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Abstract: This paper presents analysis and study of the single-phase transverse-flux machine. The fi-
nite element method results of the machine are compared with the laboratory measurements to
confirm the accuracy of the computer model. This computer model is then used to investigate the
effect of the machine’s geometry on its output characteristics. Parametric analysis of the machine is
carried out to find the optimal air-gap diameter at which the cogging torque of the machine is mini-
mal. In addition, the influence of the coil cross-section on the torque and output power characteristics
of the machine is investigated and discussed.

Keywords: generator; permanent magnet; torque density; transverse-flux machine

1. Introduction

Motors with a transverse magnetic flux (transversal flux machines—TFMs) have a
high potential in terms high torque and power density [1-17]. In addition, TFMs allow
implementing a multi-pole design (30-60 poles), which makes it possible to create low-
speed high-torque machines for direct (gearless) applications. TEMs can be designed with
a simple cylindrical O-shaped stator winding [15]. In order to develop a multi-phase TFM,
identical single-phase units can be stacked together and shifted by the corresponding phase
angle. Despite these advantages, only a few companies are adopting TFM production
recently. Complex design, high cogging torque, and high manufacturing cost prevent
many industries from adopting these machines. However, in recent decades, due to the
development of simulation-based software, various numerical methods, and modern
manufacturing technologies, TEFMs have gotten more interest from both academia and
industry. Currently, several research groups are actively involved in the design and
production of this type of machine [1,2] including Rolls Royse [6].

When developing and designing a TFM machine, a number of important factors
should be considered. Among these factors are minimization of the cogging torque,
optimization of the winding and finding an optimal configuration of the machine with
the best specific characteristics. With a wrongly chosen cross-section, TFM performance
can be degraded. Because there is a lack of precise knowledge of how the winding height
influences the dynamic characteristics of the TFM machines, this study aims to address
this issue in more detail. Therefore, the purpose of this work is to study the influence of
the winding height of the characteristics of the transverse-flux machine.

The goal of the presented paper is to design a cost-effective, high-torque density
single-phase TFM. To decrease its manufacturing cost, the discussed machine will not
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oversee magnetic shunts [15], sophisticated shapes of the stator poles, nor complex shapes
of the permanent magnets (PMs).

The 3D FEM computer model of the single-phase TFM is parametrically analyzed in
this study. To justify the accuracy of the analysis, the results are compared to those of the
physical prototype. After the results of the model and prototype matched, the model is
then used for further parametric studies. In these parametric studies, the influence of the
model’s geometry on the output characteristics of the machine are studied, and, thus, the
optimal configuration of the machine is determined. The magnetostatic, parametric and
dynamic characteristics of the discussed machines are calculated using Simcenter MagNet
and Ansys Maxwell.

The paper is organized as follows. In Section 2, numerical and experimental studies
of the single-phase TFM with an inner rotor are carried out and compared in Section 3. The
discussion of the results is provided in Section 4. And finally, the conclusions are given in
Section 5.

2. Computer and Experimental Investigation of the Single-Phase TFM with an
Inner Rotor

The TFM with an internal rotor and its basic dimensions in mm are shown in Figure 1.
The machine consists of the 15 U-shaped stator poles distributed circumferentially around
the machine’s rotor. The single-phase O-shaped coil is placed inside of the stator poles. The
rotor has 60 PMs arranged in two rows and are firmly attached to the back-iron cylinder.
The key parameters of the machine along with winding data are enclosed in Table 1.

Figure 1. The initial configuration of the single-phase transversal flux machines (TFM) with an inner rotor.

Table 1. Key parameters of the single-phase TFM with an inner rotor.

Parameter Value
Number of stator poles, N 15
Number of rotor poles, p 30
Outer rotor diameter, mm 111
Inner rotor diameter, mm 82
Inner stator diameter, mm 113
Air gap, mm 0.8

Residual flux density of the PMs 078 T
Permeability of the PMs, i, 1.1

PMs size, mm 20 x 10 x 7.5

Number of PMs 60
Outer coil diameter, mm 152
Inner coil diameter, mm 118
Width of the coil, mm 26

Number of turns of the coil 220
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Table 1. Cont.

Parameter Value
Diameter of the conductor, mm 1.13
Cross-section of the conductor, mm? 1
Resistance of the coil, Ohms 1.8

To decrease the simulation time of the computer model, a 1/15 of the actual machine’s
size segment is analyzed instead of the whole model. The 3D FEM model of this segment
is shown in Figure 2a. The magnetic flux density distribution in the segment at no load is
demonstrated in Figure 2b. The segmented model was validated by comparing its results
to the 3D FEM model of the complete model. The analysis shows that the discrepancy
between cogging torque, electromagnetic torque, and output power of these models do not
exceed 1%.

B, T

15

12

0.6

0.3

(a) (b)

Figure 2. Computer model of the TFM segment: (a) 3D FEM model of the segment and (b) magnetic
flux density distribution in the segment.

To further validate the accuracy of the segmented model of the TFM with an inner
rotor, the physical prototype of the machine is built and analyzed experimentally in the
laboratory. For this experimental analysis, the prototype was equipped with a measurement
system. The measurement system included a digital torque meter and rotor position sensor.
The frontal and top views of the prototype model of the TFM with an inner rotor and the
measurement system are shown in Figure 3a,b.

A general view of the single-phase prototype of the TFM with measuring sensors is
shown in Figure 4. To find the dependence of the electromagnetic torque on rotor 1 angle,
the module was equipped with a torque sensor 2 and controller 3. This output of the torque
is then displaced on the controllers screen. Changing the position of the rotor is carried out
with the help of two regulating screws 4. The screw thread stroke is equal to one mm, i.e.,
when the screw head is turned by one revolution (360°), the rotor turns around its axis by
0.634°. The measurement of the rotor angle is carried out using the angle sensor 5. The
angle sensor is attached to the rotor by a holding magnet, and displace the absolute value
of the angle in degrees.
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Figure 3. The frontal and top views of the TFM prototype with an inner rotor: (a) the photograph of
the frontal view; (b) the photograph of the top view.

1 rotor

5 angle sensor
2 torque sensor

3 controller

4 screw

Figure 4. General view of the single-phase prototype of the machine with a measurement system.

The dependence of the cogging torque (no-load condition) and the electromagnetic
torque (load condition) on the angle of rotation was determined as follows: by turning the
screws 4 clockwise, the rotor is “squeezed out” from the stable position of equilibrium.
Moving the screw by half a turn (180°) corresponds to a rotor rotation of 0.317°. Thus,
the rotor moves from a position of stable magnetic equilibrium to a position of unstable
magnetic equilibrium. The characteristics of the rotor, stator and PMs of the prototype
correspond to those of the 3D FEM model: the magnetic core of the rotor is made of
steel 1008 (considering nonlinearity of the magnetization curve of steel); stator made of
laminated steel 1008 with stacking factor 0.95; and the chosen PM type is N 25, and the
residual induction—B; = 0.78 T.

A series of laboratory tests were carried out with the prototype to determine the
cogging torque, electromagnetic torque, and induced voltage characteristics of the machine.
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Dependence of the electromagnetic torque on the rotor angle was determined for the
following values of the current density in the winding: ] =0 A/ mm? (cogging); [ =1,2,3,
4,5,6 A/mm?2. As a result of comparison, it was determined that for the current density
] = 0-2 A/mm? the average deviation between the calculated and experimental data does
not exceed 6%, for the current density | = 3-6 A/mm? the average deviation does not
exceed 10%. Figure 5a—c shows the results of comparing the calculated and experimental
torque values for the current densities ] = 0 A/mm?, ] = 3 A/mm? and | = 6 A/mm?.
Experimental studies were also carried out with a single-phase prototype in the generator
mode at no load. In these studies, the generator winding was connected to a rectifier diode
bridge. The rotor speed sensor was connected to one of the shaft ends, and a driving
motor at the other end. In the course of experiments, the rotation frequency of the shaft
was changed using the driving motor. At this time, the generated voltage at the diode
bridge terminals was recorded. The results of comparing the calculated and experimental
values in the generator mode are shown in Figure 5d. The average deviation between
the experimental and calculated values of induced voltage on the rotor speed does not
exceed 5%.
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Figure 5. Electromechanical characteristics of the single-phase TEM with an inner rotor obtained during computer simulation

and experimental measurements: (a) cogging torque vs. rotor mechanical angle (] = 0
vs. rotor mechanical angle (] = 3

ﬁ); (b) electromagnetic torque

4 (c) electromagnetic torque vs. rotor mechanical angle (] = 6#); and (d) no-load

mm?2

voltage at speed of 600 rpm.

Comparison of the computer and experimental results shows that the computer model
adequately reflects the physical processes in the studied 3D FEM model. The torque
characteristics compared in Figure 5a,b, show that the average discrepancy between the
calculated and experimental values of the electromagnetic torque does not exceed 12%. In
the range 6 = 0—4, the mechanical degrees for |= 3# and J= 6% has a discrepancy is
higher. The induced voltage characteristics taken in the generating mode show the average
discrepancy less than 5%. Therefore, the 3D FEM model of the TEM can be used further for
accurate parametric investigations.



Energies 2021, 14, 755

6 of 14

3. Parametric Investigation of the Single-Phase and Three-Phase TFM
3.1. Varying Air-Gap Radius for Cogging Torque Reduction

Experimental data obtained on the physical model of the single-phase TFM with
an inner rotor, and the calculated data obtained on the basis of computer simulation
showed that the studied TFM has a significant cogging torque (Figure 5a). Such cogging
torque significantly worsens the characteristics of the machine both in generator and motor
regimes and leads to the operational noise, vibrations and high torque pulsations. To
reduce the cogging torque, various methods are widely used: skewing the stator or rotor
poles for a given angle, placement of the ferromagnetic inserts between the poles with low
magnetic permeability, placing an additional stator pole in the stator, etc. These methods
usually increase the cost of the machine [4,11].

In this section, a TFM machine with an external rotor is investigated and shown in
Figure 6. In addition to its better cogging torque characteristics previously researched
by the authors [15,17], the external rotor structure of this machine has better power to
volume capabilities if compared to the inner rotor machine. This is because in the external
rotor structure, the empty space inside of the machine is well utilized by stator poles.
In the following analysis, electromagnetic and cogging torque characteristics of inner
and outer rotor machines were compared to check if there are other advantages to the
external configuration.

R61

158

32
286 :

(a) (b)
Figure 6. Single-phase TFM with an outer rotor: (a) 3D FEM model and (b) basic dimensions.

To decrease cogging torque of the machine with an external rotor, the configuration of
the machine was changed, and its air-gap radius varied. To see the difference in results
between the new model with an external rotor, and the original model with an internal
rotor, these machines are analyzed together in 3D FEM.

In the investigated single-phase TFM with an outer rotor, the number, mass and
dimensions of the PMs, as well U-shaped stator magnetic poles are the same as in the
TFM with an inner rotor. The analysis of the models studied in Section 3 was carried out
under the following conditions: the magnetic core of the rotor—steel 1008 (considering the
nonlinearity of the magnetization curve of steel); stator magnetic circuit—steel 1008; type
of magnets—N42.

Similarly, to the numerical study of the model with an internal rotor, the machine with
an external rotor was analyzed by reducing its geometry to a sector equal to 1/15 of the
entire model. The sector of the calculation model and its field pattern for the case when
there is no current in the winding are shown in Figure 7.
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Figure 7. Computer model of the TFM segment under no current: (a) 3D FEM model of the segment
and (b) magnetic flux density distribution in the segment.

In order to investigate the influence of the air-gap radius on the cogging torque of the
machine, the parametric analysis is carried out for both TEMs: with outer and inner rotors.
The parameter in this parametric analysis is a radius to the middle of the air gap Rs. The
cogging torque calculations are provided for various values of R in the range of 56-70 mm.
Figure 6b) shows the model where this parameter is Rs = 61 mm. For various values of
Rs, the cogging torque vs. rotor position is calculated for both models, and the results are
compared in Figure 8a,b. Figure 8c,d shows the dependence of the electromagnetic torque
on the angle of rotor rotation for a model with an external and an internal rotor at a current
density in the winding | =5 A/mm?.

Upon analyzing these dependences, it should be noted that for both outer and inner
rotor TFMs, the same tendency is observed: when the radius Rs increases, the cogging
torque decreases. However, further increase in R; leads to an increase in the cogging
torque. The values of cogging torque at various air-gap radius for the TFMs with an outer
and inner rotor are enclosed in Table 2.

ng , Outer rotor T“,g, Inner rotor
15
Teog . Nm Teog, Nm
10
5
0 ‘6 S, &‘_

4 6 8 0 1
-5
-10

6, deg 6 deg

15

Rs =56 R; =61 = =-R;=68 ——R;=70 Rs =56 R; =61 ——R; =63 — = =R; =66 R =69

(a) (b)

Figure 8. Cont.



Energies 2021, 14, 755 8 of 14

T, Quter rotor, [ =5 A/mm’ T, Inner rotor, [ =5 A/mm?

T, Nm T, Nm

———Ry =56 ———R;=6l Ry=64 = = =R;=68

Rg =56 ——— Rg =61 R; =63 = = =R; =66

(© (d)

Figure 8. The torque characteristics of the single-phase TFMs with outer and inner rotors at various air-gap radius Rs:

Rs; =68

(a) cogging torque TFM with an outer rotor; (b) cogging torque TFM with an inner rotor; (c) electromagnetic torque with
an outer rotor vs. rotor mechanical angle ] =5 A/ mm?; and (d) electromagnetic torque with an inner rotor vs. rotor
mechanical angle.

Table 2. Cogging torque values of the TEM with an outer and inner rotor at various air-gap radii.

Outer Rotor
Parameter Rs =56 Rs =61 Rs =64 Rs =68 Rs =70
Tcog(max), Nm 11.3 7.0 44 2.1 6.83
Inner Rotor
Parameter Rs =56 Rs =61 Rs =63 Rs =66 Rs =69
Teog(max), Nm 3.5 2.6 2.1 1.5 1.9

The data shown in Table 2 can be graphically expressed in Figure 9 to observe the
dependence of the cogging torque on the radius Rs in both models. The minimum value
of cogging torque for the model with an outer rotor happens at Rs = 68 mm, and for the
model with an outer rotor it is at Rg = 66 mm.

Teog(max)- Nm

56 58 60 62 64 66 68 70

Outer rotor — — — Inner rotor

Figure 9. Dependence of the maximum cogging torque on the air-gap radius Rs in single-phase TFM
with an outer and inner rotor.

Thus, the optimal air-gap radius for both models is found. At this air-gap radius, the
cogging torque is significantly reduced in comparison to the original version.

3.2. Varying Coil Dimensions for Improving the Machine’s Characteristics

At the next stage of this study, outer and inner TFM models with the air-gap radius
Rs, at which the lowest value of cogging torque is reached, are investigated. In this study,
the influence of the winding (coil) dimensions on the stiffness of the external characteristics
(terminal voltage) was determined. When examining TFMs with both an inner and an
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outer rotor, the height of the winding was varied. The winding parameters of the outer and
inner rotor TFMs are enclosed in Table 3. This table shows the winding configuration of for
three values of their height: b = 20, 10, 4 mm. For example, the slot section for b = 20 mm
and b = 4 mm, differ by a factor of 5 (520/104 = 5). Having the same number of turns,
(W =220) and the same filling factor (k = 0.5) the rated current of these windings also
differs by 5 (5.91/1.18 = 5).

Table 3. Winding parameters of the TFM with an outer and inner rotor.

Parameter b=20 b=10 b=4
Height of the coil—b, mm 20 10 4
Width of the coil—#, mm 26 26 26
Filling coefficient—k 0.5 0.5 0.5
Coil cross-section—S;;, mm? 520 260 104
Cooper cross-section—Scy, mm? 260 130 52
Current density—Jn, A/mm? 5 5 5
Number of turns, N 220 220 220
Conductor cross-section—S.iye, mm? 1.18 0.59 0.24
Rated current I, A 591 2.95 1.18

The 3D FEM models of the single-phase TFM with an outer and inner rotor with
various coil heights are shown in Figure 10a,b. In the first row, the cross-section of the
coils is Sqoj = b x h =20 x 26 = 520 mm?. These are the dimensions of the winding of the
original model, previously shown in Figures 1 and 6. The physical model of the original
coil used in the TFM prototype (Figure 3b) is shown in Figure 11. The second row contains
the models with the cross-section two times smaller than the original one: S.o; =b x h =10
X 26 = 260 mm?. And, finally, the third row contains models in which the cross-section
of the coil is five times smaller than that of the original model: Sy =b x h =4 x 26 =
104 mm?.

Figure 10. Cont.
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(b)

Figure 10. 3D FEM models of the outer and inner rotor TFMs with various coil height parameters: (a) TFM with an outer
rotor and (b) TFM with an inner rotor.

U-shaped #
stator
poles

Figure 11. Physical model of the O-shaped phase coil with a height of 20 mm.

The induced voltage characteristics of each of the models are calculated as follows.
Variable resistive load is connected to the winding of the machine at the machine’s speed
of 600 rpm. Varying the load resistance, the current density in the coil is changed. Con-
sequently, the voltage at the load terminals is changed too. The rigidity of the terminal
voltage is determined from the expression:

U() - Un

n

AU, = -100%,

where U is the no-load voltage and U, is the terminal voltage. For a generator with
independent excitation, the normal stiffness is usually in the range of 5-10%. The terminal
voltage characteristics at various current densities are plotted in Figure 12a,b. In the
case of the outer rotor TEM (Figure 12a) at b = 20 mm, the voltage decreases sharply
and at]=27A/ mm? and takes a zero value, even before reaching the rated current. At
b = 10 mm, the voltage also has a sharply falling curve and at ] = 6 A/mm? it has a zero
value. Only at b = 4 mm, the slope of the characteristic is shallow and has an acceptable
character. The characteristics of the inner rotor TFM have even higher steepness that those
of the TFM with an outer rotor (Figure 12b). For b = 10 and 20 mm, the terminal voltage
drops to zero before even reaching the current density | = 3.5 A/mm?. Atb =4 mm, the
characteristics, as it is in the TFM with an outer rotor, are acceptable.
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(a) (b)

Figure 12. Terminal voltage characteristics of the outer and inner rotor TFM models with different coil heights: (a) TFM

with an outer rotor and (b) TEM with an inner rotor.

(a)

The above characteristics show that to ensure an acceptable generator performance
at a rated current, it is necessary to reduce the cross section of the generator winding.
Therefore, increasing the cross-section of the coil in TFMs does not always mean increasing
of its output power. This is explained as follows: a winding with a large cross-section has
a magneto-motive force comparable to that of the PMs. Consequently, an increase in the
cross-section of the machine winding is possible to a limited value, after which the TFM
characteristics significantly deteriorate.

3.3. Comparison of the Dynamic Characteristics of the Three-Phase TFM with an External and an
Internal Rotor

At this stage, calculations of two different three-phase configurations of the TFM
were carried out. Since the best external characteristics were obtained for a configuration
with the winding height b = 4 mm, this machine was chosen for further research. For the
first configuration of the three-phase TFM, the dimensions of the magnetic system of a
single-phase module with an internal rotor were used. The general view of this machine is
shown in Figure 10a on the right. The second configuration is the three-phase TFM with an
external rotor, shown in Figure 10b on the right.

To obtain a three-phase system, the phase B rotor must be displaced relative to phase
A by an angle « = 8° (geometric degrees) and, accordingly, the rotor of phase C—by an
angle o = 8° relative to phase B. General views of the magnetic circuit of the three-phase
TFMs with an internal and an external rotor are shown in Figure 13a,b.

(b) () (d)

Figure 13. General view of the magnetic circuit of a three-phase TFMs: (a) with an internal rotor; (b) with an outer rotor.

(c) Distribution of the flux density in the machines with an inner rotor and (d) an outer rotor.
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The initial data for calculations (properties of magnets and steel) are the same as for
the calculation of single-phase modules. The distribution of the magnetic field for the
three-phase TFMs with an inner and an outer rotor is shown in Figure 13c,d.

When calculating the dynamic characteristics of the investigated models, TFM wind-
ings were connected to the star and then connected to a rectifier diode bridge, which in
turn was connected to the active load Rjy.q-

The characteristics of the voltage in the load Ujy,g and the power in the load Pjy,q of
three-phase models with an internal and an external rotor for different values of current
density are shown in Figure 14. The terminal voltage and output power of the machine
with an external rotor is higher than those of the machine with an internal rotor.

400 800
Upuds V
P4 W
300 600
200 400
100 200
J, A/mm?
0 0
0 2 4 6 8 10

Uload, Inner rotor Uload, Outer rotor

——Pload. Inner rotor —— Pload, Outer rotor

Figure 14. Terminal voltage and output power characteristics of the three-phase 3D FEM TFM models
with outer and inner rotors.

The above characteristics demonstrate that the optimal configuration of the studied
TFM is the configuration with an outer rotor, coil height of 4 mm, and the air-gap radius of
68 mm.

The key parameters of the three-phase TFMs with an inner rotor and an outer rotor
are enclosed in Table 4.

Table 4. Basic parameters of three-phase electric machines with an inner rotor and an outer rotor.

Parameter Inner Rotor Outer Rotor
Number of stator poles, N 15 15
Number of rotor poles, p 30 30

External diameter of the magnetic

153 165
system, mm

Magnetic system height, mm 210 210
Total mass of active parts, m,, kr 7.7 9.1
Working gap, mm 0.8 0.8
Permanent magnet type N42 N42
Rated speed, n, rpm 600 600
Rated power, P, kW 0.38 0.45
Specific power, Pe = P/m, 0.05 0.05

4. Discussion

As a result of numerical studies, it was found that in order to ensure the maximum
specific characteristics of the TFM at rated current, the cross-section of the winding wire
must be properly evaluated. The magnetomotive force (MMF) of the winding needs to be
matched with the magnetomotive force of permanent magnets. Increasing the winding
cross-section will not always improve the characteristics of the machine, and, in some cases,
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can even lead to the significant drawbacks in performance. This is explained as follows,
a winding with a large cross-section has an MMF comparable to the MMF of permanent
magnets, i.e., an increase in the cross-section of the machine winding is possible to a limited
value, after which the TEM characteristics significantly deteriorate. Only for a certain range
of winding cross-section the maximum power at the rated current ensured. Therefore, this
circumstance should be considered when designing and developing TFM machines.

5. Conclusions

The reliability of the numerical model is confirmed by its comparison to an exper-
imental model. The discrepancy between the calculated and experimental values does
not exceed 10%—for the electromagnetic torque, and 5%—for the induced voltage. This
testifies to the adequacy of the computer model.

The validated computer model of the TFM was then used in the parametric stud-
ies which investigated the influence of the machine’s geometry on its electromechanical
characteristics. As a result, it has been observed that the air-gap radius has a significant
influence on the TFMs’ cogging torque. By varying the air-gap radius of the machine
within 14 mm, the optimal air-gap radius of the TFM was found. With this air-gap radius,
the cogging torque of the model with an inner rotor was reduced by 2.3 times, and the
cogging torque of the model with an outer rotor was reduced by 5.4 times. In addition,
the research investigated the influence of winding geometry on the characteristics of the
machines. Varying the height of the coil, it was observed that in order to achieve the
maximum output power of the machine, the cross-section of the winding must be matched
to the magneto-motive force of permanent magnets. As a result of numerical studies, the
range of the winding cross-section was determined, at which a higher value of output
power at rated current is achieved.
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