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ABSTRACT In order to improve the thrust density of the electric actuator in aircraft, a double primary tubular
permanent magnet synchronous linear motor is designed. By establishing the magnetic circuit model, the air
gap magnetic density and thrust characteristics of outer and inner primary motors are analyzed. Considering
that it works in the wide temperature range environment, a multi-objective optimization of motor is carried
out. The surrogate model established by neural network is used to simplify the mathematical model of the
motor. In order to improve the average thrust, restrain the thrust fluctuation and reduce the difference of
output thrust under different environment temperatures, the Pareto front method is used to determine the
target range of the optimal parameters, and gradually strengthen conditions, so as to obtain the optimal

scheme of motor design.

INDEX TERMS Permanent magnet synchronous linear motor, multi-objective optimization, Pareto front

method, wide temperature range environment.

I. INTRODUCTION

Aerospace electric actuators require motors with high thrust
density. For the electric actuator with tubular linear motor,
it is usually necessary to increase the external diameter of
the motor in order to increase the thrust. With the increase
of external diameter, the hollow volume inside the tubular
linear motor expands, resulting in space waste. Therefore,
the scheme of double primary tubular permanent magnet syn-
chronous linear motor (DPT-PMSLM) is adopted. As shown
in Fig.1, the motor employs two primaries with slot-less
windings, one secondary formed by ring permanent mag-
net and iron core, and two air gaps. The primary inside
and outside is stator, and the secondary part is mover. The
outer and inner primary windings are excited by sinusoidal
current at the same time, and the magnetic field generated
by permanent magnet and the electrified windings generate
the force to drive the secondary movement. The structure
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can improve the utilization rate of the internal space of the
motor in a limited volume, so as to improve the thrust of
the motor [1], [2]. In addition, the motor system working
in the space environment has a wide range of temperature
changes due to the influence of flight altitude of the aircraft,
the change of daylight illumination and the temperature rise
of its own operation. Also, it is difficult to use conventional
ground cooling system to dissipate heat. Therefore, the motor
is required to be adaptable to a wide temperature range envi-
ronment.

Due to the complexity of structural parameters of
DPT-PMLSM, it is difficult to obtain satisfactory results by
using traditional optimization methods. So it is necessary to
adopt some optimization algorithms which can considering
complex multi parameters to optimize the thrust performance.
For instance, in [3], considering the six objectives of the
motor, a flux switching motor is optimized by Taguchi-
Chicken Swarm Optimization method. In [4], the improved
particle swarm optimization algorithm is used to optimize
the permanent magnet of the embedded motor to reduce the
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FIGURE 1. Topology of DPT-PMSLM.

harmonic content of the back EMF of the motor, adjust the
number of particles in the optimization process, and improve
the optimization efficiency.

The methods above are carried out after the completion of
the mathematical model of the system, and the final opti-
mization results are closely related to the accuracy of the
established mathematical model. If the structure of the motor
is relatively simple, a more accurate mathematical approxi-
mate model can be obtained. But in fact, due to the complex
structure of the motor, it cannot be expressed by mathematical
expression. The performance parameters of the motor are
often obtained by slow FEA method, which requires a lot
of screening. Therefore, the idea of surrogate model comes
into being. Although surrogate model is less used in motor,
it has been used in other multi parameter model optimization.
A surrogate model is established by using response surface
to optimize the size of the underwater glider, and the opti-
mal parameters are selected by minimizing the error of the
global multi response surface [5]. A surrogate model based
on BP neural network is used to optimize the antenna, and
all the structural parameters of the antenna transmitter are
considered [6]. In [7], a new fault diagnosis method based
on optimal wavelet tree and predator-prey search genetic
algorithm to optimize neural network is proposed, which can
accurately and timely identify and eliminate the stator turn to
turn short circuit fault of induction motor. In [8], considering
cross coupling and nonlinearity, the relationship between flux
and current of permanent magnet synchronous reluctance
motor is discussed with radial basis neural network.

With the expansion of motor application and the continu-
ous improvement of motor performance, the optimization of
motor also develops from single-objective to multi-objective.
In the single-objective optimization, there is usually only one
optimal solution, and it can be obtained by simple mathemat-
ical methods. However, in the multi-objective optimization,
it is difficult to achieve balance in that the mutual constraints
of each target may make the performance improvement of one
target at the cost of losing other target performance. There
cannot be a solution that optimizes all target performance.
The common methods to solve multi-objective optimization
problems are weighting method, response surface method and
Pareto front method. In [9], [10], a multi-objective problem
is transformed into a single objective problem by using the
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TABLE 1. Initial parameters of DPT-PMSLM.

parameters Symbols Units Values
External gﬁrg]edt;[r of DPT- D, mm 100
Inner d}ameter of outer Dy mm 92
primary yoke
Thickness Qf opter primary B mm 9
winding
Pole pitch T mm 25.5
Thickness of permanent - mm 16.5
magnet
External diameter of D, mm 7
secondary
Inner diameter of secondary D mm 43
Thickness Qf inner primary hos mm 9
winding
External ‘dlameter of inner D, mm 23
primary yoke
Inner diameter of DPT- D mm 17
PMSLM r 2
Outer prlmagr;/pphysmal air P mm 10
Inner prlmagrzpphysmal air o mm 10

weighting method, and then the heuristic algorithm is used
to get the optimal result. In [11], several reliability indexes
of turbine rotor are considered, and geometrical parameters,
material parameters and load parameters of rotor are opti-
mized by response surface method Genetic algorithm can
be used to find Pareto front [12], [13], but it will bring the
calculation pressure.

This paper focuses on the multi-objective optimization
design of DPT-PMSLM in a wide temperature range envi-
ronment. Firstly, considering the particularity of structure,
the magnetic circuit model is established, and the air gap
magnetic density and thrust characteristics of outer and inner
primary motors are analyzed. Secondly, a surrogate model
based on neural network is used to predict the average thrust
and thrust fluctuation of the motor. Different neural network
models are trained under different working temperatures.
Then the pareto front at different temperatures is obtained,
and the optimal solution is obtained under a variety of con-
straints. Finally, a prototype was developed for experimental
verification.

Il. ELECTROMAGNETIC AND THRUST CHARACTERISTICS
OF DPT-PMSLM

DPT-PMSLM studied in this paper adopts a slot-less structure
to eliminate the influence of cogging force and reduce the
machining difficulty. Windings are made into circular coils
arranged in a certain phase sequence and fixed in the primary
core. This structure also has the characteristics of good sinu-
soidal air gap magnetic density [14]. The initial parameters
of DPT-PMSLM are shown in Table 1.

In this paper, the electromagnetic and thrust characteristics
of DPT-PMSLM are studied by the equivalent magnetic cir-
cuit and FEA method, which provide a theoretical basis for
the subsequent motor design.
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FIGURE 2. Parameter identification diagram of DPT-PMSLM (windings
hidden).
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FIGURE 3. Equivalent magnetic circuit model of DPT-PMSLM.

A. MAGNETIC CIRCUIT MODEL AND ELECTROMAGNETIC
CHARACTERISTICS

In order to facilitate the analysis, assume that the magnetic
circuit model of DPT-PMSLM is as follows [15], [16]:

(1) the magnetic circuit is linear, the permeability of iron
core is infinite, the influence of magnetic circuit saturation,
hysteresis, eddy current is ignored, and the core loss is
ignored;

(2) the permanent magnet has no magnetic flux leakage and
no magnetic voltage drop;

(3) the influence of the end effect is not considered.

Fig.2 shows the parameter identification diagram of
DPT-PMSLM, and Fig.3 shows the equivalent magnetic cir-
cuit model of DPT-PMSLM.

The equivalent magnetic potential of the permanent mag-
net F.;, can be calculated by

Frem = Bmﬂ (D
Mrec 0
where B, is the remanence, (. is the relative permeability,
and g is the vacuum permeability.

The magnetoresistance of the permanent magnet R, can be

calculated by

" /LrecMO%(D%l - D2)
The magnetoresistance of the outer primary air gap R,1and

that of the inner primary air gap Ry, are calculated respec-
tively by

R

@

81
Rgl =
— 2
/LOT Tm + 281 JTD/I
o % 3)
82 = T—Tp+ 2g2
po——>—7D
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FIGURE 4. Distribution of magnetic field lines.

One part of the permanent magnet flux passes through outer
air gap and the other part passes through inner air gap. The
total flux ®,,,, is

b
CIDrem = BremZ(Di - Dz) (4)

From the equivalent magnetic circuit model and magnetic
flux continuity, the following formulas can be obtained as
Frem = PremRm
= 2®,1Rg1 + (Pg1 + Pg2)Ry,
=20 R + (Pg1 + Pe2)Ry, 5)
Drem = Pg1 + Dy (6)
The magnetic fluxes of outer primary air gap ®,; and that

of inner primary air gap ®,; are calculated by the following
formulas respectively as

RiuRg
(bgl = Peny
2RgleZ + Rm(Rgl + Rg2) )
RiuRg1
(Dg2 = (brem

2RgleZ + Rm(Rgl + Rg2)

The magnetic density formulas of outer primary air gap
By and that of inner primary air gap By are derived as (8),
as shown at the bottom of the next page.

Then, the distribution of magnetic field of the
DPT-PMSLM shown in Fig. 4 is analyzed. When the influ-
ence of the end effect is ignored, the magnetic field distri-
butions of the outer and inner primary motors are separated
and form loops. Therefore, the outer primary motor and inner
primary motor are weakly coupled. If the coupling between
outer primary motor and inner primary motor is ignored,
it can be considered that they can be analyzed independently,
and the equivalent magnetic circuit model of them can also
be calculated separately, as shown in Fig.5.

In order to calculate directly with Fig.5, it is necessary to
know the distribution of permanent magnet source in two unit
motors, that is, the ratio of Fje,1 to Frema and the ratio of R,
to R,2, which can be expressed as

Freml/Frem2
£ 2D trecglg2D(D3—D?)
m8r 1 T—Tn+281
= 21 (D2 _D2 (€
/Lrecglgle(Dm D)
T—Tn+282

_ ng%DZ
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FIGURE 5. Layered equivalent magnetic circuit model.

le/Rm2
 rec8182 (Dy, — D?) — Tpg2 (T — 1 + 281) D1
g1 (T — Tm +282) D — Wrec8182 (Drzn - D2)

In summary, Fig. 3 and Fig. 5 are two methods of building
equivalent magnetic circuit models. Fig. 3 can be used to
analyze various double primary motors. Fig.5 can only be
used to analyze double primary motors with weak coupling
between outer primary motor and inner primary motor, which
will be described in detail in section B.

(10)

B. THRUST CHARACTERISTICS

Outer primary motor and inner primary motor both partici-
pate in the output thrust, and the total thrust can be obtained
by superposing those thrust. The basic wave of back EMF and
thrust of outer primary motor and inner primary motor can be
calculated as

E1 = 4.44fk,,1 W1 D¢

_ 3E11 siny; an
Y
Er = 4441k, Wr Do
Py — 3E,1 sin 12)
2T T ofr

where E| and E; are the back EMF of outer primary motor
and inner primary motor respectively, ' and is F are thrust,
f is frequency, k1 and k, are the fundamental winding
factor, Wi and W, are the number of winding turns, and y;
and y; are the phase difference of the electric Angle.
According to the specified volume and output thrust
requirements, the initial parameters of DPT-PMSLM shown

L L L L L
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FIGURE 6. Motor thrust waveform.

in Table 1 are determined through the above equivalent mag-
netic circuit analysis.

Then the FEA model of DPT-PMSLM is established
according to the obtained initial parameters, and the thrust
waveform is shown in Fig.6. DPT-PMSLM’s thrust is
414.45 N, outer primary motor’s thrust is 305.46 N and
inner primary motor’s thrust is 129.84 N. The sum of outer
and inner primary motors’ thrust is slightly higher than
DPT-PMSLM’s thrust. As a result, the thrust of double
primary motor is increased by about 35.68% compared
with outer primary motor, which shows the advantage
of DPT-PMSLM. Thrust fluctuation of DPT-PMSLM is
171.65 N, and thrust fluctuation rate is about 41.4%, which
affects the operation accuracy and control difficulty. There-
fore, it is necessary to restrain thrust fluctuation later.

DPT-PMSLM’s pole adopts ring-shaped and axial magne-
tization permanent magnet structure, as shown in Fig.7. The
parameters of permanent magnet mainly include thickness,
ring width and external diameter.

Increasing the thickness means that the amount of perma-
nent magnet will increase when the other motor parameters
remain unchanged, so the average thrust of motor will con-
tinue to increase [17]. In this paper, the thrust characteristics
of DPT-PMSLM are studied by changing the ring width and
the external diameter of permanent magnet. It should be noted
that the external diameter of permanent magnet changes with
inner diameter of outer primary motor, and the difference
between them is the thickness of an air gap.

It can be seen from Fig.8 that thrust of DPT-PMSLM
is related to the amount of permanent magnet. The wider
the ring width, the greater the thrust. However, when the
ring width is more than 15mm, the thrust of DPT-PMSLM
increases at a turning point and the increase amplitude

tng2(D% — D?)

4 Mrecgng(Drzn - Dz) + (Tt — T)(Dg1 + D/ng)

8
tng1 (D% — D?) ®

P B
Bgl _ fl _ Drem
D7y
Bg2 _ cng _ Brem
7w Dty
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decreases. Correspondingly, as the external diameter of inner
primary motor decreases, the thrust of it gradually decreases.
What’s more, with the increase of ring width, the difference
between DPT-PMSLM’s thrust and the sum of outer and inner
primary motors’ thrust decreases gradually. This shows that
the larger the ring width of PM, the weaker the coupling
between outer primary and inner primary motors. Due to the
layered equivalent magnetic circuit model of Fig.5 proposed
in part A is obtained by the weak coupling inside and outside,
it can be further concluded that the model in Fig.5 is more
suitable for DPT-PMSLM with large ring width.

And it can be seen from Fig.9 that, when the external diam-
eter of PM increases, the thrust of outer and inner primary
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motors both gradually increase, which together promote the
thrust increase of DPT-PMSLM. What’s more, the larger
the external diameter, the larger the proportion of inner pri-
mary motor thrust in DPT-PMSLM thrust. This shows that,
in large external diameter applications, adding inner primary
can effectively increase the internal space utilization of the
motor and achieve the goal of high thrust density. When the
external diameter of PM is less than 85 mm, double primary
structure has little effect on increasing the thrust, but increase
manufacturing difficulty.

Ill. THRUST OPTIMIZATION BASED ON PARETO FRONT

It is difficult to optimize the design because of the complexity
of structural parameters. In this paper, the surrogate model is
established based on neural network. DPT-PMSLM is opti-
mized based on Pareto front method. The neural network can
be trained by the FEA results, so as to predict the results of
other possible schemes, greatly reducing the calculation time.
Pareto front method transforms the multi-objective optimiza-
tion problem into multi-group double objective optimization
problems, which reduces the difficulty of motor performance
evaluation. Fig.10 shows the overall optimization flow chart.

A. BUILDING SURROGATE MODEL BASED ON NEURAL
NETWORK

In order to connect some structural parameters of
DPT-PMSLM with the thrust performance, the neural net-
work is used to build the surrogate model. In DPT-PMSLM,
some parameters that need to be optimized are selected as
the input of surrogate model, and the output parameters
are average thrust and thrust fluctuation which can measure
the thrust performance. The main structure diagram of the
method is shown in Fig.11.

The input layer of neural network is seven neurons with
structure parameters, the hidden layer is a large number of
neuron nodes, and the output layer is two neurons with motor
thrust performance. The two adjacent layers of neurons are
mapped by weight coefficient and deviation. According to
the results, the value of weight coefficient and deviation are
adjusted constantly to make the model error become very
small, so as to get the final surrogate model [18].

Due to the different magnitude and range of each input
parameter, if the input parameter is directly input into the
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hidden layer, the influence of different input parameters on
the result is different, which reduces the accuracy of neural
network. Therefore, each input parameter needs to be nor-
malized to —1 ~1, where —1 represents the minimum value
and 1 represents the maximum value within the parameter
range, to ensure that each parameter has the same weight.
A~GinFig.11 are the normalized values of 7 inputs. Average
thrust and thrust fluctuation are also different in order of
magnitude. The output Y1 and Y2 of neural network will be
between —1 ~1, and they can be anti-normalized to obtain
the actual average thrust and thrust fluctuation values. Finally,
50 sets of motor schemes are generated randomly, and the
results of the surrogate model and FEA are compared. The
average thrust error between the surrogate model and FEA
is less than 2%, as shown in Fig.12. Therefore, the surrogate
model can predict the thrust performance of DPT-PMSLM
within a reasonable error range.

B. PARETO FRONT METHOD FOR SOLVING
MULTI-OBJECTIVE PROBLEMS
In view of the wide temperature range environment, a multi-
objective optimization is carried out, and the thrust perfor-
mance at different temperatures are studied. In order to make
DPT-PMSLM have higher average thrust and lower thrust
fluctuation, it is necessary to select the optimal structural
parameters.

In this paper, a fast and simple random weighting method
is used to solve the Pareto front. Firstly, a weighted evaluation
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function is established to transform multi-objective into
single-objective. But the difference is that each goal is pre-
ceded by a random weight. Average thrust and thrust fluc-
tuation are two main objectives. The evaluation function is
established as

fevalution =K Frpust — (1 = K) - FThrust—ripple (13)

where K is a random weight. Since the high average thrust
and the low thrust fluctuation are required, the two are sub-
tracted from the evaluation function.

Firstly, several lines are constructed by (13). Then the
solution that maximizes the formula is obtained, which is
the tangent point of each line and the point set. By selecting
enough lines with different slopes, the set of tangent points
is regarded as Pareto solution set, and its connecting line is
taken as Pareto front. The approximate Pareto front can be
obtained by a sufficient number of random K values. Pareto
front is essentially a set of solutions which satisfy both high
average thrust and low thrust fluctuation. Any point on it is
the optimal solution, which can be selected according to the
needs. Fig.13 shows one Pareto front of DPT-PMSLM.

C. MULTI-OBJECTIVE OPTIMIZATION OF DPT-PMSLM
WITH WIDE ENVIRONMENT TEMPERATURE
The problem described in the previous section is a two-
objective problem. In this paper, to get the final opti-
mal solution, the influence of environment temperature on
DPT-PMSLM needs to be considered. The effect of different
temperature on motor is mainly manifested in the change
of permanent magnet performance, which affects the thrust
performance. Before multi-objective optimization consider-
ing environment temperature, design requirements and con-
straints should be determined. The wide temperature range of
motor operation is ranging from —50°C to 50°C. The thrust
performance of DPT-PMSLM at environment temperatures
of —50°C, 20°C and 50°C and with the same structural
parameters is shown in Table 2.

The Pareto front at different temperatures is also solved
by the random weighting method. There are three design
indexes: high average thrust, low thrust fluctuation and small
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TABLE 2. Thrust performance at different temperatures before

optimization.

Environment

temperature (°C) Average thrust(N) Thrust fluctuation (N)
-50 453.16 133.17
20 422.34 114.01
50 408.23 106.35
s000 0w Cox0
| -500]

Thrust fluctuation (N)
%
<

501

350 400 450 500 550 600
Average thrust (N)

FIGURE 14. Optimization process 1.

variation of thrust at different temperatures. After the other
two indexes reach reasonable values, the lower the thrust
fluctuation, the better. The optimization is divided into four
processes.

In process 1, the Pareto front of DPT-PMSLM at different
temperatures is established in Fig.14. In order to meet the
requirements of high average thrust and low thrust fluc-
tuation, the scheme selection range needs to be specified.
According to the tangents of Pareto front at 20°C and 50°C,
the high average thrust range is selected, of which the right
front is 503 N, the left front is 450 N. According to the
lower tangent point of Pareto front at —50°C, the low thrust
fluctuation range is selected, of which the lower frontis 60 N,
and the upper front is set as 120 N. These four fronts form
a box to reduce the optimization interval. In the black box,
the schemes in the upper left area of pareto front are all the
alternatives that meet the current constraints.

In process 2, in order to meet the third performance require-
ment of small variation of thrust at different temperatures, the
temperature-induced thrust changes are further constrained.
If the variation of thrust at different required temperatures Ft
is required to be less than SON, the exhaustive method is used
to search for points in the box area, and the points meeting the
requirements at different temperatures are shown in Fig.15.
Each point represents the average thrust and thrust fluctuation
of DPT-PMSLM with a set of parameters.

In process 3, it is further required that Ft is less than 30N.
All schemes that passed the screening are shown in Fig.16.
It can be seen that after strengthening the constraints, the
alternatives at —50°C are gradually concentrated in the upper
area of the Fig.16, the alternatives at 20°C are concentrated
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in the lower left area, and the alternatives at 50°C are concen-
trated on the left area.

In process 4, Ft is set to be less than 20N. All schemes
that passed the screening are shown in Fig.17. At this time,
there are few alternatives that pass the screening. The above
provides the premise that when the other two indexes reach
reasonable values, the lower the thrust fluctuation, the better.
Therefore, among the remaining schemes, the scheme with

207199



IEEE Access

Z. Hao et al.: Multi-Objective Optimization of DPT-PMSLM in Wide Temperature Range Environment

TABLE 3. Optimized parameters of DPT-PMSLM.

parameters Units Values
Inner primary yoke thickness mm 5.71
Outer primary yoke thickness mm 3.63
Air gap mm 0.82
Thickness of PM mm 15.48
Width of PM mm 15.83
Inner windings thickness mm 9.54
Outer windings thickness mm 10.00
TABLE 4. Thrust performance at different temperatures after
optimization.
Environment .
temperature (°C) Average thrust(N) Thrust fluctuation (N)
-50 466.54 107.48
20 455.86 102.16
50 443.23 96.45

the minimum average thrust fluctuation is selected as the
optimization result, as shown in Table 3.

In order to eliminate the error of surrogate model, the opti-
mal thrust performance obtained by FEA is shown in Table 4.
Compared with the initial structure, the thrust increases by
6.38% on average, the thrust fluctuation decreases by 13.42%
on average, the maximum difference of thrust decreases by
48.12%.

IV. OPTIMIZATION OF END STRUCTURE

According to the result, the average thrust of DPT-PMSLM
and the variation of thrust at different temperatures have
reached optimal and reasonable values, but the thrust fluc-
tuation still needs to be further restrained. The thrust fluctu-
ation of linear motor mainly comes from the end effect [19].
If the end effect is taken into account when establishing
the surrogate model, it will not be able to accurately reflect
the specific influence of each structural parameter on the
thrust fluctuation. Therefore, the end core optimization is not
involved in the surrogate model. On the basis of the previous
optimization results, this section optimizes end structure to
restrain the thrust fluctuation of DPT-PMSLM.

A. CHANGE THE END LENGTH TO RESTRAIN DETENT
FORCE

The end detent force can be changed by changing the end
length of primary core [20]. The structural drawing of end
core with double primary structure is shown in Fig.18.
To maintain symmetry, the changes at both ends of each
primary are the same. The extension value of one side in outer
primary end is L;, and that in inner primary end is L.
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FIGURE 20. Thrust waveforms before and after changing the end length
at 20 °C.

The length of outer and inner ends has different influence
on the overall detent force of DPT-PMSLM, so it is necessary
to choose different L; and L, for optimization. Select the ends
of different lengths and simulate them with FEA method. The
value of thrust fluctuation is shown in Fig.19.

It can be seen that, in the optimal solution, L; is 5.5mm,
L, is Smm. Finally, the average thrust is 461.60 N at 20 °C,
which is increased by 5.74 N. And the thrust fluctuation is
43.62 N, which is reduced by 58.54 N. Fig.20 shows the
thrust waveform comparison of DPT-PMSLM before and
after changing the end length.

B. AXIAL DISPLACEMENT TO RESTRAIN DETENT FORCE

According to the end detent force characteristics of linear
motor, the phase of outer and inner primary motors’ detent
can be adjusted by axial displacement [21]. By offsetting each
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FIGURE 22. Influence of axial displacement distance on thrust
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other, the end detent force can be reduced. However, this
method can not only restrain detent force, but also change
the spatial electrical angle of windings, thus affecting output
thrust. Therefore, it is necessary to adjust the phase of wind-
ings when using axial displacement structure, so as to restrain
detent force without losing much average thrust at the same
time [22]. Fig.21 is a phase sequence diagram of windings
with axial displacement structure.

The DPT-PMSLM is 4-pole and 12-slot, and the electric
angle of two adjacent slots is 60°. During axial displace-
ment, ensure that the outer windings stay still, and the inner
windings move with the primary. It can be seen that when
the moving distance of inner winding reaches 1/3 of a pole
distance, the back EMF of inner windings is 180%1/3 =
60° ahead of the outer windings. At this time, if the phase
sequence of inner windings is not changed, there will be phase
difference between the three-phase back EMF of outer and
inner windings, and the thrust of DPT-PMSLM will be lost to
a certain extent. Therefore, the phase sequence of windings is
changed to make up for the influence of axial displacement.

When adjusting the axial displacement distance, choose the
phase sequence which can minimize the thrust fluctuation.
The main source of the thrust fluctuation of the motor is the
detent force, and the other part is the fluctuation caused by the
phase sequence deviation of the axial displacement winding.
Fig.22 shows the influence of axial displacement distance on
thrust fluctuation.

It can be seen that when the axial displacement is
12.75mm, there is a minimum value, which is consistent with
the theoretically 0.5 times the pole pitch 7. At this time,
combined with the phase sequence adjustment of winding,
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according to the finite element simulation, the thrust fluctua-
tion is 13.06 N, which is reduced by 89.06 N. But the average
thrust is also reduced by 20.51 N inevitably and becomes
435.35 N now.

Comparing the above two methods, changing end length
can restrain the thrust fluctuation, improve the utilization
ratio of iron core and make the thrust rise slightly, which
is suitable for the applications with strict requirements on
output thrust. The method of axial displacement is much
better than the former in restraining the thrust fluctuation, but
it will lose a small part of thrust, which is suitable for the
applications with strict requirements on thrust fluctuation.

V. PROTOTYPE AND EXPERIMENT

In order to verify the effectiveness of work in this paper, a
DPT-PMSLM prototype is developed and an experimental
test platform is built. The detent force and the static thrust
are tested.

Each primary of the prototype adopts four poles and twelve
slots, a total of 24 slots. The method of axial displacement is
chosen to restrain detent force. The outer and inner primary
are fixed, and the secondary is placed on the guide rail by
the connection mechanism. The supporting structure at both
ends fixes outer and inner primary winding wires. The outer
primary windings lead out from the upper hole, and the inner
primary windings lead out from the hollow central axis. The
3D sectional view and the appearance of prototype are shown
in Fig.23. And the experimental platform is set up as shown
in Fig.24.

In order to measure the detent force of DPT-PMSLM, a ten-
sion pressure sensor is used in this paper, which can convert
thrust into a voltage signal. Firstly, the tension pressure sensor
with appropriate range needs to be installed between the con-
nector and the servo cylinder. In this paper, a tension pressure
sensor with a range of 50 N is adopted. By driving the servo
cylinder to drive DPT-PMSLM, the oscilloscope receives the
voltage signal of tension sensor in the process of movement.
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Finally, according to the corresponding ratio on the nameplate
of tension pressure sensor, voltage signal is converted into the
waveform of thrust. The simulation and experimental detent
force waveform vary with electrical angle as shown in Fig.25.

It can be seen that the detent force of DPT-PMSLM is
obviously restrained after optimization. The experiment value
of detent force is slightly higher than the design value. This is
due to machining inaccuracy, such as error between the actual
axial displacement distance and the design value.

To test DPT-PMSLM’s static thrust, parallel B-phase and
C-phase, and then reverse series with A-phase. A-phase wind-
ing is passed with a given positive DC current, B-phase and

207202

C-phase are passed with negative DC current, of which the
value is half of that in phase A. In this case, the effective
value of three-phase winding is equal to the given DC current
value divided by the square root of 2. Generally, static thrust
waveform is sine wave, and static thrust is the maximum
value of waveform in one period. Fig.26 shows the variation
rule of static thrust with DC current.

It can be seen that when DC current value is less than 7 A,
the static thrust test values of outer, inner and DPT-PMSLM
are basically the same as the FEA simulation values; when
DC current continues to increase, the static thrust test values
are less than the FEA simulation values. The main reason is
also the inaccuracy of axial displacement distance in machin-
ing, so a part of thrust is lost.

VI. CONCLUSION

In this paper, a DPT-PMSLM is taken as the research
object. The equivalent magnetic circuit model is estab-
lished, the law of electromagnetic and thrust characteris-
tics changing with electromagnetic parameters is analyzed.
Then a surrogate model is established by neural network
to simplify the complex mathematical derivation process of
DPT-PMSLM’s thrust characteristics. The multi-objective
optimization based on Pareto front method and the end
core optimization are adopted. After optimization, the aver-
age thrust of DPT-PMSLM at 20°C is more than 430N,
the thrust fluctuation is reduced by 88.5%, and the aver-
age thrust difference decreases to 23.31 N within the range
of —50°C ~ 50°C, which is 48.1% lower than the initial
scheme. The experimental results are close to the simulation
results, which proves the effectiveness of the optimization.
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