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Abstract

:

The 6-DOF vibration isolation platform (VIP) is used to isolate vibration in the processing and manufacturing of semiconductor chips, especially electric vehicle chips. The 6-DOF VIP has the characteristics of high position accuracy, fast dynamic response, and short motion travel. In this paper, a novel four-quadrant Lorentz force motor (FQLFM) applied on the 6-DOF VIP is proposed. The structure of this LFM has a high force density, low force fluctuation, and low coupling force. First, the basic structure and operating principle of the proposed FQLFM are presented. Secondly, the expressions of the magnetic field and electromagnetic force are obtained based on an equivalent current model and the permanent magnet mirror-image method (PMMIM). Thirdly, the magnetic field and electromagnetic force characteristics of the proposed FQLFM and an LFM with a traditional bilateral structure are analyzed and compared. The relationship between the force and displacement of the FQLFM is investigated. Moreover, the PMMIM is verified by a 3D finite element analysis (FEA). Finally, the experimental platform for a force test is built and the above results are validated by an experiment.
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1. Introduction


With the increasingly stringent requirements for working environments in the processing and manufacturing of semiconductor chips, higher performance requirements have been put forward for the vibration control system, especially that applied on electric vehicle chips [1]. The 6-DOF magnetic suspension vibration isolation platform (VIP) uses electromagnetic force to isolate the isolated object from the vibration source [2,3]. A magnetic suspension VIP has the advantages of no mechanical contact, no friction, and compatibility with the vacuum environment, which is very suitable for the processing and manufacturing of electric vehicle chips.



The Lorentz force motor (LFM) is the key component of the 6-DOF VIP. The LFM is a kind of micro motor, which has lots of advantages, such as a simple structure, fast dynamic response, no cogging torque, and high linearity [4,5]. A 6-DOF VIP can be a combination of multi-unit LFMs with magnetic levitation gravity compensators and displacement sensors. In contrast to the LFM, which has a single degree of freedom, the LFM on the 6-DOF VIP needs to provide sufficient driving force. On this basis, the LFM on the VIP also needs to have a smaller volume, smaller force fluctuation, and smaller coupling force to achieve high-precision positioning [6,7]. In this paper, a novel LFM that is suitable for the 6-DOF VIP system is proposed, which is called a four-quadrant Lorentz force motor (FQLFM).




2. Basic Structure and Operating Principle


2.1. Basic Structure of FQLFM


Figure 1 shows the basic structure of the 6-DOF VIP and FQLFM. The 6-DOF VIP includes three horizontal FQLFMs and three vertical FQLFMs, as shown in Figure 1a. It consists of a load platform, a fixed base, limit devices, accelerometers, displacement sensors, and magnetic levitation gravity compensators. Generally, the 6-DOF VIP is fixed on a marble platform with a foundation.



Figure 1b,c shows that the FQLFM is composed of two parts, the stator and mover. The stator consists of four permanent magnets (PMs) distributed in four quadrants and an iron yoke out of the PMs, which is placed on a fixed base. The mover consists of two multi-turn racetrack-type coils and a coil frame, which is installed under the load platform.




2.2. Operating Principle of FQLFM


The FQLFM has the same operating principle as a traditional LFM. When the energized conductor is in a constant magnetic field, the coils’ conductor will generate a Lorentz force. In order to change the size or direction of the Lorentz force, the current in the coils’ conductor should be adjusted [8,9]. A novel FQLFM is proposed in this paper which has the advantages of high force linearity, low force fluctuation, and low coupling force for improving the motion performance of the 6-DOF VIP. Due to the characteristics of the FQLFM, the difficulty in the control of the 6-DOF LFM can be reduced greatly [10,11].



The operating principle of the 6-DOF VIP composed of the FQLFM is as follows: the energized coils of the LFM generate driving force in a single direction, so that the load platform moves in this direction. It is necessary to install three horizontal FQLFMs around the load platform for controlling the load translation along the x, y axes and to rotate them around the z axis to realize motion with three degrees of freedom. In addition, three vertical FQLFMs are installed to control the load translation along the z axis and the rotation around the x, y axes for motion with three further degrees of freedom [12,13,14,15].





3. Mathematical Model


According to Ampere’s molecular current hypothesis, the magnetic field generated by the surface current is used to replace the one by the PM, and the PMMIM is adopted instead of the effect of the iron yoke. So the specific calculation process for the magnetic field and electromagnetic force of the FQLFM is as follows:



3.1. Establishment of Coordinate System


Figure 2 shows the coordinate system of the FQLFM, including a global coordinate system and four local coordinate systems. The geometric center point of the stator iron yoke is defined as the origin point of the global coordinate system (GB), and the geometric center points of four PMs are the origin points of four local coordinate systems (LCx), which are called LC1, LC2, LC3, LC4, respectively [16].



Figure 3 shows eight 3D coordinates points to describe the basic structural parameters of one PM. The magnetization direction of one PM is the positive z-axis in LCx.




3.2. Magnetic Field of FQLFM


As is known, the magnetic field produced by one single PM is equivalent to a set of current sources; the equivalent current density of one PM can be expressed as follows [17]:


   j m  = M × n  



(1)




where jm is the equivalent surface current density, M is the coercivity of PM, and n is the normal unit vector.



The magnetic flux density generated by equivalent current is expressed as:


  B ( r ) =    μ 0    4 π      ∫ S    j m  ×     r −  r ′          r −  r ′     3    d s     



(2)




where μ0 is the vacuum permeability, r is the position vector of a point in space, and r’ is the position vector of a point in one PM.



In LCx, the magnetic flux density generated by one single PM is expressed as [18]:


     L C x    B x  ( x , y , z ) =    μ 0  M   4 π     ∑  i = 1  2     ∑  j = 1  2     ∑  k = 1  2       − 1     i + j + k + 1         × ln    G 1  ( x , y , z ,  x i  ,  y j  ,  z k  )    



(3)






   G 1   =  L C x   y  −  L C x    y j  +          L C x   x  −  L C x    x i     2        +        L C x   y  −  L C x    y j     2  +        L C x   z  −  L C x    z k     2       1 2     



(4)






     L C x    B y  ( x , y , z ) =    μ 0  M   4 π     ∑  i = 1  2     ∑  j = 1  2     ∑  k = 1  2       − 1     i + j + k + 1         × ln    G 2  ( x , y , z ,  x i  ,  y j  ,  z k  )    



(5)






   G 2   =  L C x   x  −  L C x    x i  +          L C x   x  −  L C x    x i     2    +            L C x   y  −  L C x    y j     2  +        L C x   z  −  L C x    z k     2       1 2     



(6)






     L C x    B z  ( x , y , z ) =    μ 0  M   4 π     ∑  i = 1  2     ∑  j = 1  2     ∑  k = 1  2       − 1     i + j + k + 1         ×   tan   − 1      G 3  ( x , y , z ,  x i  ,  y j  ,  z k  )    



(7)






   G 3  =  (  L C x   x  −  L C x    x i  )  (  L C x   y  −  L C x    y j  )    (  L C x   z  −  L C x    z k  )   − 1   ×          L C x   x  −  L C x    x i     2  +        L C x   y  −  L C x    y j     2        +        L C x   z  −  L C x    z k     2         −  1 2       



(8)






     L C x   B  (  L C x   x  ,  L C x   y  ,  L C x   z )  =  L C x    B x     L C x    e x   +  L C x    B y     L C x    e y   +  L C x    B z     L C x    e z   



(9)




where LCxx, LCxy, and LCxz are the spatial position coordinates in LCx; LCxx1, LCxx2, LCxy1, LCxy2, LCxz1, and LCxz2 are the coordinates of one PM in LCx; and LCxex, LCxey, and LCxez are the unit vectors in LCx.



When the PMs are distributed among the iron yoke, the magnetic field will change and will not be freely distributed anymore. The magnetic field generated by the surface between the iron yoke and PM is different from that generated by a single PM, so it is difficult to calculate the magnetic field. In this paper, the mirror-image method is used to replace the effect of the iron yoke. The iron yoke in contact with the PM mirrors another PM in the same direction of the magnetization as the original PM, and the iron yoke adjacent to the PM is also mirrored as another PM in the opposite direction of the magnetization. Therefore, one PM with an iron yoke will be replaced by one original PM and five other mirror-image PMs as shown in Figure 4 [19].



Figure 4 shows the mirror-image diagram of one single PM. The PM in LCx is the original PM; the PMs in LC1x, LC3x and LC4x are the mirror-image PMs of the original; and the PMs in LC2x and LC5x are the mirror-image PMs of the PM in LC1x.



Finally, the permeability of the iron yoke is assumed to be negligible here, so the expression of the magnetic flux density generated by one single PM with an iron yoke is as follows:


       L C x    B  total   =  B  o g   ( x , y , z ) +  B  i m I   ( x , y , z ) +  B  i m II   ( x , y , z )      =    ∑  i = 0  1     ∑  j = − 1 , 0 , 1    B      L C x   x  ,  L C x   y + j (  w y  +      L C x    y 2   −  L C x    y 1    )  ,  L C x   z − i      L C x    z 2   −  L C x    z 1             



(10)




where Bog is the magnetic flux density of the original PM; BimI and BimII are the magnetic flux densities of the mirror-image PMs; and wy is the distance between the original PM and mirror image PM in the horizontal direction.



Then, the magnetic field of one PM is transferred from LCx to GB. We set the spatial position coordinate matrix in GB as:


     G B   A =  [  G B   x  ,  G B   y  ,  G B   z , 1 ]  



(11)







The spatial position coordinate matrix in LCx is as follows:


     L C x   A  =  L C x    T  G B      L C x    R  G B         G B     A  



(12)




where LCxTGB is the translation matrix from GB to LCx, and LCxRGB is the rotation matrix from GB to LCx.


     L C x    T  G B   =      1   0   0       G B   x  −  L C x   x      0   1   0       G B   y  −  L C x   y      0   0   1       G B   z  −  L C x   z      0   0   0   1       



(13)






       L C x    R  G B   =  R x   R y   R z  =      1   0   0   0     0    cos  θ x      sin  θ x     0     0    − sin  θ x      cos  θ x     0     0   0   0   1      ⋅       cos  θ y     0    − sin  θ y     0     0   1   0   0      sin  θ y     0    cos  θ y     0     0   0   0   1      ⋅       cos  θ z      sin  θ z     0   0      − sin  θ z      cos  θ z     0   0     0   0   1   0     0   0   0   1            



(14)




where GBx, GBy, GBz, LCxx, LCxy and LCxz, respectively, are the spatial positions in GB and LCx; and θx, θy and θz are the rotation angles of GB around the x, y, z axes of LCx.



Then, the magnetic flux density of one single PM in GB is as follows:


     G B    B q   (  G B   x  ,  G B   y  ,  G B   z )  =  G B    R  L C x      L C x    B  t o t a l    (  L C x    A [ 1 : 3 ]  )  



(15)







The rotation matrix GBRLCx is the inverse matrix of LCxRGB, and it is expressed as:


     G B    R  L C x    =  L C x    R  G B      − 1    



(16)







Finally, the magnetic field generated by four PMs together in GB can be obtained as follows:


     G B   B  (  G B   x  ,  G B   y  ,  G B   z ) =   ∑  q = 1  4      G B    B q   (  G B   x  ,  G B   y  ,  G B   z )    



(17)








3.3. Electromagnetic Force


In order to improve the accuracy of the electromagnetic force, the racetrack’s turning coils are divided into four parts; the currents of 1 and 2 are in the y direction and those of 3 and 4 are in the y, z directions as Figure 5 shows. The mover coils of the FQLFM include coil1 and coil2.



Using the Lorentz force formula, the expression of the electromagnetic force of the coils in each direction can be obtained as:


   F x  =   ∑  p = 1  2        ∫   V 3  +  V 4      J  z p    ⋅  G B    B y   (  G B   x  ,  G B   y  ,  G B   z ) d v         



(18)






   F y  =   ∑  p = 1  2        ∫   V 3  +  V 4      J  z p    ⋅  G B    B x   (  G B   x  ,  G B   y  ,  G B   z ) d v    +    ∫   V 1  +  V 2  +  V 3  +  V 4      J  x p    ⋅  G B    B z   (  G B   x  ,  G B   y  ,  G B   z ) d v         



(19)






   F z  =   ∑  p = 1  2        ∫   V 1  +  V 2  +  V 3  +  V 4      J  x p    ⋅  G B    B y   (  G B   x  ,  G B   y  ,  G B   z ) d v         



(20)






  F =  F x   ⋅  G B    e x  +  F y   ⋅  G B    e y  +  F z   ⋅  G B    e z   



(21)




where Fx, Fy and Fz are the electromagnetic force of the coils in the x, y, z directions; Bx, By, and Bz are the magnetic flux densities in the x, y, z directions; Jx and Jz are the current densities in the x, z directions; V1 and V2 are the volume of the coils’ straight-edge region; and V3 and V4 are the volume of the coils’ end region.





4. Finite Element Analysis


4.1. 3D Models of Two Kinds of LFM


Considering of the 6-DOF motion of a VIP, a 2D finite element analysis (FEA) is unable to accurately analyze the magnetic field distribution and electromagnetic force of the FQLFM [20]. Therefore, a 3D FEA is adopted in this paper. Moreover, the magnetic flux density, force fluctuation, and coupling force of the FQLFM are compared with those of the LFM of a traditional bilateral structure (LFMOTBS) by a 3D FEA.



Figure 6 shows a 3D model and the coordinate systems of the FQLFM and LFMOTBS. The direction of the electromagnetic thrust is the same, which is pointing to the z-axis, although the magnetic field direction is inconsistent.



Table 1 shows the basic structural parameters of the FQLFM and LFMOTBS. The sizes of the PM and iron yoke with the two models are the same; only the turns of the coils are different. The turns of the FLMOTBS are less than those of the FQLFM.




4.2. Magnetic Field and Force Compared between FQLFM and LFMOTBS


Figure 7 shows the magnetic field distribution of the FQLFM and LFMOTBS. The effective magnetic field of the FQLFM is generated by the interaction of the magnetic field with the adjacent PM. The one of the LFMOTBS is generated by the opposite PM. The air gap length of the FQLFM is obviously larger than that of the LFMOTBS.



When the range of the mover motion is ±1 mm (y) to ±1 mm (z) and the electromagnetic thrust (Fz) is about 10.62 N, the distribution cloud of the magnetic flux density in the y direction (By) and the electromagnetic thrust of the FQLFM and LFMOTBS are as shown below in Figure 8.



According to Figure 8, when the number, shape, and size of the PMs with two LFMs are the same, the LFMOTBS can produce the same electromagnetic thrust as the FQLFM with fewer coil turns. However, the magnetic flux density of the FQLFM along the z-axis is linearly changed and the one along the y-axis is the same as shown in Figure 8a. In contrast, the magnetic flux density of the LFMOTBS along the z-axis does not linearly change and is similar to a sine curve, the magnetic field along the y-axis is also no longer evenly distributed, and the center is weaker than that of the end as shown in Figure 8b.



Since the magnetic field of the FQLFM in the y direction is linear, the increased force at the upper part of the energized coils is equal to the reduced force at the bottom of the coils, so the electromagnetic thrust almost remains unchanged. However, the magnetic field of the FQLFM is also weakly distorted. The electromagnetic thrust fluctuation of the FQLFM is 0.15%, whereas that of the LFMOTBS is 1.16%. Therefore, the electromagnetic thrust with the FQLFM has lower force fluctuation than that of the LFMOTBS as shown in the comparison in Figure 8c,d.



The coupling force of the LFM also should be considered, in addition to the electromagnetic thrust fluctuation. In the 6-DOF VIP, the magnetic levitation gravity compensator is not constrained by a guide rail device, and the coupling force of the LFM in the non-driving direction will affect the magnetic levitation system, so the coupling force of the LFM needs to be considered.



Figure 9 shows the magnetic field distribution cloud in the z direction (Bz) and the coupling force in the y direction (Fy) between the FQLFM and LFMOTBS when the range of the mover’s motion is ±1 mm (y) to ±1 mm (z).



It can be seen from Figure 9a that the magnetic flux density distribution of the FQLFM is linear like Figure 8a. However, the magnetic flux density of the LFMOTBS is unevenly distributed as shown in Figure 9b. Then the coupling force of the FQLFM is within ±16 mN, whereas the coupling force of the LFMOTBS is about ±124 mN as shown in Figure 9c,d. Therefore, the FQLFM not only has lower electromagnetic thrust fluctuation, but also has lower coupling force, which is very suitable for the 6-DOF VIP.




4.3. Force Characteristics of FQLFM


When the FQLFM is applied on the 6-DOF VIP, the electromagnetic thrust and coupling force caused in the y and z directions have been analyzed above and the ones in other directions and other angles also need to be analyzed.



The Figure 10 shows the distribution cloud of electromagnetic thrust when the relative position between the stator and mover is changed from −1 mm to 1 mm along the x, y, z axes, and the angle is changed from −1° to 1° around the x, y, z axes.



It can be seen from Figure 10 that the electromagnetic thrust is constant at 10.625 N throughout the whole stroke. The maximum thrust fluctuation of Fz caused by the 6-DOF is 0.16%. It proves that the FQLFM can effectively reduce the thrust fluctuation.



Figure 11 shows the variation curves of the coupling force in the x, y directions. Figure 11a,b shows that Fx is a linear increasing or decreasing translation along the x, z axes and Fx is still a linear decreasing rotation around the y axis. Figure 11c,d shows that Fy has the same rule translation along the y, z axes and rotation around the x axis. In this case, the negative effect of the coupling force can be eliminated by adding a compensation coefficient in the control system [21,22]. It should be mentioned that the size of the coupling force caused by other directions of motion is within 2 mN, so the effect is ignored.




4.4. Verification by FEA on PM Mirror-Image Method


In Section 3, the PM mirror-image method is used to derive the expression of magnetic flux density; now this method is verified by a 3D FEA. A 3D model of the LFM using the permanent magnet mirror-image method (PMMIM) is established, and the magnetic field distribution is shown in Figure 12. Figure 12b shows that the magnetic field is enhanced by increasing the thickness and number of PMs compared with Figure 7a.



Figure 13 shows the comparison of the magnetic field distribution and electromagnetic thrust between the original FQLFM and the LFM of the PMMIM when the range of the mover motion is ±1 mm (y) to ±1 mm (z). Figure 13 shows that magnetic field distributions of the two models are the same, but the size of the original FQLFM is about 0.02 T less than the LFM of the PMMIM from Figure 13a,b. Moreover, the size of the electromagnetic thrust with the original FQLFM is 0.6 N less than the LFM of the PMMIM, and the size of the coupling force is almost the same as shown in Figure 13c,d.



The analysis above shows that the magnetic flux density and electromagnetic thrust calculated by the PMMIM are consistent with those of the original FQLFM, but the electromagnetic thrust error is about 5% due to ignoring the saturation of the iron yoke. Therefore, in order to obtain more accurate expressions of the magnetic flux density and electromagnetic force, the influence of the saturation coefficient of the iron yoke should be considered.



Equation (10) is changed into the expression below:


       L C x    B  total   =  B  o g   ( x , y , z ) +  B  i m I   ( x , y , z ) +  B  i m II   ( x , y , z )      =    ∑  i = 0  1        k μ i  ⋅ B  (  L C x   x  ,  L C x   y  ,  L C x   z − i      L C x    z 2   −  L C x    z 1    )   +   ∑  j = 0  1      k μ  j + 1   ⋅ B  (  L C x   x  ,  L C x   y +     − 1    i  ⋅ (  w y  +      L C x    y 2   −  L C x    y 1    )  ,  L C x   z )            



(22)




where kμ is the relative permeability of the iron yoke. The expression of kμ is as follows:


   k μ  = (  μ  F e   −  μ 0  ) / (  μ  F e   +  μ 0  )  



(23)




where μFe is the permeability of the iron yoke, and μ0 is the permeability of air. μFe can be calculated by the equivalent magnetic circuit method.



Figure 14 shows a partial equivalent magnetic field diagram of the FQLFM, including the distribution of the main magnetic field and the leakage magnetic field.



In view of the periodic variation in the magnetic field distribution of the FQLFM, the equivalent magnetic circuit is established by a quarter model as shown in Figure 14. The main magnetic circuit starts from one half of the PM, passes through the circular arc gap, reaches the other half of the PM, and closes with a partial horizontal iron yoke and vertical iron yoke. The magnetic leakage circuit is the closure magnetic field of PM by itself and the closure magnetic field of the adjacent PM without passing through the iron yoke. Figure 15 shows the simplified equivalent magnetic circuit of the FQLFM, which is used to calculate the permeability of iron yoke μFe.



According to Kirchhoff’s first and second laws, the following equations are established.


   Φ m  =  Φ δ  +  Φ σ   



(24)






  2 ⋅ M  h  p m   − 2 ⋅  R  p m   ⋅  Φ m  = (  R  y 1   +  R δ  +  R  y 2   ) ⋅  Φ δ   



(25)




where Φm is the total magnetic flux, Φδ is the main magnetic flux, Φσ is the leakage magnetic flux, hpm is the PM thickness, Rpm is the PM reluctance, Ry1 is the horizontal iron yoke reluctance, Ry2 is the vertical iron yoke reluctance, and Rδ is the air gap reluctance.



The magnetic leakage coefficient is defined as:


  σ =    Φ m     Φ δ     



(26)







Equation (25) can be combined with Equation (26) for the expression of the main magnetic flux, and the expression of reluctance is as follows.


   Φ δ  =   2 M  h  p m     2  R y    1  +  R δ  + 2 σ  R  p m      



(27)






   R y    1  =  R y    2  =    w     y 1        μ  F e    h y   l  e f     =   2  w y  −  w  p m   − 2  h y    4 ⋅  μ  F e    h y   l  e f      



(28)






   R δ  =    h δ     μ 0   l  e f    w  p m   / 2    



(29)






   R  p m   =    h  p m      μ  p m    l  e f    w  p m   / 2   =   2  h  p m      μ  p m    l  e f    w  p m      



(30)




where wy is the iron yoke width, wpm is the PM width, hy is the iron yoke thickness, lef is the axis length of the FQLFM, μPM is the permeability of the PM, and hδ is the average length of the air gap, which is calculated as Figure 16 shows.


  θ = arctan [ (  h  p m   +  h y  / 2 ) /  w  y 1   ] = arctan   4  h  p m   + 2  h y    2  w y  −  w  p m   − 2  h y     



(31)






   h δ  =   ( 45 − θ ) π   90   ⋅ (  h  p m   +  h y  / 2 ) / sin θ  



(32)







The relationship between the magnetic flux density of iron yoke BFe and the magnetic field intensity of iron yoke HFe is as follows:


   B  F e   =  μ  F e    H  F e    



(33)







Equation (34) gives the relationship between BFe and HFe via (27)–(33).


   B  F e   = −    H  F e   ( 2  w y  −  w  p m   − 2  h y  )   2  h y   l  e f   (  R δ  + 2 σ  R  p m   )   +   2 M  h  p m      h y   l  e f   (  R δ  + 2 σ  R  p m   )    



(34)







The permeability of the iron yoke can be obtained by combing Equation (34) with the magnetization curve of the magnetic material. As shown in Figure 17, the abscissa of the intersection between the two curves is the solution of the magnetic permeability of the iron yoke while working.





5. Experimental Verification


5.1. Experimental Setup


According to the analytical calculation and simulation results, a prototype of the FQLFM is manufactured. The specific structure parameters are shown in Table 1.



Figure 18 shows the electromagnetic thrust characteristic test platform of the FQLFM, which consists of a 3-DOF manual position adjuster, a three-axis force sensor, a high-precision multimeter, DC power supplies, and a support besides the stator and the mover of the FQLFM. The mover part of the FQLFM is fixed on the support, which is fixed on the marble platform. The stator of the FQLFM is connected with the 3-DOF manual position adjuster through the three-axis force sensor, and then the 3-DOF manual position adjuster also is fixed to the marble platform. The relative position relationship between the stator and mover of the FQLFM can be changed by adjusting the position of the 3-DOF manual position adjuster [23]. Although the relative position between the stator and mover is the opposite of those of the 6-DOF VIP, the electromagnetic thrust test result is the same based on Newton’s third law.




5.2. Force Characteristic Comparison


Figure 19 below shows the result between the electromagnetic thrust and coil current of the FQLFM, including three methods: an analytical calculation, 3D FEA, and experimental test.



Figure 19 shows that the electromagnetic thrust of the FQLFM linearly increased with the increase of coil current, so the FQLFM has good electromagnetic thrust linearity, and the thrust constant is about 2.125 N/A. In addition, the experimental results are in good agreement with the analytic calculation and 3D FEA results. When the coil current is 5.00 A, the analytical value of the thrust, the 3D FEA value, and the experimental value are 10.732 N, 10.626 N, and 10.402 N, respectively, and the maximum error among them is about 3.1%.



Figure 20 shows a distribution cloud between the electromagnetic thrust and displacement of the FQLFM via an experimental test. The positioning accuracy of the 3-DOF manual position adjuster is ±2.5 μm and the accuracy of the three-axis force sensor is 0.002 N, which meets the requirements of the experimental test.



Figure 20 shows that the variation curves of the electromagnetic thrust via manual adjustment are displaced from −1 mm to 1 mm in the x, y, z directions of the 3-DOF manual position adjuster, respectively, when the coil current is kept at 5.00 A. It can be seen from Figure 20a that the maximum thrust fluctuation is about a 0.23% translation along the x, z axes. The maximum thrust fluctuation is about 0.21% along the y, z axes as shown in Figure 20b. In fact, the FQLFM moves repeatedly with a smaller stroke and less thrust fluctuation.



Figure 21 shows a comparison of the electromagnetic thrust values between the analytic calculation, 3D FEA, and experimental test when the coil current is 5.00 A and travel length is a −1 mm to 1 mm translation along the x, y and z axes. It can be seen that the experimental results are in good agreement with the analytical calculation and 3D FEA. The maximum error among these is within 3.5% over the whole travel length.





6. Conclusions


In this paper, a novel FQLFM that is suitable for the 6-DOF VIP system is proposed. The expressions of the magnetic field and electromagnetic force are obtained based on an equivalent current model and the PMMIM. Then it is concluded that the effect of the iron yoke saturation coefficient should be considered to obtain more accurate expressions of magnetic flux density and electromagnetic force. Then, it is proved that the FQLFM has lower electromagnetic thrust fluctuation and lower coupling force than the LFMOTBS within the range of travel by the 3D FEA, although the force density of the LFMOTBS is higher than that of the FQLFM. Lastly, the above results are validated by experiment, and the maximum thrust error among the analytic calculation, 3D FEA, and experimental test is 3.5%. Moreover, the maximum electromagnetic thrust fluctuation caused by translation along the x, y, and z axes is 0.23% at a travel length of ±1 mm × ±1 mm × ±1 mm.
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Figure 1. Structure of 6-DOF VIP and FQLFM. (a) 3D model of 6-DOF VIP. (b) 3D model of FQLFM stator. (c) 3D model of FQLFM mover. 
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Figure 2. The coordinate system of FQLFM. 
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Figure 3. The coordinate relationship of one PM. 
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Figure 4. Mirror-image diagram of one PM. 
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Figure 5. Current distribution of turning coils. 
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Figure 6. 3D model of two motors. (a) Model of FQLFM. (b) Model of LFMOTBS. 
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Figure 7. Magnetic field distribution of two motors. (a) Magnetic field of FQLFM. (b) Magnetic field of LFMOTBS. 






Figure 7. Magnetic field distribution of two motors. (a) Magnetic field of FQLFM. (b) Magnetic field of LFMOTBS.



[image: Energies 16 01091 g007]







[image: Energies 16 01091 g008 550] 





Figure 8. Magnetic flux density and electromagnetic thrust of two motors. (a) By of FQLFM. (b) By of LFMOTBS. (c) Fz of FQLFM. (d) Fz of LFMOTBS. 
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Figure 9. Magnetic flux density and coupling force of two motors. (a) Bz of FQLFM. (b) Bz of LFMOTBS. (c) Fy of FQLFM. (d) Fy of LFMOTBS. 
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Figure 10. Variation curves of electromagnetic thrust. (a) Fz and x, z. (b) Fz and y, z. (c) Fz and θx, z. (d) Fz and θy, z. (e) Fz and θz, z. 
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Figure 11. Coupling force in x, y directions. (a) Fx and x, z. (b) Fx and x, θy. (c) Fy and y, z. (d) Fy and y, θx. 
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Figure 12. 3D model and magnetic field distribution of PMMIM. (a) 3D Model. (b) Magnetic field distribution. 
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Figure 13. Comparison of magnetic flux density and electromagnetic thrust between original FQLFM and the LFM of the PMMIM. (a) By. (b) Bz. (c) Fz. (d) Fy. 
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Figure 14. Schematic diagram of equivalent magnetic field distribution. 
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Figure 15. Equivalent magnetic circuit of FQLFM. 
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Figure 16. Geometric relationship of air gap length calculation. 
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Figure 17. Calculation of relative permeability of iron yoke. 
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Figure 18. Experimental platform for electromagnetic thrust test. 
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Figure 19. Curve of electromagnetic thrust and coil current via three methods. 
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Figure 20. Variation curves of electromagnetic thrust by experimental test. (a) Fz and x, z. (b) Fz and y, z. 
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Figure 21. Comparison of electromagnetic thrust by three methods. (a) Fz and x, z. (b) Fz and y, z. 






Figure 21. Comparison of electromagnetic thrust by three methods. (a) Fz and x, z. (b) Fz and y, z.



[image: Energies 16 01091 g021]







[image: Table] 





Table 1. Basic structural parameters of two motors.
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Parameter

	
FQLFM

	
LFMOTBS

	
Material






	
Width of PM

	
20 mm

	
20 mm

	
NdFeb N35




	
Thickness of PM

	
8 mm

	
8 mm




	
Length of PM

	
45 mm

	
45 mm




	
Width of coils

	
8 mm

	
7 mm

	
Copper




	
Thickness of coils

	
8 mm

	
7 mm




	
Length of coils

	
60 mm

	
60 mm




	
Turns of coils

	
64

	
50




	
Thickness of iron yoke

	
7 mm

	
7 mm

	
DT4




	
Min gap length

	
3 mm

	
3 mm

	
Air
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