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Abstract: Precision vibrating sieves need a kind of power source, featuring small size,
high frequency response, and small vibration amplitude. Linear Voice Coil Motor (LVCM)
can achieve a high accelerated speed in a short stroke; it is an appropriate power source
for the precision vibrating sieves. This paper designs a tubular LVCM with a volume
no more than 6 cm3 and a stroke no less than 1.5 mm. The electromagnetic topology of
this LVCM is established to validate its feasibility; the back Electromotive Force (back
EMF) and the electromagnetic force are calculated. The end effect of this tubular LVCM is
studied in detail; the auxiliary pole and the magnetic conductive stator base are designed to
suppress its end detent force. Then, the main structure parameters are globally optimized
by the multi-objective genetic algorithm to obtain better performance. The prototype of this
tubular LVCM is manufactured and tested. The results of the experiments are compared
with those of theoretical analyses. It is indicated that this tubular LVCM can provide an
accelerated speed of 15g; g is the gravitational acceleration.

Keywords: linear voice coil motor (LVCM); high accelerated speed; end effect; electromagnetic
design

1. Introduction
Sorting systems for materials with tiny pieces need precision vibrating sieves with

small, high-frequency vibrations. Small high-frequency vibrations require that their drive
motors can provide high accelerated speeds in short strokes. In addition, these drive motors
also should be small. Therefore, it is not applicable that the linear vibrations are achieved
by the rotary motor and the movement conversion mechanism. The scheme of linear motor
directly driving is ideal [1–4].

For linear motors, their accelerated speeds depend on the ratios of the thrusts to
the mover masses. In those long stroke applications, Alternating Current (AC) linear
motors have better performance at an accelerated speed, because they can produce higher
electromagnetic thrusts [5–11]. However, for the short stroke applications, the requirements
of high accelerated speeds and high speeds require the drive motors to have a small
electrical time constant. It is clear that direct current (DC) motors have higher frequency
responses than AC motors [2,12,13]. Thus, DC linear motors have advantages over AC
linear motors in terms of the accelerated speed for the applications featuring small sizes
and short strokes. Voice Coil Motor (VCM), as a kind of DC motor, features small size, light
mover, high accelerated speed, and a quick response [14–16]. VCMs with high forces, low
force ripples, and light movers are perfect for the micromotion units [17–19]. Thus, the
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Linear Voice Coil Motor (LVCM) is preferred, considering the short stroke and the small
size of the drive motor in the precision vibrating sieves.

The LVCM exhibited in this paper is a moving coil type to reduce the volume and
the mass of its mover. Its stator is composed of three ring permanent magnets, the fillers,
the iron yoke, the auxiliary pole, and the stator base. The ring permanent magnets and
their filler are hollow circular cylinder shapes, and the magnetization direction of three
ring permanent magnets is the longitudinal direction of this LVCM, aiming at reducing the
motor size and the number of permanent magnets.

The paper is organized as follows: Section 2 studies the electromagnetic topology of the
tubular LVCM to verify its feasibility; the key structure parameters for back Electromotive
Force (back EMF) and the electromagnetic force are pointed out; Section 3 analyzes the
suppression of the end effect by the method of adding the auxiliary poles and optimizing the
stator base thickness, which is simple and effective; the optimization of its main structure
parameters is described in Section 4, aiming at high accelerated speed and small volume;
the prototype and the experimental analysis of this tubular LVCM are provided in Section 5.

2. Electromagnetic Topology of Tubular LVCM
This tubular LVCM has three ring permanent magnets and three ring DC coils, as

exhibited in Figure 1. The mover of the tubular VCM includes the three coils and the coil
supporter. The coil supporter is made of a lightweight aluminum alloy; it is a kind of
un-conducted magnetic material.

Figure 1. Structure of the tubular LVCM.

Three permanent magnets are magnetized in the longitudinal direction and set in the
motor stator. The electromagnetic structure of this stator mainly includes two parts, which
can be noted as the inner part and the outer part. The inner part of the motor stator has three
permanent magnets, two fillers, and the auxiliary pole. The outer part of the motor stator is
only an iron yoke. The stator base connects the inner part and the outer part. The auxiliary
pole on the top of the inner part and the fillers between the permanent magnets are made of a
magnetic conductive material. The magnetic field lines have access to the air gap and the coils
through the two fillers and the auxiliary pole. The outer part, which is an iron yoke, can help
the magnetic field lines close and reduce the reluctance of the main magnetic circuit. There is
no iron yoke inside the inner part; that is, the inner part is a hollow structure.

The reluctance of the magnetic circuit inside the inner part of the motor stator is larger,
and the magnetic fluxes prefer to take the paths with low reluctances; thus, the major
magnetic flux crosses through the gap between the inner part and the outer part. The motor
mover runs in the gap. The effective electromagnetic force, which is a Lorentz force, can be
generated when the major magnetic flux passes the energized coils. There is a stator base at
the bottom of the stator; it is also made of the magnetic conductive material. The designs of
the auxiliary pole and the magnetic conductive stator base can help to suppress the end
detent force of this LVCM.
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The accelerated speed of this LVCM should be higher than 150 m/s2 (which is about
15g; g is the gravitational acceleration); an average thrust of 2.4 N can meet the need if the
mover mass is lower than 16 g. As a result, the coils are designed to be very thin to reduce
the mover mass and reluctance of the main magnetic circuit. In addition, the stroke of this
LVCM is only 1.5 mm, so the volume and the mass of the motor mover are very small. That
is beneficial to the high accelerated speed.

Back EMF and the electromagnetic force are the most important electromagnetic
parameters in a novel motor; they will be calculated below.

2.1. Back Electromotive Force

This tubular LVCM is a symmetric cylinder. The radial directions (r) of the circular
faces in this cylinder are the directions of the effective magnetic flux in the gap. The axial
direction (x) of this cylinder is the running direction of the motor mover. The cross-section
of x-r is taken to calculate the back EMF, as shown in Figure 2. In Figure 2, the three coils
are noted as 1⃝, 2⃝, and 3⃝ the two fillers are noted as 4⃝ and 5⃝.

Figure 2. Cross-section of x-r in the tubular LVCM.

As Figure 2 shows, the three permanent magnets are magnetized in the longitudinal
direction(x); the magnetic flux lines straightly pass the gap (where the coils are set in)
through Filler 4⃝, Filler 5⃝, and the auxiliary pole. The stroke of this LVCM is only 1.5 mm,
so Filler 4⃝ is always pointed at Coil 1⃝, Filler 5⃝ is always pointed at Coil 2⃝, and the
auxiliary pole is always pointed at Coil 3⃝ during this tubular LVCM running. The direct
currents in Coil 1⃝ and Coil 3⃝ have the same direction; the direct current in Coil 2⃝ is
reversed. The running direction of the motor mover will change when the direct current
directions of Coil 1⃝/ 3⃝ and Coil 2⃝ are interchanged. This tubular VCM is an axially
symmetrical structure, so the analytical model (exhibited in Figure 3) only takes half of the
cross-section x-r, which is shown in Figure 2.

Figure 3. Analytical model for the tubular LVCM.

In Figure 3, hm is the radial thickness of three permanent magnets and bm is their
axial length; the two fillers and the auxiliary pole have the same radial thickness as
three permanent magnets, the axial length of two fillers is bj, the axial length of the auxiliary
pole is bja, the radius of the hollow structure inside the inner part is ri, and the axial
thickness of the stator base is hb. hc is the radial thickness of three coils, and bc is their
axial length. hz and bz are the radial thickness and the axial length of the parts of the coil
supporter between coils, respectively. δ is the radial length of the air gap between the inner
part and the outer part of the mover stator, δ1 is the radial length of the mechanical air gap
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between the motor mover and the outer part of the motor stator, and δ2 is the radial length
of the mechanical air gap between the motor mover and the inner part of the motor stator.
According to this analytical model, the distribution Bm(x, r) of the magnetic flux in the gap
of this tubular LVCM is calculated, Bmr(x, r) is its radial component, and Bma(x, r) is its
axial component.

Bmr(x, r) =
∞

∑
n=1,3,5···

nπ
bj + bm

M0n

[
e

nπ(r+2ri+2hm+2δ)
bj+bM + e

− nπ(r+2ri+2hm)
bj+bm

]
· cos

nπx
bj + bm

(1)

Bma(x, r) =
∞

∑
n=1,3,5···

nπ
bj + bm

M0n

[
e

nπ(r+2ri+2hm+2δ)
bj+bm − e

− nπ(r+2ri+2hm)
bj+bm

]
· sin

nπx
bj + bm

(2)

where n is the harmonic order and M0n =
4Br(bj+bm)

n2π2 · sin
nπbj

2(bj+bm)
· 1−e

2nπ(ri+hm)
bj+bm

2−2e

2nπ(ri+hm+δ)
bj+bm

. The

curves exhibited in Figure 4 are Bmr(x, r) and Bma(x, r) when r is taken as the value of the
middle line in the coils.

Figure 4. Distribution of the magnetic flux in the gap of this tubular LVCM.

The conductors in three coils cut the magnetic flux lines as this LVCM runs, and then
the back EMF is generated. The permeability of the permanent magnet is set as µ, Br is the
residual magnetic flux density of the permanent magnet, and lc(r) is the circumference of
the conductors in the radial positions of r (lc(r) = 2πr). Bmr(x, r) is the radial component of
Bm(x, r), so it is the one generating the back EMF E(t),

E(t) =
∫ ri+hm+δ2+hz

ri+hm+δ2+hz−hc

[∫ bc+bm−vt

Bm−vt
Bmr(x, r)lc(r)vdx −

∫ bc+2bm−vt

2bm−vt
Bmr(x, r)lc(r)vdx+

∫ bc+3bm−vt

3bm−vt
Bmr(x, r)lc(r)vdx

]
dr (3)

when, C0n = 4Brv
n · sin

nπbj

2(bj+bm)
·
(

ri + hm + δ2 + hz − hc
2

)
and C1n = e

2nπhm
bj+bm −1

1−e
2nπ(δ+hm)

bj+bm

, the

back EMF E(t) can be deduced as

E(t) =
∞

∑
n=1,3,5···

C0n·C1n·
[

e
nπ(ri+hm+δ2+hz)

bj+bm − e
nπ(ri+hm+δ2+hz−hc)

bj+bm

]
· sin

nπvt
bj + bm

(4)

where, −(bc − bj)/2 ≤ t ≤ (bc − bj)/2. The curve drawn by Formula (4) is exhibited as
the calculation result in Figure 5, and the other curve is the back EMF obtained by the
simulation when the motor mover runs 1.5 mm.

This tubular LVCM is a DC motor, thus, the back EMF is a DC motor. In the simulation,
the power supplied for the LVCM is produced by a virtual switching voltage source to be
closer to the situation of this tubular LVCM actually working. Therefore, the simulation
result obtains noticeable noise, which come from the power provided by the virtual switch-
ing voltage source. However, the curve tendency and the average value of the calculation
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result can well match the simulation result in Figure 5. The amplitude and the variation of
the back EMF can meet the requirements; the feasibility of this tubular LVCM is verified.

Figure 5. Curves of back EMF.

2.2. Electromagnetic Force

DC currents flow into the three coils during this tubular LVCM running, and the major
magnetic flux, which is excited by the permanent magnets, passes the energized coils, so
a Lorentz force (it is the electromagnetic force F of this tubular LVCM) is generated. The
magnetic flux density is different when the mover is in a different position. The position of
the motor mover is noted as xm. Thus, F(xm) can be given by

F(xm) =
∫ ri+hm+δ2+hz

ri+hm+δ2+hz−hc

I·N·lc(r)
bc·hc

[∫ xm+bc

xm
Bmr(x, r)dx −

∫ xm+2bc+bz

xm+bc+bz
Bmr(x, r)dx+

∫ xm+3bc+2bz

xm+2bc+2bz
Bmr(x, r)dx

]
dr (5)

where, I is the current passing through each conductor in the three coils and N is the number

of the conductors in each coil. When, C2n = 4INBr
nbchc

· sin
nπbj

2(bj+bm)
·
(

ri + hm + δ2 + hz − hc
2

)
,

F(xm) should be

F(xm) =
∞

∑
n=1,3,5···

C2n·C1n·
[

e
nπ(ri+hm+δ2+hz)

bj+bm − e
nπ(ri+hm+δ2+hz−hc)

bj+bm

]
· sin

nπxm

bj + bm
(6)

The curve drawn by Formula (6) and the curve of the electromagnetic force obtained
by the simulation are both shown in Figure 6 when the motor mover runs 1.5 mm.

Figure 6. Curves of electromagnetic force F—mover position xm.

The simulation result has some noise compared to the calculation result; this is for
the same reason in the analysis of back EMF. In addition, the curve achieved by analytical
calculation can well match the one achieved by the simulation; the amplitude and the
ripple of the electromagnetic force are both satisfying. In addition, it can be seen that
the parameters that have the most influence on back EMF and the electromagnetic force
are hm, bm, bj, bja, ri, δ1, δ2, hz, hc, and bc. These parameters should be optimized by the
multi-objective genetic algorithm.
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3. End Effect Suppression of Tubular LVCM
The end effect suppression can help to reduce the thrust ripple of this tubular LVCM,

and it is beneficial to improve the accelerated speed (F/m, m is the mass of the motor
mover). This tubular LVCM adopts the method of adding the auxiliary poles and the
magnetic conductive stator base to suppress its end effect, which is simple and effective.
The distribution of the magnetic flow in the analytical model (exhibited in Figure 3) is
shown in Figure 7.

Figure 7. Distribution of the magnetic flow in this tubular LVCM.

The end effects of linear motors are caused by the longitudinal breaking of their
electromagnetic structures. For the distribution of the magnetic flow in Figure 7, it can
be seen that the auxiliary poles and the magnetic conductive stator base of this tubular
LVCM can provide an easier closed path for the magnetic flow. So, the end effect of this
tubular LVCM is suppressed; the key parameters in this section are the axial length bja of
the auxiliary pole and the axial thickness hb of the stator base.

The distribution function of the longitudinal magnetic flux density under the ideal
conditions is periodic. However, the function will turn into a step one because of the elec-
tromagnetic structure breaking. A step factor f p(x) can be introduced to solve this problem.

fp(x) =


0 x< 0
1 0 ≤x≤ 3bm+2bj

0 x > 3bm+2bj

(7)

In addition, two compensation factors, f ef1(x) and f ef2(x), are added because of the
auxiliary poles and the magnetic conductive stator base.

fef1(x) =


0 x< −hb

1 − hb ≤ x≤ 0
0 x> 0

(8)

fef2(x) =


0 x < 3bm+2bj

1 3bm+2bj ≤ x≤ 3bm+2bj + bja

0 x > 3bm+2bj + bja

(9)

Then the magnetization intensity Mef (x) under the impacts of the end effect and its
suppression design can be calculated by the magnetization intensity M (x) obtained by the
initial ideal model.

Mef(x) = M(x)·
(

fp(x) + M1n fef1(x) + M2n fef2(x)
)

(10)

where, M(x) =
∞
∑

n=1,3,5···
4Br

nπµ · sin
nπbj

2(bj+bm)
· cos nπxm

bj+bm
, M1n = e

2nπhb
bj+bm −1

2e

2nπ(hb+hm+δ)
bj+bm −2

, M2n =

e
−

2nπbja
bj+bm −1

2−2e
−

2nπ(bja+hm+δ)

bj+bm

. The magnetic flux Bmef(x, r) in the gap of this tubular LVCM, under the

impacts of the end effect and its suppression design, is derived by the magnetization inten-
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sity Mef (x). The electromagnetic force F(xm) exhibited in Formula (6) is also recalculated by
Bmef(x, r) instead of Bmr(x, r). When Fave is the average value of the electromagnetic force
F(xm), the thrust ripple ratio of this tubular LVCM is its thrust ripple divided by 2 Fave. For
linear motors, the end effect can be directly reflected in the thrust ripple ratio. Figure 8
shows the changes of the thrust ripple ratio under various combinations of bja and hb.

Figure 8. Thrust ripple ratio—the axial length bja of the auxiliary pole/the axial thickness hb of the
stator base.

For the data in Figure 8, the thrust ripple ratio can be reduced by increasing the axial
thickness hb of the stator base as a whole, but the reducing effect will be insignificant
when hb is larger than 3.5 mm. The impact on the thrust ripple ratio caused by the axial
length bja of the auxiliary pole is stronger than the one caused by hb. In addition, there are
two states of the thrust ripple ratio changes caused by bja: when hb is smaller than 3.5 mm,
the thrust ripple ratio changes have two low-valley regions, which are near bja = 1.4 mm
or 2.6 mm, respectively; when hb is larger than 3.5 mm, the thrust ripple ratio changes
have one low-valley region, which is near bja = 1.8 mm. So, it can be deduced that the axial
thickness hb of the stator base influences the end effect of this tubular LVCM by acting
on the magnetic saturation, meaning it is sufficient as long as hb is larger than a certain
number (3.5 mm in this motor). The impact of bja on the end effect has a certain periodicity;
the thrust ripple ratio is well reduced when the impact of bja on the end effect matches with
the periodic distribution of the magnetic field. Considering the motor size, the mover mass,
and the thrust characteristics, the value of bja should be selected within the first low-valley
region (which is the one near hb = 1.4 mm in Figure 8).

During the calculation of the thrust ripple ratio here, it is found that the key parameters
(hb and bja) for the end effect of this tubular LVCM also act on the average value of the
electromagnetic force. In addition, the average electromagnetic force strongly relates to
the parameters (hm, bm, bj, ri, δ1, δ2, hz, hc, and bc), which is obtained in Section 2. Thus,
the multi-objective genetic algorithm will be adopted to optimize parameters that have
coupling relationships with each other.

4. Parameter Optimization of Tubular LVCM
The tubular LVCM is designed for the precision vibrating sieves; its accelerated speed

(which is the force/mass ratio) should be as high as possible, and the volume of this motor
should be as small as possible. There are many parameters of this tubular LVCM that
have influences on the motor performances, and these parameters also affect each other.
So, the main structure parameters are globally optimized by the multi-objective genetic
algorithm [20–22] to obtain better performances in this section.

The goals of this optimization are the high accelerated speed (F/m, m is the mass of the
motor mover) and the small volume (Vm) of this tubular LVCM. During the optimization,
the Latin hypercubic sampling method with constraints is adopted to obtain the initial
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samples of the proxy model for the prediction accuracy. The calculations (including back
EMF, the electromagnetic force, and the end effect) achieved in Sections 2 and 3 provide
the electromagnetic performances of the different scenarios. Basic data for the globally
multi-objective optimization are obtained by the finite element analysis.

First, the impacts of the main parameters (according to the analyses in Sections 2 and 3,
the main parameters are hm, bm, bj, ri, δ1, δ2, hz, hc, bc, hb, and bja,) on the performances
of this tubular LVCM are calculated by the finite element method and provided to the
multi-objective genetic algorithm optimization. The analytical ranges of these parameters
can be obtained, as listed in Table 1.

Table 1. Analytical ranges of the optimization variables.

Optimization Variable Structure Parameter Initial Value Analytical Range

V1 Radial thickness of three permanent magnets hm 2.50 mm 2.00~3.00 mm
V2 Axial length of three permanent magnets bm 7.00 mm 6.00~8.00 mm
V3 Axial length of two fillers bj 2.00 mm 1.50~2.50 mm
V4 Radius of the hollow structure inside the inner part ri 2.00 mm 1.50~3.00 mm

V5 Radial length of the air gap between the inner part and the
outer part of the mover stator δ1

0.50 mm 0.30~0.70 mm

V6 Radial length of the mechanical air gap between the motor
mover and the inner part of the motor stator δ2

0.50 mm 0.30~0.70 mm

V7 Radial thickness of the parts of the coil supporter between
coils hz

1.35 mm 1.20~1.50 mm

V8 Radial thickness of three coils hc 0.85 mm 0.70~1.00 mm
V9 Axial length of three coils bc 7.00 mm 6.00~8.00 mm

V10 the axial thickness of the stator base hb 3.50 mm 3.00~5.00 mm
V11 Axial length of the auxiliary pole bja 2.50 mm 1.50~3.50 mm

According to the analytical ranges of the optimization parameters given in Table 1, the
objective function for the optimization targets is proposed as follows:[

max
(

F
m

)
, min

(
Fpk−pk

)
, min(Vm)

]
(11)

where Fpk-pk is the peak-to-peak value of the electromagnetic force F, also is the thrust
ripple of this tubular LVCM. Fpk-pk is strongly related to the end effect. Q1, Q2, and Q3 are
weight coefficients of F/m, Fpk-pk, and Vm, respectively. In addition, Q1, Q2, and Q3 are set
as 0.5, 0.3, and 0.2.

For the parametric sensitivity analyses of the optimization targets (the accelerated
speed F/m, the thrust ripple Fpk-pk, and the motor volume Vm), 2n − 1 different bias
variance terms (Di, Dij . . . D1,2, . . .,n) compose the output variance (D) of the corresponding
results, so the sum of the 2n − 1 variance terms (Di, Dij . . . D1,2, . . .,n) is D. The sensitivity
coefficients (Si, Sij, . . . S1,2, . . .,n) of parameters are obtained by 2n − 1 different bias variance
terms (Di, Dij, . . . D1,2, . . .,n) dividing the output variance (D), that is,

1 =
n

∑
i=1

Si + ∑
1≤i<j≤n

Sij+ · · ·+S1,2,··· ,n (12)

Si is the first-order sensitivity, which means the influence of one individual optimiza-
tion variable on the objective function. Sij, . . . S1,2, . . .,n are the second-order sensitivity to
the nth-order sensitivity, which means the coupling influences of multiple optimization
variables on the objective function. The total sensitivity coefficient Si

T of one individ-
ual optimization variable can be obtained by the calculations of all its sensitivities with
different orders,
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ST
i = Si +

n

∑
i ̸=j

Sij+ · · ·+S1,2,··· ,n (13)

The sampling analyses of the eleven optimization variables are completed, com-
bined with the finite element calculations, and the total sensitivity coefficients of the
eleven optimization variables for the three motor performances (motor volume, average
electromagnetic force, thrust ripple ratio) are shown in Figure 9.

Figure 9. Total sensitivity coefficients—optimization variables.

After the global optimization with the multi-objective genetic algorithm, three motor
performances (motor volume, average electromagnetic force, and thrust ripple ratio) are
improved by 7.53%, 8.67%, and 10.6%, respectively.

5. Prototype and Experiment
Based on the globally optimized results, the prototype of the tubular LVCM is pro-

cessed, as exhibited in Figure 10. The volume of this prototype is 5.5 cm3 (which is only
91.67% of the original design value of 6 cm3), its stroke is 1.6 mm, which is longer than
the original design value of 1.5 mm, and the mass of the motor mover is only 16 g. So
the prototype realizes the goal of a smaller motor volume as well as the demand of the
mover stroke.

Figure 10. Prototype of this tubular LVCM.

Back EMF and the force characteristics of this prototype are tested, and the data are
compared with the theoretical analyses (including the calculation result and the simulation
result). Figure 11 shows the experiment result of back EMF.



Energies 2025, 18, 704 10 of 12

Figure 11. Back EMF of the prototype.

The average value of the experiment result of back EMF is 6.94 V; the ones of its
calculation result and simulation result are 7.26 V and 7.15 V, respectively. The error of
the experiment result to the calculation result is 4.41%, and the error of the experiment
result to the simulation result is 2.94%, both of the errors are lower than 5%, which is the
engineering allowable value. Figure 12 is the comparison of the calculation result, the
simulation result, and the experiment result for the electromagnetic force.

Figure 12. Thrust of the prototype.

The average values of the calculation result, the simulation result, and the experiment
result in Figure 12 are 2.64 N, 2.50 N, and 2.41 N, respectively. The error of the experiment
result to the simulation result on the average electromagnetic force is 3.60%, which is
acceptable. The thrust ripple ratio of the calculation result, the simulation result, and the
experiment result in Figure 12 are 3.53%, 2.87%, and 3.01%, respectively. The simulation
result of the thrust ripple ratio is obtained by the global optimization, so it is much better
than the calculation result. In addition, the experiment result of the thrust ripple ratio is
higher than the simulation one by 4.87%, due to the machining error and the inconsistency
of material properties. However, it still is lower than 5%, and the test accelerated speed is
150.63 m/s2, which can meet the demand.

Thus, the feasibility of the motor can be verified.

6. Conclusions
This paper provides the design and analysis of a tubular LVCM. The electromagnetic

topology of this LVCM is studied, including back EMF and the electromagnetic force.
The auxiliary pole and the magnetic conductive stator base are designed to suppress
the end effect. In addition, the main structure parameters are globally optimized by the
multi-objective genetic algorithm. Based on the analysis, a prototype is manufactured;
experimental data indicate the analysis results. The following are some of the inferences
from the analysis and experiment results:
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(1) The key structure parameters (hm, bm, bj, bja, ri, δ1, δ2, hz, hc, and bc) acting on
back EMF and the electromagnetic force are obtained through their derivations. These
parameters should be adopted in the global optimization.

(2) The impact on the thrust ripple ratio caused by the axial length bja of the auxiliary
pole is stronger than the one caused by hb. hb should be larger than 3.5 mm, and the impact
of bja on the end effect has a certain periodicity. bja and hb also are the key parameters for
the global optimization.

(3) The motor volume, the average electromagnetic force, and the thrust ripple ratio
are improved by 7.53%, 8.67%, and 10.6%, respectively, through the global optimization
with the multi-objective genetic algorithm.

(4) After the experiment test of this prototype, the average value of the experiment
result of back EMF is 6.94 V, the average value of the electromagnetic force is 2.41 N, the
thrust ripple ratio is 3.01%, the test accelerated speed is 150.63 m/s2, the motor volume is
5.5 cm3 (which is only 91.67% of the original design value 6 cm3), and its stroke is 1.6 mm,
which is longer than the original design value 1.5 mm. The characteristics are satisfactory
and can meet the demands.
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