plate is moved in the vertical direction.
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Figure 8. Attractive force in the x-direction when half of a control plate is moved in the vertical direction.
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These results indicate the possibility of two-degree-of-freedom-of-motion control by moving the halves individually. Figure 9 shows two modes of control. The normal force is adjusted by moving control plates in the in-phase mode (a). The lateral force is adjusted by moving control plates in the reverse-phase mode (b). Figure 10 shows the normal and lateral forces in the reverse-phase mode. The normal force is 12 N and almost constant. In contrast, the lateral force varies linearly. The variation of the lateral force is 0.1 N/mm.


Figure 9. Modes of moving the control plates: (a) moving control plates in the in-phase mode; (b) moving control plates in the reverse-phase.
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Figure 10. Attractive force when two control plate halves are moved in the vertical direction in the reverse-phase.
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4. Experiment


Experimental Apparatus


An experimental apparatus was fabricated to measure the attractive forces under the same conditions assumed in the analysis. Figure 11 shows schematic illustrations and a photograph of the experimental apparatus. An annular control plate is placed to align its center axis with that of a cylinder-shape permanent magnet. The height of the plate is adjusted by inserting a non-magnetic plate whose thickness is known. The lateral position of the plate is adjusted by locating-pins and screws as shown by Figure 11c. The position of a floator is detected by an eddy-current displacement sensor. The attractive forces are measured using a 3-axis force sensor on which the floator is fixed. The floator is made of SUJ-2 with a diameter of 63.5 mm and a mass of 1 kg. The permanent magnet is made of neodymium with a surface magnetic flux density of 380 mT, a diameter of 50 mm, and a thickness of 10 mm.


Figure 11. Instrument for force measurement: (a) schematic of apparatus for force measurement; (b) photograph of apparatus for force measurement; (c) schematic of mechanism to adjust the lateral position of the control plate in the apparatus.
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The gap-force characteristics are measured when the control plate is placed at the lowest position and the position of 10 mm. The result is shown in Figure 12. When the control plate is placed at the lowest position, the attractive force is smaller than that without the control plate. When the control plate is placed at the 10 mm position, the attractive force is larger than that without the control plate.


Figure 12. Measured gap-force characteristics for various height of control plate.
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Then, the gap between the permanent magnet and the floator is fixed to 20 mm. The control plate is placed at the lowest position and moved upward. The force at each position is shown in Figure 13. The variation of the attractive force is 0.7 N/mm. In addition, the attractive force is saturated when the position is higher than 10 mm. These experimental results have the same tendency as the analytical results. However, the attractive force predicted by the FEM analysis is larger than the measured force. One of the reasons is that the target system has a rather large leakage flux. In addition, the parameters such as the permeance of iron are set to be nominal in the FEM analysis and are not measured. These parameters may have caused the differences.


Figure 13. Attractive force when the control plate is moved in the vertical direction.
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Next, experiments on the control plate halves are carried out. The left half control plate is placed at the lowest position and moved upward. The normal force is shown in Figure 14. The variation of the attractive force is 0.4 N/mm and smaller than that obtained by using the annular plate. The lateral force is shown in Figure 15. The lateral force is generated by moving one of the half plates.


Figure 14. Attractive force in the y-direction when half of a control plate is moved in the vertical direction.
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Figure 15. Attractive force in the x-direction when half of a control plate is moved in the vertical direction.



[image: Actuators 06 00011 g015]






Then, the left control plate is placed at the lowest position, and the right control plate is placed at the position of 10 mm. The left control plate is moved upward. The right control plate is moved downward. The normal and lateral forces are shown in Figure 16. The normal force is 10 N and almost constant. In contrast, the lateral force varies linearly. The variation of the lateral force is 0.15 N/mm.


Figure 16. Attractive force when two control plate halves are moved in the vertical direction in the reverse-phase.
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The normal force is adjusted by moving the control plate in the vertical direction. The lateral force is adjusted by in accordance with the difference between the height of the left plate and that of the right plate. Thus, it is possible to realize 2-axis magnetic suspension with two control plates. These results indicate the possibility of 3-degree-of-freedom-of-motion control with three control plates moved individually [15].





5. Design of Flux-Path Control Mechanism


To achieve stable suspension, the flux control plate must be moved dynamically according to the motion of the floator. Figure 17 shows a schematic illustration of a suspension system with a pair of mechanisms achieving such motion control of the flux control plates. In this mechanism, a ferromagnetic control plate is fixed to one end of a lever made of non-magnetic material. The lever is suspended by a ball bearing to rotate about a horizontal axis. Such a seesaw-type structure has an advantage of very high stiffness in the direction toward the permanent magnet. A pair of electromagnets is placed at each end of the lever to face each other across the lever. They control the rotation motion of the lever. The motion of the lever at the electromagnets is mechanically amplified about five times at the other end of the control plate in the designed mechanism. In the analysis, the control plate moves from the positon of 0 mm to the position of 10 mm. To achieve this stroke, the nominal gap between the lever and each electromagnet is set to 2 mm.


Figure 17. Schematic illustration of suspension system.
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In the flux-concentrated type magnetic suspension system [16], a similar flux-path control mechanism was used to achieve stable suspension. The bandwidth of the mechanism was 20 Hz approximately. The newly designed mechanism for lateral flux-path control can have a bandwidth of the same order because of the similarity in structure. Therefore, stable suspension can be achieved using this mechanism.




6. Conclusions


A novel flux-path control magnetic suspension system using a laterally controlled flux-path mechanism was proposed to increase the effective gap. In the proposed system, control plates are placed in the lateral of the magnetic source. The attractive force acting on the floator was studied both analytically and experimentally. In addition, the variation of the attractive forces in the normal and lateral directions is generated by moving control plates in in-phase and reverse-phase modes. This shows the possibility of a multi-axis magnetic suspension system.
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Appendix A


The flux-path control magnetic suspension using control plates is compared with a conventional magnetic suspension using DC electromagnet. The proposed system is the same as the system treated in Section 3.1. The conventional system using an electromagnet is composed of the cylindrical magnetic source with ferromagnetic yoke, a coil, and the spherical floator (Figure A1). The number of turns of the coil is assumed to be 500. The coil is placed to align its center axis with that of the cylinder-shape permanent magnet. The gap is fixed to be 20 mm. The control plate is placed at the lowest position and moved upward to the position of 10 mm. The attractive force at each position is shown in Figure A2a (Figure 6). The attractive force varies from 8 N to 15 N. Then, the current-force characteristics of the suspension system (b) are analyzed. The result is shown in Figure A2b. In order to obtain the same variation of the attractive force (7 N), it is necessary to vary the current more than 7 A, that is, the necessary magnetomotive force is 3500 AT, which is rather large. This result suggests that the flux-path control magnetic suspension using the control plates is suitable for wide-gap suspension with low-energy consumption.


Figure A1. Analysis model and parameters: (a) analysis model using control plate; (b) analysis model using Electromagnet.
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Figure A2. Analytical result: (a) attractive force when the control plate is moved in the vertical direction; (b) attractive force when the current of electromagnet is varied.
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