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Abstract

With the adoption of 3D magnetic flux material and global ring windings, permanent magnet transverse flux
machine (PMTFM) with soft magnetic composite (SMC) cores can output relatively high torque density and only
require easy manufacturing process. For the PMTFM, there are two ways to put the permanent magnets (PMs). One
is to put the PMs on the rotor side which is the traditional rotor PM TFM and the other is to put the PMs on the stator
side which is the stator PM TFM. In this paper, the design methods and operation principle for both kinds of PMTFM
will be presented and discussed. Four different TFMs (benchmark rotor PM TFM with NdFeB, stator PM TFM1 with
ferrite magnet and stator PM TFM2 and TFM3 with NdFeB) have been designed, and the magnetic parameters and
the main performance will be comparatively studied to show the main difference between stator PM TFM and rotor
PM TFM. It can be seen that the stator PM TFM has better performance, and the stator PM TFM1 with ferrite magnets
can have the same torque ability as that of the rotor PM TFM with NdFeB magnet but with very low material cost.
With the adoption of NdFeB, the stator PM TFM2 can have two times higher torque ability than the rotor PM TFM,
and the stator PM TFM2 can have the same torque ability as that of rotor PM TFM but with much smaller volume. As
for the power factor and efficiency, it can be seen that the adoption of ferrite magnet will reduce both of them, and
there is no much difference for the place where the PMs are installed.

Key Words: Soft magnetic composite (SMC), permanent magnet (PM) transverse flux machine, stator PM,
rotor PM, NdFeB magnet, ferrite magnet.

Introduction guidelines should be followed. Firstly, SMC
machine should be designed with permanent magnet
(PM) excitation. Secondly, it should be designed

Soft magnetic composite (SMC) material is one with higher frequency operation, and thirdly, it
kind of relatively new soft magnetic material, and it should be designed with 3-D magnetic flux path.
owns many unique properties, e.g. thermal and Currently, many powder metallurgy companies are
magnetic isotropy characteristic and very low eddy investing greatly for the magnetic and mechanical
current losses, compared with the traditional silicon performance improvement of the SMC cores for
steels, but it also has the disadvantages of low electrical application, and some electrical machines
permeability and weak mechanical performance[1- with.SMC cores have appeared for some small scale
3]. With appropriate machine topology and design applications[7].
guidelines, electrical machines with SMC cores can
have better performance than the traditional
electrical machines[4-6]. For the better utilization of
SMC in electrical machine, some key design

In the past decades, various kinds of electrical
machines with SMC cores with special topologies
were proposed, designed and analyzed. Most of



these machines were developed for the high
performance drive systems, e.g. the axial flux
fractional slot concentrated winding machine for the
electric vehicle application, the radial flux machine,
the 3D transverse flux switched reluctance machine
for electric vehicle system, and PM transverse flux
machine for light electric vehicle system[8-12].

After having deeply understood the design
guidelines for electrical machines with SMC cores,
it can be seen that the permanent magnet transverse
flux machine (PMTFM) is an ideal machine
topology for using SMC materials. Utilizing the
global ring windings and 3D magnetic flux path, the
PMTFM owns the advantage of high torque
capability, as the torque coefficient is proportional to
its number of pole pairs, if not saturated [13-15]. The
PMTFM can be used for the high torque direct drive
applications. However, if it is designed with the
silicon steels, the manufacturing process is very
complex, and thus the application of this kind of
PMTFM has been limited [16-18]. By using SMC
materials the manufacturing problem for the
PMTFM can be solved. Recently, researchers show
great interests in developing and improving the
performance of new PMTFM with SMC cores,
which includes the design optimization, torque
ripple reduction, and manufacturing [19-23].

In [24], a new PMTFM was proposed, in which
the PMs are installed on the stator side and thus the
flux switching operation principle is used. As the
PMs are installed between the stator teeth, large
mass PMs can be used on the stator side and thus
good flux concentrating effect can be formed. In
comparison to the rotor PM TFM, this new kind of
machine is named as the stator PM TFM, which can
have good torque capability with only use of ferrite
magnets. In this paper, a comparative work is
conducted on the comparison of rotor PM TFM and
stator PM TFM. The operations principle, design
methods, magnetic parameters and performance will
be studied. The 3D finite element method (FEM) is
used for the parameter calculation and it is verified
by experiment results.

@ (b)

Fig. 1. Main topology: (a) rotor PM TFM, and (b) stator
PM TFM.

Topology of Rotor PM TFM and Stator
PM TFM

Fig. 1(a) shows the finite element model of one
phase rotor PM TFM with SMC core. As shown, the
motor is designed with the outer rotor configuration,
the PMs are surface mounted on the rotor inner
surface and the PMs are magnetized along the radial
direction. To form three phase symmetrical
distribution, the adjacent single phase stator cores
are stacked with 120 electrical degrees shifts with
each other. Each single phase stator core is
composed of two single disks and a global winding
in between.

Fig. 1(b) illustrates the main topology of one
phase stator PM TFM; similar to the rotor PM TFM,
the whole machine is composed of three phases
where the adjacent phases have to be shifted with
120 electric degrees with each other. As shown, both
the PMs and coils are located on the stator and there
is no winding or PM on the rotor. The arrangement
of PMs and stator cores can be concluded as that the
stator cores and PMs are arranged alternatively and
formed with a disk shape, and the adjacent PMs are
magnetized along the opposite directions (all the
PMs are magnetized along the circumferential
direction). The topology of stator PM TFM is quite
similar to that of the single phase flux switching
permanent magnet machine. However, with the
benefits of 3D magnetic isotropy of SMC material,
the stator PM TFM is more sophisticated and simple.
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Fig. 2. Main flux path of the stator PM TFM: (a) PM
flux (positive maximum), (b) PM flux (zero), (¢) PM
flux (negative maximum) and (d) PM flux (zero)
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Fig. 3. PM flux linkage of the stator PM TFM against
the rotor position.

The operational principle of stator PM TFM can
be referenced as that of traditional single phase flux
switching permanent magnet machines, but the flux
path loop of the new machine is very complex,
which can be seen in Fig. 2. As shown in Fig. 2(a),
at this position the PM flux will flow along the
clockwise direction and the PM flux crossing the
winding can reach the positive maximum. When the
rotor moves to the right direction and reach the
position as shown in Fig. 2(b), the PM flux linkage
crossing the winding will be zero. The PM flux
linking the winding with the rotor position can be
found in Fig. 3.

Power Equation and Qualitative Analysis

To work out the power of electrical machine, the
deduction of power equation is a very useful way. It
is determined by main dimensions and coefficients,
and it can be used to assist researchers to find an
optimal design.

Depending on the method to deduce the power
equation [7], the electromagnetic torque equation of
rotor PM TFM can be obtained as,
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where m; is the number of phases, Pr/ the number
of pole pairs, ki1 the flux leakage coefficient, Ksp: the
ratio of stator tooth circumference width to the pole
pitch, Ky the slot fill factor, Bgs the air gap flux
density, Rso: the stator outer radius, Ls: the stator
tooth axial width, L the stator core axial length
(single phase), Rsiz the stator inner radius, As: the

stator yoke thickness, Jns the current density, V7 the
motor volume, and A; the ratio of axial length to
outer radius.

By analyzing this torque equation, it can be found
that the torque is proportional to the number of pole
pairs, and the maximum torque can be obtained
when Ls: equals a quarter of L7 and at the same time
the sum of Rsi; and hsyr equals the half of Rsw:. In
addition, the torque density is proportional to the
volume and A. In the prototype machine, the
dimensions of Lsi, Lii, Rsit, hsyi and Rsor are
designed to roughly match the above analysis. To
obtain the rated frequency of 300 Hz at the rated
speed of 1800 rpm, the number of pole pairs is
designed as 10.

The torque density of stator PM TFM can be
concluded as,
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where T2, m2, Rso2, La2, 0, Pr2, Bga, Ks2, Kaz, K2,
Rsiz, Hsy2, Wse2, Jm2 are the output torque, number of
phases, stator outer radius, stator axial length,
efficiency, number of poles, air gap flux density,
ratio of stator tooth length to stator axial length, flux
leakage factor, slot fill factor, stator core inner radius,
stator yoke thickness, stator tooth width, and current
density, respectively. Based on this equation, it can
be found that the torque density can be optimized to
the maximum value when the W2 equals 0.25La2,
Rsi2 equals 0.5(Rso2-Hsyz), and Hsy2 should be as
minimum as possible. Then the relationship of these
parameters and its output torque can be simplified as,
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Comparing the optimal design of rotor PM TFM
and stator PM TFM, it can be seen that the optimized
split ratio and the ratio of stator width in the axial
direction to the stator slot width in the axial direction
are the same. Based on asove equations, the main
dimension of both rotor PM TFM and stator PM
TFM can be obtained, as tabulated in Table 1. Stator
PM TFMI is with ferrite magnet and has the same
outer dimension as that of rotor PM TFM. Stator PM
TFM2 is with the NdFeB and has the same outer



dimension with that of rotor PM TFM. Stator PM
TFM3 is with NdFeB and has the same output ability
as that of rotor PM TFM.

Tab I here
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Fig. 4. No load flux density distribution: (a) Rotor PM
TFM, (b) Stator PM TFM1, (c) Stator PM TFM2, and
(d) Stator PM TFM3
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Fig. 5. Air gap flux density distribution: (a) Rotor PM
TFM, (b) Stator PM TFM1, (c) Stator PM TFM2, and
(d) Stator PM TFM3

Magnetic Field and Parameter Analysis

The no load flux density distributed in the rotor
PM TFM and stator PM TFM are shown in Fig. 4,
based on 3D FEM. It can be found that the flux
density in the stator tooth tips of the rotor PM TFM
is 0.7 T, while that of stator PM TFM can reach 1.1
T with only low energy ferrite magnet is used. When
NdFeB is used the flux density in the stator tooth tips
of the stator PM TFM can even reach 2.0 T, which is
close to the magnetic saturation of the SMC material,
due to the good flux concentrating effect of the stator
PM TFM.

The air gap flux density in the radial direction is
illustrated in Fig. 5. It can be seen that the maximum
air gap flux density of the rotor PM TFM is about
0.78 T and that of stator PM TFMI1, TFM2 and
TFM3 is 0.74 T, 1.67 T and 1.59 T respectively.
Considering that the average relative permeability of
the SOMALOQY 500™ is only 200 and the residual
flux density of Y35 is only 0.4 T, the magnetic load
of the rotor PM TFM1 is very high.
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Fig. 6. PM flux linkage of the rotor PM TFM and stator
PM TFM.
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Fig. 7. Inductance of the rotor PM TFM and stator PM
TFM.
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Fig. 8. Cogging torque of the rotor PM TFM and stator
PM TFM.
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Fig. 9. Back EMF of the rotor PM TFM and stator PM
TFM, (a) waveforms, and (b) harmonics.

For the permanent magnet machine analysis, the
PM flux linkage, inductance and cogging torque are
very important. The PM flux linkage, inductance,
cogging torque and back EMF of rotor PM TFM,
stator PM TFM1, stator PM TFM2 and stator PM
TFM3 are shown in Fig. 6 to Fig. 9.

As shown, the PM flux linkage of stator PM
TFM?2 is the highest, which is resulted by the good
flux concentrating structure, high energy PM
material and large dimensions with the same number
of pole pairs. The PM flux linkage of stator PM
TFM3 is the second highest, and the stator PM
TFMI1 has the same flux linkage as that of rotor PM
TFM.

For the inductance comparison, as shown in Fig.
7, the average inductance of stator PM TFM1 is
higher than that of other TFMs, which is calculated
by using the frozen permeability technology. The
main reason is that the adopted ferrite magnet
material has caused the stator PM TFM1 to have low
magnetic load, and thus the main magnetic
resistance of the TFM is lower than the other TFMs.
The average inductance of rotor PM TFM is the
lowest, and the main reason is that the leakage flux
path is short. It can be found that the variation of
inductance with the rotor angles for all four TFMs is
very small, thus the difference between the d-axis
inductance and g-axis inductance is also very small,
and the reluctance torque component in this machine
can be ignored and only the PM torque contributes
to the main torque.

The cogging torque is resulted by the interaction
between the PMs on the rotor or stator and the stator
slots or rotor slots, which can bring the machine with
vibration and noise. In a complete period of the



operation, the average of the cogging torque is zero,
but it produces the torque ripple. For the TFMs, the
cogging torque is obtained by the addition of the
cogging torque from the single phase with
determined angle shifts. As shown in Fig. 8, the peak
value of the cogging torque in the stator PM TFM?2
is the highest. The cogging torque of rotor PM TFM
is the second highest. As all these TFMs are
designed with same number of poles, and the period
for the cogging torque is the same.

Fig. 9 shows the back EMF comparison among
these TFMs. As can be seen, the stator PM TFM2
has the highest magnitude of back EMF, and the
other TFMs have the similar magnitude of back
EMF. All these TFMs have the sinusoidal back emf
waveforms. For the harmonic analysis, all the TFMs
has similar high order harmonics, e.g. 3rd, 11th and
13rd harmonics are the main harmonics.

Performance Calculation

For evaluation of the performance of PM
machines, the torque ability, core loss characteristic,
power factor, efficiency and cost are the key factors.
Considering that these TFMs have very low saliency
ratio, the control method with zero d-axis current is
used for the torque calculation, and only the PM
torque are considered.
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Fig. 10. Torque ability of the rotor PM TFM and stator
PM TFM versus (a) input current, and (b) rotor position.
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Fig. 11. Core loss of the rotor PM TFM and stator PM
TFM.
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Fig. 12. Power factor of the rotor PM TFM and stator
PM TFM.

The relationship between the electromagnetic
torque and input current is shown in Fig. 10. It can
be found that the torque ability of the stator PM
TFM2 is the highest while the other TFMs have
quite similar torque ability. As shown in Fig. 10(b),



the torque ripple of stator PM TFM2 is the highest
at the rated condition while the others have the
similar torque ripple. It can be seen that in these
TFMs, the cogging torque contributes the main
torque ripple if comparing Fig. 10(b) with the Fig. 8.
In this work these TFMs are designed for the small
application and no additional cooling techniques are
used, thus the current density is designed not too
high, lower than 6 A/mm?. It can be seen that with
this kind of current density, the torque has the linear
characteristic with the current.

Core loss is another important factor in the
electrical machine analysis. For the PM TFM, the
core loss is determined by the operation frequency
and magnetic flux density in the stator core. To
calculate the core loss, the multi frequency core loss
properties of the SMC material is used in the
transient module in the MAXWELL 3D package.
The core loss of these TFMs is shown in Fig. 11. It
can be seen that the core loss of stator PM TFM1
increases quickly with the increase of input current,
due to the magnetic flux distributed in the machine
at the no load state is relatively low. When the input
current increases, magnetic flux density increases
more quickly than the TFMs with NdFeB. As the
stator PM TFM?2 is designed with higher power
rating, the core loss of stator PM TFM2 is the
highest .

To drive the PM TFM, a three phase power
electronic device is required. Power factor is defined
by output power divide input voltage ampere, and
the lower power factor means that higher rating
invert bridge is needed in the drive system, then the
whole system cost will be increased. In the PM TFM,
as the inductance is much higher than the winding
resistance, to simplify the power factor definition,
the effect of resistance can be neglected, and thus the
power factor can then be defined as,

PF =1/ 1+ L1, /vy, )

where Ls is the inductance, /,; the g-axis current
and Ym the PM flux linkage. It is obvious that
increasing the number of pole pairs will reduce the
power factor, as the PM flux will be reduced and
leakage inductance will be increased. Fig. 12 shows
the power factor of rotor PM TFM and stator PM
TFM with different input currents at the rated speed.
It can be seen that the stator PM TFMI1 has the
lowest power factor and the power factor of all PM

TFMs decreases with the increase of input current.
For the TFM with NdFeB, it can be seen that with
the current of not too high value, the rotor PM TFM
has high power factor. However, when the input
current is increased to a determined value, the power
factor of stator PM TFM will be higher than that of
rotor PM TFM. Therefore, the stator PM TFM has
higher potential for the high power machine design
and high load operation.
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Fig. 13. Efficiency of the rotor PM TFM and stator PM
TFM.

The output power and efficiency are the specified
parameters of the PM TFM. The output power and
efficiency can be calculated by following equations,

P,=P,—P

out — "em Core
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where Pen is the electromagnetic power, Peore the
core loss, Pmech the mechanical loss, and Pey the
copper loss.

The electromagnetic power is calculated by
multiplying the electromagnetic torque obtained
from FEM and designed rotor speed. The core loss
can be obtained from the core loss analysis. The
mechanical loss contains the friction loss and
windage loss, and in this paper it is estimated as 1.5%
of output power. The copper loss is obtained by 3I°R.
Fig. 13 shows the efficiency comparison of the rotor
PM TFM and stator PM TFM. It can be seen that the
efficiency of rotor PM TFM is high when the input
current is not too high. However, with the increase



of input current, the efficiency of stator PM TFM2
will be the highest one. If comparing the effect of
NdFeB and ferrite magnet excitation, it can be seen
that the stator PM TFM with ferrite magnet has the
lowest efficiency.
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Fig. 14 shows the cost comparison among these
TFMs, and it can be seen that the NdFeB plays the
main role in the material cost. For the stator PM
TFM1 with ferrite magnet, the total cost is much
lower than the others. Fig. 15 shows the per unit
overall comparison. It can be seen that the
torque/cost of the stator TFM 1 is the highest one and
it is about 2.5 times higher than the rotor PM TFM,
while for the torque/active mass comparison, as the
stator PM TFM1 has more compact structure with
more coppetr, its torque/active mass is the lowest one,
even it can output the same torque ability as that of
rotor PM TFM.
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Fig. 16. Die tools, facilities and SMC cores for the
stator PM TFM, (a) die tools for compaction of rotor
core, (b) die tools for compaction of stator cores, (c)
compact machine, (d) furnace, (e) rotor core before
heat treatment, (f) rotor core after heat treatment, (g)
stator core before heat treatment, and (h) stator core
after heat treatment
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Fig. 17. Magnetic hysteresis loop of the rotor core.

Manufacturing of SMC cores

In the university laboratory, the manufacturing of
SMC cores for determined electric machines can use
three methods, wire cutting, mechanical machining
and manual die compaction. By using the former
two methods, the electromagnetic properties of the
SMC core can be deteriorated, so the manual die
compaction method is recommended for the SMC
core fabrication. Fig. 16 shows the tools which are
necessary for the manual die compaction and heat
treatment process of the SMC cores for the stator
PM TFM.

Fig. 17 shows the measured magnetic hysteresis
loop of the SMC rotor core for stator PM TFM.
When the stator cores and rotor cores are obtained,
the assembly process of the stator PM TFM can be
started. To make the machine with good mechanical
strength, the global winding and the stator cores will

(h)



be formed as a whole part by using the plastic
injection molding technology and the special
winding with the cross area of rectangle structure
will be used to improve the slot fill factor.

0.4+

03 e
—=— Measured W “u)
T 024 +— Calculated %
z, ¥ A\
< 54 \
5 / \
Z 00+ / ]
(=]
[ \ /
o -0.14 \ /
1= n 't
& 0.2 =~ 4
o ‘l\ 4
O 3] o
-0.4 T T T T T 1
0 1 2 3 4 5 [¢]
Rotor position (Mech. Deg.)
(@)
1401 .
.
120 = Measured P
. s Calculated Ay
< 100 p
e
% 80 e
% .’/
> 60
2
40 rd
o

200 400 600 800 1000 1200 1400 1600 1800 2000
Frequence (Hz)

(b)

Fig. 18. Comparison of the measured and calculated
results of rotor PM TFM: (a) cogging torque, and (b)
DC voltage

Experimental Validation

To verify the 3D FEM results, the experiment
results of the rotor PM TFM are presented. Fig. 18
compares the calculated and measured cogging
torque and DC voltage values. It can be found that
the calculated results match well with the measured
ones. The measured cogging torque has a small
variation at the positions of 1 deg. and 5 deg., which
is different from the calculated ones. It may be
resulted by the leakage flux distraction from the
adjacent phase. The calculated and measured
inductances are 6.75 and 6.53 mH, respectively. The
calculated resistance of the winding is 0.31 Q and
the measured one is 0.305 Q. For the rated operation
situation, the calculated core loss is 128 W, and the
measured one is 112 W. For the no load situation, the
calculated core loss is 72 W and the measured one is
61 W. The calculated efficiency of the PMTFM at

the rated state is 81%, while the measured one is
79.5%. The error may be resulted by the rotor yoke
eddy current loss, and the magnet losses.

Conclusion

In this paper, the comparative study work between
the rotor PM TFM and stator PM TFM is conducted.
For the deep comparison, four TFMs are designed.
The first is a rotor PM TFM with NdFeB magnet, the
second is a stator PM TFM1 with ferrite magnet, and
the third and forth are stator PM TFM2 and TFM3
with NdFeB. Rotor PM TFM, and stator PM TFM1,
and TFM2 have the same outer dimensions, and the
stator PM TFM3 has the same output power ability
as that of rotor PMTFM. The stator PM TFM is
based on the flux switching operation principle and
thus good flux concentrating structure can be formed.
Another advantage for stator PM TFM is that all the
windings and PMs are installed on the stator side,
thus the mechanical robust characteristic can be
improved. Based on the deduced power equation, it
can be seen that both the stator PM TFM and rotor
PM TFM can be designed with the same split ratio
and ratio of stator slot to stator width to achieve the
highest torque ability.

With the utilization of ferrite magnet, though the
stator PM TFMI1 has good flux concentrating
structure and it can have the same torque ability as
the rotor PM TFM, it has lower power factor and
efficiency. However, the material cost of this
machine is very low, thus it can be used for the home
appliance, where the cost needs to be considered at
the first order. For the stator PM TFM2 and TFM2
with NdFeB, they show very good performance of
torque ability, power factor and efficiency.
Especially the input current can be high, thus the
stator PM TFM with NdFeB is more suitable for the
high performance drive application.
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Table 1 Main Dimensions and Parameters of Rotor PM TFM and Stator PM TFM

P ¢ Rotor Stator PM | Stator PM | Stator PM
arameter | pMTEM | TFMI TEM2 TEM3
Stator.outer 40 mm 47 mm 47 mm 36 mm
radius
Stator.lnner 9.5 mm 28 mm 28 mm 22 mm
radius
Rotorouter |7 | 275mm | 27.5mm | 21.5 mm
radius
Axial 3*31mm | 3*31mm | 3*3Imm | 3*31mm
length
Statqr tooth 9 mm 10 mm 10 mm 10 mm
width
StatO.r yoke 10.5 mm 5 mm 5 mm 4 mm
height
Coil turns 125 125 125 85
PM .
. NdFeB Ferrite NdFeB NdFeB
material
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