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ABSTRACT: A U-shaped ironless permanent magnet linear
synchronous motor was studied in this paper. In order to
achieve desirable performance, the air-gap flux density
distribution was taken as the primary problem. A design
optimization was proposed to yield improvement in the thrust
amplitude and reduction in the thrust ripple and magnetic
material consumption. A multiobjective optimization solver
using genetic algorithm was employed to find the optimal
motor dimensions. The design optimization was verified by a
layered finite element analysis, which could lower the
complexity of the magnetic field analysis. The effectiveness of
the proposed idea was further confirmed by experimental
results of the prototype, which demonstrated reasonable

agreement with the analytical solution.

KEY WORDS: permanent magnet linear synchronous motor;
air-gap flux density distribution; layer model; multiobjective

optimization; layered finite element analysis
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0 INTRODUCTION

Modern mechanical systems, such as machine
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tools, semiconductor manufacturing, laser cutting,

robot manipulators, and automatic inspection
machines, often require high speed and high accuracy
linear motions. These linear motions are usually
realized wusing rotary motors with mechanical
transmission mechanisms such as reduction gears and
lead screws. Such mechanical transmissions not only
significantly reduce linear motion speed and dynamic
response, but also introduce backlash, large frictional
and inertial loads, and structural flexibility [1-2]. As
an alternative, the direct drive permanent magnet
linear synchronous motor (PMLSM) is probably the
most naturally applicable in these high speed and high
accuracy positioning systems. Usually, the iron-core
PMLSM among various linear motor types attracts
more attraction because of the higher developed thrust
density and higher efficiency as well as high dynamic
performance [3]. However it is subject to significant
force ripple. These uncertain nonlinearities are
directly transmitted to the load and thus have
significant effect on its motion performance.

It seems that two ways can be adopted in order to
achieve the potential high performance of the
PMLSM. On the one hand, many control strategies
have been developed. For example, authors in [2,4-5]
presented an nonlinear adaptive robust control scheme
for high speed and high accuracy motion control of
linear motors, where on-line parameter adaptation and
certain robust control laws were used to reduce the
effect of various parameter uncertainties and handle

the uncompensated uncertain nonlinearities. However
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on the other hand, one can reduce the force ripple by
proper motor design before adopting sophisticated
control strategies to counteract the downside of
iron-core PMLSM.

Recently, a specific type of linear motor, namely,
the U-shaped ironless PMLSM (UIPMLSM) has been
rapidly developed and gains attentions of engineers
[6-8]. The UIPMLSM has advantages such as lack of
cogging force, no attracting force between the
armature (or named as forcer) and the permanent
magnets, and negligible iron loss, because it has
symmetrical topologies of magnets and lacks primary
iron core and teeth, as shown in Fig. 1. However,
there are still several factors that result in undesirable
performance and high manufacturing cost, such as
lower thrust density, relatively low thrust ripple, and
larger non-ferromagnetic air gap which requires more
permanent-magnet (PM) material. The manufacturing
cost can be reduced by decreasing PM consumption.
The thrust ripple in an UIPMLSM is mainly produced
by nonsinusoidal distribution of PM and armature
magnetic fields. With a fixed coil structure, thrust
ripple can be reduced by a reduction of PM field
harmonics. Actually, in the areas that need precise
position control, the applied UIPMLSM must have
sinusoidal air-gap flux density distribution waveforms
because the thrust ripple could be controlled little
enough if winding currents are also sinusoidal in the
meantime [6, 9-10]. Furthermore the air-gap flux
density distribution of PM poles also has a significant
effect on the thrust density through the development
of thrust.

Thus, during the past decade, significant efforts
have been devoted to solving the difficulties in
shaping such an air-gap flux density distribution as
close to a sinusoidal waveform as possible. Among
them, authors in [11-13] applied the multi-pole
Halbach array magnetized topology which has a
self-shielding property and higher flux density than
vertically magnetized topology. However, this method
not only needs many PM pieces with different
dimensions, but also requires a complex
magnetization system and procedure, which increases

the complexity and cost of PM pieces manufacture

and motors assembly. The magnet arc shaping
technique was presented in [10, 14] to achieve the
sinusoidal back EMF waveforms. However, this
method suffers from non-uniform air gap and also
increases the complexity and cost of PM pieces
manufacture and motors assembly. Moreover the PM
material is not fully utilized in the pole ends. In [15], a
modular PM poles configuration was proposed to
shape the air-gap flux density distribution. This
configuration consists of three or more PM pieces of
different quality, which also increases the complexity
and cost of PM poles assembly.

On the other hand, an effective method is to
eliminate one or more harmonics by adjusting the
dimensions of PM poles with conventional array. This
proposed method develops a high thrust and a
substantially reduced thrust pulsation, resulting in
desirable motor performance. The use of PM pieces
with same dimensions also takes economic factors
into account by reducing the complexity and cost of
manufacturing PM pieces and assembling motors.

In this paper, we take the air-gap flux density
distribution as a primary problem in the motor design
optimization with a fixed coil structure. At first, a layer
model is introduced in defining the optimization
problem. Then, a multiobjective function with
appropriate constraints is defined to increase the air-
gap magnetic flux density amplitude, reduce the higher
harmonics of air-gap magnetic flux density distribution,
and decrease the PM volume. The PM dimensions and
air-gap length are chosen as design variables. A
multiobjective optimization solver using genetic
algorithm is employed to search for optimal design
values. The layered finite element analysis (LFEA) is
developed to reduce the complexity and
time-consumption of three-dimensional finite element
analysis (3DFEA) and to verify the effectiveness of
proposed method. Finally, a motor prototype with
optimized dimensions is built for experiments to further

validate the air-gap magnetic field design optimization.

1 LAYER MODEL OF THE UIPMLSM
1.1 Structure of the UIPMLSM

Fig. 1 (a) shows a schematic diagram of the
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Fig. 1 Schematic diagram of the UIPMLSM
UIPMLSM studied in this paper. It consists of the
external U-shaped PM field excitation system and the
internal three-phase armature.

The U-shaped PM field excitation system is
composed of back irons, which looks like a capital
letter U, and face-to-face surface-type PM pieces. The
back iron is ferromagnetic. The PM pieces are
magnetized in the normal direction and mounted on
the internal surface of the U-shaped yoke, facing the
armature and arranging equably with symmetrical
topologies and staggered magnetic poles N, S, ... N, S,
as shown in Fig. 1 (b). The three-phase armature is an
ironless winding layer in which the input current
waveforms are sinusoidal. In this paper, we assume
the coil structure is fixed.

Similar as the permanent magnet rotary
synchronous motors, the thrust (named torque in
rotary motors) is generated by the interaction between
the permanent magnetic field and the traveling
magnetic field, while the synchronous speed of the
motor is the same as the speed of the traveling
magnetic field [3].

In the middle of air gap, the direction along the
motion of ironless armature is defined as longitudinal
(x) axis and the direction along the motor width is
defined as transverse (y) axis. And the direction

perpendicular to the X-y plane is defined as normal (z)

axis. Here, the X, y, and zZ coordinates compose the
Cartesian coordinate system, as shown in Fig. 1.
1.2 Layer Model of the UIPMLSM

Fig. 2 shows the layer model of the UIPMLSM.
In this model, we assume that all regions are extended
infinitely in £ X direction, actually we can realize it by
concatenate stators in series. As the permeability of
the not excited winding layer is the same as the air
layer, we regard them as an integrative air/winding
layer when analyzing the magnetic fields due to
U-shaped PM field excitation system. Under the
assumption of infinite permeability of the back iron,
the domain of the motor is quite simple [16]. Thus
only two regions are considered for the magnetic field
analysis in this analytical model. Layer I and II in
Fig. 2 represent the air/winding region and the
permanent magnet region respectively.
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Fig. 2 Layer Model of the UIPMLSM
Assuming no variation along the Yy-axis, the
problem can be simplified to a two-dimensional field
distribution where the air-gap flux density has only
two components, i.e., longitudinal component By and
normal component B,. And the air-gap flux density
can be predicted by solving the Laplace’s (for layer I)
and Poisson’s (for layer II) equations [6, 13, 17]. In
this paper, we assume that the magnetic flux density
in the middle of air gap is sinusoidal with some higher
harmonics and the magnetic saturation is neglected.

Therefore, the B, can be obtained as

oA el 2nme "™9/C7)
B == C _—
oox Z T

n=1,3,---

nmX
cos(—=) (1)
T
where A is the magnetic vector potential in the
air/winding layer, 7 is the pole pitch, g is the air-gap
length, and n is the harmonics order. The constant C is

given by
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where B is the remanence of the PM, p,, is the
permeability of the PM, 14 is the permeability of free
space, 77 is the ratio of magnet width to pole pitch, and
hy is the height of a PM piece.

2 MULTIOBJECTIVE OPTIMIZATION

The design objectives in this paper are aim to
improve the undesirable performance by increasing
the thrust density and reducing the thrust ripple and
the manufacturing cost. Therefore, we need to identify
the functional relations between these objectives and
the design variables.

First of all, the B, is described in Eq. (1). With a
fixed coil structure, the motor developed thrust is
directly proportional to the B,. Thus, the B, can be
employed as an indirect measure of the developed
thrust. The optimization procedure is employed to
maximize the B,.

The second design objective is to shape the
air-gap flux density distribution close to sinusoidal
form. The thrust ripples can be reduced by reduction of
higher flux harmonics. Therefore, the total harmonic
distortion (THD) of flux density distribution is

employed as an indirect measure of the thrust ripple as

Fr:/ Y. B /By
n=3,5,7,---

where Bpg is the nth harmonics of air-gap magnetic

)

flux density distribution. As for three phase winding,
the 3kth (k=1,3,5,...) harmonics don’t influence the
motor performance. The optimization procedure is
employed to minimize the THD.

The third design objective is to reduce the
production cost. It can be reduced by decreasing PM
consumption and using PM pieces with same
dimensions. For face-to-face surface-type PM pieces,

the volume of PM pieces is obtained as
Vy =2pxly, xwy, xhy,

“4)

where p is the number of pole pairs. The |y, Wy and

hy stand for the length, width, and height of one PM
piece respectively. The optimization procedure is
employed to minimize the V.

Considering what have mentioned above, the
multiobjective optimization problem is formulated as

a vector of three objectives

F(0)=[~[B,|.[F],Vu ]
Max|B, (0)|

Min F(#)=1 Min|F.()|, #eR"
MinV,, (6)

)

where é=[ly, Wy, hy, 0] is the vector of design
variables, B,, F. and V) stand for the thrust density,
the thrust ripple function and the PM volume,
respectively. This vector of objectives must be traded
off in some way. The relative importance of these
objectives is not generally known until the system's
best capabilities are determined and trade-offs
between objectives are fully understood [6,18-19].
The designers must rely on their intuition and ability
to express preferences throughout their own specific
optimization cycle. Some principal values have been
fixed for each motor design, which are listed in Tab. 1.
*1 UBLKERESBEHNELRSH
Tab. 1 Principal data of the UIPMLSM

Parameters Value
Pole pitch 7mm 16
Number of phases m 3
Number of coils per pole per phase g 1
PM type 48H
Remanence of the PM B,/T 1.40
Inside coercive force of the PM H¢/(kA/m) 995

The genetic algorithm (GA) has been widely
used to find the optimal design variables [15, 18,
20-22]. The GA is a method for solving both
constrained and unconstrained optimization problems
which

repeatedly modifies

is based on natural selection. The GA
a population of individual
solutions. At each step, the GA uses three main types
of rules at each step: selection rules select the
individuals that contribute to the population at the
next generation, crossover rules combine two parents
to form children for the next generation, and mutation
rules apply random changes to individual parents to

form children. The selection function chooses parents
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for the next generation based on their scaled values
from the fitness scaling function. Over successive
generations, the population evolves toward an optimal
solution. The flowchart of GA is shown in Fig. 3.

| | Initialization | |

Reproduction process:
Selection rules; Crossover
rules;Mutation rules

New generation

Stopping criteria?

3 BEREZERER
Fig. 3 Flowchart of the genetic algorithm

The constraints limiting design variables should
be taken into account during optimization process to
prevent the possibility of reaching unrealistic results.
The multiobjective optimization solver using GA with
constraints listed in Tab. 2 and parameters listed in
Tab. 3 is employed to implement the algorithm. The
score diversity of this multiobjective function is
shown in Fig. 4.

Here, more emphasis is placed on the amplitude
of air-gap magnetic flux density and PM consumption
rather than the thrust ripple. The selected results of the

x2 MO EERRE

Tab. 2 Design variables constraints

Parameter Symbol Min/m Max/m
Length of PM Im 0.070 0.110
Width of PM Wi 0.007 0.016
Height of PM hw 0.003 0.007
Air gap length g 0.006 0.012

*3 BREZFSH
Tab. 3 Genetic algorithm parameters

Parameter Value
Population size 100
Selection function Tournament
Crossover fraction 0.8

Mutation function Constraint dependent

Crossover function Scattered

Stall generations 800

40
mm funl [-0.799784 —0.24542]
B fun2 [0.00203458  0.181605]]
30 = fun3 [0.632312 2.88]

20

Nunber of individuals

Score (range)

4 ZBEHRRBCERENS S
Fig. 4 Score diversity of the multiobjective function
design optimization are listed in the fourth column of
Tab. 4. As a comparison, the specifications of the
original motor are list in the third column. The
original motor WM-12875 bought from Winnermotor
Co., Ltd. (Zhengzhou, China) is wieldy used in
education instruments and industrial applications,
such as precision motion demo platform, direct driven
inverted pendulum, linear motor driven gantry,
hardware-in-loop control system, and LED fully-
automatic gold wire bonder equipment [23-25]. From
Tab.4 it can be seen that the multiobjective
optimization design increases the amplitude of air-gap
magnetic flux density by 17.2% and decreases the PM
volume and thrust ripple function by 29.4% and 9.2%
respectively with respect to the original motor.
x4 MRS
Tab. 4 Specifications of optimization design

Parameter Symbol  Original/m Optimized/m  Unit
Magnet length Iw 0.1100 0.0750 m
Magnet width Wy 0.0150 0.013 6 m
Magnet height hwm 0.004 0 0.0050 m
Air gap length g 0.007 0 0.006 0 m

Amplitude B, 0.646 3 0.757 4 T
Ripple function Fr 0.096 9 0.088 7 1

PM volume Vi 2.64x107° 2.04x107° m’

3 LFEA

3.1 Definition of the LFEA

As one of numerical methods in magnetic field
analysis, the finite element method is known as an
accurate analysis method which can consider
geometric details and the nonlinearity of magnetic
material. The two-dimensional FEA is easy to build

the model and fast to compute, however is not
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accurate enough as that in the 3DFEA. On the other
hand the 3DFEA is accurate, however is complex and
requires long computation time especially at the initial
design stage. Therefore, a layered finite element
analysis (LFEA) is developed to bridge the gap
between these two approaches. The proposed LFEA is
employed to verify the proposed design optimization
in previous section.

The LFEA consists of four basic steps, i.e., three-
dimensional static magnetic analysis, defining layers
and paths, data extraction, and data processing.

Firstly, the three-dimensional static magnetic
analysis for the motor are carried out without post-
processing. The procedure for doing such an analysis
consists of the following main steps: create the physics
environment, build and mesh the model, assign physics
attributes to each region within the model, apply
boundary conditions, and run the solver. Secondly,
layers and paths are defined as shown in Fig. 5. The
solved motor model is divided into layers equably
along y-axis direction. The structure of each layer is
considered to be steady when the number of layers is
larger enough. A series of lines are formed by inter-
secting two vertical planes, the layers and the x-y
working plane in the middle of air gap. These lines are
defined as paths. Thirdly, the data, including the B, and
the longitudinal position along the defined paths, are
extracted through sampling on the path and exported to
files in ASCII formats. Finally, one can get the intuitive
graphics by using the data from all layers and paths,
like magnetic flux lines and the three-dimensional
distribution of the B; at the defined X-y working plane.
The precision of LFEA depends on the number of layers

and the number of samplings on the defined path.

Layers
i

v Air hood

X-y working plane
“(in the middle of airgap)

L J “ Paths
5 Z#HNRBRTETEE
Fig. 5 Schematic diagram for LFEA
3.2 LFEA Solving

The motor is modeled with the optimized motor

dimensions. The dimensions (length, width and height)
of air hood should be three times as or more than
those of the motor for the three-dimensional modeling.
Since under this circumstances, the outer surface of
air hood can be considered as the isosurface of
magnetic potential .

Using LFEA, the 3D distribution of the B, at the
defined x-y working plane is shown in Fig. 6. There
are some distortions due to the end effect and complex
magnetic circuit relations. It can be seen the B; is
longitudinally sinusoidal and transversely uniform at
the main working region, which is required for many

precise positioning systems.

B/T

6 B, EEXFHLHS
Fig. 6 The distribution of B, at the x-y working plane

3.3 Comparison between layer model and
LFEA

As mentioned above, we take the magnetic flux
density stabilization as the primary problem. Thus, the
distributions of B, obtained by layer model and LFEA
are compared to verify the LFEA.

Fig. 7 shows the distributions of B, obtained by
analytical layer model and LFEA along one defined
path. It can be seen that the distributions of B,
obtained by analytical model and LFEA are in good
agreement. The amplitude of air-gap magnetic flux
density B, obtained by LFEA is 0.760 5 T. The error is
about 0.4% compared with that obtained by layer
model, as shown in Tab. 5. It is within the allowable
range. The result confirms the validity of the proposed
LFEA. Furthermore, the results obtained by LFEA in
previous subsection can confirm effectiveness of the
And the

distributions of B, have a sinusoidal waveform with a

proposed multiobjective  optimization.

32 mm period, which is corresponding to the 27.
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Fig. 7 Distribution of B, along the defined path
5 ARIANFEH B, IEERTLE
Tab.5 B, Comparison among methods

Results Layer model LFEA
0.757 4 0.760 5 0.754 5

Experiment

Peak value of B, /T

4 Experiment

4.1 Experiment setup

In the Precision Engineering Research Center at
China Agricultural University, a motor prototype is
manufactured with the optimized dimensions obtained
above. Fig. 8 is the photograph of this UIPMLSM
prototype. The NdFeB PM pieces are ordered from
Beijign Topmag Magnet Co., Ltd. of grade N48 with
the remanence B,=1.38~1.40 T and the inside coercive
force Hcj > 955 kA/m. The magnetic flux density B, in
the middle of air gap is detected using a SG-4L type
digital teslameter with 1 pT resolution and 0.5%
accuracy, which is bought from Beijing Zhuoshengjia
Magnetic Technology Co., Ltd., China.

The experimental setup is shown in Fig. 9. The

probe is set in the middle of air gap and the probe

handle is fixed on a drive motor, as shown in Fig. 9(b).

The probe moves together with the drive motor

E 8 U BkigRES B LBy
Fig. 8 UIPMLSM prototype

Prototype

Pentium 1| 400

| Composer |<:>| Controller K:>
(] teslameter]

Host PC

Drive motor

(b) SERBE LY

B9 XBigE
Fig. 9 Experimental setup

increased by 1 mm. The host PC sends motion
command through Composer GUI of controller and
records the position data. The air-gap magnetic flux
density samplings are uploaded to the host PC through
a RS-232 interface. Then, the air-gap magnetic flux
density distribution can be generated.

4.2 Experiment results

The motor prototype flux density distribution in
the middle of air gap is presented in Fig. 10. It can be
easily seen the flux density distribution has a
sinusoidal waveform with a period of 32 mm and
amplitude of 0.754 5 T, as listed in the fourth column
of Table 5. The ignorable differences among the
amplitudes of B, obtained by layer model, LFEA, and
experiments are within the reasonable range. The
differences originate from mainly the accuracy of the
layer model, measurement noise and manufacturing
reasons.

The Fourier transform is employed to find the
amplitude spectrum of B,. Fig. 11 is the Fourier
transform result for the B, distribution of motor
prototype. It shows the proposed method has lower
higher harmonic components which will reduce the
force ripples of the motor. And it can be easily seen

that the ratio of higher harmonics to whole wave is
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Fig. 10 B, distribution of the prototype
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Fig. 11 Normalized amplitude spectrum of B,

less than 10.7%. These improvements further confirm

the effectiveness of the proposed optimization.
5 CONCLUSION

This paper performs a multiobjective design
optimization to a UIPMLSM. The optimization using
GA yields excellent improvement in the thrust
amplitude and reduction in the thrust ripple and
magnetic material consumption. The optimized design
is validated through LFEA and experimental results,
which both demonstrated reasonable agreement with
the analytical solution.

A layer model of the UIPMLSM with a fixed coil
structure is introduced in defining the optimization
problem. A multiobjective function is defined to
increase amplitude of the air-gap magnetic flux
density, reduce higher harmonics of the air-gap
magnetic flux density distribution, and decrease the
PM volume. The unrealistic results are prevented by
limiting the design variables during optimization
process. By choosing different relative importance,

one can trade off several objectives in some way and

achieve designer’s specific issues. A GA is used to
find the optimized PM dimensions and air-gap length
with those appropriate constraints. Diversity is
essential to the GA because it enables the algorithm to
search a large region of the space. The LFEA is
developed and employed to evaluate and confirm the
validity of the design optimization. One can get lots of
intuitive graphics using LFEA which is difficult in the
3DFEA. A motor prototype is manufactured with the
optimized motor dimensions. Experimental results
indicate that this optimization reduces magnetic flux
density pulsations and magnet volume, while keeping
relatively high amplitude of the sinusoidal air-gap
the UIPMLSM

simultaneously. The results we have obtained suggest

magnetic  flux density for
that the magnetic flux density stabilization has a
significant effect on the motor performance as the
internal factor, as it contributes to the developed
motor force directly. The improvement of magnetic
flux density can improve the motor performance
radically.

On the other hand, there are some external
factors in practical operation, such as payload
variation, unknown nonlinearities and disturbances.
Thus, the connection of motor optimization designs
and control strategies will produce the desired results
to achieve the potential high performance for precise

positioning systems.
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