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Abstract

:

A voice coil motor is a simple and linear electromagnetic actuator. Since it has a non-contact force and very low stiffness, it is widely used for precision positioning devices including magnetic levitation systems. During magnetic levitation, high force of a voice coil motor is required to compensate for the weight of the device and ensure a fast dynamic response. In this paper, two types of voice coil motors were analyzed by their volumetric change. The change of the generated force according to the volumetric change was inspected by finite element simulation models. The enhancement of force was dependent on which type of the voice coil motor is used, which component is enlarged, and which direction is the voice coil motor expands in. Based on the analysis results, two voice coil motors were optimally designed for a magnetic levitation positioning device. As a result of the design, it was confirmed that different types of voice coil motor generate different forces even if they have the same volume. For the two types of voice coil motors, the force differed by up to 40%.
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1. Introduction


In recent years, a high degree of precision has become an essential requirement for positioning systems in line with the development of the related industries. An air bearing guide, which is a contactless guide, has no problems with dust generation and backlash, and thus can implement a positioning system more precisely than any existing friction guides because there is no friction [1,2,3]. Thus, the air bearing guide is widely used in positioning devices for fabrication and inspection processes in the manufacturing of semiconductors and displays, in particular, as they require high precision. However, its use is limited in a vacuum environment and additional components are required to supply air, which makes the structure complex and large. In addition, it has a limitation in removing environmental disturbances such as vibration as it has a multi-body structure in which multiple moving components are connected in series to allow a multi-degree of freedom (DOF) [4]. Otherwise, in a magnetic levitation (maglev) device, a moving component is a single body of light and simple form, and its actuator is contactless. Furthermore, there is no connection unit, such as a guide, between the moving components and the ground, making it suitable for achieving a high degree of precision. Thus, a maglev device is the latest system, and many studies have been conducted on it in the last 30 years [4,5,6,7,8,9,10,11,12,13,14].



In particular, a voice coil motor (VCM) is widely used as an actuator in a maglev device in order to implement nanometer-level precision in a short stroke [8,9,10,11,12,13,14]. Since the VCM has a very simple structure and there is no mechanical contact between the mover and the stator, it does not suffer from friction or backlash, resulting in high precision and a rapid response. Moreover, the generated magnetic force is proportional to the current that flows along the coil, which is suitable for precision control. However, the VCM has the drawback of weaker force compared to its volume than contact-type actuators such as piezoelectric, magnetostrictive and electrostrictive actuators [15,16]. A moving component should always be levitated in a maglev positioning system, so the actuators should generate greater force than the weight of the moving component. To that end, several studies have been conducted to increase the force of the VCM. Hollis et al. proposed a VCM of two sets of magnet pairs facing to each other to implement a maglev wrist using a robot arm application [8]. Kim et al. also studied various forms of VCM using a permanent magnet and coil for maglev device applications [9,10]. Zhang and Meng studied a VCM composed of a double-sided magnet pair for a maglev device [11]. Choi et al. [17] and Ahn et al. [12] proposed a VCM with an axial symmetric rectangular structure that can produce considerable force, studied the optimal design method, and tested its mechanical and electrical characteristics. Lee et al. [18] optimized the shape of the permanent magnet and yoke by considering the magnetic saturation effect in order to maximize the force of a VCM with a steel and permanent magnet. Furthermore, other researchers aimed to improve the force of the VCM using a Halbach array. Choi et al. [13,19] utilized a permanent magnet for the weight compensation of a maglev device in a bid to propose a new VCM structure using a Halbach array. Kim et al. [14,20] designed a high-force VCM using a Halbach array and applied it to a six-DOF active vibration isolator and a six-DOF maglev positioning system. Dong et al. [21] used a Halbach magnet array by comparing three different VCM structures whose double-sided magnet array was different for large force and small force ripples. Jansen et al. [22] proposed a method of modeling the force and electrical characteristics of the VCM using a Halbach array.



Although various studies have been conducted by changing the shape and layout of the magnet and coil in a VCM, the resulting increase of VCM force was insignificant, thus showing a limitation with regard to requirements such as fast response and large weight compensation of the levitated component. This was because most researchers attempted structural changes in order to generate greater force in a small volume while considering the applicability of the VCM. Thus, this study aimed to analyze changes in force when making a VCM large to generate greater force, which contrasted with existing studies that attempted to change the arrangement of the components such as a coil winding, permanent magnets, and yokes. To do this, two types of VCM were selected, and a model for changing the volume of the VCMs, accordingly the size of the magnet and coil, was established in order to analyze the change in the generated force using the finite element method (FEM). Finally, two types of VCM were optimally designed for a maglev positioning device to prove the analysis results.




2. Structure of VCMs


A VCM consists of a permanent magnet that generates a magnetic flux, a yoke that concentrates the magnetic flux in an air gap by manipulating the magnetic flux path, and a coil that generates force by flowing current. Figure 1 shows the basic structure of the two types of VCM analyzed in this study.



Figure 1a shows the structure of a typical VCM. Two pairs of magnets are arranged on each side of the coil to form a strong magnetic flux in the perpendicular direction (z) to the air gap, and force is generated in the horizontal direction (x) by the current flowing along the coil in the perpendicular direction (y) to the magnetic flux. Thus, we call this type of VCM “horizontal force voice coil motor” (HVCM). Here, a yoke is attached to the upper and lower sides to concentrate the magnetic flux in the air gap. Figure 1b shows the rectangular type axis-symmetric VCM developed by Choi et al. [17], in which four pairs of magnets are arranged in an external yoke, while an internal yoke that is sufficiently thick to prevent magnetic saturation is positioned in the center. Two upper and lower coils are wrapped around the internal yoke. Here, a magnetic flux is formed in the horizontal direction (x and y) in the air gap between the permanent magnet and the center yoke, and force is generated in the vertical direction (z) as the current flows along the coil in the perpendicular direction (y and x) to the magnetic flux. Thus, we call this type of VCM “vertical force voice coil motor” (VVCM). In this research, how to increase the force of the VCM was studied as a measure for overcoming insufficient force, which is the drawback of general VCMs. The force of the VCM is Lorentz force described by Equation (1), and the magnitude of the force is calculated by Equation (2).


    F    →  = i   ∫   c o i l    ( d     l    →  ×   B    →  ) = i   ∫   c o i l    B d l sin θ    



(1)






      F    →    =  i    ∫   c o i l        B    →        d l  →    sin θ  



(2)







In Equations (1) and (2), i refers to the current, l refers to the length of the coil, B refers to the magnetic flux density in the coil, and θ refers to the angle between the flow direction of the current in the coil and the magnetic flux density. Force vector F can be calculated by integrating a cross product of the infinitesimal length vector multiplied by current and the magnetic flux density in each portion of the coil through the whole coil volume. From Equation (2), it is found that the force of the VCM can be improved by several methods. First, the generated force is proportional to the current in Equation (2). Thus, an increase in force can be obtained in proportion to the increase in the input current, regardless of the VCM’s structure or size. However, an increase in the current incurs increased heat dissipation due to the electric resistance of the coil, thereby inducing a temperature rise in the coil and the surrounding components. Thus, the possible input current can be determined according to the allowable temperature limit of the magnets, coils and others. Since the temperature rise and allowable temperature vary even in the same VCM depending on the operation conditions - such as the cooling method, connection of the VCM to other structure, and the required force trajectory - the effect of an increase in current is excluded from this study. The force can increase when the value of integration of Equation (2) increases. In order to make the sine function term have the maximum value of 1, the flow direction of the current in the coil and the magnetic flux density should be perpendicular, which is implemented by the structure of the magnet and coil in the two types of VCMs, as shown in Figure 1. To increase the integration value in Equation (2), the volume of the coil (i.e. the integration volume) or the magnetic flux density in the volume occupied by the coil should increase. Accordingly, either the number of turns of the coil winding, length, and width should be increased, or a larger magnet should be used. That is, the overall volume of the VCM should be increased. Therefore, this study analyzes a change in force according to the degree of volume change and the volume change method.




3. Analysis


3.1. Design Parameters


As discussed in Section 2, when the volume of the VCM increases, the magnetic flux density increases, or the coil volume that is affected by the magnetic flux increases, expecting the increase in the force generated by the VCM. For a quantitative analysis of force using FEM, the parameters for changing the volume of the HVCM and the VVCM, and their directional shape change model, were established. Figure 2 and Figure 3 show the method of changing their shape in detail, while Table 1 and Table 2 present a detailed description of the parameters. The shape parameters can change from 20% to 200% based on the nominal size.



Figure 2 displays the method of changing the HVCM shape parameters as cross-sectional diagrams. Figure 2a–e corresponds to case (a)–(e), as shown in Table 1. Figure 2a,b refers to cases (a) and (b), where the HVCM volume changes in the x-direction, which is the width direction. Thus, the sizes of both magnets and yokes change in the direction perpendicular to the magnetization direction, and the change in the value is indicated by the change in the magnet’s width, as shown in Table 1. The coil’s width increases and decreases at the same rate as the change in the magnet’s width in case (b), whereas the coil’s width is fixed to the nominal size and each coil bundle is moved to be positioned in the center of each magnet in case (a). This is to consider the case of the largest force occurrence because the magnetic flux density by the permanent magnet is strongest in the point aligned with the center of the magnet. Here, if the magnet width is smaller than the nominal value of the coil width, part of the coil is placed outside the magnetic field of the permanent magnet, which does not generate force. Thus, such a case is excluded from the analysis. As a result, only the range in which the magnet width is larger than the coil width is checked in case (a). Figure 2c shows case (c), where the HVCM volume changes in the y-direction, which is the length direction. Thus, the sizes of both magnet and yoke change in the direction perpendicular to the magnetization direction, and the coil is also interlocked, so its length also increases. If the coil’s length is not interlocked, so that the magnet becomes longer than the coil, force is generated in an unintended direction by the round part of both ends of the coil. Conversely, if the magnet is shorter than the coil, part of the coil may not generate force. Figure 2d,e show cases (d) and (e), where the HVCM volume changes in the z-direction, which is the height direction. In case (d), the magnet height increases, and the coil’s height is fixed to the nominal size. On the other hand, in case (e), the coil’s height increases, and the magnet’s height is fixed to the nominal size. Thus, the parts of the magnet or yoke marked with a dotted line move without any changes in size, maintaining the air gap with the coil.



Figure 3 shows the method of changing the VVCM’s shape parameters as cross-sectional diagrams. Figure 3a–e corresponds to case (a)–(e) as shown in Table 2. Figure 3a–c refer to case (a)–(c), where the VVCM volume changes in the x and y directions, that is, the width direction. In contrast with the HVCM, since the VVCM is symmetrical around the z-axis, the volume increases in the x and y directions simultaneously. For case (a), the size of the four pairs of magnets, whereby each pair is located up and down along the inner surface of the external yoke, change in the magnetization direction. That is, the magnet’s thickness changes, which changes the location and size of the external yoke, thereby changing the overall size of the VVCM in the width direction. In contrast, in case (b), the coil’s thickness changes, and the four pairs of magnets move without any change in their size, maintaining the air gap with the coil. Accordingly, the location and size of the external yoke change, thereby changing the overall size of the VVCM in the width direction. Case (c) is a method in which the widths of both magnet and coil change together. Thus, the coil’s total length increases in case (c)m whereas the number of coil turns increases in case (b). Moreover, the size of the magnet changes in the direction perpendicular to the magnetization direction, in contrast with case (a). Accordingly, the location and size of the external yoke change, thereby changing the overall size of the VVCM in the width direction. Figure 3d,e refer to cases (d) and (e), where the VVCM volume changes in the z-direction, which is the height direction. Thus, the dimension of the magnet changes in the height direction perpendicular to the magnetization direction. However, the coil moves to be positioned in the point aligned with the center of each magnet, without any change in size in case (d), and the dimension changes at the same rate as that of the magnet in case (e). Similarly, to the previous case (b) of the HVCM, when the magnet height is smaller than the coil height, part of the coil is not affected by the magnetic field, which was excluded from the analysis.



Figure 4 shows two extreme cases of HVCM design with the same volume. One in Figure 4a is expanded lengthwise and one in Figure 4b is expanded widthwise while both are keeping the same volume. As noticed from the two extreme cases, it is expected that the volume increase does not guarantee the force increase. The quantitative study by FEM models with the defined design parameters is followed.




3.2. The FEM Model


Based on the design parameters shown in Table 1 and Table 2, three-dimensional simulation models of two types of VCMs were established. For the FEM analysis, Maxwell V14.0 (Ansys, USA) was used. The current density in the coil cross-section was set to be constant to present the increase of coil turns according to the increase of the coil cross-sectional area. In addition, all the analyses were performed by designating an N-45 grade NdFeB magnet, and its characteristics are shown in Table 3. Figure 5 shows an example of a meshed model of two VCMs. The force applied to the coil and the magnetic flux density at the coil were calculated by the analysis. The analysis region was set to have 1000% offset size of the analyzed VCM model, and the medium was air. Each analysis was terminated when the energy error converged to less than 0.1%, and the maximum number of iterations was limited to 30.




3.3. Results


Figure 6a shows the change in force according to the change in size of the HVCM. In all shape change methods, as the VCM volume increases, the force increases. However, there is a difference in force change according to the direction of the volume change. The increase in force in case (a)–(c), in which the HVCM increases in the horizontal direction, i.e., in the width and lengthwise direction, is significantly larger than that of cases (d) and (e), in which the HVCM increases in the height direction, i.e., the vertical direction. In particular, the increase in force in cases (b) and (c), where the volume of both coil and magnet increases, is more effective than case (a), where only the magnet’s volume increases. Case (a) is somewhat limited in terms of increasing the force as it has a saturation form after a certain level of increase. This directional effect of an increase in force can be explained more clearly through the change in the mean magnetic flux density according to the increase in the HVCM volume, as shown in Figure 6b. The increase in the magnetic flux density in case (a)–(c), in which the HVCM increases in the horizontal direction, that is, the width and lengthwise direction, is also significantly larger than that of cases (d) and (e), in which the HVCM increases in the height direction, i.e., in the vertical direction. Here, the increase in the mean magnetic flux density according to the increase in the magnet size is the largest in case (a), and smaller in cases (b) and (c). As presented in Equation (2), the force of the VCM is affected by increases in both magnetic flux density and coil length, but the increase in coil volume is more effective than the increase in magnetic flux density, as shown in Figure 6a,b. In particular, the magnetic flux density increases in line with the increase in the magnet’s volume, but it becomes saturated beyond a certain level. Thus, when a large-scale HVCM is available, an increase in coil volume leads to a substantial increase in force, and an increase in a magnet size raises the magnetic flux, which only plays a role in maintaining the magnetic flux density at a certain level even if the coil’s volume increases. This trend is also revealed in cases (d) and (e). In case (d), the magnetic flux density increases to some extent, and is then saturated as the magnet’s height increases, whereas in case (e), the magnetic flux density decreases as the distance between the magnets increases. Nonetheless, the force increases more in case (e) than in case (d), which indicates that the effect of a change in the coil volume is more significant than the effect of a change in the magnet volume.



Finally, force change to volume change was presented regarding the change in the shape parameters to verify the efficiency of the increase in the volume for the increase in the force of the HVCM. The absolute value of the volume change was used to represent the increase and decrease in force using signs. As shown in Figure 6c, case (c) is most noticeable. That is, the increase in volume in the lengthwise directions of the magnet and coil is the most efficient method of increasing the force. As Figure 6a verified that the effect of the increase in volume in the height direction (cases (d) and (e)) was limited, Figure 6c also shows that the effect by height increase diminishes according to volume increase. Thus, the height of the coil and magnet is fixed to an appropriate value rather than increasing it, and the volume in the direction perpendicular to the height is desirable in order to increase the force of the HVCM. One more noticeable result is the case (b). When the volume increases in the width direction, the number of coil turns increases, thereby increasing the part of the coil that is not involved in the generation of force (as shown in Figure 7). It can cause distortion of the coil shape overall and generation of Lorentz force in the undesired direction. Thus, it is necessary to maintain a width to length ratio below a certain value. Moreover, the difference between the results of the case (a) and (b) tells that the increase in the widths of the magnet and coil by interlocking them (cases (b)) is more efficient than increasing the width of the magnet only (case (a)). Thus, it is preferable to fix the magnet width to be no larger than necessary to motion compared to the coil width when designing the HVCM.



Figure 8a shows the change in force according to the change in the VVCM size. Except for case (b), all cases showed that the generated force increased as the volume of the VVCM increased. The trend of increase in force differed depending on which part and direction of the VVCM increased in volume. The increase in force was larger in cases (c) and (e) of the VVCM, where the volume of both magnet and coil increased than in cases (a) and (d), where the volume of either the magnet or coil only increased. In addition, the increase in force was larger in case (e) than in case (c), and in case (d) than in case (a), respectively. In other words, force is larger in the cases where the volume increased in the vertical height direction than the cases where the volume increased in the horizontal width direction. In relation to the change in the mean magnetic flux density according to the increase in the VVCM volume, as shown in Figure 8b, only case (b) showed a rapid reduction of the magnetic flux density. Since the size of the magnet remained the same, while the coil’s volume increased, thereby increasing the air gap. Thus, the magnetic flux density decreased, accordingly the force decreased, as shown in Figure 8a, despite the increase in the coil volume. In both cases (a) and (c), the volume increased in the horizontal width direction. The magnetic flux density increased in case (c), where the magnet dimension increased in the direction perpendicular to the magnetization direction, more than in case (a), where the magnet dimension increased in the direction parallel to the magnetization direction. Furthermore, the volume of coil also increased in case (c), thereby further increasing the force significantly. In both cases (d) and (e), the volume increased in the vertical height direction. Evidently, case (d), in which the magnet size increased but the coil volume did not change, showed a higher magnetic flux density. However, the increase in force was larger in case (e), i.e., the same as the HVCM result, which indicates that the change in the coil volume influenced more in the change of force in the VVCM as well.



Next, Figure 8c shows force change to volume change regarding the change in the shape parameters. The absolute value of the volume change was used to represent the increase and decrease in force using signs. The force is efficiently increased when the respective size of the coil and magnet increased simultaneously in width direction (case (c)) and height direction (cased (e)). Note that the value of case (c) is higher than the value of case (e), which contrasted with the results of force. This is because the increase in the VVCM’s overall volume according to the increase in the magnet’s width in case (c) was significantly smaller than the increase in the VVCM’s overall volume according to the increase in the magnet’s height in case (e). On the other hand, although case (d), in which only the magnet’s height increased, could obtain an increase in force, the force increase with respect to volume increase was diminished demonstrating significantly low efficiency of the volume increase. Therefore, when designing the VVCM, it is recommended that the height of the magnet is not set larger than necessary compared to the height of the coil. In case (a), a small change of volume affects largely on force change, but its effect rapidly diminishes. As a result, the generated force barely changes as shown in Figure 8a. Thus, selecting the proper thickness of the magnet and coil followed by increasing the VVCM volume in the width and height directions (case (c) and (e)) was found to be effective in increasing the force of the VVCM.



In summary, with the increase in the size of the HVCM and the VVCM, the magnetic flux density and coil volume increase, which in turn increases the force. In particular, the increase in the coil volume significantly influenced the increase in force, and the increase in the magnet volume raised the magnetic flux, thereby maintaining the magnetic flux density at a similar rate even when the coil’s volume increased. Thus, the magnet size must increase in link with the coil size. For the HVCM, only the method which increases both the size of the magnet and the coil in the lengthwise directions is found to be valid in terms of the manufacturability and the efficiency of the increase in force. Here, an increase in the coil volume should lead to an increase in the total length. For the VVCM, an improvement of force can be attempted by increasing the volume in the vertical or horizontal direction. Here, an increase in the coil volume in the vertical direction should lead to an increase in the number of accumulated turns by heightening the coil height, while an increase in the horizontal direction should lead to an increase in the total length by widening the coil width rather than the thickness.





4. VCM Designs for a Maglev Positioning Device


Based on the results of the analysis presented in Section 3, two types of VCMs were designed for a precision maglev precision positioning device. Since a maglev device performs positioning while floating in the air and a VCM generates uni-directional force, for six-DOF motion control, it requires more than 6 VCMs. In this paper, eight VCMs were arranged as shown in Figure 9a by considering the symmetry. VCMs for a vertical motion were arranged at the four vertices, and VCMs for a horizontal motion were arranged along the four edges. Utilizing the VCMs at vertices, the maglev positioning device can achieve the out-of-plane motion, that is, motion in the z, θx, and θy directions. Similarly, utilizing the VCMs at edges, the maglev positioning device can achieve the in-plane motion, that is, motion in the x, y, and θz directions. In the maglev device, not only a space for VCMs but also a space in which to arrange the displacement sensor and the mechanical stopper for homing was also needed, as shown in Figure 9a,b. The mover of the maglev positioning device has a size of 250 mm × 250 mm × 40 mm. Accordingly, the given space for VCMs is limited as presented in Table 4. Because of this space arrangement and assembly, a type of VVCM that was suitable to be increased in the vertical direction was selected for a vertical motion, while a type of HVCM that was suitable to increase in the length direction was selected for a horizontal motion.



The design of the VCM started with setting the outer size. Each VCM was set so that its outer size occupies the whole given volume to generate the maximum force. The gap between the coil and the magnet and the difference in width between the coil and magnet was set to 1mm in consideration of the motion range of the maglev positioning device. In the case of HVCM, the maximum force was obtained through the FEM analysis by adjusting the height of the coil and magnet in units of 1 mm through. In the case of VVCM, the maximum force was obtained through the FEM analysis by adjusting the thickness of the coil and magnet in units of 1 mm through FEM analysis. The final design parameters and specifications are shown in Table 4 and Figure 10. In addition to this, in order to show the effectiveness of the study, the force maximization of VVCM and HVCM was carried out assuming that the spaces given to each were changed. The comparison of the results is presented in Table 5. As can be seen from the Table 5, the results are very different depending on which type of VCM is optimized for the same volume of space. The incorrectly selected VCM only shows a force constant of about 60%. This confirms that the efficiency of increasing the force according to the volume expansion of the VCM is different for each direction of the volume expansion.




5. Conclusions


In this paper, two types of VCMs were selected and a shape change model was established. One of them had a typical structure and comprised a coil positioned between two pairs of magnets. The other had a rectangular shape with an external yoke consisting of four pairs of magnets and a rectangular inner yoke. An efficient method of improving the force was analyzed through the increase in VCM volume by employing the shape change model analysis of the two selected types of VCMs.



	
An increase in force can be attempted by increasing the VCM volume. However, the efficiency of an increase in force differs depending on the method and direction of the volume increase and the type of VCM.



	
The HVCM’s force increased significantly when the volume increased in the width and the length direction. However, the most efficient method of enhancing force consisted of increasing the volume in the lengthwise direction while maintaining a certain ratio between the width and length in consideration of the coil fabrication.



	
The VVCM’s force increased significantly when the volume increased in the width and height directions. The total length of the coil increases when the VVCM width increases, and the number of coil turns increases when the VVCM height increases.



	
Two VCMs could efficiently increase the volume with appropriate direction, after selecting an appropriate thickness for the magnet and coil and setting the magnet’s size to be no larger than that of the coil.






Based on the results of the VCM analysis, two types of VCMs were designed. The maglev device should always maintain a levitation force that corresponds to its own weight for levitation of the moving component, as well as generating an inertial force, in order to achieve a fast motion. Accordingly, the HVCM and VVCM were designed to have high force for the given space limitation.



In this paper, we analyzed the force increase according to the VCM volume increase, and it is expected that the data presented here can be useful when designing the VCM. It can provide a starting point for the design, such as what type of VCM to select according to the constraints such as a given space, and how much the initial values of magnets and coils should be. It can also be used as a reference when deciding in which direction the size should be increased during design refinement.
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Figure 1. (a) Structure of a typical voice coil motor (VCM) with double-sided magnets, (b) Structure of a square column type VCM. 
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Figure 2. Variations of the horizontal force voice coil motor (HVCM)’s structure according to changes in the design parameters: (a) case (a), change of magnet width; (b) case (b), change of VCM width; (c) case (c) change of VCM length; (d) case (d) change of magnet height; (e) case (e) change of coil height. 
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Figure 3. Variations of the vertical force voice coil motor (VVCM)’s structure according to changes in the design parameters: (a) case (a), change of magnet thickness; (b) case (b), change of coil thickness; (c) case (c), change of VCM width; (d) case (d) change of magnet height; (e) case (e) change of VCM height. 
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Figure 4. Extreme variations of HVCM with the same volume, (a) Lengthwise expansion, (b) Widthwise expansion. 
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Figure 5. (a) Meshed simulation model of HVCM with nominal dimensions, (b) Meshed simulation model of VVCM with nominal dimensions. 
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Figure 6. Results of analysis of the HVCM, (a) Force, (b) Average magnetic flux density, (c) force increase per volume increase. 
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Figure 7. Usable part of VCM coils for force generation, an example of normal winding (top) and an example of abnormally enlarged winding in the width direction (bottom). 
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Figure 8. Results of analysis of the VVCM, (a) Force, (b) Average magnetic flux density, (c) force density. 
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Figure 9. (a) Placement of the VCMs on the mover of the maglev device (inverted in the picture), (b) Placement of the displacement sensors and a mechanical stopper for homing. 
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Figure 10. The optimized design parameters (a) HVCM, (b) VVCM. 
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Table 1. Design Parameters of the HVCM.
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Expansion Direction

	
Case

	
Parameters

	
Description

	
Normalized Dimension (mm)

	
Variation (mm)






	
x(width)

	
a

	
mw

	
Magnet width

	
52

	
52–104




	
b

	
cw

	
Coil width

	
50

	
10–100




	
mw

	
Magnet width

	
52

	
10.4–104




	
y(length)

	
c

	
cl

	
Coil length

	
50

	
10–100




	
ml

	
Magnet length

	
50

	
10–100




	
z(height)

	
d

	
mh

	
Magnet height

	
20

	
4–40




	
e

	
ch

	
Coil height

	
20

	
4–40
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Table 2. Design Parameters of the VVCM.
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Expansion Direction

	
Case

	
Parameters

	
Description

	
Normalized Dimension (mm)

	
Variation (mm)






	
x, y(width)

	
a

	
mt

	
Magnet thickness

	
20

	
4–40




	
b

	
ct

	
Coil thickness

	
20

	
4–40




	
c

	
mw

	
Magnet width

	
20

	
4–40




	
cw

	
Coil width

	
20

	
4–40




	
z(height)

	
d

	
mh

	
Magnet height

	
52

	
52–104




	
e

	
ch

	
Coil height

	
24

	
4–49




	
mh

	
Magnet height

	
52

	
52–104
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Table 3. Properties of the NdFeB magnet.
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	Grade
	Remanence (T)
	Coercive Force (kA/m)





	N-45M
	1.35
	876
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Table 4. Space limitation and specifications of the fabricated HVCM and VVCM.
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	HVCM
	VVCM





	Given space for VCM design (mm × mm × mm)
	90 × 50 × 40
	55 × 55 × 40



	Force constant (N/A)
	17.71
	19.31



	Electrical resistance (Ω)
	4.50
	2.73



	Coil diameter without sheath (mm)
	0.5
	0.5



	Number of coil turns
	368
	420



	Moving mass (g)
	471
	530
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Table 5. Comparison of force constant for each optimized design result.
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	Horizontal Force Generation
	Vertical Force Generation





	Given Space for VCM Design (mm × mm × mm)
	90 × 50 × 40
	55 × 55 × 40



	HVCM (N/A)
	17.71
	5.98



	VVCM (N/A)
	10.23
	9.65
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