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Abstract: The dg current transformation method can be used to achieve the drive control of the
maglev permanent magnet synchronous linear motor (MPMSLM). Specifically, the control of the
suspension force F, can be achieved by controlling the d-axis current, and the control of the thrust
force Fy can be achieved by controlling the g-axis current. However, the direct use of the dg current
transformation method on traditional MPMSLM structures produces an additional rotation torque
around the y-axis. In order to reduce this additional torque, a new MPMSLM structure is proposed in
this work. First, the characteristics of additional torque through finite element analysis are analyzed.
Second, the Halbach permanent magnet array and coil size are optimized, and the topology of the
MPMSLM coil is designed to reduce the additional torque. The decoupling performance and current
of the proposed MPMSLM are experimentally verified through open-loop experiments using finite
element simulation software. Finally, the decoupling algorithm of the generalized inverse matrix is
used to achieve the decoupling between forces Fx and F, and torque T) and the d-axis and g-axis
currents in each drive unit. Based on this, a three-degree-of-freedom closed-loop control system of
the MPMSLM is designed. The LabVIEW 2018 software is used for the simulation analysis of the
three-degree-of-freedom MPMSLM motion control system, and the results show that the proposed
motor structure has superior closed-loop control performance.

Keywords: dg current transformation; MPMSLM; additional torque; three degrees of freedom

1. Introduction

Linear motors have become an interesting solution for linear positioning applications.
Compared with the traditional approach of using rotating motors and mechanical structures
for linear motion control, the structure of directly driving linear motors has a more compact
mechanical structure and is more suitable for the high dynamic performance requirements
of motion control. Linear motors have been widely applied in various fields, such as
transportation [1,2], high-precision positioning platforms [3,4], and electromagnetic launch
systems [5,6], etc.

There are typically three types of support and guidance for linear motion mechanisms:
mechanical [7,8], air bearing [9,10], and magnetic levitation [11-13]. The mechanical
method is widely used in linear motor structures due to its low cost and simple technology.
However, it is limited by the fact that friction between mechanical components cannot be
completely eliminated and the mechanical parts might also wear out due to physical contact.
Air bearing is a common non-contact support method where there is no mechanical friction
between the mover and stator, and there is no need for lubrication which thus avoids
dust and oil pollution. However, there are some remaining issues, such as high-pressure
gas causing high-frequency vibration of the suspension components, low gas-supported
stiffness, and weak load bearing and shock resistance. Some high-precision equipment and
production processes require a vacuum environment, which limits the application of air
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bearing. Using magnetic levitation not only eliminates mechanical friction but also has
high stiffness. When designing the center of gravity of moving components, a lower center
of gravity is more suitable for high-acceleration and high-precision motion control. In [14],
the authors proposed a novel magnetically levitated linear stage driven by linear hysteresis
motors. The platform achieves levitation control in three degrees of freedom using passive
magnetic levitation support. By adopting the magnetic levitation support structure, the
number of actuators and sensors required is reduced, resulting in a more compact platform
design. In [15], a system comprising four two-degrees-of-freedom moving magnet linear
motors was developed to create magnetically levitated positioners. This system is applied
in motion control scenarios requiring high positioning accuracy with multiple degrees of
freedom. Moreover, the use of magnetic levitation in linear motors planar motors enables
direct operation in a vacuum environment [16], which has attracted widespread attention
from scholars.

To achieve decoupled control of the magnetic levitation linear motor and planar
motor, the wrench—current decoupling method is applied in the multi-degree-of-freedom
control of the linear motor and planar motor. In [17], the authors investigated a long-stroke
magnetically levitated linear actuator. This actuator utilizes permanent magnets as the
moving part, which introduces the need to consider not only decoupling in the control
process but also the issue of coil switching. Handling the coil switching is crucial for the
proper functioning of the actuator. The authors of [18] proposed a magnetically levitated
planar motor that utilizes high-temperature super-conductor coils. This planar motor
is designed to achieve multi-degree-of-freedom motion control, and it employs a control
strategy where each coil requires individual power supply to function effectively. The above
decoupling control strategy is that each coil adopts an H-bridge driving unit composed
of four switching devices for power supply, and the three-phase winding requires twelve
switching devices in total. When the ABC three-phase current allocation is implemented
using the dq transformation method, it can be implemented on a driving unit consisting
of six switching devices, which saves half of the switching devices compared with the
wrench—current decoupling method. However, when the dg control strategy is used for
force control, it can bring about an additional rotation torque. In [19], the authors address
the issue of generating additional torque in an iron core linear permanent magnet motor
using dg-decomposition. They achieve this by fitting the harmonic model of finite element
results and measurement data, thereby modeling the torque component as a function of
the motor position. To control the torque at any position, the required d-axis and g-axis
currents are determined from the torque model. However, this method does not reduce the
torque generated at its source and requires a more complex decoupling design.

Traditional dq current transformation can transform an ABC three-phase current into a
d-axis current and g-axis current. Control over the horizontal force Fy and the suspension
force F, can be achieved by controlling the currents i; and i; [20]. However, both F; and
F, are forces composed of three sets of forces generated by the windings, and these three
forces are a function relative to the magnetic field position. Although the amplitude of the
superimposed forces on the x-axis and the z-axis is constant, an additional yet undesired
rotation torque will be generated. In the linear motor structure with mechanical support,
the air gap change between the linear motor movers is limited by the guide rail and slider.
In the maglev permanent magnet synchronous linear motor (MPMSLM) motion control
process, three degrees of freedom need to be controlled, namely horizontal movement
along the x-axis, suspension movement along the z-axis, and rotation around the y-axis.
In the magnetic levitation support structure, due to the absence of mechanical constraints,
this additional torque will directly act on the mover, causing the air gap to change and
leading to poor control. Therefore, to achieve motion control in three degrees of freedom, it
is necessary to generate controllable torque for mitigating this additional rotation.

In order to reduce the additional torque generated when using the dg transformation
method, a new MPMSLM structure is proposed in reference [21], as shown in Figure 1.
The stator of the MPMSLM is composed of a Halbach permanent magnet array, and the
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mover is composed of two sets of three-phase windings. In Figure 1, the MPMSLM consists
of motor units I and II. Each motor unit consists of a set of three-phase windings, and
the winding corresponding to each unit is 4.5t phase-shifted from the other unit. Motor
unit I consist of coils A1, By, and C; and is powered by one set of drivers. Motor unit II
also consists of coils Ay, By, and C; and is powered by a separate set of drivers. In this
way, the additional torque generated by the two sets of windings due to the d-axis current
is almost the same in magnitude but opposite in direction, and the superposition has a
smaller fluctuation magnitude.

Az C2 Bz Il

Figure 1. The motor structure proposed in literature [21].

In order to further improve the high control performance of the MPMSLM, this work
proposes a new motor structure after optimizing the additional torque. The main difference
between the structure of the magnetically levitated permanent magnet synchronous linear
motor proposed in this paper and the one shown in Figure 1 lies in the coil topology of
the mover. This motor introduces two sets of three-phase windings. Therefore, in the
magnetically levitated permanent magnet synchronous linear motor proposed in this paper,
there are two sets of three-phase windings on the left and right sides of the mover. On
the left side of the mover, the two sets of three-phase windings (A, B, and C phase coils)
are connected in series. The same connection method is applied on the right side of the
mover. This configuration enables each side of the mover to be powered by a single driving
unit, simplifying the power supply system for the motor. The structure has smaller torque
fluctuation and a longer equivalent lever arm in the horizontal direction, which can reduce
the required current of the driving unit.

This work is organized as follows. Section 2 analyzes the causes of additional torque
and the variables affecting torque through finite element modeling and establishes an
analytical model of the electromagnetic force. In Section 3, a new MPMSLM structure is
optimized to reduce the additional torque. Firstly, the parameters of the Halbach permanent
magnet array are simulated and designed, followed by the simulation design of the coil
thickness, and finally, the simulation and comparative analysis of the topology of the
primary coil is carried out based on the previous designs. In Section 4, the motion control
system of the new MPMSLM structure is designed, and the closed-loop control performance
is analyzed. This includes the design of decoupling algorithms, the design of the closed-loop
control system structure, and the establishment of a three-degree-of-freedom control system
using LabVIEW 2018 software for closed-loop simulation analysis. A brief conclusion is
provided in Section 5.

2. Torque Analysis
2.1. Finite Element Simulation Analysis

The MPMSLM has three degrees of freedom: horizontal motion along the x-axis,
levitation along the z-axis, and rotation around the y-axis. With the three-phase current
transformed into the dg domain, the control of the levitation force can be achieved by
controlling the d-axis current, and the control of the horizontal thrust can be achieved by
controlling the g-axis current. However, an additional torque is also generated, which
causes an undesirable rotation around y-axis. Therefore, how to keep the rotation around
the y-axis within a small range during motion control is still an open question.
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In order to analyze the forces and torques generated in the ABC three-phase windings
under d-axis current excitation and g-axis current excitation, an ANSYS Electronics finite
element model was created for analysis. In the transient field simulation, the ABC three-
phase windings were moved along the horizontal direction at a speed of 1.5 m/s, while
maintaining an air gap height of 1 mm during the motion process.

Figure 2 shows the curves of the suspension forces and the total suspension force
generated by the three-phase windings of a motor unit when only the d-axis current is
applied. In Figure 2, the suspension forces generated by the three sets of windings, A,
B, and C, are represented as F,a, F;p, and F,c, respectively. It can be observed that the
forces generated by each set of windings are sinusoidal functions relative to the magnetic
field position but with different phases. The total suspension force F;spc generated by
the motor unit is the sum of forces F;5, F,g, and F;c. It can be seen that force F;apc
remains constant during the linear motor movement. The magnitude of force F,opc can be
controlled by controlling the magnitude of the d-axis current, From the above analysis, it
can be concluded that the electromagnetic forces generated by the three-phase windings
can be directly added to obtain a constant suspension force. However, the torque is the
product of the force generated by each set of windings and its lever arm. Since the lever
arms from the three sets of windings to the center of the moving part are different, a torque
fluctuation occurs with position.

25 : T
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Figure 2. Suspension force under d-axis current excitation (finite element simulation).

The curves of the suspension forces and the total horizontal force generated by the
three-phase windings of a motor unit when only the g-axis current is applied are shown
in Figure 3. It can be observed that controlling the g-axis current allows for the control of
horizontal force Fxspc, which is the sum of the horizontal forces generated by the three-
phase windings. When the g-axis current is applied, each phase winding also produces a
force along the z-axis, represented as F, 5, F,g, and F,c. The characteristic of these forces
is that the sum of the three-phase forces is zero. This is also due to the different lever
arms from the three sets of windings to the center of the moving part, resulting in a torque
fluctuation with position.
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Figure 3. Horizontal resultant force and suspension force for each coil under g-axis current excitation
(finite element simulation).

2.2. Analytical Model of Electromagnetic Force and Torque

To obtain the mathematical model of the relationship between electromagnetic force,
torque, and current, it is necessary to first calculate the magnetic field generated by the
permanent magnet array in the magnetic levitation linear motor. The magnetic field
of the Halbach permanent magnet array is typically described using the fundamental
harmonic model, as outlined in reference [22]. The fundamental harmonic model can be
eventually solved as boundary-value problems using the Maxwell equation and the scalar
potential [15,23].

To simplify the calculation, the following assumptions were made:

—_

The relative magnetic permeability of the yoke is assumed to be infinite;

2. The magnet array has a periodicity over the horizontal and vertical direction, and the
magnetization value of the permanent magnet is not changed;

3. The ending effect is neglected.

Figure 4 shows the magnetic field model of the permanent magnet array, which is a
Halbach array structure. In Figure 4, two regions are defined: Region I represents air, and
Region Il represents the permanent magnet array. The boundary conditions are as follows.

(]

N o1 [ sl el Lol ] L,

/ Staor |

\ \

Figure 4. The magnetic field model of the permanent magnet array.

Given that the magnetic potential is zero at infinity, we can get the following equation:

0A1

Z=00

where A is the magnetic vector potential.
The magnetic permeability of the secondary yoke in a linear motor is assumed to be
infinite, which means the magnetic potential in the corresponding region can be approxi-

mated as zero. 54
I
— p— 2
P 0 )

z=—hm

where hy, is the thickness of the permanent magnet.
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The continuity of the normal component of the magnetic induction vector B is main-
tained le = ani

2 -2 ®
X 1z=0 X {z=0
Given By = Byp at the interface, it can be known that
? = L(ff - )
Z 1z=0 Z |z=0

The magnetic flux density B can be decomposed in the x and z directions as fol-
lows [24]:

By (x,z) = —Bpe™ " sin(yx) ()
B (x,z) = Boe™ 7* cos(yx) (6)
By = 2YHMo (1 _ =) %

where 9 and My denote the permeability of the free space and the peak magnetization

magnitude of permanent magnets, respectively. v is the spatial wave number; v = 7t/ 7.
The following assumptions are made while calculating the magnetic force and torque

[25,26]:

1. The current in the conductor is evenly distributed;

2. Thereis no free charge in the studied field;

3. The coil and magnet arrays are rigid;

4. The coils are replaced by filament ones.

The Lorentz force equation method is the simplest approach for solving the electro-
magnetic model of ironless linear motors and planar motors. Reference [27] applied the
Lorentz force equation method in the electromagnetic modeling of magnetic levitation
permanent synchronous planar motors. Similarly, reference [25] used the Lorentz force
equation method for the electromagnetic modeling of magnetic levitation permanent syn-
chronous linear motors. The formula for calculating the coils in the permanent magnet

array is given as follows [28]:
F= Hj] x BdV ®)
%4

T= JJIr x (J x B)dV )

where ] is the current density vector in the coil, V is the volume of the coil, and r is the
force arm vector.

The J can be expressed as

T
J= U x y ]z]

where | is the component on the x-axis, ]y is the component on the y-axis, J, is the compo-
nent on the z-axis.

By solving Equations (8) and (9), the electromagnetic force and torque generated by
the j-th coil can be obtained:

(10)

By = —21NKzijBosin( = (x;+ p) ) -
E,; = 2I.NK-i;By cos(% (xj + Px)) -

T,j = —2I:NK:i;By (cos(g (xj+ px))x]' + sin(g (xj + px))rz) (13)
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K. = / (- F(EHp)) gy (14)
0

where r, represents the distance from the horizontal force to the center of the mover’s mass.
x;j represents the coordinate of the center of the coil in the mover’s coordinate system. .
represents the length of the coil along the y-direction. px and p; are the relative position of
the mover and stator.

In Equation (11), the term involving sin represents the variation of the magnetic
field. During the control process, in order to introduce currents in a phase and at the
same frequency, this term becomes the square of sin. Since the ABC three-phase windings
correspond to magnetic field phases that are 120° electrical angles apart, the i; current,
after undergoing dg transformation, also results in three-phase currents with a sinusoidal
variation pattern and phase differences of 120° electrical angles. The three sin squared terms,
each differing by 120°, will always yield a constant value. When the three-phase windings
move horizontally along the magnetic field, controlling the amplitude of the i; current
achieves control over thrust, and the same applies to the control of the levitation force.

The electromagnetic force generated in the horizontal direction by an MPMSLM can
also generate a torque even if it is not transmitted through the mover. Figure 5 shows the
force and force arm of an MPMSLM with the structure shown in Figure 1. In Figure 5, it
can be seen that forces F,; and F,, produced by motor unit I and motor unit II, respectively,
need to be combined to counterbalance the mass of the mover to maintain its levitation. To
offset the additional torque, it is necessary to use the difference in forces F,1 and F;; and
the equivalent lever arm I, to generate an opposite torque for balance. This torque is the
product of the difference in forces F,; and F,; and the equivalent lever arm ;. To generate
a difference in forces F,1 and F;», it is necessary to control the difference between ij; and
igp currents. However, the sum of iy; and i;, currents must remain constant to maintain
levitation. The greater the difference between i;; and iyp currents, the greater the difference
in the three-phase currents of motor unit I and motor unit II, which requires the use of
drivers with larger current ratings. Increasing the equivalent lever arm I, can reduce the
difference between iz and i4;.

Centroid
Fz m Fz Mover

x4 7]
, x\} b I

rw}%:’r.—"?gLMTF;——F. :T//Air gap

ll!IIIIIIIIHIr!“|l"!|Fi!|I!|I!|I!|

Halbach permanent magnet array Steel plate

Figure 5. Schematic diagram of force and force arm of an MPMSLM.

3. Optimized Design of MPMSLM Structure
3.1. Optimized Design of Halbach Permanent Magnet Array
The goals of optimizing the permanent magnet array are twofold:
1.  Optimizing the magnetic field to make it have better sinusoidal characteristics;
2. Increasing the electromagnetic force generated by the coil under the same coil size.

Increasing the thrust of the mover can improve the acceleration in motion control,
while improving the sinusoidal characteristics of the air gap magnetic field can reduce
the fluctuation of motor thrust and help decouple the suspension force and the horizontal
force generated by the d-axis and g-axis currents. Therefore, in the motor design process,
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especially in the design of an MPMSLM, optimizing the parameters of the permanent
magnet array is of great significance.

The Halbach array is a new type of permanent magnet arrangement that arranges
magnets with different magnetization directions in a certain order, making the magnetic
field significantly stronger on one side of the array and significantly weaker on the other
side, and it is easy to obtain a magnetic field with an ideal sinusoidal distribution in space.
These characteristics of the Halbach array have attracted the attention of numerous scholars
and have been widely used in the field of linear motors [29-31].

Figure 6 shows the basic structure of the Halbach permanent magnet array. There are
two types of magnets in Figure 6: an auxiliary magnet magnetized along the horizontal
x-axis and a main magnet magnetized along the vertical z-axis. The Halbach structure in
Figure 6 can enhance the magnetic field on the positive z-axis side. The size of the main
and auxiliary magnets affects the distribution of magnetic induction intensity in the air
gap, and thus the structure of the magnets needs to be optimized according to the desired
performance indicators. When the pole pitch 7 is a constant value, wy, wy, and Iy, can affect
the distribution of magnetic induction intensity in the air gap.

_— Halbach permanent magnet array

Steel plate

Figure 6. Halbach permanent magnet array and variable definition.

The variables w1, wy, and hy, in Figure 6 are set as design variables to optimize the
thrust coefficient ky, of the linear motor. The pole pitch T is set to 15, and the width of
the main permanent magnet w; is set to 3 mm, 5 mm, 7 mm, 8§ mm, 10 mm, and 12 mm,
respectively. The width of the auxiliary permanent magnet w; is set to 12 mm, 10 mm,
8 mm, 7 mm, 5 mm, and 3 mm so that w; + w, = 7. The thickness of the permanent magnet
hm is optimized within the range of 1 mm to 26 mm, with a point interval of 1 mm. Finite
element simulation software is used to simulate and analyze the thrust coefficient ky, of
the above variables under different size structures, and the simulation results are shown
in Figure 7. kp, is the coefficient of interaction between By in Equation (7) and the charged
coils, which reflects the influence of permanent magnet size on the magnetic field in the
final permanent magnet array.

T
: —s—wI=3mm

——wl=Smm

—v—wl=7mm

——wl=8mm
——wl=10mm
wl=12mm

Figure 7. Variation curve of force coefficient k, and permanent magnet size.

From Figure 7, it can be observed that the main magnet width w; and the auxiliary
magnet width w, have the following effects on the thrust coefficient kp,: when wy = 3 mm,
the coil generates a very small thrust. As w; increases, the thrust coefficient k, increases
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until it reaches a critical point, after which ky, starts to decrease as w; continues to increase.
Figure 7 shows that w; has a maximum value in the 8-10 mm range. Therefore, further
finite element simulations were carried out in the 8-10 mm range with a step size of 0.1 mm.
The main magnet width w; and auxiliary magnet width w, with the maximum thrust
coefficient k,, were selected from the simulation results, with the values set as follows:
wy = 8.7 mm and w, = 6.3 mm.

It can be observed from Figure 7 that the force coefficient changes greatly in the initial
stage as the permanent magnet thickness h, increases and then enters the saturation region.
From Figure 7, we can also see that the trend of the force coefficient with the change in
permanent magnet thickness is minimally affected by the width changes of the main and
auxiliary permanent magnets. The permanent magnet thickness is selected as 20 mm.

3.2. Optimal Design of Coil Thickness

Increasing the thickness of the coil can make the winding have more turns and thus
increase the output power of the motor. The magnetic field strength in the z-axis direction
decays exponentially, and increasing the thickness of the coil increases the mass of the motor
but has little effect on increasing the output power of the coil. Therefore, it is necessary to
optimize the thickness of the coil. After determining the size of the permanent magnet, the
thickness of the coil in the z-direction is simulated from 1-31 mm, with an increment of
1 mm, and the simulation results are shown in Figure 8.

he /mm

Figure 8. The relationship between coil thickness and force coefficient k..

In Figure 8, k. denotes the influence of the coefficient of coil thickness on force. It is a
comprehensive representation of Equations (7) and (14). It not only reflects the influence
of coil size on electromagnetic force but also accounts for the impact of magnetic field
attenuation in the z-direction on the force. It can be seen that in the initial stage of the curve,
as the coil thickness increases, the electromagnetic force coefficient k. increases significantly.
However, when the coil thickness increases to 16 mm, the effect of further increasing the
coil thickness on the coil output becomes very small due to the decay of the magnetic field.
Therefore, considering all factors, a coil thickness of 15 mm is selected.

3.3. Design of Coil Topology

In order to reduce torque fluctuation and increase the effective length of the equivalent
lever arm, a new MPMSLM structure is proposed in this paper, as shown in Figure 9. In
Figure 9, the armature on the left side is composed of two sets of three-phase windings
in series, which are powered by one set of driving units. The armature on the right side
is composed of two sets of three-phase windings in series, which are 0.5 T out of phase
with the left-side winding, and the right-side winding is driven by one set of driving
units. Therefore, this motor structure only uses two sets of driving units to achieve three-
degrees-of-freedom motion control of the MPMSLM. The control input consists of four
variables, namely the i; and i; currents of the left and right armature windings, and the
output consists of two electromagnetic forces Fy and F; and a torque Ty,. By solving the
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four currents i1, iy, iq1, and iqz, the required electromagnetic forces Fy, F;, and Ty can be
obtained, thereby achieving the three-degrees-of-freedom control of the MPMSLM.

C: Bt At Cit Bt Ar+ C2 B2 A2 C2 B2 A

Figure 9. Motor structure proposed in this article.

3.4. Finite Element Simulation Analysis

To verify the above analysis, the torque and current of the MPMSLM are analyzed by
finite element software. The ANSYS Electronics Desktop 2016.1 software is used for model-
ing and simulation, employing transient magnetic field simulation. The modeling process is
as follows: Firstly, the specific structure of the motor is drawn in the software, and specific
materials are assigned to each component as listed in Table 1. Next, an electric current
excitation source is set up to simulate the flow of current in the windings. Subsequently,
boundary conditions are defined for the finite element numerical calculation, which in-
volves solving a matrix equation. The ‘Balloon Boundary’ condition is selected during the
simulation process to reduce memory and CPU consumption, optimizing computational
resources. Finally, motion settings are configured, with the mover (armature) set to move
along the stator at a speed of 1.5 m/s. The two-dimensional model established during sim-
ulation did not take into account the inter-winding connection resistances and inductances.
The overall dimensions of the simulation model are 800 mm x 60 mm x 100 mm, and the
mesh size is set to 0.3 mm.

Table 1. Material allocation in simulation.

Components Materials
Coil Copper
Permanent magnet NdFe36

Yoke plate Steel 1010

In the simulation, the levitation force and horizontal thrust are kept constant, and the
input current is solved through a decoupling matrix. The current was added to the system
in an open-loop manner based on the relative position between the magnetic field and the
mover. The structural data of the motor is shown in Table 2, and the mover’s moving range
is from 0 to 6 .

Table 2. Motor major parameters.

Parameters Value Unit

Pole pitch t 15 mm

Air gap 6 1 mm

Winding size (Io X we X he) 100 x 8 x 15 mm

Major permanent magnet size (Im X w; X hm) 100 x 8.7 x 20 mm
Auxiliary permanent magnet size (Im X wy X hm) 100 x 6.3 x 20 mm

Figure 10 presents the distribution of magnetic flux density obtained from finite
element simulation. Figure 11 shows the variation curves of the magnetic flux density
components B, and By along the z and x axes at an air gap height of 6 mm. From Figure 11,
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it can be observed that both the magnetic flux density component B, along the z-axis and
the magnetic flux density component By along the x-axis exhibit good sinusoidal behavior.
Higher sinusoidal behavior leads to smaller thrust fluctuations.

B [teslal

2. 008
1.867
1.733
1. 6e@
1.467
1.333
1. 208

1.867
- 8,933
a. s2a
8. 667
@.533
@, 2
8. 267
8,133
[y = )

Figure 10. Magnetic flux density in the xz plane.

0.5 T T T T T
— Bz
— Bx
E
)
&
05 1 2 3 4 5 6

Displacement/t

Figure 11. The variation curves of the magnetic flux density components B, and By along the z and x
axes at an air gap height of 6 mm.

It can be seen from Figure 12 that the decoupled electromagnetic force Ty can be
maintained near 0, but there is also some fluctuation with position variation. The torque
fluctuation range around the y-axis of the motor in this work (curve II) is —79.51 to
78.95 mN-m, while the T, ripple range of the motor structure in Figure 1 (curve I) is
—158.34 to 157.27 mN-m. It can be seen that the MPMSLM structure proposed in this paper
has better open-loop decoupling performance than that of the MPMSLM in Figure 1.
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Figure 12. Torque Ty variation curve.

Figure 13 shows the input current waveforms of the MPMSLM proposed in this paper.
It can be observed that the three-phase currents on the left side of the mover are larger than
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those on the right side during the operation of the motor. This is because the horizontal force
does not generate a torque through the center of the mover and needs to be counteracted,
which leads to the difference in the d-axis currents of the left and right winding units. Note
that the g-axis currents of the two sets of windings are consistent during the operation.

2

Al
—BI1
—Cl1
— A2
< —B2
E —C2
L
]
)

Displacement/t

Figure 13. Current variation curve.

To compare and analyze the current distribution of the motor structure in Figure 1
and the MPMSLM structure proposed in this paper, the A-phase current of the two motor
structures is selected for analysis. Since both the left and right sides of the mover in
the MPMSLM structure proposed in this paper are composed of two sets of windings,
the current for producing the same force is half that of the current in Figure 1. For a

more intuitive comparison, the current in Figure 1 was halved. The current curves of the
two motor structures are shown in Figure 14.

Current/A

Displacement/t

Figure 14. Comparison of current curves between two models.

In Figure 14, curves I and II are the current curves of the MPMSLM proposed in this
paper, and the current range of the two-side windings is +1.55 A and £1.29 A, respectively.
Curves IIl and IV in Figure 14 represent the current curves using the model in Figure 1,

with a current range of £1.68 and +1.19, respectively. It can be seen that the proposed
motor model in this paper has a small difference in current between the two-side windings
when generating the same F, and F, which can reduce the maximum current value of the

driving unit. This is because our proposed structure has a longer effective force arm I, from
the coil to the center of mass.

Figure 15 shows the structural diagram of the 3D MPMSLM. It can be seen that the

MPMSLM proposed in this work is composed of a mover and a stator, and the mover
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can achieve three-degrees-of-freedom motion above the stator. The mover includes a back
plane and four sets of three-phase motor windings. The stator is composed of a yoke plate
and Halbach permanent magnet array.

Back plane

Yoke plate

Halbach permanent magnet array
Figure 15. Basic structure of the proposed maglev linear motor.

4. Motion Control Analysis
4.1. Decoupling Design

The MPMSLM mover has no mechanical constraints during its motion. To achieve the
levitation of the MPMSLM mover, it is necessary to control the electromagnetic forces and
torques generated by the mover in three degrees of freedom. The electromagnetic thrust
force F, generated by the MPMSLM in Figure 5 can be expressed as

Fx =Fq+Fn= KKZ(iql + iqz) (15)

where K is the force coefficient related to the motor structure, and K, is the term that reflects
the influence of the mover’s suspension height on force.
Similarly, the levitation force F, can be written as

F: = B + Fa = KK: (i + ia2) (16)
The torque in the mover coordinate system is given by
Ty = (F1 — Fx2) Iy = KK; (ig1 —ig) Ix (17)
Equations (15)—(17) can be written as
]T

W=[F E T, (18)

Based on the above-derived electromagnetic force and torque equation, the relation of
them with the current can be expressed as

W= K(p)i (19)
. . . . . 4T
i=[ig ip in ip) (20)
The matrix of K(p) is shown as
KK; KK, 0 0
Kp)=| 0 0 KK, KK 1)

O O KKZ lx _KKZ lx

The generalized inverse matrix of K(p) is shown as

K () = K(p)' (K(p)K(p)") @)
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Thus, we can derive the current in each winding as
i=K (p)W 23)

By using Equation (23), the two d-axis currents and two g-axis currents can be solved
based on the desired electromagnetic force and torque, which enables the decoupling
control of the MPMSLM.

The dynamic equation of the MPMSLM can be expressed as

F, = mx
F; = mz 4+ mg (24)

4.2. Structure of Control System

The closed-loop control of the MPMSLM aims to achieve closed-loop control of the
three degrees of freedom of horizontal position x, suspension position z, and rotational
angle 6 around the y-axis, and its control system is shown in Figure 16. In Figure 16, x,
zr, and 6; are the given values for the three degrees of freedom, while x, z, and 0 are the
actual values. The working principle is described as follows. First, the position deviation
obtained from the comparison between the given value and the actual value is adjusted
by the PID controller. The output of the PID is the required Fy, F;, and T, which can be
obtained through the decoupling module composed of Equation (23) to obtain the currents
i41, 142, ig1, and igp. The three-phase currents in each motor unit are calculated based on
ig1, 142, 131, and ig>. Finally, the power amplification unit is used to drive the MPMSLM to
achieve three-degrees-of-freedom motion control.

Xr + im

e » PID —» ia1 - mx
-5 | Current | 15
1q1| Driver | .
- 1lc
X
Zr +
—»{ A PID —» =K (pW R > Z
‘ i
lax >
™ Current | 15
—{X) » PID > > .0
X

Figure 16. Control system structure.

4.3. Position Closed-Loop Control

The LabVIEW software was used to build the control system and verify and analyze
the accuracy and robustness of the three-degree-of-freedom position closed-loop control.

Figure 17 shows the instability analysis of the position closed-loop system. It can be
observed from Figure 17 that the system exhibits good stability.
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Figure 17. Position closed-loop Bode diagram.

Figure 18 shows the simulation model in the LabVIEW environment, where the
program’s running time is set to 1 ms. PID control is implemented using the built-in PID
module in LabVIEW. The three PID controllers enable closed-loop control of the three
degrees of freedom, allowing the control of the motion state of the MPMSLM based on the
desired set points x;, z;, and 6,. During the control process, the built-in PID controller of
LabVIEW was employed. Except for the parameters K., T;, and T}, all other parameters
were kept at their default values. The PID parameters for the three control degrees of
freedom are shown in Table 3.

output range 3
-

a7 J

PID gains
a—

Current driver
g’, Ivi
:
X 3 Electromagnet
K (p) m F ic modelvi
3 3
= 3
= [ ; x
1 3 =
(& i ; e :
[ T a o)
d o '
w [E1 L 7 Mechanical bosL)|
= Current driver modelvi
Wi [#:H L] n
3
L
0
7

[0-@

Figure 18. Simulation model in LabVIEW.
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Table 3. The PID controller parameters for the three degrees of freedom.

Controller K. T; T,
x-axis controller 112 0.032 0.00008
z-axis controller 120 0.036 0.000075
f-axis controller 352 0.008 0.00001

In Figure 18, the electromagnetic model and the mechanical model together form the
model of the magnetic levitation permanent synchronous linear motor. In this setup, the
inputs to the electromagnetic model are the electromagnetic forces Fy, F-, and T, generated
by the current. The internal electromagnetic forces and torques F xjr FZ]-, and Ty]- produced
by each coil within the electromagnetic model are determined by Equations (11)—(13). The
combined effect of these 12 coils results in the overall forces Fy, F;, and T, acting on the
motor’s mover. The mechanical model illustrates the conversion of forces and torques into
displacements and angles. Forces Fy, Fz, and Ty, through Equation (24) (integrated once),
yield velocities along the x-axis and z-axis and rotational velocity around the y-axis. Upon
another integration, the resulting values provide displacements along the x-axis and z-axis,
as well as angles of rotation around the y-axis.

During the simulation process, a step signal was added to the x-axis and z-axis to
verify the three-degree-of-freedom position closed-loop performance of the MPMSLM.
During the simulation, the z-axis position was 0, and at 0.1 s, it was stepped up to 1 mm.
The given value of the x-axis position jumps from 0 mm to 100 mm at 0.6 s, and the rotation
angle § around the y-axis was set to 0.

The simulation results of the MPMSLM structure in Figure 1 are shown in Figure 19.
In Figure 19a, we find that the angle 6 generated on the y-axis ranges from —6.95 urad to
5.23 purad when the linear motor mover follows a step signal along the x-axis. Figure 19b
shows the force and torque variation curves during the motion control process, where Fy
ranges from —55.91 N to 149.82 N, F; is the levitation force to counteract the weight of the
mover, and Ty is the coupling torque generated on the y-axis when the x-axis follows the
step signal, ranging from —2.85 N-m to 2.42 N-m.

200
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£ sop g 0 s
s
0
200 .
50 e i 05 1
Time/s Time/s
15 200
1
E 0.5 Z
w Sy
0
0.5 !
0 e ! 2005 05 1
Time/s Tirﬁe/s
10 4
b
S = )
=4 — — = 1
&0 Z 9 P;
s
1
10 s
g o ! 40 03 1
imeis Time/s
(a) (b)

Figure 19. Simulation results of motor structure motion control in Figure 1. (a) Displacement and
rotation angle change curve. (b) Force and torque change curve.

The simulation results of the proposed model are shown in Figure 20, where the
angle 6 generated on the y-axis ranges from —3.89 urad to 3.25 urad, and T ranges from
—2.09 N'm to 1.62 N-m when the x-axis follows the step signal. Through the above
comparative analysis, it can be concluded that the MPMSLM structure proposed in this
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z/mm

Gurad

work has smaller torque fluctuations on the y-axis and hence smaller variations in § when
the MPMSLM performs closed-loop linear motion along the x-axis. Overall, the MPMSLM

structure proposed in this paper has superior control performance.
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Figure 20. The simulation results of motor structure motion control proposed in this article. (a) Dis-
placement and rotation angle curve. (b) Force and torque curve.

Figure 21 shows the current waveform during the closed-loop motion control process.
Figure 21a shows the current waveform of the motor structure in Figure 1, while Figure 21b
shows the current waveform of the motor structure proposed in this paper. By comparing
the current waveforms of the two models, it can be concluded that the proposed motor
structure has a smaller phase current. This is because the motor model has more coils and

a longer equivalent lever arm .

10

—A
< B
=
5 o0 —cC
5
O
-10 I
0 0.5
Time/s
(a)
10 A
< B
k= | C
50—
= |
@)
-10 L
0 0.5
Time/s
(b)

Figure 21. Current variation curve: (a) the current curve in the motor structure in Figure 1; (b) the
current variation curve of the motor structure proposed in this article.

4.4. Result Analysis

Table 4 presents a comparative analysis of simulation data for 6 and Ty. As Fy rep-
resents the active force generated by the x-axis motion, 6 and T, represent the passive
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fluctuations due to coupling during the x-axis motion. It is always desirable to have smaller
fluctuations to achieve better performance. From Table 4, it can be observed that the pro-
posed model in this paper exhibits smaller fluctuations in all parameters. In Table 4, it can
be seen that the maximum ratio of & and Ty, fluctuations in the proposed model to those in
the structure shown in Figure 1 is 1.79 and 1.49, respectively. This is due to the reduced
coupling in the motor structure proposed in this paper, resulting in smaller additional
torques during motion control.

Table 4. 6 and Ty simulation data.

Parameters Proposed Model (I) Model in Figure 1 (II) II/1
Positive direction 6 3.25 prad 5.23 prad 1.61
Negative direction 6 —3.89 urad —6.95 prad 1.79
Positive direction Ty 1.62 N-m 242 N-m 1.49
Negative direction Ty —2.09 N-m —2.85 N-m 1.36

Table 5 provides data for the three-phase currents during the motion control process.
For qualitative comparison, the maximum absolute value of each phase current was selected.
Due to the use of an additional set of windings on both sides of the mover in the proposed
model, only half of the current is required during the motion process. Additionally, the
smaller structure coupling in Figure 1 results in smaller instantaneous current requirements.
The use of smaller current supply helps reduce the working current of the driver’s switching
devices.

Table 5. Simulation data for three-phase currents.

Parameters Proposed Model (I) Model 1(rlllflgure 1 II/1
i Amax | 3.55 A 7.96 A 2.24
| Tpmax | 3.63 A 9.26 A 2.55
licmay | 485 A 8.87 A 1.83

5. Conclusions

This paper proposes a new MPMSLM structure that reduces the additional torque
generated by using the dg transformation method for control through the design of the
coil’s topological structure. The traditional dq transformation and three-phase motor driver
can be directly applied to the decoupling control of the MPMSLM, and this control scheme
uses fewer switch devices to achieve the three-degree-of-freedom motion control of the
MPMSLM. The finite element simulation results show that the proposed motor structure
has smaller torque fluctuations and is more conducive to the decoupling control of the
system. It also has a higher force coefficient under the same current drive with six sets of
winding coils on each side of the moving part. Meanwhile, the rated current of the driving
unit smaller can be smaller because a longer equivalent force arm can make the driving
units on both sides of the moving part have a smaller current difference. Decoupling control
of the motor was realized by using the method of generalized inverse matrix based on dgq
current transformation and electromagnetic modeling. The effectiveness of the proposed
structure is verified in the LabVIEW software to have superior performance for three-
degree-of-freedom position closed-loop control. Overall, our proposed architecture has
better position closed-loop performance and smaller driving current.
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