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Abstract — The application of Soft Magnetic Composites
(SMC) to a Transverse-Flux Permanent Magnet (TFPM)
machine is studied. Four SMC material and pressing methods
are investigated for high saturation flux density. Low
dielectric content, Die Wall Lubrication and cold pressing
allow the best combination of high material density (7.45
g/cm®), high saturation flux density (1.53 T) and good
mechanical resistance (65 MPa). 624 Flux concentrators were
produced with SMC material and inserted in the rotor of a
TFPM machine with toothed rotor. Torque and flux
measurements are presented and are validated with finite
element analysis.

L INTRODUCTION

The development of Soft Magnetic Composite (SMC)
materials has opened a window in the field of electrical
machines [1]-[3]. The isotropic characteristics of SMC
materials are especially attractive for the development of
machines carrying three-dimensional magnetic fields.
Also, the manufacturing process related to the use of SMC
materials allows additional flexibility in the shapes and
geometries that can be mass produced.

The family of electrical machine topologies referred to
as the Transverse-Flux Permanent Magnet (TFPM)
machine is a good example of a machine containing three-
dimensional fields and unconventional shapes, where the
isotropic properties of SMC materials may represent an
advantage.

Ref. [4], [5] give a broad survey of existing TFPM
machine topologies. It appears that many of the TFPM
topologies require large amounts of SMC material for their
construction, eventually leading to high iron losses and low
machine efficiency. Despite their advantages, the grades of
SMC materials currently available will not replace the
standard Fe-Si laminations in most applications. The
magnetic characteristics of SMC materials are not yet
competitive with those of Fe-Si laminations for a planar
flow of the magnetic fields. For a two-dimensional

magnetic field, the iron losses of Fe-Si laminations are
lower, and the saturation flux-density and magnetic
permeability of Fe-Si laminated materials are higher [5]. In
addition, Fe-Si steel is mechanically much stronger than
the SMC materials available.

The TFPM machine with toothed rotor [5], [6] was
developed to minimize iron losses in TFPM machines, by
using Fe-Si laminations in the stator construction as much
as possible. Fig. 1 and Fig. 2 illustrate the TFPM machine
with toothed rotor. The stator core is made of laminated
steel. The rotor toothed structure is also made of laminated
steel, which provides a magnetic path between adjacent
magnets and at the same time a strong mechanical structure
for retaining the rotor pieces. In the rotor assembly, the
flux concentrator carry a magnetic flux with a strong three-
dimensional content, making the use of SMC material
almost inevitable. In addition, the production of flux
concentrators with Fe-Si laminations is probably not
economically interesting. Therefore, the use of SMC
material is strongly advised for the flux concentrators.

Flux concentrators
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Figure 1. TFPM machine with toothed rotor.
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Figure 2. TFPM machine with toothed rotor. Rotor view.

The main reason for using TFPM machines is usually
the availability of a high torque per mass of active
material. Consequently, the magnetic flux per pole at no-
load ¢,,; should be increased as much as possible, in order
to obtain a high torque value. Ref. [5] derives the
relationship between ¢,,; and the machine nominal torque.

One important limitation to the increase of ¢, is the
saturation flux-density By, of the flux concentrator, and its
relative magnetic permeability.

The aim of the present study is to develop SMC parts
with the highest B;,, value, by experimentally varying the
following parameters:

e Percentage of lubricating compound in the
initial material composition,

¢ Die temperature during pressing,

e Type of lubricating method during pressing,

e Heat treatment.

Four combinations of those parameters were tested and
the resulting B, and magnetic permeability were measured
for each of the combinations. In all cases, the mechanical
strength and iron losses of the SMC parts were affected by
the combination of parameters chosen. These values were
also measured and reported in the study.

Impregnation was also considered in order to increase
mechanical properties of the SMC parts produced.

Finally, a complete TFPM machine with toothed rotor
was built with the chosen SMC material.

The resulting machine design is presented in the paper.

II. SMC PARTS PRODUCTION PROCESS

The knowledge of the powdered iron type, and the type
of binding and lubricating compound used is not sufficient
to determine the resulting physical properties. The pressing
conditions, the type of heat treatment applied after pressing
and the use of an impregnation technique also contribute to
the SMC material properties. The general production route
used for compaction of the SMC parts is depicted in Fig. 3.
Table I details the four forming methods and materials
used in this study for the compaction of SMC parts.

The base material (before pressing) consists of
ATOMET-EM1 [71 or ATOMET-1001HP © iron
powder, produced by QMP ®. ATOMET-1001HP is
QMP® brand name for an almost-pure powdered iron with
near-100% Fe content. ATOMET-EM1 © is QMP® brand
name for a blend of ATOMET-1001HP ™ and about 1% of
insulating resin compound, which is proprietary to QMP®.
For processes A, B, C and D, a lubricating dielectric
compound is added to the base material, which is an iron-
dielectric material in which the dielectric acts as a lubricant
during compaction as well as an insulator after a moderate
temperature heat treatment [12]. For process A, it must be
noted that electrical insulation between particles is
provided by both lubricating dielectric and resin
compound.

Compaction is achieved by pressing the material
between a lower and an upper punch at a pressure of 840
MPa. In all four processes, the presence of lubricating
dielectric helps compacting the powder and allows ejecting
the parts after pressing.

1 2 3 4
Mix Powdered iron Compaction Heat treatment  Impregnation
& |ubricant

withywithout

i

upper punch Die Wall
\l, Lubrication

&m Die Temp w

lower punch

Figure 3. Production route used for SMC materials.

Table I: Description of SMC compounds, lubrication and pressing conditions.

Process A

Process B

Process C

Process D

Compound

Apparent density (before
pressing) (g/cm?)

Die lubrication
Pressing conditions
Heat treatment
Impregnation

Fiectinn Precanre (MPa)

ATOMET EM-1 ©[7]
with 0.7% Lubricating
dielectric [12]

2.72
No
840 MPa/25°C
1 hour @ 200°C in air
No

20

ATOMET-1001HP
with 0.7% Lubricating
dielectric [12]

3.19

No

840 MPa/25°C

15 min @ 300°C in air

Yes - resin

20

ATOMET-1001HP
with 0.3% Lubricating
dielectric [12]
3.29

St-Zn Die Wall
Lubrication

840 MPa/65°C
15 min @ 300°C in air

Yes - resin

4

ATOMET-1001HP
with 0.3% Lubricating
dielectric [12]

3.21

St-Zn Die Wall
Lubrication
Warm pressing

840 MPa/120°C

15 min @ 300°C in air

Yes - resin
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A large amount of lubricating dielectric decreases the
resulting material density and corresponding magnetic
permeability and saturation flux density. Processes A and
B contain 0.7% of lubricating dielectric. For processes C
and D, the amount of dielectric was reduced to 0.3%. In
the case of processes C and D, innovative pressing
methods were used to further increase the density and
resulting magnetic properties. Electrostatic Die Wall
Lubrication (DWL) technique was used [8]-[11], which
consists of spraying St-Zn powder on the inner surfaces of
the die before the filling operation and compaction. For
material D, warm pressing was applied along with the
DWL technique. The die temperature was increased to
120°C before pressing. The resulting ejection pressures are
indicated in Table I.

The thermal treatment applied is used for two purposes:
stress annealing and increase of mechanical properties.
Stress annealing reduces hysteresis losses. Curing of the
insulating dielectric produces a reticulation of the polymer
or an activated thermal oxidation bonding effect to
increase strength between particles [12]. Therefore,
lubricant transformation during the thermal treatment
increases the mechanical properties of the material.

Resin impregnation of materials B, C and D allows
increasing the material mechanical strength.

III. EXPERIMENTAL RESULTS

Processes A, B, C and D were used for the forming of the
following geometries:
e for each process, 5 bars of dimensions 31.75

mm x 1270 mm x 635 mm for the
measurements of the Transverse Rupture
Strength (TRS),

e for each process, 2 rings of 52.6 mm outer
diameter, 43.4 mm inner and thickness 6.35
mm were used for the measurements of the
magnetic characteristics,

e for each process, 5 bars of dimensions 54 mm x
10 mm x 12 mm for preliminary tests on the
TFPM machine with toothed rotor.
The resulting saturating flux densities, relative
permeabilities and densities are presented in Table II. The
lower dielectric contents of processes C and D increased
the saturating magnetic flux density B,, and magnetic
permeability. This can easily be explained by the higher
iron density inside the parts, which also results in a higher
material density (7.45 g/cm’) after heat treatment.

The use of a warm pressing method at 120°C (process
D) increases slightly B,, and permeability values.
However, it strongly decreases the electrical insulation
between the iron particles, leading to a much lower
electrical resistivity. For operation at higher electrical
frequencies and larger parts, it is expected that process D
will lead to higher eddy current losses.

Table III presents the resulting iron losses measured at
65 Hz and 110 Hz, which is the range of electrical
frequencies expected for the TFPM machine developed.
The loss measurements have been performed at flux
density levels of 0.5 T, 1.0 T and 1.5 T. The iron losses
include both hysteresis and eddy current losses. For
process A, a flux density of 1.5 T could not be obtained
due to the lower B,, value of this material. Two effects are
observed:

e process A leads to iron losses 6 — 8 % higher

than for the other processes,

e process D leads to higher iron losses than
process C, especially at 110 Hz.

The first effect can be explained by the higher
hysteresis losses, resulting from larger residual internal
stresses. These are related to the lower heat treatment
temperature.

The second effect can be explained by the lower
electrical resistivity of the parts resulting from process D
that increases the eddy current losses, which become more
apparent as the frequency increases.

Table II : Experimental properties of the resulting parts.

Process A Process B Process C Process D
Density before heat treatment (g/cm®) 7.22 7.33 7.45 7.45
Electrical resistivity before heat treatment (uQ-cm) 8400 10400 8000 2600
Density after heat treatment (g/cm’) 7.21 7.31 7.45 7.45
Electrical resistivity after heat treatment (uQ-cm) 7600 5600 4000 1500
DC relative permeability 220 280 370 410
Flux density @ 12 kA/m (T) 1.39 1.46 1.53 1.57
Table III : Experimental values of resulting iron losses and mechanical strength
Process A Process B Process C Process D
Iron losses (W/kg) @ 65 Hz—-0.5T 3.6 34 33 34
Iron losses (W/kg) @ 65Hz-1.0T 11.2 10.5 10.3 10.7
Iron losses (W/kg) @ 110 Hz-0.5T 6.3 5.9 5.5 5.8
Iron losses (W/kg) @ 110Hz-1.0 T 19.1 18.0 18.0 18.2
Iron losses (W/kg) @ 110Hz—-1.5T N/A 31.3 329 34.2
Transverse Rupture Strength (TRS) (MPa) 68 92 65 32
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Table III also presents the mechanical properties resulting
from the various processes. Mechanical properties are
usually very important in machine applications. The results
indicate that impregnation has a significant effect on the
Transverse Rupture Strength (TRS). Process B leads to
35% higher TRS than for the parts resulting from process
A, even though process B has no binding resin.

The parts resulting from the four processes are shown
in Fig. 4, just before impregnation. As mentioned earlier,
the heat treatment affects the dielectric inside the parts.
This process is named delubrication. On the surface, a thin
layer of dielectric residue becomes visible around the part
after heat treatment. For an initial dielectric content of
0.3%, the layer thickness is the lowest as seen on Fig. 4.

Also, it appears that decreasing the dielectric content
has a detrimental effect on the TRS. Processes C and D
lead to much lower TRS values than process B, although
they have equal heat treatments and impregnations.

Figure 4. Surface of SMC bars after heat treatment.

IVv. APPLICATION TO TFPM MACHINE WITH
TOOTHED ROTOR

A prototype of the TFPM machine with toothed rotor
was built with flux concentrators made of SMC material.
For more cautiousness, the process giving the highest
mechanical resistance was selected, i.e. process B, even
though lower saturating flux density was obtained with
process B compared to processes C or D. Fig. 5 shows the
resulting flux concentrators. Fig. 6 shows one rotor ring of
the machine built. Each rotor ring contains 104 flux
concentrators, for a total of 624 flux concentrators of
dimensions 48 mm x 6 mm x 12 mm for the three phases.

Fig. 7 shows the machine with the stator fully mounted,
and the rotor ring of Fig. 6 mounted around the stator.

The no-load flux per pole pair ¢,,, was measured, giving
272 uWhb per pole. The value expected from finite element
analysis (FEA) was 271 uWb. The FEA was performed on
a three-dimensional magnetostatic model, which included a

Figure 5. Flux concentrators made of SMC material with
process B. Two of them have magnets mounted on their sides.

Figure 6. Rotor ring for one phase of the TFPM machine with
toothed rotor.

Rotor laminated rings
Phase C
\ 2
il
S =
N

N

Rotor retainment
Disc
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cores

Figure 7. Prototype of the TFPM machine with toothed rotor.
Three stator phases and one rotor phase are shown.



SMC material with the values of saturation flux density
and permeability as those given in Table II for process B.
The nominal torque value of the TFPM machine with
toothed rotor was measured. A value of 778 Nm was
obtained, while the FEA predicted a value of 722 Nm. The
temperature was also measured at the surface of the flux
concentrator during nominal operation. The temperature
reached 64°C, while the stator winding reached 66°C after
a 2-hour operation. Therefore, no excessive heating was
observed on the surface of the SMC parts.

A second set of measurements performed on the flux
concentrators was made on a 16-pole linear actuator
(shown in Fig. 8), using the TFPM topology with toothed
rotor. Tangential static forces were measured as a function
of the translator relative position. The forces were first
measured with all flux concentrators made out of
laminated Fe-Si steel, grade M-45. Then, all flux
concentrators were replaced with SMC material (process
B). The force measurements are reported in Fig. O.
Surprisingly, the replacement of Fe-Si laminations by
SMC material brings an increase in the measured forces.
Such behaviour can be explained by the presence of a
distributed air gap inside the Fe-Si flux concentrator,
between the insulated laminations. With the presence of a
flux component perpendicular to the laminations plane, the
magnetic permeability is very low in the Fe-Si laminations
in that direction. Thus, the isotropic characteristics of the
SMC material represent in this particular case a clear
advantage over the laminated material.

V. CONCLUSION

Four SMC material and pressing methods were
experimented for high saturation flux density. Process D,
with 0.3% dielectric content, warm pressing (120°C) and
Die Wall Lubrication gave a density of 7.45 g/cm3, a
saturation flux density of 1.57 T and a relative DC
permeability of 410. However, low dielectric content lead
to lower mechanical strength (32 MPa).

Figure 8. Linear actuator with toothed rotor.
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Figure 9. Force measured on the 16-pole TFPM actuator with
toothed rotor. Flux concentrator made with either laminated Fe-Si
or SMC material process B.1=5 A, N =538 turns.

With process C, Die Wall Lubrication and cold pressing
allowed a good compromise between high material density
(7.45 g/cm3), high saturation flux density (1.53 T) and high
mechanical resistance (65 MPa).

624 flux concentrators were pressed with process B for
high mechanical strength and were successfully inserted in
the rotor of a TFPM machine with toothed rotor. The
torque and no-load flux obtained with FEA matched the
experimental values obtained. No excessive heating was
observed during nominal operation.

32 flux concentrators were also inserted in a linear
actuator. Static forces were measured with flux
concentrators made of SMC material and Fe-Si
laminations. The SMC parts gave higher forces due to the
isotropic permeability properties.

The use of SMC parts for the production of flux
concentrators in one piece and the generation of alternating
flux in the rotor of a TFPM machine appears as a
promising method.
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