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ABSTRACT This paper proposes a rotary-linear surface-mounted permanent magnet (PM) voice coil motor
(RL-SVCM) with PM flux bridges in place of the iron flux bridges in a traditional RL-SVCM for enhancing
average torque and force ripple but slight damage of torque ripple and average linear force. The iron flux
bridges in a basic RL-SVCM cannot participate in the generation of rotary torque. In contrast, the PM flux
bridges in the proposed RL-SVCM can participate in the generation of rotary torque. The magnetic equivalent
circuit (MEC) is used to analyze the magnetic circuits of the basic and proposed models. The results explain
the reasons for the performance improvements achieved by the proposed motor. The finite element method
(FEM) is used to derive the precise output performance of the basic and proposed motors. Additionally,
a prototype of the proposed RL-SVCM with PM flux bridges was manufactured for experimental verification.
Close agreement between the experimental results and FEM results validates the feasibility of the proposed

RL-SVCM.

INDEX TERMS Rotary-linear motor, two-degree-of-freedom motion, voice coil motor (VCM).

I. INTRODUCTION
Recently, the demand for compact, lightweight, and high-
performance rotary-linear (RL) motion modules [1]-[3] has
increased significantly in the manufacturing industries for
semiconductor packaging, medicine, and aviation. However,
a traditional RL motion module requires two sets of rotary
motors and a mechanical transmission. Motion accuracy and
responses are limited by mechanical transmission errors,
meaning traditional RL motion modules must be replaced
with high-precision, direct-drive, and compact RL motors.
According to the different structures of magnetic flux
circuit fields, two-degree-of-freedom (2DoF) RL motors
can be divided into two main categories. One category is
2DoF motors with crossed RL magnetic fields. Many stud-
ies have investigated this type of system, including studies
on helical-winding 2DoF motors [4], [5], salient-pole 2DoF
motors [6], [7], and double-stator 2DoF motors [8]-[10].
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In reference [11], [12], high-temperature superconducting
field windings are imbedded in the stator to achieve the
linear motion, but special working conditions are needed.
Moreover, these types of motors have the same character-
istics as highly integrated complex motors and strong cou-
pling effects. The second category is 2DoF motors with an
independent RL magnetic field. There have also been many
studies on this type of motor, including studies on multi-stator
2DoF motors [13] and voice-coil-structure 2DoF motors [14],
[15]. These types of motors have the same characteristics
as low-coupling-effect motors, but the integration level is
low, as shown in Table 1. The common disadvantages of
the existed voice-coil-structures are complex motor structure,
low torque density, and difficult speed control system.
Therefore, to develop an RL motor with low cou-
pling effects and strong integration, an RL motor with a
surface-mounted permanent magnet (SPM) and voice coil
(RL-SVCM) structure was developed in [16], as shown
in Figure 1. The RL-SVCM has a relatively simple struc-
ture, the output ripples of torque and force are small, and
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TABLE 1. Qualitative comparison of the 2DoF RL motors.
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FIGURE 1. The basic model of an RL-SVCM with iron flux bridges:
(a) machine topology, (b) stator, and (c) rotor.

the PM bridges in the proposed model can work for both
rotary and linear motion simultaneously, which significantly
improves the utilization of the PM. In contrast, in a traditional
RL-SVCM with iron flux bridges, the iron flux bridges at the
end of the rotor only participate in the generation of the linear
force and cannot participate in the generation of rotational
torque. Therefore, iron flux bridges are not fully utilized,
which means the low power density.

This paper proposes an RL-SVCM with PM flux bridges
for output performance improvement. The PM flux bridges
in the proposed model contribute to rotational torque genera-
tion, unlike the iron flux bridges in the basic model. The mag-
netic equivalent circuit (MEC) method theoretically explains
why the performance of the proposed model is improved
compared to the basic model. The finite element method
(FEM) is used to analyze the precise output performance
of the basic and proposed models. A prototype of the pro-
posed RL-SVCM with PM flux bridges was manufactured
for experimental verification. Strong agreement between the
experimental results and FEM results proves the feasibility of
the proposed RL-SVCM.

Il. MACHINE TOPOLOGY

A. BASIC MODEL OF AN RL-SVCM WITH

IRON FLUX BRIDGES

A basic RL-SVCM with iron flux bridges [16] is presented
in Figure 1(a). The stator contains two control circuits,
as shown in Figure 1(b). One is a rotary coil with five
phases [17]-[22] inserted in the stator slot. The other is a
voice coil, which is defined as a linear coil. Each coil is
labelled in Figure 1(b).

The basic model has a rotor equipped with three center
PMs. The center PMs in the basic model contribute to both
rotary torque and linear force as a magnetic flux source.
At each end of the rotor, ring-type iron flux bridges encase
the rotor. They are distinguished from the rotor body by the
dotted lines in Figure 1(c). Iron flux bridges contribute to
linear motion by guiding the flow of magnetic flux from the
rotor to the stator.
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FIGURE 2. Proposed model of an RL-SVCM with PM flux bridges:
(a) machine topology, (b) stator, and (c) rotor.

TABLE 2. Parameters of the basic and proposed RL-SVCMs.

Item Unit Value
Stator slots - 30
Magnet poles - 3
Stator axial length mm 110
Rotor axial length mm 80
Stator in/outside diameter mm 119.4/170
Linear coil in/outside diameter mm 117.4/119.4
Rotor in/outside diameter mm 96/116
Linear motion active moving length mm 30
Center PM length mm 50
PM material - Nd-Fe-B
PM flux bridge radian (each) ° 60
Rotary coil turns (each slot) n 170
Linear coil turns n 20
Air gap length mm 0.7
Rated speed RPM 1800

B. PROPOSED MODEL FOR AN RL-SVCM

WITH PM FLUX BRIDGES

We propose an RL-SVCM with PM flux bridges instead of
iron flux bridges for improved torque density.

The proposed model RL-SVCM with PM flux bridges is
illustrated in Figure 2(a). The stator of the proposed model
has same structure as that of the basic model, as shown
in Figure 2(b). The rotor not only has three center PMs, but
also has an additional three PMs acting as PM flux bridges at
each end, as shown in Figure 2(c).

These PM flux bridges take on the role of the iron flux
bridges in the basic model. The replacement of iron flux
bridges with PM flux bridges is indicated by dotted lines for
ease of visualization. These PM flux bridges have opposite
magnetization directions compared to the center PMs. The
PM flux bridges and center PMs have the same pole arc angle
and are positioned in intervals of one pole arc, as shown
in Figure 2(c).

The parameters for the basic model and proposed model
are listed in Table 2.

Ill. MEC ANALYSIS

To prove the performance improvements of the proposed
model compared to the basic model theoretically, MEC anal-
ysis was performed. MEC analysis utilizes partitioned mod-
eling for the simplification of calculation.

A. MEC ANALYSIS OF ROTARY MOTION

MEC analysis can be performed easily on two-dimensional
models of machines with symmetrical structures about the
z axis. However, the basic RL-SVCM has asymmetrical
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FIGURE 3. Basic model of an RL-SVCM: (a) separation model and
(b) equivalent model.

Rotary motion rotor

flux line dist lnhunu; k\

Rotary motion rotor
flux line (h:lnl)ulmu,\_ -

FIGURE 4. Basic model of an RL-SVCM rotary motion flux line
distribution: (a) part 1 and (b) part 2a.

structures about the z axis, as shown in Figure 3(a). Therefore,
to discriminate different structures, the basic model is first
divided into five partitions labeled with numbers of 1 to 5,
as shown in Figure 3(b).

The torque of a PM motor consists of PM torque and
reluctance torque. In Figure 3(b), there are two partitions with
labels of 1 and 5 containing the iron flux bridges. In these
partitions, there are no PMs, meaning no PM torque can be
generated. Additionally, the structure has no saliency, mean-
ing no reluctance torque can be generated.

Therefore, partitions 1 and 5, which contain the iron flux
bridges of the basic model, do not contribute to rotary torque
generation [23]. Therefore, partitions 1 and 5 of the basic
model can be ignored for rotary torque calculation.

To simplify the calculation of torque production for the
remaining partitions 2, 3, and 4, they are arranged as shown
in Figure 3(b). The sub-assemblies are labeled as part 1 and
part 2a.

The flux line distribution of part 1 in Figure 3(b) is pre-
sented in Figure 4(a). The flux line distribution of part 2a
in Figure 3(b) is presented in Figure 4(b). Because the linear
coil is embedded in the stator for part 1, the air gap differs
between parts 1 and 2. The air gap in part 1, denoted as g,
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FIGURE 5. MECs for basic model rotary motion: (a) part 1 and (b) part 2a.

includes the length of the linear coil h., making it larger than
the air gap in part 2a, denoted as g;.

MECs

for parts 1 and 2a are presented in

Figure 5(a) and 5(b), respectively. Here, Ay and A, are the
steel sheet permeance of the stator and rotor, respectively.
As is the air gap permeance in part 1, Agy is the air gap
permeance in part 2a, and A is the PM permeance.
Because the air gap in part 1 is larger than that in part 2a, 1
/ A is greater than 1/ Ago. The air gap fluxes of basic model
part 1 ¢rp1 and part 2a ¢pp, can be calculated as follows:

F.
2/As1 +2/Ao+1/Ag+ 1/A,

c

T 2/As51 +2/A0
/ / P

2/As2 +2/Ao+ 1/Ag+ 1/A,
F,

T 2/Ap+ 2/

QFpl =

ey

YFp2 =

Therefore, the average torque of the basic model can be
calculated as follows:

Bave =

3EI

2wr
= 3IRNke1(Bp1Lep1 + Bpszsz)

Prp1
= 3IRNkw1 (= P Lyt +2 LY
AFp1 AFp

=Ti+T

(T = 3IRNkw1 Prpl LFpl , T) =3IRNk wLFpZ)

Fp Fp

@

where Lpp is the z-axis length of part 1 in Figure 3(b) and
Lpy, is the z-axis length of part 2a in Figure 3(b). 71 and T
represent the torque generated by parts 1 and 2a, respectively.

The proposed RL-SVCM also has asymmetrical structures
about the z axis, as shown in Figure 6(a).

Therefore, to discriminate different structures, the pro-
posed model is also divided into five partitions and labeled
with numbers from 1 to 5, as shown in Figure 6(b). The
difference between the proposed and basic models is that the
proposed model has PM flux bridges in partitions 1 and 5.
Similar to the basic model, the divided partitions are assem-
bled as shown in Figure 6(b) to simplify the calculation of
torque production. Here, the sub-assemblies are labeled as
parts 1 and 2b.
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(a) (b)
FIGURE 6. Proposed model for an RL-SVCM: (a) separation model
and (b) equivalent model.
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FIGURE 7. Proposed model for an RL-SVCM: rotary motion flux line
distributions in (a) part 1, (b) part 2b partitions 2 and 4, and (c) part 2b
partitions 1 and 5.
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FIGURE 8. MECs for the proposed rotary motor: (a) part 1 and (b) part 2b.

The flux line distribution in part 1 from Figure 6(b)
is presented in Figure 7(a). The flux line distribution in
part 2b is presented for two different pairs of partitions in
Figures 7(b) and 7(c).

Just as in the basic model, the linear coil is embedded in
the stator, meaning the air gap differs between parts 1 and 2.
Unlike in the basic model, partitions 1 and 5 must be consid-
ered because they contribute to the rotary torque. Although
the configurations of partitions 1 and 5 differ from those
of partitions 2 and 4 based on different PM magnetization
directions and PM arrangements, they have the same resultant
flux line distribution. Therefore, they have the same air gap
flux.

MECs for parts 1 and 2b are presented in
Figures 8(a) and 8(b), respectively. Just as in the basic model,
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the air gap in part 1 is larger than that in part 2b, meaning 1/
Agy is greater than 1/ Agp.
The fluxes of the proposed model part 1 ¢pp1 and part 2b
¢pp2 can be calculated as follows:
Fe
2/A31F+ 2/Ao+ 1/As+ 1/,
c

2/1\61 + 2/AOF (3)

c

@ppl =

= 2/ A2/ Ro + /A F 174,

A~ c
2/As2+2/Ao
Therefore, the average torque of the proposed model can

be calculated as follows:
3EI

20r
= 3IRNka)1(BPp1LPp1 + BPpZLPpZ)

@prpl1 oprp2
= 3IRNko1 (3= L Lppl i P L)

= Ti+ 2T2, @)

Pave =

where Lpp is the z-axis length of part 1 in Figure 6(b) and
Lpy> is the z-axis length of part 2b in Figure 6(b). ¢rp1, ¢rpo2,
and Lgp are the same as ¢py1, $pp2, and Lp,1 in Equation (2),
respectively. Unlike part 2a in the basic model, which con-
tains two partitions, part 2b in the proposed motor contains
four partitions, as shown in Figure 6(b). Additionally, the four
partitions in part 2b are equivalent, as shown in Figure 7(b).
Therefore, the torque generated by part 2b 75’ in the proposed
model is two times of 7,, as shown in Equation (4).

When comparing Equations (2) and (4), it can be concluded
that the average torque of the proposed model is greater than
that of the basic model.

B. MEC ANALYSIS OF LINEAR MOTION

The operating principle of basic model linear motion [16] is
the same as that in a conventional voice coil motor [24]-[31],
as represented in 2D in Figure 9.

Based on Figure 9, an MEC is presented in Figure 10(a),
where A, is the permeance of the leakage flux, Ag is the
permeance of the PM, Ap1 and Ay, are the left parts of the
stator and rotor axial steel sheet permeance values, respec-
tively, Ag1 and Ay are the right parts of the stator and rotor
axial steel sheet permeance values, respectively, and Ag; and
As» are the permeance values of the linear air gaps.

To simplify the MEC in Figure 10(a), Equation (5) is
applied.

AL = Api//Ar2//As2 (5-a)
AR = ARr1//Ar2//As2 (5-b)
In this manner, Figure 10(a) can be simplified to produce

Figure 10(b). To simplify Figure 10(b), the structural perme-
ance A can be defined as follows:

A = AL + Ag, (6-a)
L_ L, (6-b)
A AL AR
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FIGURE 9. Basic model of an RL-SVCM with iron flux bridges under linear
motion.
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FIGURE 10. MECs for basic model linear motion: (a) Original MEC,
(b) simplified MEC 1, and (c) simplified MEC 2.

In this manner, Figure 10(b) can be simplified to produce
figure 10(c). Based on Figure 10(c), the magnetic flux ¢; in
the air gap can be calculated as follows:

_ FcA,
- 1 Ly

I+ (Aa + Ao)(X + A_Sl)

©s @)

Additionally, the parameters in Equation (7) can be calcu-
lated as follows:

Fc = Hchm
W ioAm
Ag= ———
0 o (8)
HoAs1
As1 = ,
3

where [ is the permeability of a vacuum, u, is the relative
magnetic permeability of the PMs, A,, is the cross-sectional
area of the magnetic flux excited by the PMs, h,, is the
magnetization length of the PM in the linear section, §; is the
length of the mechanical air gaps over the voice coil, and H¢
is the coercive force of the permanent magnet. Substituting
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Equation (8) into Equation (7) yields

_ Hepir oA 9
$5 = Ky t0Am o 1 31 ’ ( )
14+ Ay + T)(K + m)

A voice coil motor under linear motion follows the same
principles as when current flows in the coil under a center
magnetic field, meaning the coil experiences a force propor-
tional to the inflow current [14]-[19]. Therefore, the linear
force can be calculated as follows:

F; = Np.BsI L, (10)

where Bj is the magnetic flux density in the air gap of the
linear section, Ny is the number of turns in the voice coil,
I is the current in the conductors, and L, is the average
circumference of the coil. Additionally, Bs can be expressed

as follows:

(Z)

Bs = —. (11)
Am

Therefore, Equation (10) can be expressed as follows:
NpIp L

F = M (12)

Am

By substituting Equation (9) into Equation (12), the linear
force of the basic model F; can be expressed as follows:

Fy = HeporoNLIL Ly (13)
I+ (A + Mrlffr(r];Am )(% + Moil\u)

According to (13), the linear force F; will only be influ-
enced by the equivalent structure permeance / /A and the
leakage flux permeance A .

When the motor works with the linear coil and center PMs
in line, as shown Figure 9, we have

1 = L (14)
AL Agr
By combining (6-b) and (14), / /A can be expressed as
1 1 1
- 15)

AT 2AL  2A%
By ignoring the leakage flux permeance A, and substitut-
ing (15) into (13), we get the following linear force equation:
HepppoNpIL L
F = cMr LOINLIL Ly ) (16)

HrioAm o1 )
I+ T (2AL+M0A61)

The proposed model under linear motion is also based
on the operating principles of a voice coil motor, as shown
in Figure 11. Based on Figure 11, an MEC is illustrated
in Figure 12(a). Here, Ao is the permeance of the PM flux
bridges, Arr1 and Afro are the permeance values of the left
parts of the stator and rotor axial steel sheet, respectively, and
Arr1 and Afpgy are permeance values of the right parts of the
stator and rotor axial steel sheet, respectively.

To simplify the MEC in Figure 12(a), (17) is applied.

ApL = Arpr1//AFL2//As2// Aot (17-a)
Arr = Arr1//AFr2// Ns2/ /Mot (17-b)
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FIGURE 11. Proposed RL-SVCM 2D equivalent graph with PM flux bridges
under linear motion.

(b) (c)

FIGURE 12. MEC for the proposed model under linear motion:
(a) Original MEC; (b) simplified MEC 1, and (c) simplified MEC 2.

Therefore, Figure 12(a) can be simplified to produce
Figure 12(b). Additionally, to simplify Figure 12(b), the
structural permeance Ar can be defined as follows:

Ar = ApL + Apr, (18-a)
1 1 1
Ar AfL / ArR’ (18:0)
Therefore, Figure 12(b) can be simplified to produce
Figure 12(c).
Based on Figure 12(c), the magnetic flux ¢s in the air gap
of the proposed model can be calculated as follows:

2Fc A,

@s = . (19)
L+ (Ao + Ao) (7= + 25)
Substituting (8) into (20) yields
2H por phoAm
$s = Mo 0Am 1 31 ' (20)
1+( i + A“)(A_F + MOAM)

By substituting (10), (11), and (12) into (20), the linear
force Fr; of the proposed model can be calculated as follows:

Fr = 2H prpoNLIL Ly 1)
I+ (W + A”)(ALF * Moil\al)
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FIGURE 13. Back EMF of the rotary coils.
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FIGURE 14. Cogging torque.

According to (21), the linear force Fr; will only be influ-
enced by the equivalent structure permeance !/ /Afr and
leakage flux permeance A, .

When the motor works in the position where the linear coil
and center PMs are in line, we have

1 1
—_— = . (22)
ArL AFr
By combining (18-b) and (22), I /AF can be expressed as
1 1 1
(23)

Ar - 2AFL - 2AFR

By ignoring the leakage flux permeance A, and substitut-
ing (23) into (21), we get the following linear force equation:

2H prpoNLILL,
1+ Hr oA

Fr =
i 2AFL HoAs1

(24)

According to the torques in (16) and (24) for the basic
and proposed models, respectively, it can be concluded that
Fr; will be smaller than F; based on the high value of Agy
compared to Ay . Therefore, it is necessary to verify the forces
of the basic and proposed models using the FEM to determine
the exact difference. This is process is discussed in the next
section.

IV. FEM ANALYSIS OF AN RL-SVCM
A. ROTARY MOTION ANALYSIS
Figure 13 presents the back electromotive force (EMF) of the
basic and proposed models during one phase of rotary motion.
One can see that the proposed model provides improvements
compared to the basic model.

Additionally, Figure 14 presents the cogging torque values
of rotary motion. The cogging torque of the proposed model is
in the range of —0.8 to 0.8 N, whereas that of the basic model
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FIGURE 15. Rotor flux density distributions: (a) basic model and
(b) proposed model.
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FIGURE 16. Rotary torque under rotary electrical angles vs. linear motion
distances: (a) basic model and (b) proposed model.

lies in the range of —0.4 to 0.4 N. This is because the more PM
volume in the proposed model compared to that in the basic
model causes the more magnetic field energy [32], [34].

Figure 15(a) presents the rotor flux density distribution of
the basic model with iron flux bridges under no load, where
the flux density at the iron flux bridges is very small. This
indicates that the iron flux bridges of the basic model are
not involved in the generation of rotary torque. Figure 15(b)
presents the rotor flux density distribution of the proposed
model with PM flux bridges under no load. By comparing
Figures 15(a) and 15(b), one can see that the flux density in
the PM flux bridges of the proposed model is much greater
than in the iron flux bridges of the basic model. This demon-
strates that the PM flux bridge of the proposed model are
involved in the generation of rotary torque.

Figures 16(a) and 16(b) present the rotary torque distribu-
tions of the basic and proposed models under rotary electrical
angles versus linear motion distances. When the rotor is in
the position where the linear coil and center PMs are in line,
the rotary torque ripple of the basic model is 14.9% and
that of the proposed model is 15.2%. Because the cogging
torque of the proposed model is bigger than the basic model,
the torque ripple of the proposed model has increased a little.
The torque ripple increased 0.3% in the proposed model
compared to the basic model.

In the simulation of the basic model and proposed model,
the rotary coil current and the linear coil current are loaded
at the same time. The operation of the motor will be affected
by the coupling effect when the two kinds of current work
together. To determine the coupling effect by checking if
the average torque changes as the linear distance changes,
we define the concept of “torque fluctuation.” Torque fluc-
tuation is defined as the percentage difference between the
maximum average torque and minimum average torque at
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FIGURE 18. Linear force distribution under linear motion distances vs.
rotary electrical angles: (a) basic model and (b) proposed model.

different linear distances. The basic model’s torque fluctu-
ation is 1% and the proposed model’s torque fluctuation is
0.1%. Therefore, the rotary torque is virtually unaffected by
the z-axis linear distance in both models. Also, the torque is
less affected by the coupling effect in the proposed model
compared to the basic model. Figure 17 presents a torque
comparison of the two models in the position where the linear
coil and center PMs are in line. When the rotor is in this
position, the average torque of the basic model is 6.25 Nm
and the average torque of the proposed model is 10.51 Nm.
The torque of the proposed model is significantly greater than
that of the basic model.

B. LINEAR MOTION ANALYSIS

Figures 18(a) and 18(b) present the linear force distributions
of the basic and proposed models under linear motion dis-
tances versus rotary electrical angles. The force ripple of the
basic model is 5.1% and the force ripple of the proposed
model is 3.3%. This difference is caused by the influence
of leakage flux. The force of the basic model decreases
significantly at both ends compared to the proposed model.
Therefore, the force ripple in the basic model is slightly
greater than that in the proposed model.

Similar to torque fluctuation, “linear force fluctuation™ is
defined as the percentage difference between the maximum
average linear force and minimum average linear force at
different rotary electrical angles. The linear force fluctuation
of the basic model is 0.03% and that of the proposed model
is 0.01%. Therefore, the force distribution is not influenced
by the rotary electrical angle in either model. Also, the linear
force is less affected by the coupling effect in the proposed
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FIGURE 20. Linear force distributions under constant currents vs. axial
linear distances: (a) basic model and (b) proposed model.

TABLE 3. FEM analysis results for machine performance.

Basic Model Proposed Model
Torque average 6.25 Nm 10.51 Nm
Torque ripple 14.9% 15.2%
Torque density 7391 Nm/m? 12428 Nm/m®
Force average 11.99N 11.64 N
Force ripple 5.1% 3.3%
Force density 14179 N/m® 13753 N/m®

model compared to the basic model. The average force of the
basic model is 11.99 N and the average force of the proposed
model is 11.64 N. The force of proposed model is 2.9% lower
than that of the basic model, which is consistent with the
previous MEC analysis.

Figure 19 presents a linear force comparison between the
two models under no rotary motion.

Figure 20 presents the linear force distributions of the basic
and proposed models under constant currents versus axial
linear distances. In these figures, the force changes almost
linearly as the current increases. One can see that the change
in force in the axial direction is not affected by the magnitude
of the voice coil current.

Table 3 summarizes the performances of the two models.
In this table, the rotary torque of the proposed model is 68.2%
greater than that of the basic model. The torque density of
the proposed model is also increased compared to the basic
model. However, the linear force of the proposed model is
2.9% lower than that of the basic model.

V. PROTOTYPE MANUFACTURING AND EXPERIMENT

To verify the FEM analysis results, a prototype RL-SVCM
with PM flux bridges was manufactured for experimental
verification. Figure 22(a) presents the stator without the
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FIGURE 21. Manufactured prototype of the proposed model: (a) linear
coil slot of the stator, (b) Linear coil embedded in the slot, (c) stator with
linear and rotary coils, and (d) rotor with center PM and a PM flux bridge.

Telescopic
shaft Test motor

FIGURE 22. Experimental test setup.

linear coil, where one can clearly see the linear coil slot.
Figure 22(b) presents the slot filled by the linear coil.
Figure 22(c) presents the entire stator, where both the linear
coil and rotary coil are clearly visible. Figure 22(d) presents
the rotor, where one can see the center PM and a PM flux
bridge.

Our experiment method was the same as our simulation
method. The motor operated under rotary motion in the x-axis
direction. During the experiment, both rotational motion cur-
rent and linear motion current were applied.

The experimental setup is presented in Figure 22. In this
experimental test system, there are two types of controllers.
One controller controls rotary motion and the rotary torque
can be checked by the rotary toque test system. The other
voice coil controller controls linear motion. The linear force
can be checked by the tension meter. By changing the x-axis
positions, the linear force can be obtained.

A comparison of the FEM and experimental back EMF
results is presented in Figure 23 at 50 rpm, rather than
1800 rpm, based on experimental limitations. The back EMFs
of the FEM and experimental results match closely.
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FIGURE 23. Back EMF values for the proposed model in the FEM and
experimental results under no load.
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FIGURE 24. Rotary torque in the position where the linear coil and center
PMs are in line.
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FIGURE 25. Linear force under linear motion distances alone from the
FEM and experimental results.

TABLE 4. RL-SVCM with PM flux bridges: comparison of experimental
and simulation results.

Simulation Experiment
Back EMF (V) 12.16 12.048
Rotary torque average 10.51 10.48
(Nm)
Linear force average 11.64 11.43
(N)

Figure 24 presents the FEM and experimental rotary torque
values in the position where the linear coil and center PMs
are in line. The average torque values of the FEM and experi-
mental results are 10.51 Nm and 10.48 Nm, respectively. The
torque ripple of the experiment result is much lower than that
of the simulation result. It is mainly due to the inertia of the
rotating mass that has tendency to smoothen the torque [35].

Figure 25 presents the linear force values under linear
motion distances alone from the FEM and experimental
results. The average torque values of the FEM and experi-
mental results are 11.64 N and 11.43 N, respectively.
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The FEM and experimental results for the proposed
RL-SVCM with PM flux bridges are summarized in Table 4.
One can see that the experimental results are largely consis-
tent with the FEM results.

VI. CONCLUSION

This paper proposed an RL-SVCM with PM flux bridges
for output performance improvement. The PM flux bridges
can generate rotary torque, which can increase the overall
rotary torque density. The iron flux bridges in the basic model
cannot participate in rotary motion. The MEC method was
used to explore the theoretical reasons for the improvements
provided by the proposed model. The FEM was used to ana-
lyze the precise output performance of the proposed motor.
To verify the FEM results, a prototype RL-SVCM with PM
flux bridges was manufactured for experimental verifica-
tion. Close agreement between the experimental results and
the simulation results proves the feasibility of the proposed
RL-SVCM.
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