energies 52

Review

A Review of Transverse Flux
Machines Topologies and Design

Victor Ballestin-Bernad, Jesus Sergio Artal-Sevil and José Antonio Dominguez-Navarro



https://www.mdpi.com/journal/energies
https://www.scopus.com/sourceid/62932
https://www.mdpi.com/journal/energies/stats
https://www.mdpi.com
https://doi.org/10.3390/en14217173

energies

Review

A Review of Transverse Flux Machines Topologies and Design

Victor Ballestin-Bernad

check for

updates
Citation: Ballestin-Bernad, V.;
Artal-Sevil, ].S.; Dominguez-Navarro,
J.A. A Review of Transverse Flux
Machines Topologies and Design.
Energies 2021, 14, 7173. https://
doi.org/10.3390/en14217173

Academic Editor: José Gabriel

Oliveira Pinto

Received: 3 September 2021
Accepted: 27 October 2021
Published: 1 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Jestis Sergio Artal-Sevil

and José Antonio Dominguez-Navarro *

Department of Electrical Engineering, School of Engineering and Architecture, University of Zaragoza,
C/Maria de Luna, 50018 Zaragoza, Spain; ballestin@unizar.es (V.B.-B.); jsartal@unizar.es (J.5.A.-S.)
* Correspondence: jadona@unizar.es

Abstract: High torque and power density are unique merits of transverse flux machines (TFMs).
TFMs are particularly suitable for use in direct-drive systems, that is, those power systems with no
gearbox between the electric machine and the prime mover or load. Variable speed wind turbines
and in-wheel traction seem to be great-potential applications for TFMs. Nevertheless, the cogging
torque, efficiency, power factor and manufacturing of TFMs should still be improved. In this paper,
a comprehensive review of TFMs topologies and design is made, dealing with TFM applications,
topologies, operation, design and modeling.

Keywords: transverse flux machines; review; permanent magnets; variable speed; wind power;
electric vehicle

1. Introduction

Rotating electric machines (motors and generators) convert the electrical energy into
mechanical energy or vice versa, and in this energy conversion, the air gap, current
and magnetic flux directions play an essential role. Four combinations are possible, as
shown in Figure 1, these are radial flux machines (RFMs), axial flux machines (AFMs),
transverse flux machines (TFMs) with radial air gap and TFMs with axial air gap [1]. Table 1
classifies REMs, AFMs and TFMs regarding three aspects: the air gap (radial or axial), stator
winding (distributed, concentrated or ring-shaped) and rotor (cylindrical or disk-shaped).
It should be noted that only TFMs can have either a radial or axial air gap, thus making
it possible to have either a cylindrical or disk-shaped rotor. TFMs, together with Vernier,
flux-switching and flux-reversal machines can be seen as “flux-modulation reluctance
electric machines” [2] or “magnetically-geared machines” with a “single mechanic port” [3].
Furthermore, it is possible to combine some features of different machines: for example,
a Vernier TFM is proposed in [4], flux-switching TFMs are presented in [5-10] and flux-
reversal TFMs are proposed in [11-13] .

According to the literature [14-20], TFMs were first introduced in 1895 by W. M.
Morday, but they gained wider attention towards the end of the 20th century from the
studies of Laithwaite et al. [21], and Weh and May [22]. Figure 2a shows one pole pair of a
basic TFM: a ring-shaped coil is embraced by stator U-cores that guide the magnetic flux
from one permanent magnet (PM) to another. Half of the PMs are not contributing to the
flux linkage in a given time, in fact, they are creating a “negative flux” [23]: this negative
flux can be reduced with the use of I-bridges (Figure 2b), also named shunts, at the cost of
increasing the machine complexity and weight.

Unlike REMs and AFMs, TEMs allow us to increase the motor torque by increasing
the number of poles without affecting the flux linkage or current. The torque (T) of a
three-phase synchronous motor with the same d- and g-inductances fulfills (1).

3 )
T = 5 p¥misg )

p is the number of pole pairs, ¥, is the PMs flux linkage per pole pair, and is 4 is the
stator current in the g-axis.
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To obtain a higher torque, the three terms of the right side of (1) must be analyzed:

*  pincreases with the number of poles (in any case, the machine diameter can be kept

constant or not).
* Y, increases with the flux density (e.g., using rare-earth PMs), the pole area or the

number of turns.

* i3, increases with the stator current, thus decreasing the efficiency (torque is linear
with current, but Joule losses are quadratic) and increasing the current density (maybe
causing cooling problems).

Regarding the first point, an increase of the pole pairs, it should be noted that in RFMs
or AFMs the pole area is halved if p is doubled, thus ¥, is halved and the torque remains
the same, according to (1). Only in TFMs is it possible to increase p, keeping both ¥;, and
the diameter constant, so the torque and volumetric torque density increase in the same
way. This phenomenon is depicted in Figure 3.

Table 1. Air gap, stator winding and rotor of RFMs, AFMs and TFMs.

RFM AFM TFM
Air gap RD AX RD or AX
Stator winding DT or CO DT or CO RS or CO
Rotor Yy DS CY or DS

RD—radial, AX—axial, DT—distributed, CO—concentrated, RS—ring-shaped, CY—cylindrical, DS—disk-
shaped.

B Rotor core [l Stator core I Shaft Il Rotor core [l Stator core I Shafi

[T Magnets[ ] Winding B [ Magnets [ Winding
Direction of Direction of
airgap airgap
Direction of rotation Direction of rotation
and flux in core and flux in core
Full machine One section of AFM
(a) (b)

B Rotor core [l Stator core HE Shaft Hl Rotor core [l Stator core M Shaft
I Magnets[] Winding [ Magnets[—] Winding
Dire({tim of Direction of
flux in core airgap

Direction of rotation Direction of rotation

Direction of Direction of
airgap flux in core

-\

Full machine One pole pair

Full machine One pole pair

(0) (d)
Figure 1. (a) RFM, (b) AFM, (c) TFM with radial air gap, (d) TFM with axial air gap [1].
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Figure 2. One pole pair of a basic TFM: (a) without shunts, (b) with shunts.

TFM

Figure 3. Increase of the pole pairs in REMs and TFMs.

The same analysis can be applied to the back electromotive force (back-EMF) of a
transverse flux (TF) generator, according to (2).

E=wp¥n ()

E is the peak-EMF, w is the electric speed.

Due to the TFMs structure, where the magnetic flux plane is perpendicular (“trans-
verse”) to the rotation plane, the electric and magnetic circuits are decoupled. However,
the high cogging torque and leakage flux are significant drawbacks of TFMs, and the high
number of pieces (cores and magnets) makes their manufacture complex.

In this paper, a comprehensive review of TFMs topologies and design is made. Firstly,
in Section 2, the main applications of TFMs are discussed. In Section 3, TFMs are categorized
regarding their structure: air gap, rotor, stator and phase arrangements. In Section 4, the
operation of TFMs is explained, focusing on the pros and cons in terms of performance.
In Section 5, the main design and modeling techniques are reported. Finally, in Section 6,
some conclusions and future guidelines are drawn.

2. Applications

Due to their high torque and power density [1,24,25], TFMs show unique merits for
the so-called direct-drive systems, that is, those power systems where the electric machine
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is directly coupled to the prime mover (e.g., wind turbine) or load (e.g., vehicle wheels)
without the need for a gearbox: the absence of this intermediate mechanical drive reduces
the maintenance cost and increases the overall efficiency and reliability [26]. Different appli-
cations have been explored for TFMs, most of them within a direct-drive system, and both
as a generator (G) or motor (M). TFMs are mostly rotating machines, but some linear and
tubular TFMs have also been proposed in the literature. The operation, design and model-
ing of rotating, linear and tubular machines is quite similar (e.g., torque ripple in rotating
machines versus force ripple in the linear case), that is why this review is mainly focused
on rotating machines. Nevertheless, linear [4,9,10,21,27-41] and tubular [11-13,33,42-54]

TFMs have specific applications that are presented at the end of this section. In any case,
commercial exploitation of TFMs is currently limited to very few manufacturers [55-57].

Wind power (G) [15,17,26,58-77].

Direct-drive wind generators are part of the so-called variable speed wind turbines. In
this case, the machi is directly attached to the wind turbine, whereas the stator is connected
to the grid though a full-scale power converter. In order to deliver a high power from very
low rotational speeds, in the range of 5 to 25 rpm [23,78,79], a high-torque generator is
required: this is where TFMs emerge as strong candidates to replace conventional radial-
flux PM synchronous machines (PMSMs). TF generators from 180 W [66] to 50 kW [71]
have been found in the literature. Besides, in [18] a review of wind energy applications for
TFMs has been made.

Tidal power (G) [80] and hydrokinetic power (G) [81].

A 10 kW, 150 rpm TF generator for tidal power has been proposed in [80]: due to
the variable nature of tidal streams, the tidal turbine should operate over a wide range of
frequencies. In [81], a 100 W, 100 rpm, two-phase TF generator is designed to gain energy
from river streams as off-grid generation.

Electric vehicle (M) [6,25,56,82-93].

TFMs potential for vehicle traction has been explored, for example, in hybrid buses [84],
ships (200 MW, 200 rpm per shaft, directly-coupled) [83], as an in-wheel motor for electric
scooters [6,90,93], bikes [56] and for other in-wheel uses [25,87,88,92]. It has been shown
that the efficiencies of a TFM and a RFM are comparable in the low-speed-low-torque
operating point, and better for the RFM in the high-speed point and for the TEM in the
high-torque point [85]. However, the overload capability, power factor and efficiency of
TFMs must be further improved to compete with PMSMs [25].

Robotics (M) [94,95].

In the field of robotics, gearing configurations have many drawbacks such as increase
in cost, additional space, elasticity and backlash [94], thus direct-drive systems are a good
solution for high torque requirements. A 100 W, 1200 rpm, geared TFEM, has been designed
in [95] as a shoulder joint motor in an articulated six axis robot arm.

Aircraft and spacecraft (M) [96-99].

Two 160 kVA TFMs have been proposed for aerospace applications [96,97]. A high
torque density and good thermal performance are key aspects in the design process:
for this application, liquid cooling is not suitable due to safety, mass, and maintenance
restrictions [97]. Besides, a fault-tolerant TF alternator has been proposed for an aerospace
power generation system [98]. Another TFM has been proposed for the position control of
a spacecraft [99]: apart from low mass and power requirements, motors for spacecraft ap-
plications should have a high reliability, very long operational life over a wide temperature
range and hard vacuum and immunity to space radiation.

Smart artillery munitions (M) [100].

A TEM has been proposed for the trajectory correction fuse of a projectile in [100].

Linear and tubular TFMs (G).

Linear and tubular TF generators for wave energy have been proposed in [33,52] and
TF tubular machines have been presented for use with a free-piston engine in [44,45,48,49].

Linear and tubular TFMs (M).
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Similar to rotating TFMs, linear TFMs show high force density, but also high force
ripple [29]. Linear TFMs have been proposed for transportation [21,27,34,40], Steltzer ma-
chines for hybrid electric vehicles [28], 3D-printer motors [30], needle free jet injection [32],
servo applications [4] and electromagnetic launchers [37]. Besides, tubular TFMs have been
presented for long stroke applications [11,13,54], electromagnetic launchers [46,47], and for
precision industrial processing [50].

3. Transverse Flux Topologies

As in conventional radial flux machines, the main structural parts of TFMs are the air
gap, rotor and stator. Besides, to produce torque (in a motor) or EMF (in a generator), both
an excitation and an armature winding are needed. Most TFMs are excited by PMs that are
placed on the rotor, whereas the armature winding is located in the stator, together with the
magnetic cores (see Figure 2a). What essentially makes a TFM different from a conventional
radial flux machine is the magnetic flux plane being perpendicular (“transverse”) to the
rotation plane: this plane separation enables the magnetic and electric loads decoupling
that is inherent to TFMs. There are many possible arrangements for the air gap, rotor, stator,
PMs, winding(s) and phases, but in any case the choice of the TF topology is an essential
stage of the design process, in order to meet the specs given by the machine application. In
Figure 4, the main TF topologies are summarized, and they are further explained below.

Transverse flux
topologies

|
| ' ! ' ! ' '

. Permanent Stator Phases
Alr gap [| magnets |[ | Rotor [ Stator cores arrangement arrangement

Winding

- U i
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]

. Flux = Claw-pole Double .
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9, hook
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Figure 4. Transverse flux topologies.

3.1. Air Gap (Radial, Axial)

The machine air gap is located between the rotor and stator, thus enabling the relative
movement between the former and the latter. In TEMs, the air gap can have a radial or axial
direction (Figure 1c,d), leading to multiple options in terms of magnets and stator cores
arrangements. The air gap length is a key factor that modulates important magnitudes
and phenomena that affect the machine performance, such as the air-gap flux density,
leakage and fringing flux, magnetic saturation, etc. In the case of surface-mounted PMs, an
effective air gap length (g) can be defined from the air gap and PMs length (g,, gpp)—see
(8)—since PMs magnetic permeability is close to that of air. This approach makes possible
to treat both series-reluctances (air gap and PM) as one—see Figure 5—but it is not valid
for flux-concentrating PMs, where the flux path is more complex.

g =281+ 8rMm 3)
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Figure 5. Equivalent circuit for the analysis of the effective air gap.

In TFMs, the air gap length (g;) is usually around 1 mm, whereas the PMs length
(gpm) depends on the desired air gap flux density (By), according to Figure 5 and (4) (Bpy
is the remanent flux density of PMs). Leakage and fringing flux have been neglected in the
analysis, as well as iron reluctances.

By = Bpp SEM 4)
8

The air gap length has an impact on cogging torque [101]. PMs length has a significant

effect on the machine performance, but the number of poles is predominant [23]. Besides, if

PMs are axially longer than the stator cores, the fringing flux in the axial direction produces
torque [63,78,80].

3.2. Permanent Magnets (Surface-Mounted, Flux-Concentrating, PM Ring)

Most of TFMs are excited by PMs, but it could be equally possible to have an
electrically-excited TFM [21], a reluctance TFM with no magnets [102] and even a hy-
brid excitation (PMs and field winding) [50,53]. TFMs mostly have PMs on the rotor, but
they can also be placed on the stator, or even both on the stator and rotor [103-105]. Possi-
ble PM arrangements of TFMs are summarized in Figure 6. There are two main options:
surface-mounted PMs (Figure 7a) and flux-concentrating PMs (Figure 7b). In the case of
surface-mounted PMs, the d- and g-reactances are similar, whereas in flux concentrating
designs, the g-reactance is larger than the d-reactance [106].

Surface-mounted magnets are usually glued on the external or internal edge of the
rotor—depending on whether the rotor is internal or external, respectively—but they can
be also be glued to the stator cores [61,76,107-109], inserted in a disk-rotor [81,110,111] or
embedded in the rotor teeth [112,113].

The flux-concentrating setup offers a higher air gap flux density—ferrite magnets can
be used instead of rare-earth magnets to prevent saturation [91]—and guarantees that all
PMs are active at all times, but the rotor construction gets more complicated [15]. Trape-
zoidal magnets have been explored as a torque-increasing and mass-saving option [97].
Through the definition of a flux concentration factor, it is shown that the air gap flux
density, and so the torque density, increase with radial length of PMs and pole num-
ber [89]. However, the combination of high flux density and high pole number produces
a strong reluctance torque and then cogging and ripple torque [96,97]. The most used
flux-concentration techniques are the circumferentially-magnetized PMs in the rotor or
the stator (Figure 7b) and the Halbach array (Figure 8a) [15,59,60,68,69,72,74,75,114,115].
The Halbach array is an arrangement of consecutive PMs that are magnetized in different
directions: it favors a higher value of the air gap flux with a sinusoidal distribution, so a re-
duction of the back-EMF harmonics is possible without decreasing the average torque [64].
In any case, the number of PM pieces per pole (2, 3 or 4 usually) and the ratio of side to
main PM width must be chosen carefully [75].
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Figure 6. PM arrangements of TFMs.
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Figure 7. (a) Surface-mounted, (b) flux-concentrating PMs.
Other configurations use an axially magnetized PM ring between two iron cores
(Figure 8b) [67,85,86,116,117] or are directly in contact with the air gap, thus eliminating the

intermediate iron cores [118,119]. If that is the case, PM segmentation must be considered
to prevent high eddy currents in a solid PM ring [85].

5 Main PMs
Side PMs PM pieces

per pole

Gear shaped rotor
disc

Stator C/U shaped core

(a) (b)

Figure 8. (a) Three examples of Halbach arrays, (b) PM ring between two iron cores [116].
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3.3. Rotor (Inner, Outer, Disk)

The TF rotor can be described in terms of its relative position to the stator (inner
vs. outer, this is the case of radial-flux machines) and its shape (e.g., disc rotor for axial-
gap TFMs).

An inner rotor leaves more free space in the stator for electric conductors, thus the
power density can be increased [113]. It also favors the rotor attachment to the axis and so
the housing design.

In outer rotor machines, the stator cores and the coils are placed in the inner region,
thus increasing the active radial length and so the tangential force in the air gap [97]. Outer
rotor machines also benefit from lower coil resistance (the current path is shorter due to
the lower radius of the ring winding) and less rotor leakage flux (the adjacent stator pole
areas facing the air gap are closer in an inner rotor TEM) [14,120]. When it comes to large
direct-drive wind generators, outer rotor TFMs are easier to install and maintain [73]. This
topology favors the introduction of the winding in the stator slots [82] and the magnetic
shunts placement [121]. Inner and outer rotor TFMs with nearly the same volume and
mass have been compared in [121]: the former has a power density of 0.90 kW /kg, whereas
the latter reports 1.42 kW /kg, it is 1.57 times higher.

Disc-shaped rotor is a typical feature of axial-gap machines [15,17,59-61,63,66,68,69,
72,76,81,87,91,110,114,115]. A claw-pole TFM with a discoid rotor produces more torque
than other machine with a similar volume and cylindrical rotor [87]. Some advantages of
the disc-rotor TFM presented in [110] are: lower inductance of the armature winding and
power factor increase, higher rotational speeds, lower centrifugal force over PMs and more
compact structure.

3.4. Stator Cores

The stator of TFMs is formed by magnetic cores shifted circumferentially. Magnetic
cores guide the magnetic flux through the stator, and usually there is one magnetic core
per stator pole pair. When talking about TFMs, there are no “slots” as in classical electric
machines, because the stator is formed by magnetic cores and these are independent pieces.
Many different magnetic cores have been investigated for TFMs applications (Figure 9):

®  U-core. This is the basic magnetic core of TFMs, especially of those with surface-
mounted PMs (Figure 9a). The circumferential shifting of the U-cores in the rotation
plane forms the transverse flux plane of the magnetic flux. Variations of the classic
U-cores have been introduced in [17] to explore four-coil arrangements.

¢ C-core [19,96,97]. In many publications the name “C-core” is equally used for C- and
U-cores due to its similar shape, but in this review, the distinction made in [84] is
applied: U-cores guide the magnetic flux in the axial plane of TFMs with surface-
mounted PMs (Figure 9a), whereas C-cores guide the flux across a skewed line in
TFMs with flux-concentrating PMs (Figure 9b). C-core TFMs benefit from lower losses
and higher torque at the cost of a more challenging manufacture [84,97].

e Claw-pole stator [8,16,25,87,95,98,122-124] or claw-pole stator and rotor [85,86]. Com-
pared to a radial machine and a mutual flux path TFM with the same volume, the
claw-pole TFM offers higher torque densities and its weight is lower. However, if the
mass of the magnets is constrained instead of the outer volume, the torque capability
of the claw-pole TFM is reduced significantly [25]. The manufacturing process of
the claw-pole machine is problematic due to its dependence of SMC [16], but it is
easier than other TFMs assembly [87]. Claw-pole machines take the advantage of flux
concentration with single sided design, this is preferable to the complex design and
manufacturing of conventional double-sided TFMs [99].

¢ Quasi-U core [15,59,68,114], 9-shaped core [125] and hook-shaped core [67,72]. These
three core shapes are very similar, and the same idea has been used in other publi-
cations [14,120]. The quasi-U core is basically a modification of the basic U-core to
adapt it to an axial-gap, double-sided machine with Halbach array. The same happens
with the hook-shaped machine, but it shows a better performance than quasi-U and
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E-core TEMs in terms of torque density, efficiency and power factor [72]. Ajamloo
et al. propose a similar concept [67]. Additionally, 9-shaped cores with rotor teeth
improve the single-sided stator space utilization and show greater torque density and
lower torque ripple than a conventional TFM [125].

e  E-core [59,60,68,91,108,110,115,126]. The E-core boosts torque density and magnet
utilization, shortening the flux path with the use of pole windings that are wound
across each leg of the E-core [115]. E-cores have also been used with ring windings to
obtain a double-sided stator [108,126]. The two “Us” that form the E-core can even
have a different cross section to reduce the magnetic leakage between the poles of the
inner rotor [126].

e H-core [66]. The H-core in the stator facilitates the assembly process, resulting in a
double-sided machine with two passive rotors [66].

*  I-core [61,76]. The usage of I-cores can be combined with L-shaped auxiliary cores [61]
or simply used to configure a series or parallel flux path, depending on the way the
magnetic field crosses the rotor [76].

¢  Elliptical-shaped core [62]. The elliptical-shaped core benefits from lower mass and
better flux utilization. The proposed design has higher back-EMF and lower cogging
torque than a conventional TFM [62].

In Table 2, a comparison of TFMs found in the literature is shown, regarding the stator
core and three basic performance indexes: torque density, efficiency and power factor.
Another comparison can be found in [20], based on the machine ratings instead of the
TFM topology.

Table 2. Comparison of TFM topologies.

Torque Density Torque Density . o
Ref. Stator Core PM (Nm/kg) (Nm/L) Efficiency (%) Power Factor
ive t
[70] 0.86 active ; 86 0.874
[93] U-core SM 2.9 total - 76.0 -
[105] - 184 76.2 0.49
[97] C-core SM 24.5%* - - 0.7
[25] EC - - ~67 & 402 ~0.2
[95] CP stator SM 1.78 active ; 77 )
3.28 total 3
[15] Quasi-U FC - - 0.202
[68] - 6314 89.25 -
[125] 9-shaped SM 4.98 total 4.155 - -
[72] SI;;’}‘)’; FC 3.72 total 5 9.40 91.1 0.69
[68] E-core FC - 8.87 88.23 -
[115]7 3.28 total i ] 0.676
[66] 8 H-core 9 - - 95 0.81

Notes: CP: claw-pole, SM: surface-mounted. FC: flux concentrating. ¥ Calculated by the authors of this paper from other data given in
the reference. * The authors do not specify which is the mass used to calculate torque tensity (the active mass or the total mass of the
machine). ! Experimental measure, using SMC cores. 2 TFMs with 96 and 128 poles, respectively. 3 In [15], it is said that the torque density
is 3.28 Nm/kg but in [72], citing the same reference, it is said that the torque density is 2.77. * The same value is cited in [72]. 5 It can
be assumed that it is the total mass because the authors say that “As the proposed machine’s performance is compared to the E-core
and Quasi U-core machine, same specifications are maintained to make a fair comparison”. 6 In [72], it is said that the efficiency is 87.57.
7 Machine without arc shapes. The same value is cited in [72]. ® When connected to a load of 90 Q at 2500 rpm. ° A special arrangement:
inset PMs in the H-core.
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Figure 9. (a) U-core and I-bridges, (b) C-core, (c) claw-pole [16], (d) quasi-U [59], (e) E-core [59],

(f) H-core [66], (g) I-core [76], and (h) elliptical-shaped [62].

One of the main drawbacks of the basic TF structure (Figure 2a), if not the main, is the
existence of inactive magnets, that is, magnets which do not contribute to the flux linkage
through the coil when other magnets lay under the U-cores. It is said that inactive magnets
produce a “negative flux”, and this negative flux has a decisive influence on the low power
factor of TFMs [23]. This phenomenon is further explained in Section 4.
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A solution to minimize the negative flux of TFMs is the use of magnetic shunts, also
named I-bridges (Figure 2b). If possible, magnetic shunts should have a triangular shape
to avoid an excessive leakage flux between U- and I-shaped pieces [82]. The utilization
of magnetic shunts can even double the output power of a TEM [121] and significantly
increase the power density: for example, in [121] a TFM with an outer rotor and magnetic
shunts shows a power density that is 1.62 times higher than the same machine with no
shunts. Magnetic shunts are also related to cogging torque, in fact, it can be reduced by six
times with the use of magnetic shunts [127]. Nonetheless, the maintenance of the machine
becomes more complicated (the I-bridges must be disassembled to replace the winding)
and the cost of the machine can also be affected, which is why shunts do not seem feasible
for small motors [121].

Some other TF topologies do not need shunts because they inherently make use of all
magnets at the same time, this is the case of TFMs with flux-concentrating PMs or with a
double-sided stator.

3.5. Stator Arrangement (Single-Sided, Double-Sided)

The basic transverse flux structure is single-sided (Figure 2a), but the stator or the
rotor can be duplicated in some way to make all the magnets active at all times. This
option implies placing a second winding (series- or parallel-connected with the former)
whose magnetic circuit is usually in phase with that of the previous one. If an angular
shift of 180 electric degrees is adopted instead, and the windings are series-connected
with opposite polarity, the even harmonics are canceled while the odd harmonics are
doubled [67]. Besides, a double-sided TFM with parallel-connected stator windings can
operate even if one of them is broken [59].

Most double-sided transverse-flux structures are based on the axial gap and disk
rotor [15,17,59,60,63,68,69,72,76,81,91,114,115], skewed U-cores [14,120], hook-shaped
cores [67], E-cores [108,126], H-cores [66] or a duplication of the stator on both sides of
the rotor [127,128].

3.6. Phase Arrangement (Stacking, Sectorial)

In the stacking arrangement, the machine phases are axially placed like “blocks” along
the rotor shaft. Ideally, there is no magnetic coupling between phases, so they are all
independent of each other. The number of phases determines the harmonics content, which
causes torque ripple: considering a maximum of 6 phases, it is shown that the ripple to
average torque ratio of 2- and 4-phase TFMs is more than double the ratio of 3- and 6-phase
motors [122]. It must be taken into account that even if only one phase is fed with current,
the cogging torque on the rotor involves all phases [82]; however, the machine can continue
operating with less specific torque and more torque ripple, leading to a fault-tolerant
drive [114].

The sectorial arrangement consists of grouping together all the phases in the same rotor
and stator stack, resulting in a less bulky design [113]. In this case, the electric and magnetic
circuits are not decoupled, which results in lower power and torque densities [116].

A special phase arrangement for TFMs, named “planar aligned” has been explored
in [124]: the motor components are integrated into the planets of an epicyclic gearing.

3.7. Winding (Ring, Pole)

Most of TEMs have a stator winding and the rotor excitation consists of surface-
mounted or flux-concentrating PMs. Figure 10 shows the two possible winding arrange-
ments of TFMs, that is, ring and pole winding. The ring winding is circumferentially
wound through the slots of the stator cores, thus forming a single massive coil with long
turns. This massive coil embraces the flux linkage of the whole machine or phase. The
pole winding, however, comprises short coil turns that are wound around the legs of the
magnetic cores, resulting in a multiplicity of small coils with short length. These coils can



Energies 2021, 14, 7173

12 of 34

be either series- or parallel-connected [110], each of them embracing the flux linkage of a
single pole.

A ring winding can be made with copper threads or even with copper sheets [97].
Ring windings have lower losses than conventional windings [120]. A square-shaped stator
slot offers the best ratio of copper cross section to the length of the magnetic path [82], and
it gives the minimum slot leakage [58]. The cross-section of the winding must be matched
to the magnetomotive force of PMs in order to achieve the maximum output power of
the machine [101]. However, there is part of the winding that does not contribute to the
flux linkage, but causes copper losses and increases the active weight, for this reason it
could be treated as an end winding although TFMs do not have an end winding [58],
strictly speaking.

Stator Ring
core winding

Pole
winding

(a) (b)
Figure 10. (a) Ring winding, (b) pole winding of a TFM.

3.8. Some Special Transverse Flux Machines

e In[89], a double rotor transverse flux machine is proposed as a compound-structure
machine for hybrid electric vehicles. It has one flux-concentrating PM rotor, one
passive TF rotor and a TF stator based on U-cores.

e In[90], a hybrid flux machine is designed, it is named “hybrid” because the magnetic
flux in the stator core is transverse, whereas the rotor flux is longitudinal. Its aim is
to improve the magnets utilization and power factor, taking advantage of magnetic
and electric circuits decoupling and low ohmic losses of TFMs and simple rotor
construction, with single magnet layer per stack, and better magnet utilization of
longitudinal flux machines. This hybrid flux machine delivers the same torque with
32% reduced magnet in comparison with other TFMs (conventional TFM with and
without pole shaping), and also shows a better power factor and torque density with
a slightly lower efficiency.

¢ In[104], a dual-consequent-pole transverse flux machine is designed, which has PMs
both on the stator and the rotor. Differently from common TFMs, the flux leakage of
inactive magnets does not weaken the total flux, even it enhances it. Great torque per
volume is obtained compared to literature.

e In [8], a high-temperature superconducting (HTS) flux-switching transverse flux
machine is designed using 3D-FEM and multiobjective optimization. It has two ring-
shaped HTS-excitation coils in the stator, and also several concentrating armature
windings that are wound around the U-cores.

4. Operation of the Transverse Flux Machine

In this section, the TFMs operation is explained. Most of the TFMs proposed in the
literature operate as PMSMs. A switched reluctance generator with an integrated rotor
that consists of main and PM auxiliary poles is investigated in [112]: this TFM is suggested
for wind power generation due to their low cost and simple structure. A synchronous



Energies 2021, 14, 7173

13 of 34

reluctance TFM is proposed in [102] with no PMs. Besides, in [5-8], several flux-switching
TFMs are designed.

4.1. Pole Pairs and Size

As explained in Section 1, the number of pole pairs is a key aspect of TFMs design due
to its influence on torque and EMF. TEMs also benefit from high number of poles in terms
of cogging torque [128] and THD [110], but in small motors the manufacturing process
gets more complicated [128]. A TF generator with 70 pole pairs for wind power has been
proposed in [71].

TFMs have a small air gap and large diameter, and this can be advantageous in terms
of mass and cost for wind power applications [73]. TFMs up to 5 m in diameter can be
found in the literature [63], but most of them lay in the range of 0.1 to 0.25 m. The ratio
of the stack length to the air gap diameter is a wide-used parameter in analytical design
methods of TFMs [24,129,130]. In most of the TFMs found in the literature, the axial length
is shorter than the outer diameter of the machine.

4.2. Torque, Speed and Efficiency Ratings

Torque and speed are the main parameters that characterize an electric machine
performance: torque-speed-efficiency maps are a very descriptive tool [72,91,123] specially
for motoring mode. TFMs show a low overload capability [25], so it must be taken into
account when conducting simulations in a TF motor design.

Figure 11 depicts the torque-speed and power-speed ratings of some TFMs found
in the literature [6,8,67,69,71,72,80,81,90,93,95,104,109,113,116,122,131], both for TF motors
and generators. As shown in Figure 11a,b, most of the reported TFMs have their ratings up
to 100 Nm and 2 kW: in Figure 11c,d, they are shown in detail.
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Figure 11. (a) Torque-speed map, (b) power-speed map, (c) detail of the torque-speed map, and (d)
detail of the power-speed map of the TFMs found in literature.
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The efficiency is a key aspect of modern electric drives, and it is closely linked to the
machine losses: they are formed essentially by copper losses, iron losses, PMs losses, stray
load losses and even housing losses (for example, if it is made of aluminum, eddy currents
can be induced) [129]. As a rule of thumb, iron and PMs losses become significant when
the fundamental frequency of the TFM is higher than 100 Hz [129]. In [85], a TFM and RFM
losses are compared, showing that core and magnet losses are substantially higher for the
TFM (whereas the output torque is similar), the total losses are comparable (resulting in a
better efficiency for the TEM). Five methods have been reported for iron losses calculation
of TFMs: Steinmetz, Jordan and Bertotti equations, the Modified Steimetz Equation and
the Generalized Steinmetz Equation [123]. Friction torque, and their associated losses,
are usually neglected, but they can be easily estimated with a extrapolation of the no-
load torque over speed (1) curve to n = 0, assuming that friction torque is constant over
speed [95,123].

4.3. Torque Ripple Minimization

Usually the analysis of the torque of an electric machine is based only on the electro-
magnetic torque, that is, the “total” torque. This torque waveform is restricted to a specific
machine topology and size, and it hides several contributions to the electromagnetic torque.
Therefore, a preliminary but straightforward study of the torque must be conducted.

Electromagnetic torque (T) of TFMs is based on three components, according to (5):
synchronous torque (T5), reluctance torque (1) and cogging torque (T¢).

T=T+T +T = isi,aaL; + %z‘? aaLgs + %i%agg’ ()
is, iy are the stator and rotor current; L, is the mutual inductance; Lgs, L, are the
self-inductances of the stator and rotor; and 6 is the electric angle (rotor position).

In any electrical machine, the stator self-inductance (Lss) keeps constant if there are no
saliencies, inset PMs or flux-concentrating PMs on the rotor, this is the case of many TFMs.
Due to the modular structure of the stator of TFMs, formed by several U-shaped pieces
shifted circumferentially with an air space between them, the rotor self-inductance (L)
varies with the electric angle. Assuming a sinusoidal variation, and taking into account
only the first harmonic, the rotor self-inductance fulfills (6), where the d and g subscripts
refer to dq axes. The mutual inductance (L, = Lsy = L;s) follows (7).

Lya+L L,;—L
er(e) _ rr,d2 rr,q + rr,d : 7, COS(ZQ) (6)

Ly (0) = Ly max cos6 (7)

According to (8), the stator current can also be assumed as sinusoidal. The rotor
current is constant in any synchronous machine with PMs (PMSM), in this case i, denotes
the equivalent current of PMs. The initial position of the rotor has been set to Jjp = —40°.

is = I cos(wt)
ir = Ir (8)
0 =wt+ (50

The machine inductances, currents and torque, assuming a sinusoidal variation, are
depicted in Figure 12, this corresponds to a 3-phase, 2 kW synchronous motor operation
whose rated values are shown in Table 3. Sinusoidal inductances can be replaced by
trapezoidal waveforms (Figure 13), this is a more realistic approach for PMSMs such as
TFMs. Several conclusions can be drawn from this preliminary analysis:
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Table 3. Rated values of the motor for the preliminary torque analysis.
Symbol Value Unit
Is 1 A
Lss 7 H
I 0.5 A
er,d 4 H
Lyrg 2 H
Lin,max 10 H
w 314 rad/s
5 —40 o
Phase A Phase A
= 55 (H) L_rr (H) L_sr=L_rs (H) — 5 (A) i_r(A)
15.00 1.50
10.00 1.00
5.00 0.50
0.00 0.00
-5.00 -0.50
-10.00 -1.00
-15.00 -1.50
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
omega*t (deg) omega*t (deg)
(a) (b)
Phase A All phases
------ T_total (Nm) --------------- Mean (T_total (Nm}) = = = = =T _total (Nm) ------------- Mean (T_total (Nmy))
T_rel (Nm) T_cog (Nm) T_rel (Nm) T_cog (Nm)
T_sync (Nmy) L] max-min-avg T_sync (Nm) L] max-min-avg
4327 600
4.00
2.00
= =+ 0.00
0 45 90 135 180 225 270 315 36 0 45 90 135 180 225 270 315 360
omega‘t (deq) omega*t (deg)
(c) (d)

Figure 12. (a) Inductances, (b) currents, (c) single-phase torques, and (d) three-phase torques of a
TEFM, assuming a sinusoidal variation.

* Even in the sinusoidal case, single-phase torque has a significant torque ripple,
whereas 3-phase torque is constant due to the cancellation of three sine waves shifted
120°. The main contribution to the single-phase torque ripple is the synchronous
torque.

®  The fundamental frequency of the single-phase torque is twice that of the main
machine frequency (w).

e  The average synchronous torque increases with Ly, max, Is and I,. For the case study,
only I, increase the single-phase torque ripple.

®  The reluctance torque is zero because it has been assumed that L is constant. This is
the case of TFMs with surface-mounted PMs.

¢ The average value of the cogging torque is zero. The amplitude of the cogging torque
increases with rotor current (I;) and the difference between L,, ; and Ly 4.
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e  Trapezoidal inductances, a typical waveform of PMSMs, introduce new harmonics in
the single-phase torque and distort the 3-phase torque. The single-phase torque ripple
increases significantly.

An alternative method to calculate the torque analytically has been proposed in [94]:
the reluctance torque is calculated with (5), interaction torque is calculated using an
equivalent current for PMs and cogging torque is calculated through magnetic energy.

Phase A All phases
------ T_total (Nm) --------------- Mean (T_total (Nmy)) = == = = T_total (Nm) ------eee------ Mean (T_total (Nm))
T_rel (Nm) T_cog (Nm) T_rel (Nm) T_cog (Nm)
T_sync (Nm) L] max-min-avg T_sync (Nm) L] max-min-avg
3.00 6.71
6.00
4.00 1.86
200 e [
0.00 Mocmmam W4
-2.00
0 45 90 135 180 225 270 315 36 0 45 90 135 180 225 270 315 360
omega't (deg) omega*t (deg)
(a) (b)
Phase A Amplitude of the single-phase
——L_ss (H) L_rr (H) Lsr=L_rs (H) torque harmonics
15.00 B Sinusoidal inductances ® Trapezoidal inductances
10.00 3

Torque (Nm)

5.00 25
0.00 2
15
-5-00 1 l
-10.00 05 I
-15.00 0 |
DC  1st 2nd  3rd  4th

0 45 90 135 180 225 270 315 5th 6th
omega*t (deg) Harmonic order
(0) (d)

Figure 13. (a) Single-phase torque, assuming a sinusoidal variation of current and trapezoidal varia-
tion of inductances, (b) three-phase torque, (c) inductances, and (d) single-phase torque harmonics
comparison for sinusoidal and trapezoidal variation of inductances.

Torque ripple (x) is usually calculated using (9) [100].

K (%) = 100 1ax = Timin
Tuvg

)

where Tyax, Tyin and Ty are the maximum, minimum and average torque.

In many TFM studies, the torque ripple analysis is basically focused on the cogging
torque, but the synchronous torque and reluctance torques are equally relevant contribu-
tions to torque ripple [92]. However, cogging torque is the only component that is present
with no stator current (and it has zero average value, as shown in Figure 14 [93]), so it has
a specific influence in the machine start up (e.g., wind turbine applications) [67]. Most of
cogging reduction techniques result in lower average torque [122], this is why cogging
minimization is a key aspect of TFMs design.
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Torque with no current
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Figure 14. Cogging torque obtained from a FEM simulation of an axial-gap TFM.

Two main categories of torque ripple reduction techniques can be established: those
in which the machine structure is changed and those that are based on control strategies.
Changing the machine structure (PMs, stator or rotor) usually requires various 3D-FEM
calculations, thus increasing significantly the calculation time. The resulting topology is
often more complex, so the manufacturing process gets more difficult and the machine cost
is higher [92].

4.3.1. Changing the Machine Structure

As said before, several changes can be introduced in the TEM structure to reduce
cogging torque, and this alterations can affect PMs, stator or rotor. The effectiveness of
the reported techniques is difficult to compare because they are constrained to different
machine topologies, so results of Table 4 must be interpreted carefully.

Table 4. Cogging torque and average torque changes reported in the literature after using a cogging
torque reduction technique.

Ref. Cogging Torque Change in the Change in the
Reduction Technique Cogging Torque (%)  Average Torque (%)

{%} Halbach arrays of PMs _;iog@o :g:ﬁ

[77] PMs skewing —97% —8%

[19] Stator skewing —90% -

[98] Tooth pitching —63% -

[114] Stator pole shaping —58.4% -

17 Rotor poleshaping e a7

[98] Pole width adjusting =—37% -

[127] Magnetic shunts ~—84 & —62.5% -

[118] Stator and rotor notches —70.2% —6.5%

[117] Number of phases —76.7% —4.0%

[69] —90% —9%

Combination of techniques

[117] —85.3% +6.9%
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The use of Halbach magnets seems to be a promising cogging reduction technique
because it does not lessen the average torque [75]. In the design process, it is essential to
optimize the PMs arc ratio for the arrays: using the same PM pieces size would not be
always the good option to reduce the cogging torque [64]. The axial PMs segmentation,
also named PMs skewing, is another well-known technique for TFMs [16,77] that imitates
the slot skewing of classic electric machines.

Similar to PMs, the skewing can also be applied to the stator [19,99]—even with more
than one step [19]. Tooth pitching [98] imitates the coil pitching of radial flux machines.
Pole shaping can also be applied both to the stator [114] and rotor [112,117], as well as
pole width adjusting [98]. Magnetic shunts can make up for a short distance between the
adjacent magnet to reduce cogging torque [127]. Stator and rotor notches have also been
tested in a TFM [118]. The number of phases also has an influence on cogging torque both
in a stacking [122] and sectorial [117] arrangement of phases. A combination of different
cogging reduction techniques is possible, for example, in [69] different methods have been
analyzed together: rotor and stator pole numbers, air gap diameter, pole width, skewing
and stator displacement. In [117] the rotor pole shaping, increase in number of repetitions
and increase in number of phases have been tested.

4.3.2. By Control Strategies

Cogging torque compensation by control strategies benefits from a better adaptation
to different TF topologies, because the machine structure is not modified in any way. A
current compensation control has been reported in [92], based on seven nonlinear dynamic
models involving the relationship among main motor parameters, and these parameters
are fitted in real time and the torque is calculated by 3D-FEM. The torque ripple is reduced
and the average torque is even improved. In [81], two PI controllers are used for d- and
g-current in order to reduce the torque ripple. Instead of a 3-D FEM computation, the
Schwarz—-Christoffel conformal mapping can be used: the computation time is just 29 min
versus 7 h of FEM [19].

4.4. Leakage and Power Factor

Power factor (PF) of electrical machines is closely but not exclusively related to leakage
flux. Strictly speaking, the “leakage flux” is the flux that does not cross the air gap; the
flux that crosses the air gap but weakens the main flux in some way—inactive PMs, for
example—should be named “negative flux” (see Figure 15 [23]. This negative flux can be
around 50% of the main flux, but the use of magnetic shunts can reduce this proportion to
2-3% [127]. Negative flux is the main cause of the low power factor of TFMs [23,79]. Low
PF also means that the machine is highly tolerant to a terminal short-circuit [83] due to its
high synchronous reactance [98].

TFMs control is based on classical techniques for PMSMs control [18]. Figure 16
shows the (a) equivalent circuit and (b) phasor diagram of the iq control of a synchronous
machine, under the assumption that both the stator and the rotor are cylindrical, so the
d- and g-inductances are equal. If the resistive voltage drop is negligible compared to the
inductive voltage drop, the power factor can be calculated using (10) [23]:

cos ¢ = B (10)

(I;X)2 + E2

In order to take into account the contribution of the “negative flux”, a flux factor
can be defined to measure how much of the total flux is actually producing torque . This
factor depends only on the air gap geometry [80]. It can be shown that the back-EMF
(E) is proportional to the flux factor, PMs flux and speed; the current in the g-axis (1), is
proportional to the torque and inversely proportional to the flux factor and the number of
stator cores; and the synchronous reactance (X) is the sum of the main path reactance and
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the leakage reactance. Therefore, the PF and torque of a TFM are closely related through the
flux factor [23], so the utilization of PMs at all times becomes a key aspect of TFMs design.

Main flux
Negative flux
Leakage flux

Figure 15. Main, negative and leakage flux of a TFM.

jI,Lo

g-axis

d-axis

(a) (b)
Figure 16. (a) Equivalent circuit, and (b) phasor diagram of the simplified iq control of a synchronous
machine.

Under iq control (the first of the two operation modes within field oriented control),
leakage flux becomes significant in the g-axis rotor position, because the leakage and main
flux paths are then comparable [120] and current reaches its maximum. This causes a
large flux circulating through the stator instead of the rotor, affecting magnetic saturation
(and therefore adding back-EMF harmonics) and increasing inner voltage drop (and then
the voltage requirements of the inverter) [112]. PMs also affect the power factor: NdFeB
magnets suffer from low power factor (from 0.35 to 0.55) and magnetic saturation because
of high leakage inductance and excessive armature reaction, and ferrites are prone to low
PFs due to the low magnetic loading [6]. Four components of the TFM inductance have
been categorized: air gap inductance, slot leakage inductance, end winding inductance, and
fringing inductance [7]. When it comes to the stacking arrangement of phases, phase-to-
phase coupling may occur. This can be partially solved by increasing the axial gap between
phases, but even so, the self-inductances may be unbalanced if the axial separation is too
low [120]. Nonetheless, phase-to-phase coupling is generally neglected in FEM simulations
in order to save computation time (only one pole pair of one phase is modeled).

Torque density and PF are inversely linked [65], therefore a trade-off between both
magnitudes must be found. Some ideas to increase PF can be found in the literature:
increasing the distance between poles to avoid flux leakage [128], the use of magnetic
shunts [127], a phase-to-phase axial separation [120], modifying the core shape (some kind
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of skewing, at the cost of lower no-load flux) [14], and reducing the number of stator
C-cores (lower torque is achieved) [23,79].

4.5. Materials and Manufacturing

A variety of materials converge in electric machinery. Magnetic cores of TFMs are
essentially made of the so-called iron laminations—actually it is electric steel—or soft
magnetic composites (SMC). Neodimium-iron-boron (NdFeB) and ferrite magnets are
utilized depending on the PMs arrangement (surface-mounted or flux-concentrating).
Some other parts of the electric machine can be made of solid iron, such as magnetic
shunts—high eddy currents can be induced [127]—or rotor core [121]. Aluminum and
plastic are commonly used for the stator and rotor housing.

In any case, the cost of materials determines the economic viability of an electric
machine design. In Table 5, the cost of the main materials used in TFMs is shown, regarding
that the total cost of the machine will depend on the mass. Materials properties are further
explained below.

Table 5. Materials cost.

Ref. Material Cost (€/kg)

[80] Magnetic steel 35

[73] Laminated steel 2.5

[80] NdFeB PMs 45

[15] Ferrite PMs 4-5 times cheaper than NdFeB and SmCo
[80] 12.4

(73] Copper 3

4.5.1. Magnetic Cores (Laminated Steel, SMC)

Among the electrical steel, a widespread used variant in TFMs literature is the M270-
35A steel: according to the standard designation, “M” means that it is electrical steel, “270”
means that the losses at some specified conditions (typically 1.5 T and 50 Hz) are 2.70 W /kg,
“35” means that the nominal thickness is 0.35 mm and “A” means “non-oriented grain”.
Different lamination directions can be combined to match the flux path, as shown in [107].
Iron wires have been explored in [132] as an alternative for laminations in TFMs: theoretical
losses of an iron wire are 3/8 of a sheet losses, but a heat treatment of the iron is necessary
in order to obtain reasonable results. For example, in [99] the magnetic annealing of a
cobalt-steel alloy increases the saturation flux density, and hence the peak torque.

Another well-know material for TEMs cores is SMC. SMC is formed by electrically
insulated iron powder particles (typically in the range of 50 nm to 150 pm [131]) that are
compressed at pressures between 600 and 800 MPa, and then a heat treatment is usually
applied to relieve the mechanical stress [98]. A robust optimization method for 6-sigma
quality manufacturing of a TFM with SMC has been proposed in [131].

Table 6 shows the basic pros and cons of SMC versus iron laminations. For high-pole
machines with 3D flux paths, such as TFMs, SMC offers lower losses at high frequencies and
magnetic isotropy, whereas its magnetic permeability is significantly lower. A comparison
between two TFMs with stator cores made of laminations and SMC is made in [97]: the
machine with laminated cores shows a slightly lower mass and higher back-EMF, but
SMC provides lower cogging to average torque ratio, higher load torque and higher
torque density.
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Table 6. Several pros and cons of SMC versus iron laminations.

Pros Cons

Lower permeability [5,90,98] (typically
Magnetic and thermal isotropy [5,98,110] 500 up to maximum 900 [132]) that
contributes to fringing [58]

Lower losses at high frequencies [131] (over
300 Hz [110]-600 Hz [129]) due to eddy
current losses [5]

Higher losses at low frequencies [131]
due to hysteresis losses [97]

Lower mass density [98] Weak mechanical performance [5,98]

Manufacturing cost can be lower with

high-volume productions [98,110] Very high cost for prototyping [98]

4.5.2. Permanent Magnets (NdFeB, Ferrite)

NdFeB magnets are widely used in electric machinery due to their high energy density
and remnant induction (higher than 1 T). N35 to N45 PMs have been used for TFMs in
the literature: “N” denotes a neodymium magnet and the number is the energy density
in megagauss-oesterds. Samarium-cobalt (SmCo) magnets have been also used, but in
less proportion. Ferrites are other alternative that is associated to flux-concentrating
arrangements due to its lower remnant induction. According to literature, in the field of
TFMs (with very few exceptions) surface-mounted PMs are rare-earth magnets (such as
NdFeB or SmCo) and flux-concentrating PMs are ferrite magnets.

PMs demagnetization can occur if the armature reaction or temperature are too high.
In [6,75], PM demagnetization studies are conducted on TFMs: the magnetic flux density
map is obtained through 3D-FEM, and the areas with low magnetic flux density are
compared with the PM demagnetization curve. In [86], analytical equations for PMs
magnetic properties are proposed and then an electromagnetic-thermal FEM model is
computed. Halbach arrays of PM have a risk of demagnetization due to the perpendicular
directions of the PMs flux [75], as well as ferrite magnets due to their low coercivity [6].
Three TFMs with ferrite, NdFeB and SmCo magnets have been compared in [15]: NdFeB
and SmCo magnets offer much higher torque, torque density and power factor at the cost
of higher PMs weight and PMs price.

4.5.3. Rotor and Stator Housings

The rotor and stator housings are not part of the electromagnetic circuit of an electric
machine, but their design significantly affects the mechanical and thermal behavior of the
machine, as well as its cost.

Aluminum and synthetic materials have been used (at least for prototyping) in TFMs
literature. In [127], the stator housing is made of aluminum, leaving enough distance
between PMs and aluminum to avoid eddy currents, whereas in [97], the rotor housing
is made of aluminum instead. As shown in Figure 17a, sometimes iron can be replaced
by synthetic materials to reduce the machine weight [82]. Figure 17b shows a TFM design
where the whole rotor housing is made of plastic (PLA) [93]. In [81], the stator is also
made of PLA (3D-printed), and it is said that due to mechanical and thermal constrains the
current density is limited to 3 A/mm?. In [110], the rotor disk is made of paper sheet with
phenolic resin, whereas the stator is made of compact plastic. In flux-concentrating designs
the pole pieces must be clamped during the epoxy curing because the resulting field tends
to eject the pole pieces [97], and some smalls gaps and thin oxidation layers in the SMC
cores can be found.
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Figure 17. Two TF designs with synthetic material in the rotor: (a) separated rotor parts, (b) disk
rotor and axial gap [93].

4.6. Power Converters and Control

Power converters and control strategies of TFMs are similar to those of PMSMs: in [18]
a review is made, focusing on wind power applications. Power converters reported in
this reference are: diode bridge converters, back to back converters, matrix converters and
cyclo converters, but the information given is not specifically related to TFMs. Control
strategies reported in the same reference are field-oriented control (FOC) and direct torque
control (DTC), these are classical techniques for PMSMs control.

4.6.1. Power Converters

The power factor of TFMs is usually low, thus increasing the power converter rating.
In direct-drive systems, the machine cost is higher than the PWM converter cost, so the
ratings increase caused by low PF can be acceptable [63].

A three-pulse inverter is used in [102]. Space vector PWM modulation is applied
in [120]. For tidal applications, in [80] a fully rated power converter with an active front
end connected back-to-back to the grid-tied inverter is proposed. Interleaved PWM control
of a SiC-based drive is proposed in [133] to coordinate the phases of the two stator sets of a
double-sided TEM: it offers a significant reduction in the capacitance, current and current
ripple requirements of the DC-link capacitor bank, and smaller EMI filters are needed.

4.6.2. Control Strategies

According to TFMs literature, three basic ways to implement FOC have been explored
for TFMs control: iq control, maximum torque per ampere (MTPA) control and maximum
efficiency (ME) control. The iq control imposes that the d-axis current is null (i; = 0), so the
current phasor is aligned with the g-axis. This constraint cancels the reluctance torque, so
the machine torque capability is not fully utilized: that is why MTPA control emerges as an
alternative to iq control. To introduce the machine losses in the control scheme, ME control
strategy can be used. A specificity of TFMs for FOC is their high inductance and armature
reaction, this makes that in the field-weakening region the base speed is only marginally
increased [6]. PI controllers are easy to design and implement: in [112], a PI control strategy
is used for a TF generator output voltage, whereas in [15,68,115], a PI speed controller (and
estimator) and hysteresis current controller are used to control a TF motor.

An iq control has been introduced in analytical sizing equations for TFMs design
[23,79,80,93,104,129]. In [81], an iq control scheme with 2 PI controllers (one for each dq
voltage) is proposed.
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The MTPA control strategy is defined by (11) [123], where T is the machine torque
(having substracted the torque associated to iron losses), d and g refer to the dq axis and
Pc,, denotes copper losses.

max T or max<T> (11)

B+ 2 Peu

In the case of a conventional three-phase PMSM, the relation between i; and i, can be
derived for MTPA (12) [95].

.. PM . .
ilia) = | o+ (12)

However, the ME control strategy takes into account the total losses (Pj,ss) instead of
the copper losses, as shown in (13) [123].

T
maX(Ploss) (13)

MTPA has been explored for TEM applications [14,85,120]. A SISO current control,
based on MTPS, is proposed in [95] together with a 8 kHz PWM inverter. In [123], MTPA
and ME are compared: ME shows slight improvements.

An auto-piloted TFM has been presented in [102], the proposed machine has no PMs
and operates as a synchronous reluctance machine. Model-free predictive current control
is presented in [118]. Dynamic compensation control (of current) with adaptive parameter
correction (of the strand inductance) for a TF generator is proposed in [71], a recursive
least square algorithm is used for this purpose. A similar approach (“current compensation
method and variable parameter PID algorithm based on real-time inductance”) has been
presented in [92] for a 5-phase TF motor to reduce the torque ripple. A predictive current
control strategy is adopted in [133].

5. Design and Modeling Techniques

Analytical methods (sizing equations and magnetic equivalent circuits, MEC) and
the finite element method (FEM) are the two main TFEM design and modeling techniques.
The former shows a reduced computation time but low precision, whereas the latter offers
higher precision at the cost of a significant computational burden. In the classical analysis
of electric machines, these methods have been applied to the electromagnetic modeling of
the rotor, stator and air gap, but in recent years, other applications have emerged, such as
optimization algorithms and the mechanical and thermal modeling of the whole machine.

5.1. Analytical Methods

Sizing equations are one of the most used techniques in electric machinery design,
specially for preliminary analysis. Starting from the machine specs (“outer” parameters,
such as torque or speed), the “inner” parameters, (such as the air gap flux density or
inductance) are obtained.

Some remarkable sizing equations have been used in TFMs literature. General sizing
equations for converter-fed machines were proposed by Huang et al. [130]: the aim was
to compare electric machine topologies with different EMF and current waveforms. This
model has been applied to TFMs by the same authors [24] and others have reproduced
it in other TEM designs [72,84,91]. Using these general-purpose sizing equations, it can
be shown that a TFM with rare-earth magnets can have a volumetric power density
that is nearly twice that of a squirrel cage induction machine [24]. Other torque and EMF
equations have been proposed in [65]. Another method consists of replacing PMs with their
equivalent currents, introducing a flux factor to account for the flux that does not produce
torque. This approach uses a complex permeance method to calculate the magnetic flux
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and the flux factor is calculated through the Schwarz—-Christoffel conformal mapping [78].
After that, back-EMF can be estimated by conservation of energy [78] or more precisely
calculated using a virtual mutual inductance approach [79]. The proportional-logarithmic
transformation maps the cylindrical domain into a rectangular one. The analysis is valid
for different TFMs and both square-wave and sinusoidal stator current; however, iron
reluctance and cogging are neglected [78]. Some design curves for TFMs have been
proposed, based on the previous model [80]. Analytical expressions of the electromagnetic
torque of synchronous machines, in terms of internal voltage and phase current waveforms
and the number of phases, have been presented in [122], then a study on the odd harmonics
of internal voltage and phase current that affect torque ripple and average torque is made.
Electromagnetic torque can also be calculated through the Maxwell stress tensor, as in [134].
Analytical equations for core and PM losses are proposed in [85]. A full design approach
(sizing equations, nonlinear MEC, optimization and FEM) is proposed in [63], taking into
account the dq axis rotation and magnetic saturation. A similar method is used in [67]. A
flexible methodology for the analytical design of TF generators is presented in [26], but
the the verification is made using 2D-FEM. In [93], the magnetic cores and stator and rotor
housings are designed by a combination of the dq model and MEC.

Magnetic equivalent circuits (MEC) are another analytical method for TFMs design
and modeling. Their equations are analogous to the Ohm’s law and Kirchhoff laws, but
with magnitudes such as magnetomotive force, magnetic flux and reluctance. In this
approach, the flux path is defined through flux tubes that are tabulated for different
geometries: their analytical expressions can be found in electric machines literature, for
example, in [135]. Magnetic saturation (B-H curve) can be taken into account in MEC
solving: for example, in [60], the Gauss—-Seidel method to solve the nonlinear equations and
in [109] the Broyden method is used. Different MEC approaches for TEMs can be found in
TFMs literature [60,70,89,94,109,119,136].

The magnetic charge method has been also applied in very few publications, such
as [137]: at the moment, it is much less used for TFMs design than sizing equations and
MEC. In this case, the magnetic field is calculated through the reduced scalar potential.

5.2. Finite Element Method

In the finite element method (FEM), Maxwell equations are solved together with
the material laws. Figure 18 shows a color map obtained from a FEM simulation of an
axial-gap TFM using Flux3D [93]. FEM shows higher precision than MEC at the cost of
higher computation time, specially for optimization problems: for example, in [67], FEM is
20 times slower than MEC, and in [63] the optimization of the nonlinear MEC takes 57 min,
whereas FEM-based optimization takes 40-50 h. Mesh generation affects significantly the
computational cost, that is why extruded meshes should be considered for TFMs if possible:
in [82] a 2D-extruded mesh is used (with a linear approximation of the machine geometry)
and in [102] a partially extruded 2D-mesh is applied.

In the field of TEMs, the most common approach are 3D simulations, but also surro-
gate 2D models have been used instead [26,31,63,78,138]. Among the previous references,
only in [78,138] have 2D- and 3D-FEM results been compared, showing a good agree-
ment. Authors in [31] propose a multi-fidelity model that combines both 2D and 3D-FEM
simulations in order to obtain reasonable accuracy and computation time.

Analytical and FEM results have been compared for a hybrid TEM in [90]: the relative
error is lower than 5% for the flux linkage and back-EMF, whereas the error is 12.8%
for torque.



Energies 2021, 14, 7173

25 of 34

ISOVAL NO
4E3°
318
173
029
884
739
594

. 449
.304
.159
014
8€9.578E-3
724.698E-3
579.818E-3
434.938E-3
290.058E-3
145.177E-3
297.310E-6

[l Sl S S S S ]

Magnetic flux density / Vector in T

Figure 18. Flux density color map obtained from a FEM simulation of a TFM.

5.3. Optimization

Optimization deals with maximization and minimization of objective functions, start-
ing from a set of values for several decision variables. The most simple optimization
method is the parametric study, where the objective function is computed for a fixed set of
variables and the results are plotted. Nevertheless, optimization algorithms make a sys-
tematic choice of the values for which the objective function is computed. Both parametric
studies and optimization algorithms can be equally applied to the sizing equations, MEC
and FEM.

Parametric studies have been widely performed in TFMs literature. In [15], the number
of poles, air gap length, flux focusing factor, two design ratios and pole embrance are varied:
the latter has a significant impact on the EMF shape. The influence of many geometric
parameters of a claw-pole TFM with skewed PMs is analyzed in [16]. In [64,75], the PM
arc ratio and the number of PM pieces per pole are varied in a TEM with Halbach arrays
of PMs. Four levels are considered in [67] for PM length, stator tooth width, and coil turn
per phase, and after performing the experiments, the results are submitted to analysis of
mean and analysis of variance (ANOVA): it is shown that the stator tooth width has a great
impact on the ratio of average torque to torque ripple. In [90], different magnitudes (flux
linkage, back-EME, torque, etc.) are studied as a function of poles and pole arc-to-pole
pitch ratio. The dependence of the average torque with pole number and dimensions is
analyzed in [72,91]. In [101], a parametric analysis is conducted, comparing two inner and
outer rotor TFMs with different air gap lenght and coil cross section: the aim is to study
their impact on the cogging torque and the output power.

Different algorithms have been applied for TFMs optimization, such as genetic algo-
rithm [31,88,93,98,100,102,112] (NSGA-II in [88,93,100]), particle swarm optimization [15,100]
(MOPSO in [100]), imperialist competitive algorithm [70] and Hooke-Jeeves algorithm [63].
Before the experimentation, to reduce the number of decision variables the Taguchi method
can be applied [100], it consists of four stages [69]: identification of the design variables,
develop the experimental matrix and conduct experiments, analysis, analysis of means.
Taguchi method has been applied in some publications about TFMs [67,69,75,77,100]. For
the function approximation, the Kriging method has been used [31,100,112], sometimes
with variations [31]. Other Gaussian Process Regression (GPR) algorithm has been applied
in [88], GPR is a kind of machine learning method based on Bayesian statistics. Other



Energies 2021, 14, 7173

26 of 34

approximation methods applied to TFMs are the response surface technique and RBF
neural networks [100]. Some objective functions that have been used in TFMs literature are:
cogging minimization [112], multiplication of the no-load airgap flux, coupling coefficient
and coil area [14,120], maximization of the ratio of average torque to torque ripple [67],
minimization of the cost (initial cost of the machine and PWM converter, cost of losses over
time and penalty for overheating and PM demagnetization) [63], minimize a weighted
function that takes into account the torque ripple and the ratio of the average torque
to the base design average torque [102], breaking torque, generated power and torque
ripple [100].

5.4. Prototyping

Prototyping is usually the last verification stage of TFMs design, where some mea-
surements are made on a real TFM in order to validate analytical and FEM models. Three-
dimensional printing [81] and the use of synthetic materials [81,82,93,110] have been
reported as accurate techniques to obtain cheap TEM prototypes. Figure 19 shows two
examples of TFM prototypes from the literature. Experimental setups of TEMs literature are
mostly based on FOC: Figure 20 shows a basic FOC control scheme, and Table 7 presents
more information about the involved components. Usually, a load motor is connected to the
TFM shaft, and it can be either an asynchronous motor [14,95,110] or a PMSM [59]. Both the
load motor and the TFM are driven by an inverter. On the mechanical side, torque sensors
and encoders are used to obtain feedback data for the FOC. In [102], three transoptors and
light-reflecting disks are used to control an auto-piloted synchronous reluctance TEM.

Axial length =22 mm

(a) ®)
Figure 19. Prototypes of (a) a TF wind generator [66], (b) the 3D printed stator of a TFM [98].
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Figure 20. Basic FOC control scheme.

5.5. Mechanical and Thermal Modeling

In recent years, mechanical and thermal FEM simulations allow us to complete the
classical electromagnetic analysis. Noise and vibration of PM machines can be caused by
aerodynamic, mechanic and electromagnetic sources: in medium power rated machines,
the electromagnetic sources (cogging torque, torque ripple and magnetic radial forces) are
predominant. Lower torque ripple does not guarantee less vibration or noise: the stator
vibration is caused by the normal component of the electromagnetic force, and this stator
vibration is the main source of acoustic noise in PM machines [59].



Energies 2021, 14, 7173 27 of 34

Table 7. Components involved in FOC control.

Ref. [14] [95] [110] [112]
TF Motor Motor Generator Generator
Load motor Induction Induction Asynchronous Servomotor
. 4-quadrant MOSFET Variable-frequency
Drive . . . -
drive power inverter inverter
Torque sensor X X - X
Gear or coupling - X - 1:5 gear
Encoder X X - X
Electric load - - R R-L
Data view Power - Oscilloscope -
analyzer

Notes: “-’: not found in reference, ‘x’: found in reference.

In [68], a complete mechanical analysis of a TF generator is made, using 3D-FEM and
prototypes. First, rotor stresses (magnets yield and tensile strengh and eposy shear stress)
at rated speed are checked through FEM, then a rotor fatigue analysis is made based on
a speed cycle. Vibration is basically related to torque ripple, because “electromagnetic
source is predominant in low to medium power rated machines”. Finally, a structural
analysis is made mapping the axial force and using FEM, and axial acceleration, noise
and cogging torque are experimentally measured. In [111], an analysis of the eccentricity
is made, this includes static eccentricity, dynamic eccentricity, inclined rotor and run-out
faults. Eccentricity faults are caused by inner machine defects, whereas torque oscillations
are usually generated out of the machine. In [91], another structural analysis is made, and
it is pointed out that PMs behavior must be checked at high speeds due to their low tensile
yield strength.

Conduction in the solids and convection of the surfaces in touch with the air are
the two main heat transfer mechanisms in electric machines [74]. Thermal analysis of
TFMs can be conduced through steady-state thermal networks [58], transient thermal
networks [74] or FEM simulations [82]. Two methods for losses calculation using FEM have
been reported: simultaneously with the electromagnetic analysis (very time-consuming)
and as postprocessing [74]. In [74], a compete analysis of thermal losses is made, and it
is shown than in this case study, iron and copper losses (Joule and hysteresis) are much
higher than PMs losses. Furthermore, the TEM proposed in [86] shows higher core losses
and much lower copper losses than a RFM.

Cooling is a key aspect of electric machinery, but it has not been studied in-depth for
TFMs. Some water- or liquid-cooled TFMs have been found in the literature [25,58,82,83,86]
and a high-temperature superconducting TFM is proposed in [8] with a Dewar cooler.
In [86], it is said that TFMs benefit from an efficient cooling due to their lack of end-
windings, lower PM temperatures and no hot spots in the ring coils. According to [116],
cooling is more tedious for outer rotor TEMs. For aircraft applications, liquid cooling is not
suitable due to safety, mass, and maintenance restrictions [97].

6. Conclusions

In this paper, a comprehensive review of TFMs topologies and design is made, dealing
with TFM applications, topologies, operation, design and modeling. TFMs show high
torque and power density, and these are unique merits for direct-drive systems such as
wind turbines and in-wheel traction. The basic TFM structure consists of a ring-shaped coil
that is embraced by stator U-cores that guide the magnetic flux from one rotor permanent
magnet (PM) to another. Due to the “transverse” magnetic plane, it is possible to increase
the number of pole pairs keeping the machine diameter constant. Moreover, torque
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increases theoretically in the same way as the number of pole pairs. However, cogging
torque, efficiency, power factor and manufacturing of TFMs should still be improved.
Future guidelines about research on TFMs can be formulated:

¢  Different TF topologies have been proposed in the literature, and there is a wide range
of potential applications for rotational, linear and tubular TEMs. However, it is not
clear which factors lead to a better TFM topology in terms of performance (cogging
torque, efficiency, power factor, etc.) and cost. Further research should be conducted
on TFMs comparison.

e TFMs potential versus RFMs and AFMs has been validated only through computa-
tional models and a few prototypes. Manufacturing issues and cost of TFMs should be
analyzed and quantified more precisely to open up TFMs large-scale manufacturing.

¢ Usually, TFM models from the literature are isolated from other upstream and down-
stream devices. Few power converters and control techniques have been studied in
the field of TFMs. More system-level integration of TFMs, particularized for each
application, is required.

e Further discussion about the effectiveness of cogging torque and power factor im-
provement techniques should be done by comparing them.

®  The analysis of TFMs using MECs is currently limited to each TFM design. A gener-
alization of MECs would be useful to obtain a simple method with accurate results
compared to FEM and prototypes.

¢ More mechanical- and thermal-coupled FEM simulations should be done to give a
deeper insight into TFMs noise, vibrations and heat transfer.
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