energies

Article

Research on Magnetic Field and Force Characteristics of a Novel
Four-Quadrant Lorentz Force Motor

Xiangrui Meng 1*{9, Changhong Wang 1, Jiapeng Zhong 2, Hongwei Xia !, Liwei Song ® and Guoqing Yang *

check for
updates

Citation: Meng, X.; Wang, C.;
Zhong, J.; Xia, H.; Song, L.; Yang, G.
Research on Magnetic Field and
Force Characteristics of a Novel
Four-Quadrant Lorentz Force Motor.
Energies 2023, 16, 1091. https://
doi.org/10.3390/en16031091

Academic Editor: Frede Blaabjerg

Received: 23 December 2022
Revised: 11 January 2023
Accepted: 13 January 2023
Published: 19 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Space Control and Inertial Technology Research Center, Harbin Institute of Technology, Harbin 150001, China
HIT (AnShan) Institute of Industrial Technology, AnShan 114000, China

Institute of Electromagnetic and Electronic Technology, Harbin Institute of Technology, Harbin 150001, China
Harbin Electric Corporation Jiamusi Electric Machine Co., Ltd., Jiamusi 154002, China

*  Correspondence: 18B904069@stu.hit.edu.cn

W N e

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.

Keywords: 6-DOF vibration isolation platform (VIP); electric vehicle chips; four-quadrant Lorentz
force motor (FQLFM); magnetic field; force characteristics; permanent magnet mirror-image method
(PMMIM)

1. Introduction

With the increasingly stringent requirements for working environments in the process-
ing 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 electro-
magnetic 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 LEM 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).
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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 la.
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.

(b) (c)

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.

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 FQLEM 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
FQLEM, 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 [12-15].

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
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center points of four PMs are the origin points of four local coordinate systems (LCx), which
are called LC1, LC2, LC3, LC4, respectively [16].

GB*,

Figure 2. The coordinate system of FQLFM.

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.
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Figure 3. The coordinate relationship of one PM.

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]:

jm=MXxn @

where j;, is the equivalent surface current density, M is the coercivity of PM, and # is the
normal unit vector.
The magnetic flux density generated by equivalent current is expressed as:

/
Ho / ) (r—1")
== jux —=ds 2
T
where j is the vacuum permeability, r is the position vector of a point in space, and 7’ 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]:

M .
LCxB (x,v,2) ]10 2 E 2 1)k In[G1(x,y, 2, %i,yj,2) | 3)
i=1j=1k=1
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where [y, chy, and Lz are the spatial position coordinates in LCx; LCry,, LCxy,  LCx

LCx

Y1,
Y2, LCxz,  and L€z, are the coordinates of one PM in LCx; and [¥e,, chey, and L%, 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].

Image 11 Image 11

Image 1[]

Wy Wy

\ Image 1 Image 1 ]

Figure 4. Mirror-image diagram of one PM.

Figure 4 shows the mirror-image diagram of one single PM. The PM in LCx is the
original PM; the PMs in LC'x, LC3x and LC*x are the mirror-image PMs of the original; and
the PMs in LC?x and LC°x are the mirror-image PMs of the PM in LClx.

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:

Y% B(EC Iy 4 j(wy + LRy, —LCF yy|),EC¥ 7 — | LCrzy —LCX 7)) (10)

i=0j=-1,0,1
where By, is the magnetic flux density of the original PM; B;,,; and Bj,,11 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.
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Then, the magnetic field of one PM is transferred from LCx to GB. We set the spatial
position coordinate matrix in GB as:

GBA [GB GB]/,GB z, ] (11)

The spatial position coordinate matrix in LCx is as follows:

LCx 4 _LCx TGBLCxRGB B A (12)
where LC*T o5 is the translation matrix from GB to LCx, and YR is the rotation matrix
from GB to LCx.

1 0 0 OBx_ICry
C 01 0 GB,, _ LCx
“CTen= o o 1 ofy_icr; 13)
0 00 1
1 0 0 0 costhy, 0 —sin6, 0 cosf, sinf, 0 O
0 cosf sinf, 0 0 1 0 0 —sinf, cosf, 0 O
LCx _ x X z z
Rep = ReRyR; = 0 —sinf, cosf, 0 sinf, 0 cosf, O 0 0 10 (14)
0 0 0 1 0 0 0 1 0 0 0 1

where 6By, GBy, GBz LCxy LCxy and LC¥z, respectively, are the spatial positions in GB and

LCx; and 0y, 0, and 0 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:

CBB,(CBx, 0By, 08 2) =CB Ry L Brorar (KX A[1 2 3]) (15)

The rotation matrix ®BR; ¢, is the inverse matrix of L“*Rp, and it is expressed as:
GB LC -1
Ricx =" Rgp (16)

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

GBB(GB GB GB ZGBB GB GBy,GB ) (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
coill and coil2.

GBAZ

R - 4
o /'{ .

L :

Figure 5. Current distribution of turning coils.
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Using the Lorentz force formula, the expression of the electromagnetic force of the
coils in each direction can be obtained as:

2
F, = Z ( / oy GB By(GBx,GB y, P z)dv) (18)
p:1 V3+Vy
2
F=Y / Iop GB B (GBx,GB y B 1)y + / Jip GB B_(GBy GB y GB 1)y (19)
r=1\y,1v, Vi+ Vot Va+V,
2
E=Y Jap -8 By (“Bx, 9B 4,58 2)dv (20)

P=L\v 4+ a4
F=F “Be,+F CBe +F CBe, (21)

where Fy, F, and F; are the electromagnetic force of the coils in the x, y, z directions; By,
By, and B; are the magnetic flux densities in the x, y, z directions; |, and J; are the current
densities in the x, z directions; V1 and V), 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 LEMOTBS.
The direction of the electromagnetic thrust is the same, which is pointing to the z-axis,
although the magnetic field direction is inconsistent.

z z

(a) (b)
Figure 6. 3D model of two motors. (a) Model of FQLEM. (b) Model of LFMOTBS.
Table 1 shows the basic structural parameters of the FQLFM and LEMOTBS. 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 LEFMOTBS

Figure 7 shows the magnetic field distribution of the FQLFM and LEMOTBS. The
effective magnetic field of the FQLFM is generated by the interaction of the magnetic field
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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.

Table 1. Basic structural parameters of two motors.

Parameter FQLFM LFMOTBS Material
Width of PM 20 mm 20 mm
Thickness of PM 8 mm 8 mm NdFeb N35
Length of PM 45 mm 45 mm
Width of coils 8 mm 7 mm
Thickness of coils 8 mm 7 mm Copper
Length of coils 60 mm 60 mm PP
Turns of coils 64 50
Thickness of iron yoke 7 mm 7 mm DT4
Min gap length 3 mm 3 mm Air
A[Wb/m] A [Wbim]
0.0074 | ! | ‘\ 0.0021
0.0059 N _____::_\ PR =) / 0.0005
00044 ‘J = == | -0.0011
0.0030 ‘ \:} ‘ -0.0026
0.0015 = — -0.0042
0.0000 ‘i \[x‘ / ” j‘ -0.0058

-0.0015| -0.0074
oo i | |B oom
| | g
J
000 T et -0.0108
-0.0059) — \
—V_J \ / -0.0121
! | !
-0.0074|

(@) (b)

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

When the range of the mover motion is £1 mm (y) to £1 mm (z) and the electromag-
netic thrust (F;) 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 LEMOTBS 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 LEFMOTBS 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 LEMOTBS 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 electromag-
netic 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.
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Figure 8. Magnetic flux density and electromagnetic thrust of two motors. (a) By of FQLFM. (b) By of
LFMOTBS. (c) F; of FQLEM. (d) F, of LEMOTBS.

Figure 9 shows the magnetic field distribution cloud in the z direction (B;) 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).

Figure 9. Magnetic flux density and coupling force of two motors. (a) B, of FQLFM. (b) B, of
LFMOTBS. (c) Fy of FQLEM. (d) F, of LFMOTBS.

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 LEMOTBS is unevenly
distributed as shown in Figure 9b. Then the coupling force of the FQLFM is within £16 mN,
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whereas the coupling force of the LFMOTBS is about £124 mN as shown in Figure 9¢,d.
Therefore, the FQLEM 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.

Figure 10. Variation curves of electromagnetic thrust. (a) F; and x, z. (b) F; and y, z. (c) F, and 6y, z.
(d) F; and 0y, z. (e) F; and 0, z.

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 F, 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 Fy is a linear increasing or decreasing translation along the x, z
axes and Fy 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.
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Figure 12. 3D model and magnetic field distribution of PMMIM. (a) 3D Model. (b) Magnetic
field distribution.

Figure 13 shows the comparison of the magnetic field distribution and electromagnetic
thrust between the original FOLFM 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 13¢,d.
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\Y
(d)

Figure 13. Comparison of magnetic flux density and electromagnetic thrust between original FQLFM
and the LFM of the PMMIM. (a) By. (b) B;. (¢) Fz. (d) F,.

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 electro-
magnetic 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 electromag-

netic force, the influence of the saturation coefficient of the iron yoke should be considered.
Equation (10) is changed into the expression below:
LC¥Byotat = Bog (%, ¥,2) + Bi1 (%, Y, 2) + Bim (x,, 2)

1 1, ,
— Zi] (k; . B(LCxx,LCx y,LCxZ _ i‘LCxZ2 _LCx Zl|)) + _ZO<kL+1 . B(LCxx,Lny 4 (_1)1 . (wy + {Lny2 _LCx ¥ D’LCx Z))) (22)
i=| j=
where ky, is the relative permeability of the iron yoke. The expression of k, is as follows:

ku = (tre — Ho) / (Hre + Ho) (23)

where pF, is the permeability of the iron yoke, and y is the permeability of air. yr, 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.

[
I
I
|
|
T
W1 L
7
|
I
I
I

Figure 14. Schematic diagram of equivalent magnetic field distribution.

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,
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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 pr,.

(Dm o 8 Ry] R S Ry2
—=—e}  —{ ]
id) .
Rpm Rpm
RH Ro U
Fpm T —_ Fpm

Figure 15. Equivalent magnetic circuit of FQLFM.

According to Kirchhoff’s first and second laws, the following equations are established.
Dy = 05 + Oy (24)
2 Mhpm =2 Rpm - ®m = (Ry1 + R+ Ry2) - @5 (25)

where &, is the total magnetic flux, ®; is the main magnetic flux, @, is the leakage
magnetic flux, hyy;, is the PM thickness, Ry, is the PM reluctance, Ry is the horizontal iron
yoke reluctance, Ry is the vertical iron yoke reluctance, and R; is the air gap reluctance.
The magnetic leakage coefficient is defined as:
Do
o=

=0, (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.

® 7 2Ry1 + Rs + 20R
w 2w, — —2h
Ry1 = Ryp = —— = A (28)
,uFehylef 4- .uFehylef
hs
Ry=—7—"—— 29
° P‘Olefw]am/2 @9)
h 2h
Rpm — - (30)

- ypmleprm/Z - ypmleprm

where wy, is the iron yoke width, wy, is the PM width, h,, is the iron yoke thickness, lef is the
axis length of the FQLFM, ppy is the permeability of the PM, and h; is the average length
of the air gap, which is calculated as Figure 16 shows.

4hpm + 2hy
wy — Wy — 2hy

0 = arctan|(hpm + hy/2)/w,1] = arctan (31)

thW'(hpm""hy/z)/Sine (32)
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Figure 16. Geometric relationship of air gap length calculation.

The relationship between the magnetic flux density of iron yoke Br, and the magnetic
field intensity of iron yoke HF, is as follows:

BPe - ,uFeHFe (33)

Equation (34) gives the relationship between Br, and HF, via (27)-(33).

Bpe = —
Fe 2hylof(Rs +20Rpm)  hylor(Rs +20Rpm)

(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.

2

1.6
12
= Equations solution U g,
Q

0.8

04 ——B-H curve of material ||

B-H curve of analysis

-010 0 10 20 30 40 50
H(kA/m)

Figure 17. Calculation of relative permeability of iron yoke.

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 FQLEM 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
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opposite of those of the 6-DOF VIP, the electromagnetic thrust test result is the same based
on Newton’s third law.

'

[
stator -,
position adjuster

power 1 - iz wg
-
*— )

high-precision
A multimeter

Figure 18. Experimental platform for electromagnetic thrust test.

5.2. Force Characteristic Comparison

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

18 H — Analytic calculation .
——3DFEA
15 r| —e— Experimental test

1 2 3 4 5 6 71 8
Coil current (A)

Figure 19. Curve of electromagnetic thrust and coil current via three methods.

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 dis-
placement of the FQLFM via an experimental test. The positioning accuracy of the 3-DOF
manual position adjuster is 2.5 pm and the accuracy of the three-axis force sensor is
0.002 N, which meets the requirements of the experimental test.
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Figure 20. Variation curves of electromagnetic thrust by experimental test. (a) F, and x, z. (b) F, and y, z.

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.

Analytic calculation Iy
iD FEA

Analytic calculation

D FEA
10.8 Y xperimental test
: )
Z105
[z
102 """

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

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 LEFMOTBS 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 x +£1 mm x £1 mm.
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