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Abstract—The arc-linear motor (ALM) is a new type of special
motor derived from the linear motor, which has the merits of
high torque, compact structure and fast dynamic response. This
kind of motor does not need a complex intermediate
transmission device, it is used in some direct-drive applications
for continuous rotation or limited angle motion. However, there
is no systematic summary and generalization of the ALMs so far.
Therefore, this paper systematically overviews the recent
advances in ALMs for direct-drive systems. First, the evolution
process and basic structure of the ALM are introduced. And
then, various ALMs are reviewed with particular reference to
motor topologies, working principle, motor performance,
optimization design and control techniques. To heel, a
comprehensive comparison of several typical ALMs is carried
out. Finally, the application areas, main challenges and
development trends of the ALMs are highlighted.
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.  INTRODUCTION

OR the direct-drive systems such as electromagnetic

launch systems, large telescopes, and so on, the traditional
driving methods mainly include the worm gear transmission,
gear transmission, friction transmission and coaxial
installation of servo motors. However, the worm gear
transmission not only has drawbacks such as reverse clearance
and elastic deformation, but also have problems like long
starting and braking times, which greatly reduce the tracking
accuracy of the entire drive system. Although friction
transmission overcomes the weaknesses of worm gear and
gear transmissions, it has disadvantages such as poor
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transmission stiffness, low-speed crawling and slippage,
which directly affect the motion stability and transmission
accuracy of the whole drive system [1]-[4]. Therefore, in
order to improve the motion stability and transmission
accuracy of the whole drive system, a transmission based on
direct-drive motor is used. However, with the increase of the
diameter of drive system, the loads will increase. When
traditional permanent magnet (PM) motor is used as direct-
drive motor, the stator/rotor is greatly increased, which make
manufacturing and assembly relatively difficult. Moreover,
the mechanical stiffness gets decrease [5]-[7].

In order to address the aforementioned limitations of the
traditional driving methods, a new kind of direct-drive motor
named “arc-linear motor (ALM)” came into being and applied
into the direct-drive servo control systems [8]-[9]. According
to the different application occasions of the ALM, the ALM is
usually characterized by the multi-unit stator/rotor structure.
Compared with the traditional whole PM motor, the ALM
with multi-unit stator/rotor structure has smaller motor
volume. Depending on the application scenario, the ALM can
be assembled more easily and freely. Hence, the ALM is
extensively recognized as a promising candidate for some
direct-drive servo applications, such as large telescopes, large
antennas, and so on [10]-[11].

Nowadays, many researchers at home and abroad have
designed various ALMs. According to the working principle,
the ALMs can be sub-categorized into two types, which are
induction ALMs [12]-[22] and synchronous ALMs. Further,
the synchronous ALMs can be divided into rotor-PM, stator-
PM and dual-PM (DPM) types ALMs. The rotor-PM type
ALMs can be classified into radial flux ALMs [23]-[30] and
axial flux ALMs [31]-[34], and tubular ALMs [35]-[40] based
on flux direction. The stator-PM type ALMs can be classified
into three types: The first type introduces the “double salient
motor [41]-[45]” to design double salient ALMs [46]-[52].
The second type adopts the “flux reversal (FR) motor [53]-
[54]” to propose some FR ALMs [55]-[61]. The last type
introduces the “flux switching (FS) motor [62]-[64]” to design
some FS ALMs [65]-[73]. In addition, the DPM type motors
[74]-[77] is used to design some DPM type ALMs [78]-[80].
The overall categorization of the existing ALMs is illustrated
in Fig. 1. However, as far as we know, there is no systematic
summary and generalization of ALMs so far. Hence, this
paper will present a systematic review of ALMs.

The organization of this paper is as follows. In Section II,
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Fig. 1. Categorization of arc-linear motors.

the evolution process and basic features of ALM are described
in the potential context of the direct-drive applications. Then,
in Sections 1l1-1V, various ALMs are comprehensively
reviewed with particular reference to their topologies,
working principles, characteristics and related advanced
methods. This is followed by a comprehensive performance
comparison of several typical ALMs. Subsequently, the
application areas, main challenges and future trends of the
ALMs are highlighted in Section V. Finally, the conclusions
are drawn in Section VI.

Il.  EVOLUTION PROCESS AND BASIC MODELS

A. Evolution Process

This section takes a PM-ALM as an example to illustrate
the evolution process of the ALM. As illustrated in Fig. 2, the
PM-ALM can be evolved from the PM rotating motor. First,
the PM rotating motor shown in Fig. 2(a) is cut open along the
radial direction, and then the stator and rotor structures of the
PM rotating motor are stretched to obtain the PM flat linear
motor plotted in Fig. 2(b). At this time, the stator and rotor
structures of the rotating motor become the corresponding
primary and secondary structures of the flat linear motor,
respectively. Then, the primary and secondary structures of
the flat linear motor is bent at a certain angle, and thus the
PM-ALM is finally formed, as shown in Fig. 2(c). As a
special PM motor, the PM-ALM has the dual characteristics
of rotating motor and linear motor.

Stator Primary

Secondary

@ (b)
Fig. 2. Evolution process. (a) Rotating motor. (b) Linear motor. (c) PM-ALM.

B. Basic Models

The ALMs can be roughly divided into three different types
according to their different topology structures, as shown in
Fig. 3. The first type is ALMs with finite length stator and
rotor structures, as shown in Fig. 3(a). These ALMs are
subject to the circumferential end-effect caused by the finite
length of the stator and rotor structures, which are generally
used in direct-drive applications with repeated motion within
a limited angle, such as wing gate drive system and pitching
motor drive system [12]. The second type is ALMs with the
finite length stator, as illustrated in Fig. 3(b). This type of
motor is generally used in applications where the output

torque is not very high, and only enough torque is required to
drive the load motion, such as the azimuth motor drive system
of the robot joint [14]. The third type is ALMs having multi-
stator modules, and each stator module is of finite length, as
shown in Fig. 3(c). This type of ALMs is generally used for
special occasions that have certain requirements for the large-
sized scanning systems, such as the large telescopes and servo
turntable [15].

SLITTTT

TR

Fig. 3. Three different types of ALMs. (a) Finite arc length stator and rotor
structures. (b) Finite arc length stator structure. (c) Multi-stator modules.

I1l.  VARIOUS INDUCTION ALM TOPOLOGIES

In [12], a typical topology of induction ALM is proposed
and plotted in Fig. 4. The induction ALM consists of the arc
stator and solid rotor. The arc stator structure consists of stator
core and armature winding. The motor performance of two
induction ALMs having 3-pole double-layer winding and 6-
pole single-layer winding are analyzed by the electromagnetic
field theory and finite element (FE) method. The results show
that compared with the induction ALM with 3-pole double-
layer winding, the induction ALM having 6-pole single-layer
winding exhibits more symmetry magnetic field. Increasing
the number of poles can reduce the degree of mutual
asymmetry of the induction ALM. Finally, the analytical and
simulation results are validated by the prototype experiment.

Fig. 4. lllustration of the induction ALM [12]. (a) Topology. (b) Prototype.

In [13], a new electric drive induction arc-linear thruster is
designed and used to stretch and shrink the oil tube, as shown
in Fig. 5. In the arc-linear thruster, the aluminum sleeve of the
oil tube is used as the secondary to reduce the motor volume
and weight. In addition, the back iron is added between the
aluminum sleeve and oil tube to effectively improve thrust
and thrust density.

Aluminium sleeve

Oil tube

Rotor
back iron

Fig. 5. Topology of the induction arc-linear thruster [13].
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In [14]-[15], a single-sided induction ALMs is designed
and used to verify the performances of the induction linear
motor. The single-sided induction ALM mainly includes
primary and secondary parts. As shown in Fig. 6(a), the
primary part consists of primary sheet and primary winding.
And the secondary part mainly contains secondary sheet and
concentric cage. Based on the developed ALM, an
experimental platform illustrated in Fig. 6(b) is built, where
two coupled induction ALMs with large enough radius are
used to simulate the properties of an actual induction linear
motor, and to validate the effectiveness of the online
identification strategy of secondary time constant and
magnetizing inductance [16].

Primary sheet Primary winding

Air-gap  Secondary

. sheet
Concentric cage

7

Rotation direction

Fig. 6. Single-sided induction ALM [14]-[15]. (a) Topology. (b) Experimental
platform.

The proposed ALMs in [12]-[16] can only achieve single-
direction (rotation or linear) motion. In order to achieve multi-
directional compound motion, a novel two degree-of-freedom
(DoF) induction ALM (2DoF-1ALM) is proposed in [17], as
shown in Fig. 7. The 2DoF-IALM is mainly composed of two
arc-shaped stators and a common rotor. Through the
interaction of stator and rotor magnetic fields, the 2DoF-
IALM can realize rotary, linear, and helical motion. The
rotary motion stator and the rotor constitute a rotary motor,
and the linear motion stator and the rotor forms a linear motor.
The prototype is presented in Fig. 8. Therefore, compared
with traditional combined motor, the 2DoF-IALM has the
advantages of compact structure and high reliability. To
further explore the unique characteristics and performance of
the 2DoF-1ALM, the helical motion characteristics [18], the 3-
D FE and prototype experiment [19], the helical motion
coupling effect [20], the stator-slot and pole-pair
combinations [21] are comprehensively studied.

In [22], a new 2DoF-1ALM with the four circumferential
symmetrical arc-shaped stator modules is proposed to weaken
the unbalanced radial force. As illustrated in Fig. 9, the stator
modules 1 and 2 are circumferential symmetrical in structure
and space, which provide linear magnetic fields. The stator
modules 3 and 4 are also circumferential symmetrical, which

Rotary motion  Rotary motion
windjngs stator

-

Copper layer

. ~ Linear motion
Linear motion stator
windings

Fig. 7. Topology structure of the 2DoF-1ALM [17].

Fig. 8. Prototype of the 2DoF-1ALM [17]. (a) Linear motion stator. (b) Rotary
motion stator. (c) Whole stator. (d) Whole prototype.

are used to provide rotating magnetic field. Benefiting from
the symmetry of the four arc-shaped stators in structure and
space, the total radial force of the rotor is effectively
cancelled. Hence, this ALM has the advantages of reducing
bearing wear, easy control and easy machining and assembly.

Stator module 4

Linear motion winding

Rotary motion winding

Fig. 9. Topology of the 2DoF-IALM with four circumferential symmetrical
arc-shaped stator modules [22].

IV. VARIOUS SYNCHRONOUS ALM TOPOLOGIES

A. Rotor-PM Type ALMs

As a special PM synchronous motor, rotor-PM (RPM) type
ALMs have the merits of high efficiency, high torque and fast
dynamic response. It is a promising choice for directly driving
the large servo systems. According to the different flow path
of PM flux, the RPM type ALMs can be subdivided into
radial flux-, axial flux- and tubular ALMs.
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1) Radial Flux ALMs

In [23], a new radial flux ALMs with three arc-shaped
stator modules is proposed, as shown in Fig. 10. The authors
analyzed the torque fluctuation caused by the asymmetric
effect of the three phase armature windings, and put forward a
solution of phase-changing connection of stator windings to
restrain the torque fluctuation caused by the asymmetric effect
of the three phase winding. Besides, in order to further
improve the average torque, the authors proposed another
ALM with four arc-shaped stator modules in [24], as depicted
in Fig. 11. The ALM consists of four stator modules and a
hollow cupped rotor. Each stator module is composed of the
stator core and the armature winding, and the cupped rotor
consists of the rotor core and the parallel magnetized PMs
attached to the rotor core. By optimizing the stator length and
PM parameters, the toque ripple is reduced to 2%, which
satisfies the requirements of the telescope drive.

¢/~~~ Rotor core

(@
Fig. 10. ALM with three stator modules [23]. (a) Topology. (b) Prototype.

Rotor

Fig. 11. ALM with four stator modules [24]. (a) Topology. (b) Prototype.

The torque ripple and scanning range of an ALM with unit
motor having 9/8 stator-slots/rotor-poles combination used for
direct-drive scanning system are investigated in [25]. It shows
that after the optimization, the smooth scanning range is
greatly increased by 19.5% with a low torque ripple of 3%.
[26] studies the influence of the shape of the first and second
PMs at the end of the rotor on the torque performance of the
ALM. By optimizing the shape of these two PMs, the torque
ripple caused by the end-effect is effectively suppressed. In
[27]-[28], a new ALM with compensation winding is
proposed, as shown in Fig. 12. In order to reduce magnetic
resistance and expand the travel range, a set of compensation
windings are placed on the end slot of the stator of the ALM.
And then, by controlling the DC current in the compensation
windings, the magnetic resistance caused by the end-effect is
effectively reduced, and the high-precision tracking of the
ALM used for the scanning system is ensured. In addition, a
winding cross connection method is investigated in [29],

which effectively suppress the torque ripple caused by the
end-effect.

PM

B— Secondary
\ Compensation winding

Armature

(@ (b)
Fig. 12. ALM with compensation winding [28]. (a) Topology. (b) Test
platform.

In 2008, a direct-drive Galileo Sphere robot joint used for
picking goods is designed in [30]. The direct-drive robot joint
is driven by ALMs, which can realize 5DoF motion. As
shown in Fig. 13, the pitching ALM is a stator-PM type
motor, which can achieve motion range of 106 degree, and the
azimuth ALM is a RPM type motor, which can achieve
circular motion of 360 degree. The ALMs-based Galileo
Sphere robot can carry 4 kg of cargo, and has high control
accuracy with 100 um.

Pitching arc-linear

A
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n.mm,,,"qu ﬂ@mf‘

Azimuth arc-linear
motor

(@)

Fig. 13. Galileo Sphere robot joint [30]. (a) Motor topology. (b) Test
platform.
2) Axial Flux ALMs

Compared with traditional radial flux motor, axial flux motor
has higher torque/efficiency density. In [31], the design concept
of axial flux motor is introduced into ALM to propose a hew
single-sided axial flux ALM. The ALM includes the arc-shaped
primary segment and linear secondary segment. Therefore, the
coupling area between the primary and secondary becomes
small, which results in low average thrust and relatively high
thrust ripple. In order to further improve the thrust
performance, the field analysis and thrust optimization is
performed. In addition, a new segmented detent force
analytical model is established and investigated. After that,
two new optimization methods are proposed to suppress the
detent force in [32]-[33]. Finally, the structure of single-sided
axial flux ALM shown in Fig. 14 is made as prototype to
validate the effectively of the design, as shown in Fig. 15.

i = 1l
&-\- [ mf P’
Magnet  Winding Cg}‘:%v .55

Fig. 14. Structure of single-sided axial flux ALM [32].
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Fig. 15. Prototype of the single-sided axial flux ALM [32].

[34] proposes a double-sided axial flux ALM for driving
scanning system, as shown in Fig.16. In order to solve the
time-consuming problem caused by 3D FE calculation, an
approximate equivalent 2D calculation model is established to
calculate the electromagnetic properties of the axial flux
ALM. Benefiting from the double-sided structure, the
proposed ALM has the advantages of high torque density and
low torque ripple. Besides, the double-sided structure can
effectively reduce the normal force along the axis.

Stator core

Armature winding

Fig. 16. Topology structure of double-sided axial flux ALM [34].

3) Tubular ALMs

In order to improve the torque density of ALM, a RPM
type ALM with 3D air-gap structure is proposed in [35], as
shown in Fig. 17(a). The RPM type ALM consists of a rotor
structure and four stator segments. The stator core and
armature winding form a C-shaped structure. Compared with
the ordinary ALM, this ALM shows 1.6 times higher torque
density and 47% lower torque fluctuation. In addition, the
research group also proposes a Halbach type tubular ALM in
[36], as illustrated in Fig. 17(b). The 360 degree full air-gap
formed by stator and rotor increases the effective air-gap area
involved in energy conversion, which makes the proposed
tubular ALM shows higher output torque capacity than the
traditional ALM.

% | .
\\ |
b3 V\;{ \ A
Koy N ‘ ‘ |
Halbach PM  Armature .‘Vé‘" ey |
windings {f?“‘\‘ ‘ “PM
I~ Stator 1 LAV':{; | = =2 J
Rotor . '__S_teim_r__"’%\e'}‘i\: 7 e =
= I TArmatare” 7

| _windings_ !

()
Fig. 17. Topologies of two different ALMs. (a) ALM with 3D air-gap
structure [35]. (b) Tubular ALM [36].

In [37], a novel semicircular tubular ALM with trapezoidal
PMs is proposed to improve the thrust performances, as
shown in Fig. 18. By analyzing magnetic distribution
characteristics, it is found that compared with the
conventional counterpart, the semicircular tubular ALM with
trapezoidal PMs shows superior magnetic flux characteristics.
In addition, the mathematical modeling of the semicircular
tubular ALM is carried out based on vector potential with
Landen’s transformation [38]-[39]. The bilateral control of
semicircular tubular ALM with disturbance model based on
trigonometric function is investigated [40]. The results show
that the bilateral control can realizes high and stable position
tracking.

Mover Trapezoidal
bobbin cylindrical magnets pipe

@ (b)
Fig. 18. The semicircular tubular ALM [39]. (a) Topology. (b) Prototype.

Stainless

B. Stator-PM Type ALMs

For the abovementioned RPM type ALMs, all the PMs are
attached to the rotor core along the circumference. However,
only a part of effective PMs participate in the torque
generation during the operation of ALMs. The remaining PMs
are exposed to the air and hence do not participate in the
energy conversion. Therefore, RPM type ALMs have the low
PM utilization rate. In addition, the RPMs are exposed to air,
which can cause safety problems. In order to resolve the
problems, the stator-PM (SPM) type ALMSs concentrate the
PMs on the arc-shaped stator, which can participate in the
torque generation, and have become the research hotspot for
ALM in recent years. According to the different position of
PM, SPM type ALMs are divided into the double salient, FR
and FS ALMs.

1) Double Salient ALMs

In this section, the design concept of “double salient (DS)
PM motor [41]-[42]” is combined with “partitioned-stator
(PS) design [43]-[45]”, and introduced into the design field of
ALM, and eventually a new DS-ALM is proposed in [46].
Fig. 19 shows the 3D explosion diagram and 2D cross section
diagram of the motor, which is mainly composed of three
inner stator modules, three outer stator modules and one rotor
module sandwiched in the inner and outer stator modules.
Tangentially magnetized PMs are placed in the iron core yoke
of the inner stator, and the magnetization direction of adjacent
PMs is opposite, which constitutes the magnetic
agglomeration effect. Benefiting from the magnetic
agglomeration effect and PS design, the internal space of the
ALM is effectively utilized, which greatly improves the
output torque capacity of the entire DS-ALM.

In order to achieve good motor performance of the DS-
ALM, a multi-objective optimization method based on
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Fig. 19. Topology of the DS-ALM [46]. (a) 3D explosion structure. (b) 2D
cross section structure.
LightGBM technique and differential evolution algorithm is
proposed in [47]. Finally, the prototype is manufactured
shown in Fig. 20 to validate the effectiveness of the above-
mentioned optimization design method. In addition, a two-
step strategy by combining the cross-winding connection
method and machine learning XGBoost-based optimization
method is proposed in [48], which well effectively suppress
torque fluctuation caused by the asymmetric effect of the
three-phase winding.

@)
Fig. 20. Motor prototype of the DS-ALM [47]. (a) Salient rotor. (b)
Assembled stator. (c) Whole Prototype.

In [49]-[51], a PS hybrid excited (HE) ALM (PS-HE-
ALM) is proposed and investigated, as shown in Fig. 21. The
PS-HE-ALM can be regarded as the combinations of the
ALM, the PS motor and the HE motor. By adjusting the DC
field current, the air-gap flux density can be weakened and
enhanced flexibly, resulting in good flux adjustment
capability, as depicted in Fig. 22. Moreover, benefitting from
the PS structure, the space confliction between the magnetic
loading and the electrical loading is addressed. Therefore,
compared with the traditional single-sided HE-ALM (SS-HE-
ALM), the proposed PS-HE-ALM shows improved back-
electromotive force (back-EMF) and average torque, as shown
in Figs. 23-24. In [52], a new optimization design method by
combining random forest method and differential evolution
algorithm is investigated to optimize the PS-HE-ALM, which
achieve the optimal motor performance.

2) Flux Reversal ALMs

In order to solve the problem of large PM usage in RPM
type ALMs, a new FR-ALM (FRALM) is proposed and
analyzed by incorporating the concept of “FR motor [53]-
[54]” into an ALM. Its topology is shown in
Fig. 25. The FRALM consists of three stator modules and a
rotor module. The inner diameter of each stator module is
affixed with “N-S-iron-S-N-iron” PM and iron core block
array, the magnetization direction of PM is radial, and the

Armature winding

Fig. 21. Topology of the PS-HE-ALM [51]. (a) 3D view. (b) Cross section.
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Fig. 22. Working principle of the PS-HE-ALM at three different states [51].
(a) Flux-enhanced state. (b) Only-PM state. (c) Flux-weakened state.
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Fig. 23. Comparison of the back-EMF of two ALMs. (a) SS-HE-ALM. (b)
PS-HE-ALM.
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Fig. 24. Comparison of the torque characteristics of two ALMs. (a) SS-HE-
ALM. (b) PS-HE-ALM.

magnetization direction of adjacent PMs on each stator tooth
is opposite, while the magnetization direction of two PMs on
adjacent stator teeth is the same [55]-[56]. It is found that due
to the SPM design, all the PMs are effective, which can
participate in torque generation and have improved PM
utilization rate. In addition, the powerful machine learning
algorithm CatBoost is introduced into optimal design field of
ALM to obtain optimal structural parameters [57]. Finally, the
optimal design method and simulation results are validated by
the prototype experiment, as shown in Figs. 26-27.

The previous FRALM depicted in Fig. 25 is a single-sided
FRALM, the single-sided structure restricts the further
increase of the torque density of the ALM. Therefore, in order
to further improve the torque density of ALM, the double-
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Fig. 26. Prototype of the FRALM [57]. (a) Stator. (b) Rotor. (c) Prototype.
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Fig. 27. FE-predicted and measures results. (a) Back-EMF. (b) Output torque.

sided structure is introduced into ALM, and eventually a new
double-sided FRALM (DS-FRALM) are proposed in [58], as
shown in Fig. 28. In this ALM, the inner and outer stator teeth
are affixed with radially magnetized SPMs. The
magnetization direction of the adjacent PMs on the same tooth
is opposite, and the adjacent PMs on the adjacent teeth are in
the same direction. Besides, the PM magnetization direction
of the inner and outer stators is opposite, so that there is no
magnetic coupling between the inner and outer stators. The
comparative results shows that the proposed DS-FRALM
shows higher average torque compared with the single-sided
counterparts.

@ (b)
Fig. 28. Topology of DS-FRALM [58]. (a) Exploded-view. (b) Cross-section.

In [59]-[60], the consequent-pole (CP) design is introduced
into DS-FRALM to design two CP-DS-FRALMs (named

motor | and motor I, respectively), as shown Fig. 29. It is
found that compared to motor IlI, motor | shows lower
cogging torque and better over-load torque capability, but it
has lower back-EMF, torque density and PM utilization. The
ALMs proposed in [55]-[60] have the relatively constant air-
gap PM flux, which lead to limited flux adjustment capability.
Consequently, a new HE-DSFRALM as shown in Fig. 30 is
proposed by combining the FRALM having double-sided
design and the HE motor [61]. The proposed HE-DSFRALM
incorporates the merits of high average torque, low cogging
torque and wide flux adjustment capability, which is suitable
for large telescope drive.
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Fig. 29. Two topologies of the CP-DSFRALM [60]. (a) Motor I. (b) Motor II.
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Fig. 30. Topology of the HE-DSFRALM [61]. (a) 3D view. (b) Cross-section.
3) Flux Switching ALMs

In addition to the DS and FR structures, another SPM
motor named “FS motor [62]-[64]” is also introduced into the
topology design field of ALM to propose three different types
of FSALMs in [65]. The first motor is a modular FSALM
with three stator modules (hamed motor 1), the second one is
the traditional FSALM (named motor I1), and the last one is a
FSALM having PMs on both stator end-sides (named motor
I11), as illustrated in Fig. 31. The comparative results show
that compared with motors | and I, motor Il has better
magnetic field distribution, and can output more sinusoidal
back-EMF and higher average torque. It is found in [66] that
the torque ripple of modular FSALM is mainly caused by the
first and second harmonics of cogging torque. In order to
reduce the torque ripple, the first harmonic of cogging torque
is reduced by optimizing the width of the middle stator
module and the left and right ends of the non-magnetic
connector. And the second harmonic of cogging torque is
reduced by current harmonic injection method. Besides, the
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segmented skew rotor pole is adopted to suppress torque
pulsation, and comparison results verified the proposed design
[67].
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Fig. 31. Three types of FSALMs [65]. (a) Motor I. (b) Motor II. (c) Motor IlI.

Another new modular FSALM with staggered rotor
structure (SR-FSALM) is proposed in [68], as depicted in
Fig. 32. The motor adopts a two-stator module with opposite
magnetized SPMs. And the SR-FSALM utilizes two
staggered rotor to eliminate the even-order harmonics of the
back-EMF, thereby reducing the cogging torque and torque

ripple.

+ Wy

Stator part I
Winding

Stator

Stator part IL
(2)

Rotor part I
Rotor part 11

(b)

Fig. 32. Topology of SR-FSALM [68]. (a) Stator structure. (b) Rotor
structure.

In [69], the basic topology and design principle of FSALM
with 6 stator slots /5 rotor teeth are investigated and

discussed. In addition, the analytical models of no load torque
and radial force by using magnetic permeance function are
established. The derived analytical models show that only
pure structural parameter optimization could not achieve the
radial force suppression. To effectively suppress the no-load
torque and radial force at the same time, a novel double 3-
phase FSALM with fault tolerance structure (FT-FSALM) is
proposed in [69], as show in Fig. 33. Finally, the simulation
and experimental results verify the effectiveness of the
proposed design. In [70], on the basis of FT-FSALM, the
influence of different winding structures on open circuit fault
tolerance currents are analyzed. Then, the performances
analysis of fault tolerance under different conditions are
carried out from the view of motor temperature rises. Finally,
some calculation results show that the FT-FSALM shows
improved fault tolerance of open-circuit fault, while having
stable heat dissipation and satisfactory average torque output
capacity.

(S,
Fig. 33. Motor topology of the double 3-phase FT-FSALM [69].

As shown in Fig. 34, a flux modulated ALM with hybrid
PM arrangement (HPM-FMALM) is proposed and analyzed.
The proposed HPM-FMALM using hybrid PM arrangements
can perform the double flux-modulation effect to improve
torque performance [71]. Besides, another new asymmetric
dual-stator flux modulated ALM (ADS-FMALM) is proposed
in [72]-[73], as illustrated in Fig. 35. The proposed design
incorporating the FR structure and FS structure. First, the
working principle and optimization design are conducted, and
then, the comparative analysis between single- and double-
stator configurations is carried out. It is found that the
proposed ADS-FMALM shows superior synthetical torque
capabilities and is more suitable for direct-driven system

applications.

L
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odu\c 3
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Fig. 34. Motor topology of the HPM-FMALM [71].
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Fig. 35. Motor topology of the proposed ADS-FMALM [72]-[73]. (a)
Exploded-view. (b) Cross-section.

C. Dual-PM Type ALMs

The DPM type motors generally refer to a class of motors
in which all the PM excitation sources are located in both the
stator (primary) and rotor (secondary) structures [74]-[77].
Based on the bidirectional flux modulation effect (BFME), the
DPM type motors can enrich the air-gap flux harmonics and
effectively improve the torque output capacity of the motor.
Therefore, in [78], a new DPM type variable flux ALM
(DPM-VFALM) having DPM and DC field winding
excitations is developed by combining DPM type motor and
ALM structures, as shown in Fig. 36. The flux regulation
principle, air-gap field distributions, flux linkage, back-EMF
and torque characteristics under different excitation states are
analyzed. The results are shown in Fig. 37. It is found that the
proposed DPM-VFALM has higher torque characteristics
compared with SPM- and RPM counterparts.
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3
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Fig. 36. Topology of DPM-VFALM [78]. (a) One module. (b) Whole motor.
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Fig. 37. Flux regulation principle of the DPM-VFALM. (a) Field
distributions. (b) Harmonic analysis. (c) Flux linkage. (d) Back-EMF.
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As illustrated in Fig. 38, a new multi-unit distributed DPM
excited ALM (DPM-ALM) is proposed [79]-[80].
Comparative results indicate that the proposed DPM-ALM
exhibits improved output torque capability benefiting from the
BFME. In addition, the CP design is also introduced into the
proposed DPM-ALM, which make the DPM-ALM show
higher PM utilization rate compared with the RPM type and
middle SPM (MSPM) type counterparts. Finally, the
simulation results are validated by the prototype experiment
depicted in Fig. 39. The finite element results and
experimental results are illustrated in Fig. 40.

Armature Winding

Fig. 39. Prototype of the DPM-ALM [80]. (a) Stator. (b) Rotor. (c) Prototype.
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Fig. 40. Comparison of measured and FE results. (a) Back-EMF. (b) Torque.

D. Performance Comparison

Through the summary of the above investigations in
Sections Il and 1V, it can be found that different types of
ALMs have advantages and disadvantages. Firstly, the merits
and demerits of four types of ALMs (i.e., Induction ALMs,
RPM type ALMs, SPM type ALMs and DPM type ALMs) are
summarized. Then, the electromagnetic performances of
several typical PM ALMs are compared in Table I.

The analysis is summarized as follows:

1) For the induction ALMSs: induction ALM is asynchronous
motor, its torque fluctuation is relatively high compared with
PM-ALMs. In addition, the rotor of the induction ALMs is
generally a solid and simple structure. However, the solid rotor
produces eddy current loss, which could result in relatively high
temperature rise and low power factor.

2) For the RPM type ALMs: compared with the SPM type
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ALMs, the RPM type ALMs are easier to manufacture and
have relatively higher reliability. However, only part of RPMs
is involved in the torque generation, while the remaining PMs
are exposed to the air and does not participate in the torque
generation, which has relatively low PM utilization rate, high
PM usage and failure rate.

3) For SPM type ALMs: compared with the RPM type
ALMs with surface-mounted PM (SMPM) arrangement, the
SPM type ALMs have relatively lower torque. However, the
SPM type ALMs fully and effectively utilize all the SPMs for
torque generation, resulting in a relatively high PM utilization
rate and low PM cost, as listed in Table I.

4) As for DPM type ALMs: although PMs are wrapped in
stator and rotor core, which results in high PM usage and cost,
the BFME is an effective solution to heighten the torque
capacity of ALM under the limited space -constraints.
Currently, it has gradually attracted increasing attention.

155

V. ADVANCED CONTROL TECHNIQUES

Because of its unique finite length structure, the ALM
will also be affected by some periodic and aperiodic
disturbances, which will make motor speed fluctuate
obviously at low speed. Therefore, it is of great significance
to find a suitable control algorithm to improve position and
speed tracking performance of the whole ALM control
system.

In [81], a new model predictive control (MPC) based on
extended state observer (ESO) and iterative learning control
(ILC) is designed and shown in Fig. 41. The ESO is fed
forward to the MPC controller to reject the nonperiodic
slowly changing disturbances. Then, the ILC is used to
compensate the periodic position-dependent disturbances.
Finally, the experimental results show that the proposed
control system has better speed tracking and speed
disturbance rejection ability.

TABLE |
MAIN STRUCTURAL PARAMETERS AND PERFORMANCE COMPARISON OF SEVERAL TYPICAL ALMs

Parameters ~ SMPM-ALM  DS-ALM '””;rl_r,\‘jltor' O“t/‘;rl_rl‘\’/for" DS-FRALM  RPM-ALM  SPM-ALM  DPM-ALM  MSPM-ALM
Reference [46] [46] [46] [46] [58] [80] [80] [80] [80]
Motor outer 68 68 68 68 68 61 61 61 61
radius/mm
Motor inner 32 32 32 32 32 15 15 15 15
radius/mm
Stator slot
numbers of each 6 6 6 6 6 6 6 6 6
Unit
Rotor pole
numbers of each 11 11 11 11 11 14 14 14 14
Unit
Stack length/mm 50 50 50 50 50 40 40 40 40
Air-gap 055 055 055 055 055 05 05 05 05
length/mm
Stator tooth
pitch (dearee) 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0
R"“zag’g"r'ge;"t‘:h 72111 72111 72111 72111 72111 7214 72114 72/14 72/14
ROtorth‘i‘éer arc _ 05 03 05 0.6 0.47 0.47 0.47 0.47
Rotor outer arc - 03 06 03 05 06 06 06 06
ratio
SPM height/mm - 7.12 6.4 6.7 15 - 16 16 16
RPM height/mm 2.0 - - - - 1.98 - 1.98 1.98
Rotor teeth - 511 55 45 1375 1.98 1.98 1.98 1.98
height/mm
PM grade N42SH N42SH N42SH N42SH N42SH N42SH N42SH N42SH N42SH
S"';f: df:ee' DW310-35 DW310-35 DW310-35 DW310-35 DW310-35 DW310-35 DW310-35 DW310-35  DW310-35
Maximum back-
EMF (V) 11.4 10.46 5.40 9.45 9.74 19.75 1322 36.91 14.38
Average torque 3.97 3.49 1.85 2.86 3.42 455 3.24 7.70 278
/(N m)
Peak to peak 0.704 0.046 0312 0.168 0501 161 116 0.94 0.99
torque/(N m)
Total PM
usagel(en) 31.9 23.58 245 18.9 19.8 1011 3.83 13.94 13.94
Torque/total PM - 0.148 0.076 0.151 0.173 0.450 0.846 0.552 0.199

usage/(N m/cm?)
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Fig. 41. Schematic diagram of the MPC system based on ESO and ILC [81].
In [82], a low-speed MPC system of ALM is designed
based on modified linear extended state observer (LESO), as
shown in Fig. 42. Table Il compares the speed root mean
square (RMS) of the three control methods at three different
resolution encoders (5000, 2500, and 1250 ppr, where ppr
represents pulses per revolution) and four rotor speeds (0.25,

the three control methods, the proposed LSMPC has the
smallest speed RMS value at three resolution encoders and
four rotor speeds. In addition, with the increase of the
resolution encoder, the speed RMS value decreases. Finally,
the experimental results shows that the proposed LSMPC can
significantly reduce the speed ripple and improve the motor
performance of the low-speed drive system.

Current controller and

. Coordinate transformation
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[

0.5, 0.75, and 1.0 r/min). It can be seen that in Fig. 42. Schematic diagram of the proposed LSMPC [82].
TABLE Il
SPEED RMS OF THREE CONTROL METHODS AT THREE RESOLUTION ENCODERS AND FOUR ROTOR SPEEDS [82]
5000 ppr 2500 ppr 1250 ppr
Method 0.25 0.5 0.75 1.0 0.25 0.75 1.0 0.25 0.5 0.75 1.0
r/min r/min r/min r/min r/min r/min r/min r/min r/min r/min r/min r/min
PI controller 0.159 0.294 0.408 0.438 0.270 0.433 0.628 0.785 0411 0.575 0.817 0.960
MPC with ESO  0.088 0.123 0.179 0.233 0.175 0.174 0.210 0.303 0.343 0.399 0.431 0.469
LSMPC 0.088 0.126 0.176 0.208 0.170 0.156 0.220 0.318 0.273 0.364 0.427 0.440
In [83], a new control strategy shown in Fig. 43 based on Gt oM &
Hamiltonian and generalized proportional integral observer s Cooete fendformaton
(GPIO) is proposed to reduce the total interference of internal ‘

and external factors and current harmonics. The experimental
results show that in the control strategy, the Hamiltonian
theory+GPIO control shows lower speed ripple and lower
torque ripple than the PID control, which can achieve good
speed/position tracking and anti-interference performance of
large telescopes drive.
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Fig. 43. Schematic diagram of the Hamiltonian and GPIO [83].

In [84], in order to achieve precise and reliable position
tracking of ALM, a position tracking method based on
iterative learning super twisting observer (ILSTQO) and super
twisting control (STC) is proposed and named as ILSTO-
STC, as shown in Fig. 44. The experimental results show that
the proposed ILSTO-STC can effectively reject the variable
period parasitic torque ripples, and the STC improves the
robustness for the nonperiodic disturbances.

In order to overcome the limitation of low-resolution
encoder, a new speed measurement strategy by combining
acceleration-based  disturbance observer (ADOB) with
Fig. 45. Fig. 46 shows the experimental results of speed

7

Proposed
scheme

2 On §* 0, | Encoder
& -

Fig. 44. Block diagram of the control system based on ILSTO-STC [84].

Kalman observer (KMO) is proposed in [85], as shown in and
torque tracking under no-load and on-load operation based on
two different control methods. It can be seen that compared
with the improved T-method (IT-method)+ DOB, the proposed
ADOB+KMO shows better speed tracking capability, which
shows lower speed ripple and better response speed of the
system to the change of load. Besides, the ADOB+KMO has
more stable position tracking performance. The experimental
results verify the effectiveness of the ADOB+KMO method.
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Fig. 45. Schematic diagram of the ADOB+KMO [85].
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Fig. 46. Experimental results of speed and torque tracking based on two
different control methods [85]. (a) Speed waveform. (b) Torque waveform.

The ALM offer suffers from the speed ripple due to the
periodic disturbances. The traditional disturbance observer
can reduce the speed ripple by increasing the observer
bandwidth, but this will introduce high-frequency noise. In
order to address the limitations, a new high-pass filter-based
linear active disturbance rejection controller (HFLADRC)
shown in Fig. 47 is proposed to drive the ALM in [86]. The
experimental results of Pl and HFLADRC control methods at
10 r/min are compared in Fig. 48. It can be seen that in the
two control methods, the Pl control method has the worst
speed tracking capability. This is because that the peak-peak
value of speed ripple is the biggest. However, the peak-peak
value of speed ripple of the HFLADRC is the smallest, which
indicates that the proposed HFLADRC method is more
capable of effectively suppressing speed ripple.
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Fig. 47. Block diagram of the control system based on HFLADRC [86].

VI. APPLICATION AREAS AND DEVELOPMENT TRENDS

A. Application Areas

1) Large Telescope Scanning Equipment

The ALM was first introduced in the large telescope drive
[9]. With the development of science and technology, the
optical telescope becomes larger and larger, the ordinary
rotary motors cannot meet the required size for the large
telescope [5]-[7]. At the beginning of the 21st century, a new
driving system for the large telescope based on the ALM was
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Fig. 48. Experimental results of two control methods at 10r/min [86]. (a) PI.
(b) HFLADRC.
developed [8]-[9]. Since then, the ALMs have been widely
applied on some famous large telescopes including the TMT
[8], Subaru [10] and ALMA [11], and so on [23]-[29].
Different from the traditional solution of rotating PM motor
plus gearboxes, ALMs directly connect load without auxiliary
devices. Thus, compared with the traditional solution, the
response performance and the drive efficiency of the
transmission system based on the ALMs are greatly improved.
In addition, ALMs can be manufactured piecewise and
assembled on site, which effectively reduce the machining
cost. Therefore, ALMs have been regarded as good candidate
for large telescope drive, especially the DPM type ALMs
[78]-[80].
2) Robot Joint Systems

Through pre-research, it can be found that the remarkable
characteristics of multi-DoF robots such as palletizing robots
and medical robots in the operation process are as follows:
The motion trajectory planned by multi-DoF robots is often
not a complete rotation motion, but frequent and repeated
motion in a limited Angle and high-precision positioning. To
realize the multi-DoF limited angular motion, the traditional
solution is rotating PM motor plus gear box, where the
rotating motion can be converted to linear motion. However,
the additional gear box will introduce the transmission error
and complex mechanical structure. Direct-drive motor can
avoid the above-mentioned limitations. The ALMs have the
dual characteristics of rotating PM motor and linear PM
motor, which have the features of fast dynamic response and
direct-drive characteristics [87]. Besides, the stator or rotor of
the ALMs is finite length structure, which is consistent with
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the features of the robot motion trajectory. Thus, the “multi-
unit modular ALMs” formed by the flexible combination of
one or more stator/rotor elements can well realize the limited
angular and repeated “zero-motion” of the multi-DoF robots
in the process of pitching and horizontal motion. Therefore,
due to its unique structural characteristics, under the limited
space constraint, the ALM exhibits a good application
prospect in direct-drive robot joint applications such as
palletizing robots [30] and surgery robots [37]-[40].
3) Other Electromagnetic Dirven Systems

Servo control systems play an important role in the field of
manufacturing and industrial production. The traditional servo
control system adopts the indirect form of “rotating motor
plus auxiliary mechanism”, which results in the complicated
transmission structure, large volume and high manufacturing
cost. Besides, the system has defects such as friction and
wear, elastic deformation and reverse clearance, which is
difficult to meet the requirements of low speed, high torque
and high precision. Therefore, direct-drive LAMs have wide
application prospects in various servo control systems such as
annular transmission system [31]-[33] and servo turntable
[23]-[24], [55]-[57], [58]-[61], [78]-[80]. For example, the
annular transmission system in [31]-[33] is mainly made up of
linear motor and ALM. Moreover, the studied ALM is an
axial flux ALM. Compared with radial flux ALM, the axial
flux ALM shows higher torque density. In the servo turntable
application, various SPM- and DPM type ALMs are designed
and thoroughly analyzed in [23]-[24], [55]-[57], [58]-[61],
[78]-[80]. Comparative results show that the SPM- and DPM
type ALMs have higher PM utilization rate and torque
characteristics than the RPM type ALMs. Of course, in addition
to the above three typical application areas, direct-drive ALM is
also a attractive candidate for other applications including wing
gates, drilling machines, biopsies, etc. [17]-[22].

B. Development Trends

1) Main Challenges

Following the overview on recent ALM technologies, the
characteristics of the ALMs are analyzed, and then two main
issues can be summarized as follows: (a) The stator or rotor
structure of the ALMs is discontinuous along the
circumference. Therefore, the finite length structure leads to a
reduction in the effective area of the coupling between the
stator and the rotor, thus the electromagnetic torque and
torque density generated by ALM are relatively lower
compared with the traditional rotating PM motor. (b) Similar
to ordinary linear PM motors, the ALMs will suffer from the
circumferential end-effect due to the finite length of stator or
rotor core. Accordingly, in addition to the slotting torque, the
circumferential end-effect will generate the additional ending
torque and radial force. On the other hand, another effect of
the circumferential end-effect is to produce three-phase
winding asymmetry effect, resulting in a high load torque
fluctuations. Accordingly, based on the above analysis, the
ALMs show higher torque fluctuations than the rotating PM
motor. Therefore, for the ALM topologies in the future direct-
drive applications, the core challenges to be solved are: How

to improve the torque density and reduce the torque ripple of
the ALMs under the constraint of limited space volume.
2) Future Trends

Focusing on the core challenges of “torque density increase
and torque ripple decrease” of the ALMs, this paper intends to
summarize the following three future trends from the motor
design and control strategy level:

1) Novel ALM topologies will continue to emerge, which
attempt to improve torque density and reduce torque
fluctuation. The axial flux ALMs and DPM type ALMs seem
to be more suitable for direct-drive applications due to its
higher torque density than its single PM-counterparts. At
present, there are few researches on these two types of ALM
designs.

2) Workable data-driven surrogate model-based optimization
design methods having high precision and good generalization
ability as well as considering the electromagnetic, thermal and
mechanical multiphysics are highly required to facilitate the
optimization design process of ALMs.

3) Previous research on ALM mainly focuses on improving
average torque and reducing torque fluctuation. However, the
inherent structural characteristics of the ALM lead to large
radial force and temperature rise. Therefore, effective
approach to suppress the radial force and temperature rise is
still a major challenge for ALM in the future direct-drive
applications.

4) Past works on control algorithms for the ALM focus on
improving the tracking accuracy and disturbance suppression
ability. However, dynamic response ability is also an
important performance index of the ALM drive system. The
exploration of the advanced control strategies to improve
dynamic response performance of the drive system are still
highly essential.

VII. CONCLUSION

This paper provides a comprehensive overview of the
ALMs for direct-drive applications, mainly focusing on their
topology structures, working principles, performances
evaluation, and optimization and control techniques.
According to the working principle, the ALMs can be
classified into two categories, i.e., induction and synchronous
ALMs. Further, the synchronous ALMs are classified into
RPM, SPM and DPM ALMs. The RPM-ALMs include radial
flux, axial flux and tubular ALMs. The SPM-ALMs are
divided into double salient, FR and flux switching ALMs.
Then, the major merits and demerits of various ALM
topologies are identified and summarized. The RPM type
ALMs illustrate high torque capability. However, the PM
utilization rate is relatively low. On the contrary, the SPM
type ALMs can improve PM utilization rate, but the average
torque is lower than the RPM type counterparts. The DPM
type ALMs can be regarded as a combination of RPM and
SPM type ALMs, thus are tradeoffs between the RPM and
SPM ALMs. Benefitting from their corresponding features,
the ALMs have been widely used in various application areas
including the large telescopes, robot joints, servo control
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systems, and so on. Finally, we discussed the main issues and
core challenges of ALMs, and proposed the perspectives as
well to promote a more comprehensive understanding for
ALM.
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