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Abstract: The transverse-flux motor, which has the advantage of high torque density, has become one
of the research focuses of direct-drive motors for low speed and high-torque industrial applications.
This paper aimed to propose a transverse-flux flux-reversal motor with consequent-pole configuration
(TF-CFRM), which has a robust rotor structure and provides high torque density by using fewer
expensive NdFeB permanent magnets. Firstly, the basic structure and running work principle of the
TF-CFRM are introduced. Secondly, the analytical expression of electromagnetic torque is derived
from a simplified 3D-equivalent magnetic-circuit model. Then, the preliminary optimization of the
basic dimension is accomplished by the finite element method to improve the torque density. At
last, the electrical performances, e.g., the torque density, overload capability, and power factor of the
proposed TF-CFRM are analyzed and compared with those of the transverse-flux flux-reversal motor
(TF-FRM) and traditional flux-reversal motor (FRM).

Keywords: transverse-flux motor; flux-reversal motor; consequent pole

1. Introduction

The direct-drive motor is a transmission device that directly converts electrical energy
into motion/rotation machinery without any intermediate conversion mechanism. Due
to the use of “zero transmission”, it has obvious advantages compared to the traditional
transmission method, such as simple structure, no contact, no wear, low noise, fast speed,
high accuracy, etc. It has been considered as a suitable solution for many applications such
as urban rail transit, electrical vehicles, and ocean-wind power-generation equipment [1-4].
The various motor topologies that have been investigated for direct-drive applications are
divided into radial-flux motors and transverse-flux motors. Due to the direct competitive
relationship between electrical load and magnetic load, it is difficult to further increase the
torque density of radial-flux motors; thus, the transverse-flux motor becomes one of the
most important research objects.

The main magnetic-flux path in transverse magnetic-flux motors is distributed in
the plane that is perpendicular to the movement direction [5]. This feature alleviates the
opposition between the electric charge and the magnetic charge in the motor, making
the transverse magnetic-flux motor have the advantages of high torque density and high-
phase/multi-phase design feasibility [6]. Several transverse-flux motor topologies have
been proposed in the literature, such as the transverse-flux permanent-magnet synchronous
motor (TFPM) [7], the transverse-flux reluctance motor (TFRM) [8] and the passive-rotor
transverse-flux permanent-magnet motor [9]. Nevertheless, the previous transverse-flux
motors have always faced the problem of a high manufacturing cost, which is caused by
the complex motor structure and the large amount of expensive high-performance rare-
earth permanent magnets. For avoiding those shortcomings, a transverse-flux flux-reversal
motor is proposed in [10], which combines the technologies of the traditional flux-reversal
motor [11] and the transverse-flux motor. Both the stator and rotor of the TF-FRM can
be fabricated using silicon steel sheet, which simplifies the manufacturing of the core;

Energies 2022, 15, 7469. https:/ /doi.org/10.3390/en15207469

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15207469
https://doi.org/10.3390/en15207469
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6162-3787
https://doi.org/10.3390/en15207469
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15207469?type=check_update&version=1

Energies 2022, 15, 7469

20f13

meanwhile, the total volume of the PMs used in the TF-FRM is less, while the provided
torque density is considerable [12].

In this paper, a transverse-flux flux-reversal motor with consequent-pole configuration
(TE-CFRM) is proposed based on the foregoing TF-FRM, which can further reduce the
volume of the PMs and provide high torque density. Firstly, the basic structure and running
working principle are introduced. Secondly, the analytical expression of the electromagnetic
torque is derived from a 3D-equivalent magnetic-circuit model. Then, the preliminary
optimization of the key structural dimensions is done by the finite element method. Finally,
the electromagnetic performances, e.g., torque performance, overload capability, and power
factor, are analyzed by 3D FEM, and the results of the proposed TF-CFRM are compared
with other transverse-flux motor topologies and a 2D flux-reversal motor.

2. Structure and Operation Principle of Transverse-Flux Flux-Reversal Motor with
Consequent-Pole Configuration

2.1. Fundamental Structure of TF-CFRM

In order to clearly show the structural differences among the proposed TF-CFRM,
TE-FRM, and FRM, all configurations of the three motors are shown in Figure 1. The
proposed TF-CFRM is a three-phase machine that is combined with three single-phase-
unit machines along the axial direction, as shown in Figure le; there is a 120° electrical
angle difference between the rotors of each adjacent single-phase-unit machine in the
circumferential direction. The stator of the single-phase TF-CFRM is combined with four
components: a radial magnetic-flux core, axial magnetic-flux core, NdFeB PM, and ring-
shape winding, as shown in Figure 1d. All the cores of the proposed TF-CFRM are fabricated
using silicon steel sheet, and the directions for lamination are shown in Figure 1c. There is
a tooth-slot configuration in the inner surface of the stator radial magnetic-flux cores, and
the center line of the ‘tooth” in one radial magnetic-flux core is aligned to the center line of
the “slot” in another radial magnetic-flux core in the single-phase unit. The PMs are fixed in
the ‘slot’ of the radial magnetic-flux cores; all PMs are of the same polarity, and they are
magnetized along the radial direction. The ring-shape winding is installed in the ‘slot-area’,
which is shaped by the radial magnetic-flux cores and axial magnetic-flux cores.

Ring
Winding
NdFeB
PM

Figure 1. Fundamental structures. (a) FRM, (b) TF—FRM, (c) proposed TF—CFRM, (d) stator of
single-phase unit of TF—CFRM, and (e) structure of three-phase TF—CFRM.
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2.2. Principle of TF-CFRM

When the rotor core is rotated one pole pitch, the direction of the PM flux linkage
in the armature winding is changed to the opposite, as shown in Figure 2. Similar to the
traditional flux-reversal PM motor [13], the TF-CFRM is based on the principle of a variable
magnetic chain, inducing a back electromotive force that interacts with an alternating
armature current during the torque-production process. The main difference is that the
direction of the main flux loop in the TF-CFRM is transverse to the direction of rotation.

|
| PM flux linkage |  backemf
P e
|
|
|
|

position

——— e ——

Figure 2. Operation principle of TF-CFRM.

3. Preliminary Analysis of TF-CFRM by 3D-Equivalent Magnetic-Circuit Model

A 3D-equivalent magnetic-circuit model is built for preliminary analysis of the TF-
CFRM. Since the magnetic field of different phases of the TF-CFRM are decoupled, and
the model has a periodicity along rotational direction, the magnetic-circuit model of the
fundamental analysis unit, under two pole pitch, is built for simplifying the calculation.

The 3D-equivalent magnetic-circuit model of the TF-CFRM is shown in Figure 3. There
are two magneto-motive force (MMF) sources in the model: Fyy, is the response to the MMF
of the PM, and F; is the response to the MMF of the armature winding. Rs; and Rs; are
the air-gap reluctance under two poles; Ry, is the inner reluctance of the PMs; Rgt;.4 are the
reluctances of the stator radial magnetic-flux cores, respectively; Rsy is the reluctance of the
stator axial magnetic-flux core; R, and R, are the reluctances of the rotor cores; Rgs and
R are the leakage flux reluctance of the stator radial magnetic-flux core and the leakage
flux reluctance in the circumferential direction, respectively.

Then, the loop equations and node equations of the magnetic circuit can be obtained
as follows:

D1 = Ps1 + Dot

P2 = P2 + Py

Fn + Fi = @1 (Rm + Rott) + PocaRs2 + Ps1(2Rs1 + Re1 + Ry + Rep2)
Fn — Fi = @mp (R + Roa) + Poct Roz + P2 (2Rs2 + Rez + Ry + Rei3)
Fm - q)ml(Rm + Rstl) + ©0'c1<Rés + RGC) + (®62 + ©0'c1>Rst3

Fm = (me(Rm + Rst4) + (pchZ(R&s + RO’C) + ((pél + q)O'CZ)RStZ

)

where ®,,1 and @y, are the total magnetic flux; @51 and @5, are the main magnetic flux of
winding; @1 and P4, are the leakage flux along the circumferential direction.
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Figure 3. The 3D-equivalent magnetic-circuit model of fundamental analysis unit of TF—CFRM.

Since the permeability of the core material is considerably larger than that of the air
and PM when the cores are not in high-saturation status, the reluctances of the radial
magnetic-flux core, axial magnetic-flux core, and rotor core can be neglected in calculation,
for simplification.

As shown in Figure 4, the red graphic area is the permanent-magnet reluctance, and
the reluctance of the magnet is calculated as:

hm

- I 2
" .uO,Mrlpmlt @)

where Iy, is the thickness of the PM, p is the vacuum permeability, i, is the PM material’s
relative permeability, [ is the circumferential length of the PM, and I; is the axial length
of the radial-flux core.

TEINY]T T
RS N

—

—— Main PM flux loop —— Leakage PM flux loop

Figure 4. Air-gap-equivalent magnetic reluctance of proposed TF—CFRM.

The narrow blank area between the rotor core and the PMs references the air-gap
magnetoresistance, Rs1, which can be expressed as:

0

- moltlr ®)

Rs1

where Iy is the circumferential length of the rotor core.
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The quarter-arc section area references the air gap magnetoresistance, R, which can

be defined as:
i

Rsr =
52 28+ 7 (2Tpm —lpm)
28

@)
2upli In

where Tpn, is the pole pitch of the motor.
Meanwhile, the leakage flux reluctance in the circumferential direction, R, can be
defined as:
Rse = Rg1 + Rsz2 + Rm @)

When there is non-pass current applied into the winding, the MMF of the armature
winding, Fj, is equal to zero, and the total main magnetic flux excited by the PM can be
expressed as:

Rp — Ra
RaRy,
2R62Rm+2R52RGC2+RmRGC2 and R 2R51Rm+2R51R0c1 +RI1’\RO'C1

Ppm = P51 — P52 = Fn (6)
where R, = i

As the reluctance of the air gap and the leakage flux “Feluctance are variables about
the relative location between the rotor and stator, the value of the PM flux is a periodic
variable, which can be written as:

DPpm = Py cos wt )

where @ is the amplitude of PM main flux, which can be calculated when the reluctance
is chosen as the values under the aligned position (where the center position of the PM is
aligned to the center position of the rotor core), and w = 27f is the electrical angle.
According to Faraday’s law of electromagnetic induction, the expression of single-
phase back EMF is:
d¢pm . . .

e iNw®ysinwt = V2E( sin wt (8)
where j is the number of fundamental analysis unit along circumferential direction, N is the
number of turns for the winding, and Ey is the root mean square (RMS) of the back EMF.

When a sinusoidal current is added into the winding under the control method of
iq = 0, the single-phase electromagnetic torque can be expressed as:

Eol
T = % £N]p<l>01(1 — cos 2wt) )
where () is the mechanical rotate speed, I is the RMS of the phase current, and p is the
pole-pair number.
Similarly, the electromagnetic torque of the other two phases can be obtained, and the
total electromagnetic torque of the TF-CFRM can be divided as:

Tiotal = Ta + Ty + Tc = T
‘/QN]pCDOI(l—co (2wt —
\/EN]pCDOI(l — cos (2wt +

Njp®oI(1 — cos2wt)
7)) (10)
+5)) = 2P Njpeol

4. Influence of Key Dimensions on Torque Density of TF-CFRM

At present, there are two methods of analysis on the internal magnetic field of the
motor: one is the analysis method (including the equivalent magnetic-circuit method,
the magnetic-network method, etc.), and the other is the numerical method (the finite
element method). Since the foregoing magnetic circuit of the TF-CFRM is built under
several assumptions, the accuracy of the analysis method is comparatively low. In order
to accurately calculate the performance of the motor, the finite element analysis of the
transverse magnetic motor often adopts the three-dimensional finite element method. This
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method can consider the leakage flux of the magnet and the saturation of the iron core. In
order to reduce the calculation time and increase the calculation speed of the finite element,
the original model calculates the simulation of the three-dimensional finite element model
with a basic analysis unit, and the calculation result of the entire motor can be obtained by
adding the cycle-boundary condition. The basic dimensions and materials of the TF-CFRM
used for analysis are shown in Table 1.

Table 1. Design dimensions and materials of TF-CFRM.

Parameter Value
Stator outer diameter (Doyt) 190 mm
Rotor outer diameter (D) 120 mm
Air-gap length () 1 mm
Axial length of single phase (l,) 45 mm
Total axial length of three phase (L,) 135 mm
Pole pitch (Tpm) 7.85 mm
Pole-pair number (p) 24
Thickness of PM (hpm) Variable
Circumferential length of PM (/pm) Variable
Rated speed (Q2) 500 rpm
Rated current density (Ja) 5 A/mm?
Length of radial-flux core (I;) 11 mm
Circumferential length of rotor core (Ixt) Variable
Material of cores 50WW470
Material of PMs NdFeB 35H

The torque density is a key parameter to measure the characteristic of direct-drive
motors. In this section, the influence of some dimensions on the torque density of the
TF-CFRM is investigated. From the expression of electromagnetic torque, if the parameters
of electrical load are selected, the value of torque is influenced by the reluctances of
the main flux loop, the reluctances of the leakage flux loop, and the MMF of the PMs.
Since the circumferential length of the PMs, lpn; the thickness of the PMs, ipm; and the
circumferential length of rotor core, I, influence the reluctances and the MMF of the PM
significantly, they are chosen as the object parameters to be investigated.

The influences of the PM dimensions on torque density are shown in Figure 5. From
the results, when the circumferential length of the PM is irrespective, and the thickness of
the PM is variable, the torque density increases with the increasing of /i,m; when the value
of hpm is small, then it decreases with the increasing of hpm. That is in accordance with the
fact that the main flux loop’s reluctance is increased along with the PM’s MMF, when the
thickness of the PM is added. The optimal value range of /ipm, is 3-3.5 mm. Then, a ratio of
kpm = lpm/ Tpm is introduced, to correspond with the circumferential length of the PM, and
the optimal value range of the ratio, kpm, exists for a given ratio, fip,m, which generates the
maximum torque density, with a range of 1.1-1.15.

Another factor affecting the gap magnetic resistance is the size of the rotor. Based on
the optimization results of the stator PM dimensions, the influence of the circumferential
length of the rotor core is analyzed when the PM dimensions are designed in the optimal
range. Four typical combinations of PM dimensions are selected, e.g., fipm = 3.0 mm and
kpm = 1.10, hpm = 3.0 mm and kpm = 1.15, hpm = 3.5 mm and kpm = 1.10, and hipm = 3.5 mm
and kpm = 1.15. A ratio, kyt = It/ Tpm, is also introduced to correspond with the circumferen-
tial length of the rotor core. As the results show in Figure 6, when the ratio, k¢, is decreased
from 1 to 0.4, the torque density is firstly increased and then decreased. The optimal values
of k;t under different PM dimensions, to generate the maximum torque density, are all
around 0.7. Then, the variable dimensions of the TF-CFRM are designed as hipm = 3.5 mm,
kpm = 1.15, and ky = 0.7 to achieve an optimal torque density.



Energies 2022, 15, 7469

7 of 13

Torque Density(kN.m/m")
9,505

5.0

4.5 9.313

9.120

4.0+

8.928

8.735

h_(mm)

pm

8.543
3.04

8.350

2.5 8.158

7.965

2.0 —_— .
.00 1.05 110 115 120 1.25
kpm(l /T )

pm’ “pm

Figure 5. Influence of stator PM dimensions on torque density per volume.
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Figure 6. Influence of rotor length in the circumferential direction on torque density per volume.

5. Electromagnetic Performance Comparison among TF-CFRM, TF-FRM, and FRM
5.1. Torque Performance

The torque performance, such as the cogging torque, electromagnetic torque, and
torque ripple of the TF-CFRM, are analyzed and compared with the TF-FRM and FRM by
the finite element method. For fairness, all the models are designed to have the same stator
outer diameter, rotor outer diameter, total axial length, and rated load current density for
convenient comparison. Under the above comparison conditions, the rated load magnetic
density distribution of the three types of motor-simulation models is shown in Figure 7.

The torque waveforms of three motors are shown in Figure 8: in the upper subfigure
are the waveforms of cogging torques and in the lower subfigure are the waveforms of
electromagnetic torques. The amplitude of cogging torque for the TF-CRFM is 0.77 N-m,
which is 11.5% lower than that of the TF-FRM and 35.6% lower than that of the FRM.
The average load torque of the TF-CFRM is 41.2 N-m, which is 4.8% larger than that of
the TF-FRM and 5.9% higher than that of the FRM. Meanwhile, the torque ripple of the
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TE-CFRM under sinusoidal armature current is 3.6%, which is larger than the 3.1% of the
FRM and the 2.4% of the TF-FRM. The larger total harmonic distortion of the TF-CFRM
back EMF is what causes the bigger torque ripple.

Magnetic Flux Density
Contour Plot : T

22
2.0
1.8

15
13
1.1
0.9
0.7
0.4
0.2
0.0

(b) (d)

Figure 7. Magnetic-density distribution of motor under rated load: (a) 24 stator slots—20 rotor poles
FRM, (b)TF—FRM, (c¢)TF—CFRM, and (d)reference ruler.
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Figure 8. Torque performance comparison between FRM, TF-FRM, and TF-CFRM by 3D FEM.

The torque density per volume and force density per air-gap surface area of the TF-
CFRM are also calculated and compared with some other transverse-flux motor topologies;
the results are listed in Table 2. As shown, the torque density per volume of the proposed
TF-CFRM is 10.75 kN-m/m?, which is 4.7% larger than that of the TF-FRM, 5.8% larger
than that of the FRM, and 1.2% lower than that of the TFPM; the force density per air-gap
surface area of the TE-CFRM is 1.35 N/cm?, which is similar to the 1.29 N/cm? of the
TE-FRM and the 1.27 N/cm? of the FRM, but 36.6% lower than that of the TFPM. However,
the total volume of the PMs used in the TF-CFRM is only 67.3% of the TF-FRM, 23.1% of
the TFPM, and 49.8% of the FRM, which shows a greater cost-to-performance ratio of the
proposed TE-CFRM than that of those existing machines.
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Table 2. Torque density comparison of TF-CFRM, TF-FRM, TFPM, and FRM.

Unit TF-CFRM TF-FRM TFPM [6] FRM
Volume of motor mm? 3.83 x 10° 3.83 x 10° 8.27 x 10° 3.83 x 10°
Volume of PM mm3 5.23 x 10* 7.77 x 10* 227 x 10° 1.05 x 10°
Air-gap length mm 1 1 1 1
Rated current density A/mm? 5 5 3.5 5
Rated torque N-m 41.2 39.3 82.0 38.9
Torque per volume kN-m/m3 10.75 10.26 10.88 10.16
Force per air-gap area N/cm? 1.35 1.29 213 1.27

5.2. Overload Capability

Direct-drive motors are frequently operated in short-time high-overload operation
mode, for example, startup, emergency acceleration and deceleration, etc. Therefore, this
subsection presents a finite element analysis of the overload capability of the three types of
stator permanent-magnet motors. The torque output capability of the TF-CFRM, TF-FRM,
and FRM under an overload state are shown in Figure 9.

100 T T L T L T L T
|—=— FRM—es— TF-FRM—&— TF-CFRM|

80 4
§ 60 1
S
2
? 40 4 . . _
ﬁ ——— Rated operation point

20 + 4

0 T T T T T T T T T T T T
0.0 25 5.0 7.5 10.0 125 15.0

Current density(A/mm?)

Figure 9. Torque over-load capability comparison among FRM, TF-FRM, and TF-CFRM by FEM.

When the armature current is small, the torque of all motors increases linearly with the
current amplitude. Among the three kinds of motors, the torque of the TF-CFRM is slightly
higher than that of the TF-FRM and FRM. Then, with the proportional increase in armature
current, the TF-CFRM firstly falls into saturation, and its linear interval is shortest, while
the TF-FRM and FRM can maintain a larger linear interval. When the armature current
reaches three times the rated load, the torque of the TF-CFRM is 1.54 times that of the
rated torque, while the TF-FRM and FRM are up to 2.25 and 2.38 times that of the rated
torque, respectively.

The reason for this phenomenon is that only half of the equivalent air gap in the
TF-CFRM is the sum of the permanent magnet and mechanical air gap, and the other half
is only a mechanical air gap, which makes the comprehensive equivalent air gap of the
TF-CFRM be thinner than that of the TF-FRM and FRM. Meanwhile, the armature-reaction
magnetic field in the TF-CFRM is larger, and the armature magnetic flux directly path
through the stator core into the rotor core. Thus, the cores of the TF-CFRM prefer to enter
the saturation state easily, and the overload capability is limited.

In addition, the permanent magnet will be strongly demagnetized by the armature-
reaction magnetic field under the overload state, so it is necessary to analyze the magnetic-
density-distribution characteristics of the permanent magnet in the motor under an over-
load current. According to the material characteristic of NdFeB permanent magnet, when
the motor is working under normal temperature (20 °C), the demagnetization curve and
recovery line are both straight lines. The knee point for irreversible demagnetization is
located in the third quadrant, and the permanent magnet is hardly dropped when in
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irreversible demagnetization danger. However, the overload current always leads to a
larger copper loss and serious heating phenomenon, the permanent magnet may be worked
under high temperature, and the knee point for irreversible demagnetization moves to
the second quadrant [14-16]. To roughly evaluate the antidemagnetization ability of the
motors, the temperature is predicted as 100 °C, when the knee point is around 0.2 T, as
shown in Figure 10. In addition, the reference value of dangerous demagnetization is
selected as 0.3 T, with few margins, during FEM analysis.

1.5
20°C 100°C
—~ 1.0+
—
p—
Z
&
o 0.5+
A
= — Knee Point
) /
-0.5 T T T T T T T T T T T
-1.200.000 -1.000.000 -800.000 -600.000 -400,000 -200.000 0

Magnetic Field(A/m)

Figure 10. Demagnetization curve of NdFeB 35H under 20 °C and 100 °C.

The magnetic density distributions of the permanent magnets in the TF-CFRM, TF-
FRM, and FRM under three times the overload current are shown as Figure 11. In the
view of a single demagnetized permanent magnet, the volume of the dangerous area of the
TF-CFRM, in which the magnetic density is lower than 0.3 T, accounts for nearly 26.71%
of the total volume. This data is between the 16.71% of the TF-FRM and the 34.51% of
the FRM.

038
0.6

(b) (c) (d)

Figure 11. Magnetic density distribution of the permanent magnet in the motor during three-times
overload. (a) FRM, (b) TF-FRM, (c) TF-CFRM, and (d) reference ruler.

It is obvious that the proportion of the dangerous regions in the demagnetized per-
manent magnets of the FRM is the highest. However, only a few permanent magnets in
the FRM are severely demagnetized in the same moment, and the percentage of severely
demagnetized permanent magnets in the TF-FRM and TF-CFRM is half. In general, the per-
manent magnet in the transverse-flux motor seems to face a higher risk of demagnetization,
which means the transverse-flux motor is more suitable to be designed for applications
with fewer overload working modes.
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5.3. Power Factor (PF)

As is known, the transverse-flux motor owns the advantage of a high torque density
and faces the disadvantage of a low PE. Therefore, the PF of three motors, TF-CFRM, TF-
FRM, and FRM, was analyzed. Under the conditions of the same dimensions, the same
current density, the same terminal voltage, and I3 = 0 control, the PF of the TF-CFRM is
only 0.30, which is 0.08 lower than that of the TF-FRM and 0.15 lower than that of the
FRM. This shows that the PF of the TF-CFRM proposed in this article is only slightly lower
than that of the TF-FRM, but the PF of those two types of transverse-flux motors is lower
than that of the FRM and obviously lower than that of the typical PMSM and BLDC. It
means that, when the same mechanical power is output, the TF-CFRM and TF-FRM will
put forward higher requirements for the power level of the inverter hardware.

What should be mentioned here is that the PF discussed in this section is calculated
with the Id = 0 method, according to the phasor schematic diagram of PF, which belongs to
the machine itself, as the cosine value between the fundamental terminal-voltage wave and
the standard sinusoidal phase-current wave. Since the motor can be driven by an inverter
similar to a typical PMSM, with some advanced control algorithms, the total power factor
presented to the grid side will be improved, which is one of the research priorities in our
future work.

5.4. Efficiency
The output power of the proposed TF-CFRM, under different rotation speeds, is shown
in Figure 12; the rated power is designed as 2.2 kW.
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Figure 12. Output-power characteristic of TF-CFRM in the analysis.

For comparison, the loss and efficiencies of the three types of motors under the rated
point are also analyzed by FEM. As shown in Figure 13, the copper-loss value of the TF-
CFRM and TF-FRM is 221.73 W, which is 32.2% lower than that of the FRM; the core loss
value of the TF-CFRM is 98.27 W, which is 1.73 times that of the TF-FRM and similar to
that of the FRM; the PM’s eddy loss of the TF-CFRM is 3.94 W, which is 81.74% of that
of the TF-FRM and 13.14% of that of the FRM. When the mechanical loss is ignored, the
efficiency of the TF-CFRM is 87.15%, and that of the other two machines is 87.83% and
81.92%, respectively. It can be seen that, under the designed rated point, the copper loss is
the largest component among the three motors; although the core loss of the TF-CFRM is
larger, the PM’s eddy loss and copper loss are lower. Meanwhile, the proposed TF-CFRM
can provide an appreciable efficiency by using fewer permanent-magnet materials, when
compared with the TF-FRM and typical FRM.
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6. Conclusions

A transverse-flux flux-reversal motor with consequent-pole configuration is intro-
duced in this paper. The expression of electromagnetic torque is derived from an equivalent
magnetic-circuit model. The influences of the key dimensions on torque density are in-
vestigated by the finite element method; the optimal value of thickness of the PM, hpm;
the ratio of the circumferential length of the PM to the pole pitch, kpm ; and the ratio of
the circumferential length of the rotor core to the pole pitch, ky, are 3.5 mm, 1.15, and
0.7, respectively, which provide useful information for the future design process. The
torque performance of the proposed motor is analyzed and compared with the foregoing
TF-FRM, FRM, and TFPM topologies in the literature. The torque density per volume of the
TE-CFRM is 10.75 kN-m/m? when the RMS current density is 5 A/ mm?, which is similar
to that of the TF-FRM and FRM. In addition, the efficiency of the proposed TF-CFRM is
87.15%, which is similar to that of the TF-FRM and a higher percentage than that of the
FRM. Meanwhile, the total volume of the PMs used in the TF-CFRM is 67.3% of that of the
TF-FRM and 49.8% of that of the FRM. Since most of the cost in permanent-magnet-motor
manufacturing is occupied by the permanent magnet, it means that the TF-CFRM is a
comprehensive solution that directly drives the motor, which can reduce budget costs and
provide appreciable torque density and efficiency.

Aside from the low machine-manufacturing cost and high-torque-density advan-
tages, the TE-CFRM faces several shortcomings, such as a weak torque-overload capacity
(1.54 times the output torque with three times the overload current) and low power factor
(0.30 in the example). These disadvantages will limit the application scenarios of the TF-
CFRM, while slightly increasing the hardware cost of the supporting inverter control part.
How to break through these shortcomings and expand the applicability and cost-effective
advantage of the TF-CFRM will be key for research work in the future.
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