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Design and Manufacture of a Linear
Actuator Based on Magnetic Screw
Transmission

Zhijian Ling, Student Member IEEE, Wenxiang Zhao, Senior Member IEEE,
Peter Omand Rasmussen, Member IEEE, Jinghua Ji, Yang Jiang, Zhengmeng Liu

Abstract—This paper proposes a practical design guide
for a linear electromagnetic actuator based on the concept
of magnetic screw transmission, in which manufacture and
assembly technologies are investigated. The
surface-inserted design is firstly used to form a required
helical-shape magnetic pole, which exhibits simple
processing, high precision, and robust structure. Moreover,
the three-dimensional finite element analysis (FEA) aided
design different topologies are developed, with the goal of
optimizing thrust force. Besides, the different number of
permanent-magnet (PM) segmentation is firstly proposed
to reduce the cogging effect. Afterward, the linear actuator
integrates rotary machine and magnetic screw overall
together to construct a compact design and decouples the
magnetic circuits. The decoupling design focuses on the
self-shielding effect of the Halbach PM array, and the
special bearing supports are selected to avoid the
eccentricity. Finally, a prototype is built using the
developed techniques. Experiments are carried out on a
linear test bench, verifying the theoretical analysis.

Index Terms—L.inear electromagnetic actuator, magnetic
transmission, manufacture and assembly, finite element
analysis, permanent-magnet.

NOMENCLATURE
¢ Cutting angle of discrete PM (deg).
o Angle of discrete PM (deg).
T Pole-pitch of magnetic screw (mm).
Wy Width of discrete PM (mm).
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h, Thickness of discrete PM (mm).
Z4 Relative linear position (mm).
0, Relative angle position (deg).

A Magnetic lead (mm).

o Rotor angle speed (rad/s).

Vr Translator linear speed (m/s).

F Thrust force (kN).

T, Rotor torque (N.m).

Equivalent magnetic gear ratio.

P, P; Power of rotor, translator.

Ssurface Operating surface area (mm?).

Fuace Force per area (MN/m?).

Ly, Ly, L Length of stator, rotor, translator (mm).
s Angle of back-iron bulge (deg).

ke Magnetic coverage.

hyp Height of bulge (mm).

n, n, Number of segmentation.

com-15 Geom-2 Equivalent magnetic permeability.
ka, ky, kv Distribution, pole-pitch, winding factor.
q, 0,7 Slots phase, angular pitch, pole distance.
S,Z, N Number of slots, poles, phase.
Brem Magnet remanent (T).
Hc Magnet coercivity (kA/m).
J Current density (A/mm?).
lay Iy Ic Current of phases (A).

[.  INTRODUCTION

O satisfy linear motion applications, various types of linear

actuators have been investigated, leading to an increased
interest toward linear direct-drive actuators [1]-[3].
Conventional linear motion technologies are realized by using
roller/ball screws, with contact transmission. The roller/ball
screw linear actuator converting rotary-linear motion and
exhibits a significantly high force density. However,
mechanical wear, loss, gear noise, and regular lubrication are
inevitable. Thus, the mechanical contact transmission may
reduce reliability and increase the maintenance requirement [4].
Linear permanent-magnet (PM) machines offer many
advantages, in terms of high dynamic and high precision, but its
thrust force density is relatively poor [5]. Some novel linear
machine topologies have been proposed to further improve the
thrust force density, such as flux-modulation structure and
tubular PM machine. Nevertheless, the improvement of thrust
force density is limited, and also increases the complexity of
manufacturing [6]-[8].
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Recently, the concept of non-contact magnetic gear coupling
transmission has received increased attention [9]-[11]. Similar
to the mechanical gears, the magnetic gear can transform torque
or thrust force by the magnetic field. Hence, it offers some
distinct advantages, namely, free maintenance, improved
reliability, overload protection, and physical isolation between
input and output. By extending this idea to the linear structure
and adopting a helical magnetic field, the concept of the
magnetic screw transmission was proposed. The magnetic
screw offers high thrust force density and high reliability [12],
[13]. Due to the advantages of magnetic screw transmission
actuators, various design and modeling procedures for
magnetic transmissions were reported [14]-[18].

However, the main drawback of the existing magnetic
screws is the manufacturing process of the high-performance
helical PM poles. The techniques of structure simplification
and manufacturing processes are essential in promoting
development. In [19], [20], the reluctance magnetic screws
were proposed, offering fewer magnet and simpler manufacture
structures. However, the reluctance structure will reduce the
thrust force performance significantly.

In [21], a non-ideal helix magnetic screw with discrete PM
blocks was proposed, indicating that the more discrete PM
blocks used, the closer the approximation of an ideal helical
magnetic field will be attained. If a low number of the discrete
PM blocks are used to form the helical magnetic poles, the
thrust force tends to become much lower and more distorted.
Consequently, the fabrication process and assembly of the
high-performance magnetic screw will be time consuming and
expensive. Refs. [22] and [23] investigated several PM
configurations to realize the magnetic screw, and a
manufacturing approach is proposed for forming a helical
magnetic pole approximately. However, the assembly precision
and mechanical strength are relatively low. Moreover, the PM
radial magnetization process is difficult.

In addition to manufacturing, the integrated design of the
magnetic screw and rotary machine have also received
widespread attention. In [24], Vitale proposed a rotary-linear
actuator, based on the rotary machine surrounding the magnetic
screw. This linear actuator is well suited for high-force,
high-reliability and short-stroke applications such as ventricle
assist device and aerospace actuation. Then, this concept was
redesigned in [25], and compared with the existing linear
tubular PM machine, verifying the advantages of the magnetic
screw linear actuator in terms of force, weight, and material
cost. However, the assembly technologies and magnetic
decoupling of the integrated design have not been investigated.

In [26], Pakdelian et al. proposed an electric machine
integrated with a magnetic screw, which mechanically connects
the magnetic screw rotor to the rotary machine. This topology
enables the rotary machine and magnetic screw to operate
independently, but the connecting devices and the linear
bearings are external, resulting in a relatively large size.
Moreover, since the linear bearings are mounted on one side of
the translator, the non-uniformly stress points will cause an
even eccentricity. The eccentricity deflection will result in
physical contact between the rotor and the translator [13].

Refs. [27] and [28] presented several magnetic screw
integrated design for wave energy conversion and suspension
systems. The main functions of those prototypes are to convert
linear-to-rotary motion and achieve energy recovery. In those
topologies, the standard linear guide similar to the dry sliding
bearing is employed, which is mounted on the outside of the
translator. The surface of the translator is in direct contact with
the dry sliding bearing, which will cause the discrete PM to fall
off and the friction force is large. Also, the magnetic circuits of
the rotary part and the magnetic screw is not investigated.

The purpose of this paper is to investigate the key issues in
fabrication, assembly, and test of a linear electromagnetic
actuator based on the magnetic screw. The surface-inserted
topology is firstly employed for forming the required helical
magnetic poles. Besides, several new technologies are
presented to improve the performance of force and cogging
effect, such as the different number of segmentation, radial
magnetization. Furthermore, the systematic design integrates
the PM rotary machine and the magnetic screw, in which the
magnetic circuits are decoupled. The special bearing supports
are selected to avoid eccentricity. The rest of this paper is
organized as follows. In Section II, the configuration and
operation principle of the linear actuator is described. Section
IIT investigates the optimize and manufacture of the magnetic
screw. After this, the integrated assembly of the magnetic screw
and rotary machine are presented in Section IV. In Section V, a
prototype is built, and the experimental results are presented.
Finally, the conclusion is drawn in Section V1.

II. TOPOLOGY AND OPERATION PRINCIPLE

A. Topology

Fig. 1 shows the basic structure of the proposed linear
electromagnetic actuator. It can be seen that this design consists
of three parts, namely, a stator with fractional-slot
concentrated-windings (FSCW), a common rotor rotating about
the z-axis, and an inner translator moving back and forth along
the z-axis. Since the rotor and magnetic screw nut share the
same rotor core, it is necessary to study the magnetic coupling
between the PM machine and the magnetic screw. Therefore,
the machine rotor uses Halbach magnetized PM array, which is
benefits for the effect of magnetic self-shielding.

When the rotary machine and magnetic screw are integrated
overall together, the manufacture and assembly technology
must be taken into account. Based on the material properties of
high-performance sintered rare earth PM, such as NdFeB, it is
very difficult to manufacture an ideal helical magnetic pole. Fig.
2 shows the new surface-inserted design with discrete PMs and
back-iron bulges to simplify the assembly process while
forming the required helical magnetic pole and a robust
structure. The cutting angle ¢ for the two sides of discrete PM
with respect to the top edge is given by

&=arctan {W‘”a} (1)
2zrsin(a /2)
where ris the inner radius of the discrete PM block, « is the
angle of the discrete PM block and 1, is the pole-pitch of PM.
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(a) (b)
Fig. 1. View of proposed linear electromagnetic actuator. (a) 3-D view.
(b) 2-D front view.

Fig. 2. Structure of proposed surface-inserted method. (a) Discrete PMs.
(b) Schematic of discretized PM assembly.

B. Operation Principle of Magnetic Screw

Based on the helical magnetic field, the magnetic screw
transmission is capable of converting rotational motion into
linear motion and vice versa. The relationship between the
relative position and magnetic field distribution of the magnetic
screw is shown in Fig. 3. As the relative position z; and 6,
between the magnetic poles increases, the magnetic field
distributions along the axial direction becomes significant,
resulting in the development of thrust force and torque.
Therefore, there is an equivalent magnetic gear ratio G. By
considering the power balance between the translator power P;
and rotor power P,, the gear ratio of linear velocity v, and rotary
speed @, would be equal to the ratio of rotor torque 7, and
translator thrust force F,. In a 2-pole magnetic screw, as one
complete circle (27) rotation, the translator moves one lead A.
The equivalent magnetic gear ratio G can be expressed as

w F 2z
- t==% @

(a) (b)
Fig. 3. Relative position between the translator and rotor. (a) 2-D
equivalent model. (b) 3-D schematic.

I1l. DESIGN AND MANUFACTURE OF MAGNETIC SCREW

A. Maximum Force Density Considerations

For the magnetic screw part, the air-gap length g, operating
surface area Sy.uce, magnetic lead 4, and PM material properties
will significantly affect the performance. The geometric
parameter and the operating surface area of the magnetic screw
are illustrated in Fig. 4. It can be seen that the operating surface
area Syuuce 18 proportional to the active length L, and operating
radius R,,+g/2. Consequently, the operating surface area can be
calculated by

Ssurface = 2”(Rto + g / 2)Lr (3)

In magnetic transmission, the smaller the air-gap length g,
the better the thrust force and flux density performance can be
achieved [21]. The length of the air-gap g depends on the
manufacturing precision, thus emphasizing the importance of
the fabrication. Based on the proposed surface-inserted
assembly method, the length of air-gap g is selected to be 1mm.
Then, the thrust force per surface area Fycc should be used to
evaluate the thrust force capability can be expressed as

Frpee == @
(R, +g/ 2)L,

For the fixed air-gap length g and PM thickness #,, the ratio
between the thrust force and the surface operating area Sy uce of
the shear stress Fiuyuce 1s illustrated in Fig 5, which is as a
function of the operating radius R,+g/2 for different magnetic
leads (twice of PM width w)). It is observed that for a fixed
magnetic lead A, the thrust force per surface area Fiyuce 1S
approximately constant with the variations of the operating
radius R,+g/2. The variation of the Fy,muc with different
magnetic leads can be attributed to the flux leakage between the
adjacent magnetic poles. Therefore, by considering the
geometric constraints imposed by the rotary machine, and
determining the appropriate operating radius R,,+g/2, magnetic
thickness 4, magnetic lead A, and active length L,.

surface

Operating
airspace |

Fig. 4. Characteristic of magnetic screw. (a) Geometric parameter. (b)
Operating surface area.
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Fig. 5. Influence of shear stress as a function of operating radius and
different lead with constant g and h, (g=1mm, h;=3mm).
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B. Manufacturing of Helical Magnetic Poles

The main difficulty of the magnetic screw lies in the
fabrication of its helical magnetic pole. Thus, the
surface-inserted structure is proposed with the discrete PMs
and back-iron bulges, while forming a helical magnetic pole
with high accuracy and robust structure. Fig. 6 shows several
different topologies, including ideal discrete PM, PM-bugle,
back-iron dovetail-bugle, half-bulge, and full-bulge.

Intuitively, the ideal discrete PM in Fig. 6(a) is much more
realizable to process and less costly. However, during assembly,
the positioning of these discrete PMs is quite difficult.
Especially in a long translator, it suffers from the surface
flatness, which directly affects the uniformity of the air-gap.
The actual prototype is shown in Fig. 7(a). Therefore, it is
necessary to employ some positioning auxiliary topologies to
improve assembly accuracy. The magnetic screw prototype
employing discrete PM with dovetail-bulge is shown in Fig.
7(b), by which the surface precision and flatness can be
improved. However, the sintered NdFeB PM material suffers
from poor processability, so the PM with dovetail-bulge is
extremely difficult to manufacture, resulting in high processing
costs. Also, the thickness of discrete PM is variable, which will
affect the force performance and air-gap magnetic field density.

Tdeal discrete PM

(@)

PM-bulge

- © )

- r-pde
’ b - R
//"‘ ﬁ‘z i ""Tb\ .
N .
y N Wi
. 0
\Half-bulge 4 Full-bulge ey

(e) )
Fig. 6. Different topologies. (a) Ideal discrete PM. (b) PM-bulge. (c)
Flattened PM-bulge. (d) Dovetail-bulge. (e) Half-bulge. (f) Full-bulge

Low flatness
and precision

High flatness and precision
I

(b)
Discrete PMs assembled.
Dovetail-bulge PM.

Fig. 7. (a) Ideal discrete PM. (b)

The thrust forces of the different topologies are predicted by
3-D FEA, as illustrated in Fig. 8(a). The ideal discrete PM and
PM-bulge topologies have slightly high values due to the high
magnetic coverage. For the proposed surface-inserted
structures, it can be seen that the shape of the bulges will affect
the force performances. Especially in the dovetail-bugle
structure, due to the variation of the magnetic permeability, the
thrust force tends to become irregular and the amplitude
decreased significantly. Then, in the half-bulge and full bulge
topologies, it can be observed that the waveforms are relatively
smooth and the amplitudes are similarly. For a clear description,
their amplitude analysis is shown in Fig. 8(b). Considering
force performance and manufacture, the full-bulge topology is
selected and fabricated.

Fig. 8(c) shows the variation of the value of the thrust force
with the angle of back-iron bulge f. By increasing the angle S,
the thrust force value will be decreased due to the effect of the
percentage of magnetic coverage k.. Based on the processing
level and material properties, the angle of discrete PM « is
selected to be 55 degrees and the angle of bulge £ is 5 degrees.
The parameters of the surface-inserted magnetic screw are
listed in Table I.

TABLE |
DESIGN SPECIFICATIONS OF MAGNETIC SCREW
Item Value

Outer radius of rotor, Reom-ous (mm) 33
Thickness of common core (mm) 4.5
Outer radius of translator, R, (mm) 24
Inner radius of translator, R (mm) 16
Magnetic lead, 4 (mm) 10
PM width, w, (mm) 5
Active length, L, (mm) 80
Translator length, L; (mm) 204
Height of bulge, /» (mm) 3
Magnetic screw air-gap, gi (mm) 1
Sleeve thickness, (mm) 0.3
PM thickness, %, (mm) 3
Back-iron thickness, A (mm) 5
Angle of discrete of PM, a (deg) 55
Angle of bulge,  (deg) 5
Magnetic coverage, k. (%) 91.6

The proposed surface-inserted assembly process is shown in
Fig. 9. The back-iron is designed as bulges and grooves for ease
of the discrete PMs assembly, and achieve circumferential
positioning. Before assembling the PMs, the axial restrictors
are mounted at the end of the back-iron, forming a preliminary
helical positioning. Then, the discrete PMs can be easily pushed
into the grooves from the other end of the bulges, resulting in a
high accuracy and robustness topology. Fig. 10 shows the
prototype of the surface-inserted magnetic screw. The
aluminum axial restrictors are installed on the end of the
back-iron and achieve an axial helical positioning. The
magnetic field density of the surface-inserted magnetic screw is
measured by a Gauss meter to verify the surface remanence of
the sintered NdFeB PM. After the assembly of discrete PMs, a
stainless steel sleeve with 0.3mm thickness is machined and
placed on the translator to fix the radial direction of the discrete
PMs. Then, the epoxy resin is poured into the gap between the
stainless steel sleeve and back-iron for packaging.
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Fig. 8. Thrust force comparison by 3-D FEA. (a) Waveform. (b)
Amplitude analysis. (c) Variation of bulge angle .
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Discrete PM

(b)

Specific

X Discrete PM
Restrictor

(c)
Fig. 9. Method to form the helical magnetic poles. (a) 2-D front view. (b)
Rotor. (c) Translator.
Fixed PMs 1

Lead , Probe
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Bulge
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Linear bearing
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()
Fig. 10. Helical magnetic pole manufactured. (a) Axial restrictors. (b)
Remanence test. (c) Stainless steel sleeve. (d) Epoxy resin.

0278-0046 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

C. Novel Method to Reduce Cogging

Since the magnetic screw is made of discrete PMs and
surface-inserted in the bulges to form a helical magnetic pole,
the effect of the cogging must be taken into account. The 3-D
FEA model of the surface-inserted magnetic screw with the
different number of segmentation is developed, as shown in Fig.
11. For a fair verification, the same percentage of magnetic
coverage k. is employed. The angle of the bulge variations with
the number of segmentation and the relationship is given by

nxp =nxp, (5-a)
a =2x/n —p. (5-b)
o, =27/n-p (5-¢)

where n; and n, are the different number of segmentation on
translator and rotor, f; and S, are the angles of the bulge, a; and
o, are the angle of discrete PM, respectively.

The force and torque performances of the different number
of segmentation magnetic screws are shown in Fig. 12. It can be
seen that the variation of the number of segmentation has little
influence on the thrust force waveform and amplitude, but the
ripple of the torque changes significantly. This is because, in a
surface-inserted magnetic screw, the torque ripple frequency
and amplitude, similar to a rotary switched reluctance motor,
depend on the bulges position between the translator and rotor.

1,=6

n,=6
n=>5
Ripple
region
(a) (b)

n=6 VX o =0
n=1 1 S WY
(c) (d)

Fig. 11. Magnetic screw with a different number of segments. (a) 6-4. (b)
6-5. (c) 6-7. (d) 6-8.
2
)
(o]
g
&
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=

2

8

g2
z1
20
2-1
-2

3

0 60 120 180 240 300 360

Rotor position (deg) 1 2Ha13mo;41ic osrder6(n)7 8
(c) (d)

Fig. 12. Performance comparison of different number of segmentation.
(a) Force. (b) Force amplitude. (c) Torque. (d) Torque amplitude.
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Also, the analysis of the cogging effects caused by the
simultaneous movement of the rotor and translator is very
important. It will directly reflect the performance of the linear
actuators, such as ripple and dynamic. Fig. 13 shows a
simplified method to evaluate the cogging effect under no-load
and full-load. It can be seen that as the initial relative angle 6,
changes, the initial relative displacement z; changes,
accordingly. Under the no-load condition, the relative position
between the translator and the rotor is aligned (z;=0). Then, as
the same principle, when the initial relative displacement z4
between the translator and the rotor is a quarter of magnetic
lead (z=1/4), the full-load cogging effect is investigated.

The force ripple and torque ripple of the n,=6, n=>6 structure,
and n,=6, n~=7 structure are shown in Fig. 14. The period of the
cogging effect is one arc angle of the discrete magnet and bulge.
In the full-load operation, it is evident that the ripple of force
and torque have been effectively suppressed using the different
number of segmentation, decreasing from 7.43% to 2.97%, and
15.9% to 7.5%, respectively. Therefore, selecting a different
number of segments on the translator and the rotor can
effectively reduce the cogging effect, such as 6 segments on the
rotor and 7 segments on the translator.

(b)
Fig. 13. Cogging effect at different load (a) No-load. (b) Full-load.
~ 15 E 100
Z o |06 =67 % 75 =66 ~+=6-7
é‘] 5 o0
8.1 £
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4 o
o -5 3
g ol S50t
LE'IO No-load 275 F No-load
15 M A g100 FEH A H
0 10 20 30 40 50 60 = 0 10 20 30 40 50 60
Relative angle (deg) Relative angle (deg)
(@) (b)

~1.55 28
Z z —=-6-6 =6-7
o 15 on2'6 I
£ £
21.45 2.4
=) =]
o o
g 14 922
5 —-6-6 +6-7 Full-load z Full-load
LL]:},S 1 1 1 1 1 ﬁ 2 1 1 1 I 1

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Relative angle (deg) Relative angle (deg)
(c) (d)
Fig. 14. Cogging effects of magnetic screw with different number of
segmentation. (a) No-load force cogging. (b) No-load torque cogging. (c)
Full-load force cogging. (d) Full-load torque cogging.

D. Radial Magnetization of Discrete PM
For the fabrication of surface-inserted helical magnetic poles,
there are two main types of magnetization for discrete PMs,

such as radial and parallel, as shown in Figs. 15(a) and (b). In
practice, the parallel magnetization is much easier to achieve

than radial magnetization. However, it is worth noting that the
magnetization direction has a significant effect on the air-gap
helical magnetic field distribution. In order to achieve radial
magnetization of the discrete PM, a simple magnetization
fixture is designed, which is made of a high permeability
material such as CoFe, as shown in Fig. 15(c).

Fig. 16 shows the radial magnetic field components of the
segmented helical magnetic pole with radial and parallel
magnetization PM, respectively. In the radial magnetization
structure, the magnetic field component is relatively smooth,
and its slight fluctuation is mainly caused by the segmentation.
However, the parallel magnetization leads to a distorted
magnetic field distribution. This is because the parallel
magnetization has not only a radial component but also
existence an axial component. Taking the surface-inserted
magnetic screw with 6 segments rotor and 7 segments translator
as an example, the distortion of magnetic distribution will be
directly reflected in the torque performances.

Apart from the amplitude and ripple, the magnetic losses are
also investigated. It mainly consists of eddy-current loss and
iron loss. In the radial magnetization, there are almost no extra
harmonics except for the operating harmonic. Fig. 17 shows the
helical magnetic field MMF analysis and magnetic losses of
each part of the magnetic screw with the translator speed at 0.3
m/s. It can be seen that at low-speed operation, the magnetic
losses are almost negligible. Therefore, in this design, the radial
magnetization discrete PM is employed.

i

CoFe (High
permeability
material)

Coils (-)

Fig. 15. Magnetization direction of discrete magnet. (a) Radial. (b)
Parallel. (c) Radial magnetization schematic.
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Fig. 16. Radial air-gap magnetic field distribution and torque. (a) Radial.
(b) Parallel. (c) Torque. (d) Torque amplitude.
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Fig. 17. Helical magnetic field MMF and losses. (a) MMF harmonic. (b)
Magnetic losses.

IV. INTEGRATION DESIGN AND ASSEMBLY

This linear electromagnetic actuator is to integrate a rotary
PM machine and a magnetic screw overall together, in which
they impose any geometric constraint on each other. Thus, the
optimization design of the linear electromagnetic actuator
entails simultaneous consideration of magnetic decoupling and
electromagnetic performances both the magnetic screw and the
rotary machine.

A. Magnetic Decoupling Analysis

The magnetic circuits decoupling is a critical step in
integrated design. Several different kinds of decoupling
structures are original proposed and evaluated, as shown in Fig.
18, namely, Radial-surface, Radial-embedded, Halbach-surface,
and Halbach-embedded. In the radial array structure, it can be
seen that the radial magnetic flux path depends on the silicon
steel yoke. Thus, there are two layers of the magnetic yoke, one
for the PM machine and the other for the magnetic screw. This
will result in a large volume of the common region and increase
manufacture difficulty.

Then, in the embedded magnetic screw structure, the role of
the internal magnetic yoke can be almost ignored. However, the
embedded helical magnetic poles suffer from difficulty
manufacture and assemble. Therefore, based on the decoupling
effect and manufacturing considerations, the Halbach-surface

structure is selected and manufactured.
Radial array Radial array

Stainless steel
i

ack-1ron I A
& Silicon stee

Halbach array

Fig. 18. Different kinds of decoupling models. (a) Radial-surfaced. (b)
Radial-embedded. (c) Halbach-surfaced. (d) Halbach-embedded.

Fig. 19 shows the magnetic flux paths and geometric
parameters of the Halbach-surfaced structure. The magnetic
flux paths are in the circumferential direction and the axial
direction, respectively. Based on the analysis of the magnetic
flux path, the equivalent magnetic circuit model of the PM
machine and the magnetic screw is established, respectively, as
shown in Fig. 20. Thus, the equivalent magnetic permeability in
the common back-iron core is divided into a circumferential
Geom-1 and an axial Geom-2 can be expressed as

LS(Rcam-ou — Rcam-in )

Gram—l =HH : o (6_a)
7R (o, +a,)/180
ﬂ(Rczom out Rczom in )

Gcam—Z = /urﬂo = = (6-b)

o
where u- and uo are the relative permeability of nonlinear
magnetic material and the vacuum permeability, respectively.
Ly, R0, Reom-out, Reom-in, and wy,, are the length, radius, and width
of the geometry, respectively. a; and as are the angle of radially
and axially magnetized PM, respectively.

Common region

Stator

o'

LR e
y {/ L]
| Commonfegitn TapEt

S~ /A : Ator Ri R,

(a) (b)
Fig. 19. Magnetic circuit and geometric parameter. (a) Flux path. (b)
Geometric parameter.

Gy

(b)
Fig. 20. Equivalent magnetic circuit model. (a) PM machine. (b)

Magnetic screw.

The PM machine rotor employs a Halbach magnetized PM
array, and the effect of self-shielding is an important technique
to realize magnetic decoupling. First, based on the inner
diameter of the PM machine, the number of rotor PM poles is
determined. The more PM poles used, the better the
self-shielding effect will be attained. According to the size and
manufacture, 16 poles Halbach array is selected, as shown in
Fig. 21. Also, the external and internal magnetic field
distributions and magnetic field densities of the 16 poles
Halbach array are presented. It can be easily observed that the
external field exhibits much higher magnetic fluxes than the
internal field, and the peak value of the internal magnetic field
density is only 0.07T, while that of the external one is 0.63T.
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To further validate this point, the 3-D FE model is built. In
order to accurately exhibit the analysis results, a high-density
mesh is set, as shown in Fig. 22(a). Fig. 22(b) shows the 3-D
magnetic field distribution. For a clear exhibit the
independence of the magnetic field, the minimum scale of the
magnetic density is set to be 0.2T. It is evident that in the
common back-iron core there is almost only an axial magnetic
field generated by the magnetic screw PMs.

T
120 . 180 240 300 360
Position (mech. deg)

(d)
Fig. 21. Halbach array magnetic distribution with different number of
poles. (a) 14 poles. (b) 16 poles. (c) 18 poles. (d) External and internal
flux density.

bach array Clrcumtcrcntl_z}l field B(T)

Axial field § 2
(a) (b)
Fig. 22. 3-D FE model. (a) Meshes. (b) Magnetic field distribution.

B. Design of Rotary Machine

The choice for rotary machine types depends on the
electromagnetic performance, application background, and
optimization objectives. In this linear electromagnetic actuator,
an FSCW-PM machine is selected for the rotary part. Also, it
should be noted that in other designs, synchronous reluctance
motors or induction motors may be superior to the FSCW-PM
machine. Then, based on the number of rotor PM poles, in order
to obtain a high winding coefficient, the number of stator slots
is selected to be 18. In this 3-phase FSCW-PM machine with
18-slots and 16-poles, the winding factor £, is 0.945, which is
the inherent advantage of FSCW structure. The principle of slot
number selection can be expressed as

=012 _ 96 —sint-T)-0.985
q-sin(6/2) g T 2
k, =k, -k, =0.945 %)

where ¢ is the number of slots per pole per phase, ¢ is the
angular slot pitch, and 7 is the pole distance.

The assembly process of the Halbach array is shown in Fig.
23. It can be seen that the aluminum tooling components are in

turn replaced by different magnetized PMs and bonded to the
back-iron core. After the Halbach array PMs are fixed, it is
encapsulated with an epoxy resin to enhance the mechanical
strength. Based on the advantages of the high slot fill
concentrated winding, the slot fill rate of this prototype is
60.5%. The winding arrangement is shown in Fig. 24(a). Fig.
24(b) illustrates the prototype of stator and winding. The
windings arrangements are presented in Fig. 24(c).

(b)
Fig. 23. 16-poles Halbach array manufacturing process. (a) Aluminum
tooling. (b) Halbach PM array.

(c)
Fig. 24. Cross sections and winding configuration of rotary machine. (a)
Stator and winding. (b) Stator prototype. (c) Winding arrangement.

Based on the relationship of the magnetic screw transmission
ratio in (2), the rotor rotation at a speed of w, =200 r/min, which
determines the translator moves at a linear velocity of v, =0.033
m/s. The rotary speed and torque are coupled with the helical
magnetic field to achieve linear motion. The prototype of the
magnetic screw can offer 1.5 kN thrust force. Obviously, based
on the transmission ratio of maximum thrust force F; and rotor
torque 7, the value of torque 7, is at least 2.5 Nm.

The no-load back EMF waveform of the rotary machine at
speed of 200r/min is shown in Fig. 25(a). The back-EMF is
very sinusoidal due to the inherent merit of the FSCW windings
and Halbach PM array. Fig. 25(b) shows the harmonic analysis
of the back-EMF. It can be seen that the harmonic analysis
amplitude to further validate the sinusoidal of the back-EMF.
This FSCW PM machine is suitable for brushless AC operation.
When using d-axis zero current control and applying nominal
current into the three-phase winding, the output torque is shown
in Fig. 25(c). It can be seen that torque ripple is insignificant,
which benefits from the low cogging torque and sinusoidal
back-EMF. Apart from those, the analysis of stator MMF space
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harmonic is shown in Fig. 25(d). It can be seen that there are
abundant harmonics. Therefore, the eddy-current loss of the
FSCW PM machine is investigated. The curves of rotor PM
eddy-current loss varies from the rotary speed are presented in
Fig. 26(a). It can be seen that as the rotational speed increases,
the eddy-current loss increases significantly. The steady-state
temperature distribution of the rotary machine under rated-load
and natural cooling condition is present in Fig. 26(Db).
Obviously, the temperature is in a reasonable range. The
detailed parameters for the PM machine are listed in Table II.

TABLE Il
DESIGN SPECIFICATIONS OF PM MACHINE
Item Value
Outer radius of motor stator, Ry, (mm) 60
Inner radius of motor rotor, Reom-in (Mm) 28.5
Stack length, L; (mm) 20
Number of slots, S 18
Number of poles, Z 16
Number of phases, N 3
Air-gap length, g» (mm) 1
PM thickness, /2 (mm) 5
Angles of radially PM, a, (deg) 12
Angles of axially PM, o, (deg) 10.5
Current density, J (A/mm?) 6.3
Winding factor, & 0.945
Magnet remanent, Bren (T) 1.23
Iron lamination B20AT-1500
~6 6
Z 4 5l IREEEEEETEEEEEEPEREES
= 24 L
5 01 Y| R —
EN ol
A < l1jl--------------------]
0

0 60 120 180 240 300 360
Rotor position (elec. deg.) I2 3H'jrmc5)nig orz:ler8 910

(a) (b)
N T T 1.0
£l 1 L Lo ~0.8
N £0.6
=] o
= Lo =02

0 v T r T T 0.0
0 60 120 180 240 300 360 4 8 12 16 20 24
Rotor position (elec. deg.) Harmonic order (n)

(c) (d)
Fig. 25. Characteristics of PM machine. (a) No-load back EMF. (b) EMF
harmonic order. (c) Torque. (d) Stator MMF harmonics.
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Fig. 26. Losses and temperature distribution. (a) Eddy-current losses.
(b) Steady-state temperature under rated-load (200 r/min).

C. Integration Assembly and Mechanical Stress Analysis

The existing integrated designs usually suffer from the
eccentricity because of the magnetic attraction and uneven
stress point, as shown in Fig. 27. In order to avoid eccentricity
and achieve a compact integrated design, an internal plug-in
linear bearing solution is used, which has high mechanical
strength, low wear, and concentrates the stress point on the
axial center of the linear actuator, as shown in Figs. 28(a) and
28(b). The rotary part rotates forward and reverses, and then
driving the translator linear reciprocating motion. The ends of
the rotary part are fixed by tapered rotary bearings as shown in
Fig. 28(c).

Deflection

Stress
point

Air-gap g1 o

Translator

(a) (b)

Linear bearing

Linear bearing
ary part

Eape\red_bearing

(b) (c)
Fig. 28. Proposed integrated assembly. (a) Schematic. (b) Internal
plug-in linear bearing. (c) Tapered rotary bearing.

The mechanical stress analysis of the surface-inserted
translator without sleeve is shown in Fig. 29(a). It is set that the
translator is subjected to a thrust force of 2-kN and reciprocates
at a linear speed of 1m/s. Since the discrete PMs are subjected
to the axial thrust force and magnetic attraction force, the
mechanical stress is mainly distributed on the discrete PMs. It
can be seen that the maximum stress is only 3.4MPa, which is
much smaller than the tensile strength of the PM materials.
Therefore, the topology of the translator is within the safe range
of mechanical stress.

In the rotary part, the mechanical stress is much less than the
tensile strength of the PM material and iron core material, as
shown in Fig. 29(b). Even at 500r/min, the maximum
mechanical stress is only 2.01 MPa, and the maximum stress
occurs where the discrete PM contacted with the bulge, thereby
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determining the importance of the bulge. Since the Halbach PM
array has the largest radius, the eccentricity force is also the
largest. The deformation displacement of the Halbach array is
the largest, and the maximum value is about only 0.012 mm, as
shown in Fig. 29(c).

Stress (MPa

Surface-inserted PM 34 Max
3.11

Epoxy resin 280
249
218
1.86
155
124
093
0.62
031
0.17 Min

(a)

Stress (MPa;

Halbach array

Displacement
(mm)
0.012 Max

0.0115
0.0111
0.0106
0.0102
0.0097
0.0093
0.0089
0.0084
0.008 Min

(b) (c)
Fig. 29. Mechanical stress and deformation. (a) Translator stress. (b)
Rotary part stress. (c) Deformation displacement.

V. EXPERIMENTAL VERIFICATION

Fig. 30(a) shows the rotary part of the prototype, while Fig.
30(b) depicts the fully assembled linear electromagnetic
actuator mounted on the test bench. The obstacle is installed at
the end of the experiment platform, and a force transducer is
attached to the end of the translator to obtain the values of thrust
force. The linear position encoder is used to measure the
translator position and linear speed.

The structure diagram of the control system of this linear
electromagnetic actuator based on magnetic screw transmission
is shown in Fig. 31. The phase currents are detected by the
current sensor, and the circumferentially distributed hall
elements are used to achieve the rotary speed and rotor position
signals. The linear position sensors can compare the hall signals
to determine the relative position between the rotor and the
translator.

A. Rotational Characteristic Test

Before assembling the translator, the rotary part is first tested
to evaluate the back-EMFs, rotor position hall signals, and
torque characteristics. Fig. 32(a) shows the experimental
three-phase back-EMFs of the FSCW-PM machine at the rotor
speed of 200 r/min, which agrees well with the predicted ones
in Fig. 25. The correspondence between hall signals and
back-EMFs are presented in Fig. 32(b), which detects the rotor
position and rotational speed. Fig. 33 shows the torque and
current waveform under d-axis zero current control, in which i,,
ip, and i, represent the current waveforms of phases A, B, and C,
respectively. The measured values of torque and torque ripple
are acceptable, which verifies the effectiveness of the distinct
advantages of FSCW-PM machine and Halbach PM array
structure.
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Hall signal ~ Translator

(b)
Fig. 30. Experimental platform. (a) Rotary test. (b) Linear test bench.
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Fig. 31. Control system. (a) Diagram of control. (b) Circular halls. (c)
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Fig. 32. Measured back-EMFs and hall signals. (a) Back-EMF at

200r/min (2V/div, 10ms/div). (b) Relationship between Hall signals and
back-EMFs.
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Fig. 33. Measured torque and currents (2N.m/div, 10A/div, and
100ms/div).

B. Thrust Force and Linear Motion Characteristic

Fig. 34(a) depicts the predicted and measured thrust force
variations with the different relative position z; between the
rotor and translator. In this 2-poles prototype, the magnetic lead
A is 10mm, at the position of one-quarter of the magnetic lead,
the thrust force will reach a maximum value. There is good
agreement between the predicted and measured results. The
measured thrust force is ~5.2% lower, which is due to the
helical effect and end friction. Moreover, the position
relationship between the linear displacement and rotary angle is

measured, as shown in Fig. 34(b).
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Fig. 34. Predicted and measured thrust force. (a) Variations with relative
positon. (b) Linear displacement and angle.

The speed tracking response of both the rotary part and the
linear part of the magnetic screw coupling for a 200r/min step
rotary speed are tested, as shown in Fig. 35. Based on the
operating principle of rotary-linear transmission, the translator
should move at a linear speed of 0.033m/s. The rotary speed
and position are tested by circular hall elements. It can be seen
that the experiment results are tightly around the theoretical

results. The linear velocity is tested by a linear position encoder.

The linear velocity fluctuates and then tends to stabilize, which
is slightly lower than the theoretical value. The errors mainly

caused by the position signal accuracy and the end friction. And,

the tracking response experiment results also validate the linear
speed v; and rotary angular speed , magnetic screw
transmission ratio in (2).

Furthermore, the experiments of the reciprocating motion are
shown in Fig. 36. The rotary part rotates forward and reverse
directions at 210 r/min, and then driving the translator linearly
reciprocating motion almost synchronously. The translator can
obtain a linear reciprocating speed of 0.028m/s, and the error is
mainly due to the non-contact magnetic transmission and
reverse rotation of the rotary part. Also, it can be seen that the
experiment of the rotor reciprocating speed is almost
asymmetrical. This reason can be attributed to the translator
damping and rotor moment of inertia.
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Fig. 35. Predicted and measured speed tracking response.
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Fig. 36. Measured reciprocating speed response.

VI. CONCLUSION

In this paper, a linear electromagnetic actuator employing
magnetic screw transmission has been described. Key issues for
designing and manufacturing the linear actuator has been
investigated. Structure simplification and improve accuracy are
quite essential in promoting magnetic screw transmission, the
surface-inserted approach to employ radial discrete PM to
fabricate the helical magnetic pole. Besides, the different
number of segmentation has been developed to reduce the
cogging effects. The feature of this linear actuator is integrated
the rotary machine and magnetic screw overall together and
decouples the magnetic circuits. In addition, special bearing
supports are used to form a compact integrated design and
avoid eccentricity. Finally, a prototype and linear test bench has
been constructed, verifying the effectiveness of theoretical
analysis and performances.
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