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ABSTRACT This paper analyzes and evaluates various topologies of yokeless rotary-linear (RL) machine
with permanent-magnet (PM) mover targeting for the achieving high dynamic performance. For the con-
ventional yokeless RL machines, the single-stator topology features limited slot area for armature winding
excited for both motions, and the coupled magnetic fields of both motions requires complex control strategy.
In order to mitigate these issues, a double-stator RL machine with hybrid PMs array, which adopts the
PMs with six magnetization directions, is proposed in this paper. An improved PMs array is introduced
for the double-stator topology to achieve decoupled control for both motions. In addition, an analytical
model of the radial flux density is derived to reveal the characteristics of the magnetic fields in different
topologies. The parametric studies towards key dimensions are conducted to provide design guidelines and
obtain the optimal design. Finally, the electromagnetic performances of the proposed design are compared
systematically with the conventional single-stator counterparts. It is revealed that the proposed topology can
enhance the performances in both motions, namely rotary and linear motions.

INDEX TERMS Two degree-of freedom machine, rotary-linear machine, robotic application, permanent-
magnet machine, yokeless machine.

NOMENCLATURE
Fs Airgap PM magnetomotive force (MMF)
v Linear speed
ω Rotary speed
x0 Initial linear position
θ0 Initial rotary position
τsl Axial stator pole pitch
τsθ Circumferential stator pole pitch
τml Axial mover pole pitch
τmθ Circumferential mover pole pitch
lsp Axial stator pole length
wsp Circumferential stator pole width
P0 Stator yoke permeance
P1 Stator pole permeance
pml Axial mover pole-pair number
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pmθ Circumferential mover pole-pair number
qsl Axial stator pole-pair number
qsθ Circumferential stator pole-pair number

I. INTRODUCTION
Nowadays, two degree-of-freedom (2DOF) rotary-linear
(RL) system, which can achieve rotary motion and lin-
ear motion simultaneously and individually, has been inves-
tigated and utilized for the application such as robotic
components, drilling tools [1], and injection machine [2].
The conventional RL system is presented in Fig. 1 [3].
The parallel coupled system and the series coupled sys-
tem install two electric machines to form a double-machine
system. To be specific, one electric machine is for rotary
motion and the other is for linear motion. Such system
requires additional mechanical structures, e.g., connector,
housing, and fixture, to connect the two electric machines.
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FIGURE 1. Topologies of conventional 2DOF RL system [3].

Consequently, extra space is required to accommodate actu-
ators and mechanical connections, and the efficiency of the
conventional RL system is inevitable deteriorated due to fric-
tion and sliding. Unlike the double-machine system, the inte-
grated topology utilizes only one electric machine to achieve
both rotary and linear motions. Upon the implementation of
this integrated machine concept, a more compact design can
be obtained.

Traditionally, the first RL machine was investigated in [4],
which is a decoupled-flux RL machine. In this type of RL
machine, the magnetic field of linear motion and rotary
motion are isolated. In such case, the effective flux for
each motion is decoupled by the corresponding stator. The
machine structure combines the conventional rotary and lin-
ear machine along axial [5], [6], [7], circumferential [8],
[9] or radial direction [10], [11], [12]. Thus, the perfor-
mance of two motions, namely rotary and linear motions,
can be analyzed and optimized separately in two-dimensional
(2D) model [13], [14], which is time-saving for machine
design. Additionally, the performances of the linear and
rotary motion of the decoupled-flux RL machine are sim-
ilar to the rotary and linear machine with the same struc-
ture. In order to avoid flux coupling issue, certain large
gaps between the magnetic fields of two motions should be
adopted, where the flux coupling effect has been investigated
in [15] and [16]. Thus, the machine volume is relatively
bulky, and the space utilization rate is deteriorated. Hence,
this group of RL machines is not suitable for compact design.

If the magnetic fields of two motions are coexist in the
same space, the RL machine can be referred as the coupled
flux type [4]. In this type of RL machine, the space uti-
lization is improved, and a more compact structure can be
achieved. The PMs array can be classified as surface-mounted
type [17], [18], spoke-type [19] and Halbach type [20].
In addition, some improvements towards these RL machines
have been investigated such as PM utilization enhance-
ment [21] and detent force suppression [22]. With the adop-
tion of spoke-type PMs, the linear force and rotary torque are
enhanced.

The linear acceleration and rotary acceleration are two
essential dynamic performances for the RL machines

targeting at servo applications (e.g., robotic arm) [23], [24],
which are strongly related to the force-mass ratio and
torque-inertia ratio. In other words, even though the force and
torque are enhanced by adopting the spoke-type and Halbach
PMs arrays, the linear and rotary accelerations may still be
deteriorated due to the increased mass and inertia of the
mover. Consequently, the improvement towards the dynamic
performance may not be as significant as that towards the
linear force and rotary torque. Besides, the fluxes of both
motions are coupled in the same winding, the linear force and
rotary torque (i.e., the helical motion) are declined than under
single motion and a complex decoupling control scheme is
required [25]. Meanwhile, a complex decoupling strategy is
required in control side to achieve 2DOF control.

To solve the aforementioned problems, a new 2DOF RL
machine with double-stator hybrid PMs array structure is
proposed in this paper. Different from the traditional double-
stator topologies in decoupled-fluxRLmachine, themagnetic
fields of two motions are coupled in the mover side. Hence,
the yokeless mover can be utilized to enhance the acceler-
ations of the proposed machine. Meanwhile, the magnetic
fields of twomotions are decoupled by the mechanical salient
stators. Thus, the linear and rotary motions can be controlled
individually by the winding in each stator. In this paper,
the magnetic fields of the proposed double-stator topology
are theoretically modelled and analyzed. In addition, the
parametric analysis of the proposed machine is conducted
to provide the design guidelines for the RL machines with
PMs mover structure. Finally, the electromagnetic perfor-
mances of the RL machines with PM mover are compared
systematically.

II. TOPOGOLIES OF RL MACHINES WITH PM MOVER
In this section, the topologies of various RL machines with
PM movers are presented, and their corresponding airgap
magnetic fields are analyzed. Since the PMs array in the pro-
posed machine (i.e., with double-stator structure) is different
from the single-stator counterpart, the design procedure and
considerations will be investigated in detail. In this paper, the
combination of pole pair numbers of PMs array and stator in
axial and circumferential are chose as 5-pole-pair to 6-slot
and 10-pole-pair to 12-slot respectively.

A. SINGLE-STATOR TOPOLOGIES
In Fig. 2, the topologies and PMs arrays of surface-mounted
PM RL machine (termed as surface-mounted type), spoke-
type PM RL machine (termed as spoke-type), and the
Halbach PMs RL machine (termed as Halbach-type) are
included for comparison. The spoke-type PMs bricks are
presented in the squares with arrows, which are the mag-
netization directions. The radially magnetized PMs are the
squares with crosses and dots. In the spoke-type, the black
square means the iron brick. It should be mentioned that in
the surface-mounted type, the back iron is replaced by the
3D printed fixture (i.e., presented in golden region). This
structure can be used to reduce the mass and inertia of the
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FIGURE 2. Topologies of conventional single-stator RL machines.
(a) Surfaced-mounted PMs (i.e., surface-mounted type). (b) Spoke-type
PMs (i.e., spoke type). (c) Halbach PMs array (i.e., Halbach type).

mover, hence providing higher accelerations [26]. The radial
flux density in the airgap magnetic field by one unit of PMs
array in the single-stator topologies is presented in Fig.3.
It can be seen the magnetic field is alternating in both axial
and circumferential directions.

B. DOUBLE-STATOR TOPOLOGIES
In the single-stator topologies, each coil is wound through
two adjacent slots, which are in axial and circumferential
directions. Thus, the current applied in each coil is lim-
ited by the smaller slot, and hence restricting the electro-
magnetic performances. In the proposed double-stator RL
machine, two stators are mechanically salient along either
axial or circumferential direction. It means the current of
each motion is determined by the slot area in the corre-
sponding stator. Consequently, the winding utilization rate is
enhanced.

Another feature of the proposed machine is that the mag-
netic field in each airgap should be salient in only one direc-
tion. Taking the linear stator as an example, the stator pole
is consistent along the circumferential direction. In such
case, the integration of the airgap flux density varying along
the circumferential direction is zero, which means the flux

FIGURE 3. PM radial flux density in the single-stator topology.

FIGURE 4. Formation of the double-stator PMs array.

FIGURE 5. Topologies of the proposed machine. (a) Assembled structure.
(b) PM Mover.

generated by this magnetic field is not coupled by the
toroidal coil. A similar situation can be inferred in the rotary
stator.

Fig. 4 presents the required magnetic fields and the PMs
array. Themeaning of each square is the same as that in Fig. 2.
The PMs array is superimposed when the magnetic fields of
the linear motion and rotary motion are arranged in the outer
and inner, respectively.

For the PMs brick, the magnetization direction is con-
sistent in both inner and outer airgaps. When the top right
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FIGURE 6. Radial flux density components in two airgaps. (a) Outer
airgap. (b) Inner airgap.

region and bottom left region are considered, the radial flux
density directions in two airgaps are the same. Thus, the
radially magnetized PMs with opposite polarizations can
be adopted in these two places. On the contrary, when an
iron brick is adjacent with four spoke-type PMs, the mag-
netic polarizations in two airgaps are opposite. Hence, the
requirement of top left and bottom right regions can be
implemented. By selecting the magnetization direction of the
spoke-type PMs, the polarization of the iron brick can be
controlled.

Consequently, the PMs array for the double-stator topology
can be formed and the structure of the proposed machine is
presented in Fig. 5. The radial flux density of the designed
PMs array in the outer and inner airgaps are illustrated and
verified in Fig. 6.

The outer stator, which is similar to the stator of the tubular
linear machine. The toroidal winding is selected to be applied
as the outer winding. For limiting the length of the end wind-
ing, the concentrated winding is applied to the inner stator.
Since the rotary motion exhibits higher electric frequency
than the linear motion, the number of turns in of the inner
winding is set lower than that in the outer winding, which
equalizes the amplitudes of back-EMFs of two motions in
each coil.

C. MAGNETIC FIELD ANALYSIS
In this section, the magnetic fields of the single-stator topol-
ogy and the double-stator topology are modelled. The cou-
pling effect of the radial flux density under two motions is
analyzed for each topology.

FIGURE 7. Stator airgap permeance in the single-stator topologies.

According to Fig. 3, the airgap magnetomotive force
(MMF) generated by the PMs array in the single-stator
topologies can be regarded as the square wave, varying with
the axial position x and circumferential position θ . The
Fourier series of such pattern can be expressed as:

FPM ,s (x, θ, t)

=

∞∑
nml ,nmθ=1


Dml,mθ,s sin

[
nmlπ (x − vt − x0)

τml

]
sin
[
nmθπ (θ − ωt − θ0)

τmθ

]
Dml,mθ,s

=


16Fs

nmlnmθπ2 sin
(nmlπ

2

)
sin
(nmθπ

2

)
sin
(
nmlπ lr
2τml

)
sin
(
nmθπwr
2τmθ

)
(1)

The airgap permeance of the stator can be derived from a
similar pattern in Fig. 7 with its Fourier series as:

Ps,s(x, θ) = P00,s +
∞∑

msl=1

Psl,0,s cos
(
2mslπx
τsl

)
+

∞∑
msθ=1

Psθ,0,s cos
(
2msθπθ
τsθ

)
+

∞∑
msl ,msθ=1

Psl,sθ,s cos
(
2mslπx
τsl

)
cos

(
2msθπθ
τsθ

)
(2)

the Fourier coefficients are:

P00,s = P0 + (P1 − P0)
lspwsp
τslτsθ

Psl,0,s =
2 (P1 − P0)wsp

mslπτsθ
sin
(
mslπ lsp
τsl

)
Psθ,0,s =

2 (P1 − P0) lsp
msθπτsl

sin
(
msθπwsp
τsθ

)
Psl,sθ,s =

4 (P1 − P0)
mslmsθπ2 sin

(
mslπ lsp
τsl

)
sin
(
msθπwsp
τsθ

)
(3)
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pml , pmθ , qsl and qsθ can be applied for analyzing the
pole-pair numbers of the airgap magnetic field, which are:

τml =
le

2pml
τmθ =

π

pmθ

τsl =
le
qsl

τsθ =
2π
qsθ

(4)

where le is the effective length in axial direction.
The radial flux density of the single-stator topologies can

be obtained by FPM ,s(x, θ, t) and Ps,s(x, θ), as:

Bs (x, θ, t)

=

∞∑
nml ,nmθ=1


Dml,mθ,sP00,s sin

×

[
nmlpml2π (x − vt − x0)

le

]
sin [nmθpmθπ (θ − ωt − θ0)]

+

∞∑
nml ,nmθ=1
msl=1


Dml,mθ,sPsl,0,s

2
(sinαsl1 + sinαsl2)

sin [nmθpmθπ (θ − ωt − θ0)]


+

∞∑
nml ,nmθ=1
msθ=1


Dml,mθ,sPsθ,0,s

2
(sinαsθ1 + sinαsθ2)

sin
[
nmlpml2π(x−vt−x0)

le

]


+

∞∑
nml ,nmθ=1
msl ,msθ=1


Dml,mθ,sPsl,sθ,s

4
(sinαsl1 + sinαsl2)

(sinαsθ1 + sinαsθ2)


(5)

αsl1=(nmlpml+mslqsl)
[
2πx
le
−
nmlpml2π (vt+x0)
(nmlpml+mslqsl) le

]
αsl2=(nmlpml−mslqsl)

[
2πx
le
−
nmlpml2π (vt+x0)
(nmlpml−mslqsl) le

]
αsθ1=(nmθpmθ+msθqsθ )

[
θ−

mpθpmθ (ωt+θ0)
nmθpmθ+msθqsθ

]
αsθ2=(nmθpmθ−msθqsθ )

[
θ−

mpθpmθ (ωt+θ0)
nmθpmθ−msθqsθ

]
(6)

The open-circuit radial flux density in the single-stator
topologies consists of nine components. For each component,
it is varying in both axial and circumferential directions. The
pole-pair numbers in both directions of each component can
be derived and listed in Table 1.

The initial pole-pair numbers of radial flux density in two
motions are nmlpml and nmθpmθ . Due to the adoption of salient
stator, the pole-pair numbers change to |nmlpml ± mslqsl | and
|nmθpmθ ± msθqsθ |. Besides, the modulated component of
one motion is coupling with the initial and modulated compo-
nents of the other motion. In Fig. 8, the spatial components
of the radial flux density in single-stator topology are pre-
sented, which are derived from the optimal designs after the
parametric study in Section III. It can be seen that the radial
flux densities in both axial and circumferential direction are
modulated.

Since the flux modulated effect is verified, the pole-pair
numbers of the PMs array and the stator can be arranged

TABLE 1. Characteristics of airgap radial flux density in the single-stator
topologies.

FIGURE 8. Spatial components of radial flux density in single-stator
topologies (a) Along axial direction. (b) Along circumferential direction.

according to the flux modulation theory [27], [28] to obtain a
large gear ratio. Based on these design concepts, the linear
force and rotary torque of the RL machine can be further
improved [29].

Another characteristic of the single-stator RL machine is
that the open-circuit radial flux density in each position is
varying along both axial and circumferential directions at the
same time. For example, the amplitude of coil flux linkage
under linear motion is varying with the position of the coil
along circumferential direction. Likewise, the amplitude of
coil flux linkage under rotary motion is defined by its axial
position. The coil back-EMF can be expressed as:

Ec,s = Em,s cos
[
2π (pmlvt + x0)

le
+ γl

]
× cos (pmθωt + ϕ0 + γθ ) (7)

where γl and γϑ are denoted as the electric angle of the
initial position of the coil in linear motion and rotary motion,
respectively.
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In the double-stator topology, as shown in Fig. 6, the MMF
patterns generated by the PMs array are different in two
airgaps. The stators in the double-stator topology aremechan-
ically salient in only one direction. Thus, the MMF and per-
meance models are different in the double-stator topology.
The Fourier series of the airgap MMF pattern model in the
outer airgap are presented as:



FPM ,do(x, θ, t) =
∞∑

nml=1

Bml,0,do sin

×

[
nmlπ (x − vt − x0)

τml

]

+

∞∑
nml ,mmθ=1


Cml,mθ,do sin

[
nmlπ (x − vt − x0)

τml

]
cos

[
mmθπ (θ − ωt − θ0)

τmθ

]


Bml,0,do =
4Fwr
nmlπ

sin
(nmlπ

2

)
sin
(
nmlπ lr
2τml

)

Cml,mθ,do =


16F

nmlmmθπ2 sin
(nmlπ

2

)
cos

(mmθπ
2

)
sin
(
nmlπ lr
2τml

)
sin
(
mmθπwr
2τmθ

)

(8)

The outer stator permeance model can be expressed
as:

Ps,do(x) = P00,do +
∞∑

msl=1

Psl,0,do cos
(
2mslπx
τsl

)
P00,do = P0 + (P1 − P0)

lsp
τsl

Psl,0,do =
2 (P1 − P0)

mslπ
sin
(
mslπ lsp
τsl

) (9)

Likewise, the Fourier series of the airgapMMF pattern and
the permeance models in the inner airgap can be expressed
as:

FPM ,di(x, θ, t) =
∞∑

nmθ=1

D0,mθ,di sin

×

[
nmθπ (θ − ωt − θ0)

τmθ

]

+

∞∑
mml ,nmθ=1


Cml,mθ,di cos

[
mmlπ (x − vt − x0)

τml

]
sin
[
nmθπ (θ − ωt − θ0)

τmθ

]


D0,mθ,di =
4Flr
nmθπ

sin
(nmθπ

2

)
sin
(
nmθπwr
2τmθ

)

Cml,mθ,di =


16F

mmlnmθπ2 cos
(mmlπ

2

)
sin
(nmθπ

2

)
sin
(
mmlπ lr
2τml

)
sin
(
nmθπwr
2τmθ

)

(10)

The inner stator permeance model can be expressed as:

Ps,di(θ ) = P00,di +
∞∑

msθ=1

P0,sθ,di cos
(
2msθπθ
τsθ

)
P00,di = P0 + (P1 − P0)

wsp
τsθ

P0,sθ,di =
2 (P1 − P0)

msθπ
sin
(
msθπwsp
τsθ

)
(11)

Similar to the single-stator topology, the radial flux density
component of the double-stator topology in outer airgap can
be derived by multiplying FPM ,do(x, θ, t) and Ps,do(x), which
can be expressed as:

Bdo (θ, x, t)

=

∞∑
nml=1

B0,ml,doP00,do

× sin
[
2nmlpmlπ (x − vt − x0)

le

]

+

∞∑
nml ,mmθ=1


Cml,mθ,doP00,do sin

×

[
2nmlpmlπ (x − vt − x0)

le

]
cos [mmθpmθ (θ − ωt − θ0)]


+

∞∑
nml=1
msl=1

B0,ml,doPsl,0,do
2

(sinαsl1 + sinαsl2)

+

∞∑
nml ,mmθ=1
msl=1

{ Cml,mθ,doPsl,0,do
2

(sinαsl1 + sinαsl2)

cos [mmθpmθ (θ − ωt − θ0)]

}

(12)

Likewise, the radial flux density in inner airgap is:

Bdi (θ, x, t)

=

∞∑
nmθ=1

D0,mθ,diP00,di sin [nmθpmθ (θ − ωt − θ0)]

+

∞∑
mml ,nmθ=1


Bml,mθ,diP00,di cos

×

[
2mmlpmlπ (x − vt − x0)

le

]
sin [nmθpmθ (θ − ωt − θ0)]


+

∞∑
nmθ=1
msθ=1

D0,mθ,diP0,sθ,di
2

(sinαsθ1 + sinαsθ2)

+

∞∑
mml ,nmθ=1
msθ=1


Bml,mθ,diP0,sθ,di

2
(sinαsθ1 + sinαsθ2)

cos
[
2mmlpmlπ (x − vt − x0)

le

]

(13)

In FPM ,do and FPM ,di, the components varying among both
x and θ , are magnetically salient along the same direction.
These components can be modulated and coupled by the cor-
responding winding as analyzed in Section B.
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TABLE 2. Key parameters in RL machine with mover PMs structure.

For the permeance models in two airgaps, they can be
obtained from the permeance pattern in conventional rotary
and linear machine, which are in 2D forms. Besides, the per-
meance model Ps,do and Ps,di can be derived from (2) and (3)
by assuming wsp = 2τsθ and lsp = 2τsl . It should be noted
that the permeance model in the double-stator topology is a
special form of that in the single-stator topologies. In this spe-
cial form, the coefficient of the component which is varying
in only either x or θ is increased. Meanwhile, the coefficients
of the other components are declined to zero.

In Bdo and Bdi, the spatial harmonics varying along both
x and θ still exist. However, since both stators show single-
direction saliency, the working flux coupled by the winding
in each stator is varying along with the corresponding stator.
In addition, since the amplitude of the coupled components
and the stator poles is enlarged in the double-stator topology,
the amplitude of the effective flux is higher than that in the
single-stator topologies.

III. INFLUENCE OF DESIGN PARAMETERS
In this section, the effect of the dimensions of the central brick
(i.e., the region of the iron brick or radial PMs) and the stator
pole arc/length ratio towards linear force and rotary torque are
presented and analyzed. These parameters are essential for
determining the coefficients in the radial flux density models
and the output performances, as presented in the last section.
The fixed parameters and the variation ranges of the targeted
parameters are listed in Table 2 and illustrated in Fig. 9. The
axial stator pole ratio γl and circumferential stator pole ratio
γw are defined as:

rl =
lsp
lr

(14)

rw =
wsp
wr

(15)

In each study, only two parameters are changed, and the
other parameters are kept constant. The mover thickness
significantly affects not only the linear force and rotary
torque, but also the accelerations of both motions. Hence, the
study towards mover thickness is presented in the following
section.

FIGURE 9. Key parameters for RL machines with PMs mover structure.

A. DIMENSIONS OF THE CENTRAL BRICK
With larger lr and wr , the space utilization of mover is higher
because the area of the air region is shrunk. However, it leads
to thin spoke-type PMs, which might deteriorate performance
on linear force and rotary torque. Since the mass and inertia
are increased, the accelerations in both motions are compro-
mised. On the contrary, if the lr andwr are smaller, the thicker
spoke-type PMs can be obtained which might be beneficial
for enhancing the performance of the RLmachines. However,
it results with increased leakage flux so as the shrunk of the
permeance of the mover side. Hence, these two parameters
should be investigated in detail.

Because the optimal designs of all four topologies might be
in large difference, the optimal regions of lr and wr are deter-
mined for each topology within the fixed parameter range at
first stage. Afterwards, the performances towards the average
force and average torque for each topology in its optimal
region are obtained, as presented in Fig. 10 and Fig. 11,
respectively. With the consideration of the force ripple and
torque ripple, the optimal lr and wr can be obtained.

Without the adoption of spoke-type PMs, the optimal
ranges of lr and wr in the surface-mounted type is larger than
that in the other topologies. Meanwhile, both the linear force
and rotary torque in the surface-mounted type are the smallest
among all structures. The main reason is that the permeance
of the mover side is small. As shown in Fig. 12, the flux is
flowing in PMs and air that exhibits smaller permeability than
ironmaterial. On the other hand, due to the yokeless structure,
the flux needs to flow in the inner air region, which enhances
the length of the flux path. Thus, the effective flux in surface-
mounted type is much smaller than other topologies.

In spoke type, the spoke-type PMs are adopted, with the
radially magnetized PMs replaced by the iron poles. Com-
paredwith surface-mounted type, the permeance of themover
in spoke type is increased since the permeability of the iron
material is larger than that of the air and PMs. Consequently,
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FIGURE 10. Linear force variation with lr and wr in (a) Surface-mounted
type. (b) Spoke type. (c) Halbach type. (d) Proposed design.

the linear force and rotary torque are enhanced, and the PMs
utilization rate is increased. The optimal ranges of lr andwr in
spoke type is smaller than that in surface-mounted type since
the circumferentially and axially magnetized PMs need to be
thicker.

FIGURE 11. Rotary torque variation with lr and wr in (a) Surface-mounted
type. (b) Spoke type. (c) Halbach type. (d) Proposed design.

In Halbach type, the iron poles sandwiched by the spoke-
type PMs are replaced by radial magnetized PMs. Thus,
a Halbach PMs array is formed that strengthens the magnetic
field in the airgap. Different from the surface-mounted type,
when the flux path in the mover side is considered, the flux
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FIGURE 12. Airgap axial flux path in (a) Proposed design.
(b) Surface-mounted type. (c) Spoke type. (d) Halbach type.

flows from the north pole to the south pole inside of PM
bricks rather than through the air region beneath the mover.
In such case, the length of the flux path is reduced, and hence
the permeance of the flux path is increased. Compared with
spoke type, the optimal ranges of lr and wr are the same,
which means the force and torque performances are highly
contributed by the spoke-type PMs. However, despite the fact
that the MMF is enhanced by adopting radially magnetized
PMs, the permeability of the PMs is much smaller than that
in the iron poles. Consequently, the linear force and rotary
torque are less than those in spoke type but still larger than
that in surface-mounted type.

In the proposed design, when lr is decreased while wr
is increased, a larger value of linear force can be obtained.
On the contrary, the rotary torque is enhanced with larger lr
and smallerwr . For the linearmotion, the smaller lr means the
thicker axially magnetized spoke-type PMs. As analyzed in
previous section, the spoke-type PMs contains higher impact
on the average force than that of the surface-mounted PMs.
Hence, it significantly changes the optimal region of lr and
wr . Meanwhile, with larger wr , the thickness of the circum-
ferentially magnetized PMs is reduced. Thus, the effective
circumferential length of the linear unit, which is similar to
the stack length in the linear machine, is increased. Con-
sequently, if small lr and large wr are set, the linear force
would be increased. Likewise, the effect of the variation of lr
and wr towards rotary torque can be explained by the similar
reason.

The fitness function is utilized to transfer multiple-
objective optimization into single-objective optimization by
assigning weight value to each objective. Generally, the func-
tion can be expressed as:

ci =
m∑
j=1

wj
xj,i
xj,max

+

n∑
k=1

wk
xk,min

xk,i
(16)

where ci is the fitness value of design i. xj,max and xk,min
represent the maximum and minimum value of the objective j
and k among all designs. xj,i and xk,i are the value of objective

j and k in design i, respectively. Particularly,wj andwk are the
weighting coefficient of objective j and k , which satisfy:

m∑
j=1

wj +
n∑

k=1

wk = 1 (17)

It should be noted that some objectives should be max-
imized (e.g., linear force and rotary torque) while others
should be minimized (e.g., force ripple and torque ripple).
Hence, the objectives are divided into two groups, and the
numbers of objectives in two groups are denoted as m and n,
respectively.

In the fitness function, the objectives are calculated in per-
unit value, which balances the contribution of each objective
towards the fitness value of one design. Finally, the fitness
values in the optimal regions of all topologies are calculated
and presented in Fig. 13. Consequently, the optimal lr and wr
can be obtained for further analysis.

B. STATOR POLE LENGTH / ARC
In the double-stator topology, the outer stator pole length and
inner stator pole arc independently affect the electric load-
ing of two motions. However, for the single-stator topolo-
gies, the electric loadings of two motions are affected by
these two parameters simultaneously. For example, if the slot
along the circumferential direction is kept smaller than that
along the axial direction, the current is fixed when adjust-
ing the axial stator pole ratio since the current is defined
by the smaller slot under constant current density. In such
case, the slot area in two directions, as affected the sta-
tor pole length and stator pole arc, should be optimized
synchronously.

Apart from balancing the electric loading and the magnetic
loading, rl and rw also defines the effective length of the
structure for single motion. For example, with larger rl , the
length of the stator pole is larger. It means the effective ‘‘stack
length’’ for rotary motion is enlarged. If the axial slot is still
larger than the circumferential slot, the current is determined
by the circumferential slot, i.e., so it is constant under this
situation. As a result, a higher rotary torque can be obtained.
However, if rl is too large, the axial slot will be smaller than
the circumferential slot. Hence, the current is determined by
the axial slot area, which is decreased with larger rl . As a
result, the rotary torque is decreased. The characteristic of
linear force and rw can be analyzed similarly.
The results of the parametric study towards the dimensions

in single-stator topologies are presented in Fig. 14. It can
be seen the spoke type exhibits the highest level in both
linear force and rotary torque, following by Halbach type,
i.e., both of them are higher than the surface- mounted type.
For all three single-stator topologies, the maximum values of
linear force and rotary torque are obtained when rl and rw
below than 1. Furthermore, the optimal values of rl and rw in
each topology balance the slot areas in two directions, which
means the current calculated by two slot areas are close to
each other.
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FIGURE 13. Fitness value of the parametric study towards lr and wr in
(a) Surface-mounted type. (b) Spoke type. (c) Halbach type. (d) Proposed
design.

In the double-stator topology, since the windings and mag-
netic fields of two motions are decoupled, the linear and
rotary performances are greatly depending on rl and rw,
respectively. However, the dimensions of two types of stator
poles together affect the permeance P1 in (7) and (9). This is

FIGURE 14. Linear and rotary performances varying with rl and rw of the
single-stator topologies. (a) Linear force (b) Rotary torque.

because the flux of each motion flows through the mover and
both stators. As shown in Fig. 12(a), the flux of linear motion
starts from themover PMs array and travels through the linear
stator and flows back to themover side. Next, instead of going
through inside of the mover, the flux flows through the rotary
stator and gets back to its starting point. Since the rotary stator
is slotless along the axial direction, it works as a back-iron and
contains no modulation effect on linear flux. However, the
inner stator pole ratio rw affects the permeance of flux path
in the rotary stator. Consequently, it contains the influence
towards the linear flux. Likewise, the linear stator pole ratio rl
affect the rotary flux in the same manner.

The results of linear and rotary performances varying with
rl and rw in the double-stator topology are illustrated in
Fig. 15. With smaller rl , a higher linear force can be obtained.
Meanwhile, a higher torque can be achieved with smaller rw.
The obtained result is similar to that in the single-stator topol-
ogy. Besides, the linear force and rotary torque are fluctuating
with both rw and rl respectively, and hence verifying the
suggested concepts above.

From Fig. 15 (c) and (d), the local minimum values of
force ripple and torque ripple can be achieved, and the optimal
values for rl and rw are obtained. It can be seen the force ripple
and torque ripple are very large. One of the reasons is that
the hybrid PMs array brings additional mechanical pole-slot
structure. Different from the 2Dmagnetic field Fourier series,
(6) and (8) exhibit some components varying with both x and
θ , which increase the detent force and cogging torque of the
proposed machine.
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FIGURE 15. Linear and rotary performances varying with rl and rw of the
double-stator topology. (a) Linear force (b) Rotary torque (c) Force ripple
(d) Torque ripple.

IV. COMPARISON OF THE OPTIMAL DESIGNS
After the magnetic field analysis and parametric study, the
optimized design for each topology can be obtained for fur-
ther comparison. As mentioned above, the accelerations of

both motions are essential indexes for evaluating the RL
machine applied in robotic application. For fair comparison,
the linear stroke, named as the linear motion range, and the
radius of the centerline of the mover are fixed.

It should be noted the thickness of the mover signifi-
cantly affect the linear force, rotary torque, the mass and
inertia of the mover. Consequently, the accelerations are
largely depending on the mover thickness. For the single-
stator topologies, with thicker mover, higher MMF is gener-
ated by the PMs and the larger radius of the airgap is obtained
since the central radius of the mover is fixed. As a result, the
magnetic loading is enlarged. However, the electric loading
is sacrificed because the slot area is reduced. In the double-
stator topology, since the linear part is set outside, the impact
of the mover thickness to linear motion is similar to that in the
single-stator topologies. However, for the rotary part, the slot
area and, the radius of the inner airgap are both decreased.

In Fig. 16, the results of linear force, linear accelerations,
rotary torque, and rotary accelerations varyingwith themover
thickness are presented. For the linear performance, while the
linear force increases along with the thicker mover, the linear
acceleration is decreased. Among the single stator topologies,
for every mover thickness, spoke type exhibits the highest
force and acceleration. Also, Halbach type is better than
Type1 in these two indexes. In addition, the proposedmachine
exhibits much higher value in both linear force and linear
acceleration than the other three single-stator topologies.

As for rotary performance, the double-stator topology
exhibits smaller rotary torque and rotary accelerations when
the mover thickness getting large. One of the reasons is that
the heat dissipation condition of the inner stator is worse than
that of the outer stator. Hence, the current density applied in
the inner winding is considered to be lower than that in outer
winding. The phase MMF generated by winding in the inner
stator (474A) is less than that in the outer stator (885A). How-
ever, in the single stator topologies, the coil MMF is fixed
in two motions due to the shared winding. In general, it can
be seen that with thicker mover, a higher force and torque
can be obtained while the accelerations of both motions are
deteriorated. In such case, the mover thickness should be
selected based on application requirement.

The performance summary of all topologies is listed in
Table 3. The outer radiuses of all topologies are fixed
while the effective axial length in the double-stator topology
is longer than that in the single-stator topologies. This is
because the outer stator adopts auxiliary pole for mitigating
the end effect in linear motion. Thus, the effective length in
the double-stator topology is one stator pole length longer
than that in the single-stator topologies.

Among the single-stator topologies, spoke type exhibits
the highest linear force and force density. However, since it
adopts thicker mover than Halbach type, the linear acceler-
ation is weakened. Even in the surface-mounted type, while
the linear force is 31% less than spoke type, the linear accel-
eration is nearly the same. this is because that the mass of
the mover in surface-mounted type is 32% less than that in
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FIGURE 16. Performances comparison of all machines varying with the
mover thickness (a) Linear force. (b) Rotary torque. (c) Linear
acceleration. (d) Rotary acceleration.

spoke type due to the 3D printed frame. To take high force
density and linear acceleration into consideration, spoke type
and Halbach type are the improved topology compared with
surface-mounted type. However, when considering the rotary
performance, spoke type exhibits 127% and 51% higher
torque than the other two single-stator topologies. In such
case, even with the highest mass and inertia, the rotary accel-
eration in spoke type is only 8% less than that inHalbach type.
Moreover, the power factors in spoke type are the highest
among the single-stator topologies under both linear motion
and rotary motion. The main reason behind this enhancement
may come from the most effective flux modulation effect,
as presented in Fig. 8.

Due to the thickest mover, the mass and inertia of the
proposed machine exhibit the largest values among all

TABLE 3. Performances of all topologies.

topologies. Even with the largest mass and inertia, the pro-
posed machine still produces the largest linear force and
linear acceleration within the pool, i.e., 245% and 148%
higher than the largest values in the single-stator topologies.
Meanwhile, it can be seen that the proposed machine exhibits
the smallest copper loss, which results the linear heat effi-
ciency of the proposed concept is 327% higher than that of
single-stator topology.

For the rotary performance, the proposed machine can
provide 34% higher rotary torque and 4.4% higher rotary
acceleration than the single-stator topologies. Since the phase
MMF in the inner winding is lower than that of the outer
winding, the copper loss of the inner winding is much lower
than that of single-stator topologies. Consequently, the rotary
heat efficiency of the proposed machine is 598% higher than
single-stator topologies. In conclusion, the proposed machine
can largely enhance the performances in both motions.

V. MECHANICS OF THE PROPOSED CONCEPT
Since the proposed machine consists of dual-sided stator and
the yokeless mover, proper mechanical structure design needs
to be taken into consideration. One potential form for the
mechanical assembling for the proposed machine is illus-
trated as Fig. 17. Besides the main electromagnetic part of
the proposed machine, one inner shaft, three bearings, one
output shaft with end cap and one housing are arranged. The
inner shaft (i.e., black part) is used to locate the inner stator
and providing the space for connecting the inner winding. The
output shaft with end cap (i.e., green part) locates the mover
and output the linear force and rotary torque. The housing is
used to fix the outer stator. In order to transmit both linear and
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FIGURE 17. Mechanical assembling of the proposed machine.

rotary motions, the bearings are chosen as the combined bear-
ing. In robotic applications, since the linear stroke is limited,
the bending effect of the inner shaft can be withstood. The
sleeve or carbon fiber material can be also considered for the
mover for fixing the PMs and iron brick.

In the proposed machine, natural cooling is considered to
be utilized in both outer and inner stators. The current den-
sity of the outer stator armature winding is set as 5A/mm2.
It should be noted, it is difficult to transfer the heat generated
by the inner stator armature winding to the outside space.
Thus, the current density of this part is set 4A/mm2 in the
optimal performance comparison.

VI. CONCLUSION
In this paper, a comparative study of various yokeless RL
machines is conducted. These machines are designed to meet
the requirements in linear force density, rotary torque den-
sity, as well as accelerations of both motions for robotic
applications. In the conventional single stator machine, the
mover can be made up of surface-mounted, spoke-type or
Halbach PMs array. Meanwhile, in the proposed double-
stator machine, a hybrid PMs array is designed as the mover
adopting the PMs with six magnetization directions and iron
bricks. Through the analysis of the magnetic field model,
the newly designed PMs array brings more harmonics in
flux modulating effect, which enriches the amplitude of the
working harmonics. Since the magnetic fields of two motions
are decoupled, the conventional concentrated winding and
toroidal winding can be adopted in the rotary and linear stator,
respectively. With a better utilization of working harmonics,
the proposed double-stator machine can produce much bet-
ter electromagnetic performances, including linear force and
rotary torque, than its single-stator conventional counterparts.
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