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Abstract
Axial field machines often have unusual three dimensional flux paths and as a result soft magnetic
composites can be a key material in their production. Producing such machines using laminations is
possible but in many cases is prohibitively difficult or expensive. This paper investigates a single
sided axial flux machine utilising a single stator iron component made from soft magnetic composite
material. This stator can be combined with the use of preformed, bobbin wound coils and a surface
mounted ferrite rotor to create a very simple to manufacture machine with very few components. A
machine designed for a pump application is presented along with simulated data, this will then be
verified by results from a constructed prototype. The results show that a machine constructed in such
a way offers the possibility of a low cost manufacturing alternative to the more widespread radial flux
machines.
Introduction
The aim of a minimal component count axial field machine made from SMC is to produce a compact,
high performance design that is also cost effective. This can be achieved by the use of SMCs as well
as through sensible design for manufacture.
Unlike the traditional powder metallurgy process that is in competition with machined parts and has
advantages in both cost and waste, the competition of SMC parts is traditional laminated machines
that are a mature and low cost technology. To compete in price the overall system and construction
method has to be taken into account, as currently for a part by part comparison of laminates and SMC
the SMC component will be more expensive, but not prohibitively so.
The motor technology discussed in this paper is a single SMC stator component axial field machine
which is particularly suitable for pumps and fans, but there are a number of possible applications
where a compact, high performance, and cost effective solution is required.
Design Approach
As a direct replacement for laminated electrical steel SMCs do not perform well, this is due to the
comparatively low permeability of the materials as well as the high hysteresis losses that dominate at
the low frequencies typical of non-inverter fed machines. However if a machine is designed from the
very start of the process as an SMC machine innovative designs with an overall beneficial system
performance can be achieved.
The materials considered in this paper are the SMC Somaloy 5P and a Somaloy prototyping material
[1]. They are used to create a stator for an axial field electrical machine where it is required for the flux
to travel in three dimensions. Figure 1 shows a comparison between the orientation of a radial and
axial field machine, which get their names from the direction in which the flux crosses the airgap of
the machine.

Figure 1. Axial view of radial field machine (left) and axial field machine (right) (from [2])
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The benefit of axial field machines lies particularly in their ability to produce a high power from an
axially short design in comparison to radial machines [3], they typically benefit from a diameter to axial
length ratio of greater than 5:1 [4], as a result of this shape they are often called pancake motors. The
main benefits of an axial machine design made from SMC particularly when it is of a small size is are:





A single stator pressed component, which if made from laminations would require an index
punching system or more complex construction.
A smooth surface finish that allows for reduced insulation in comparison with laminated
designs.
Simple bobbin wound coils that can be slotted onto the teeth.
Effective heat removal as the teeth are wound completely around the tooth rather than
hanging out of the ends of the machine. The three dimensional properties of the SMC also
help to remove the heat.

There is a requirement for open teeth for the component to be pressed, this allows for simple coils to
be wound on a bobbin and slotted on to the teeth. This is much simpler then feeding a coil between
the slot openings, or down and around the tooth of radial machines such as that shown in Figure 2. It
also produces a coil with a high ratio of copper area to total available winding area (known as fill
factor or packing factor) typically 60% for separately wound coils and 40% for conventional radial
machines. This has both performance, thermal and cost benefits due to the reduced amount of
expensive copper.

Figure 2. Cross section view of a radial field machine, the small opening between stator slots requires windings to be fed
through the slot or fed down the slot and around the tooth, with typically low filling factors (40%).

Figure 3 shows a CAD representation of a single sided axial field machine (that is one stator and one
rotor). The stator is composed of a six toothed SMC component onto which are slotted plastic formers
with coils wound around them. The rotor is also made from SMC with four permanent magnets glued
onto the surface. The use of permanent magnet provides a strong rotor field with which to produce
torque. Also as the magnet has a low permeability and hence the machine has a large effective
airgap, the lower permeability of the SMC becomes a less important factor. The rotor is in this case
made from SMC due to high harmonics typical of machines wound in this way, the effect of these
harmonics is reduced by using SMC in comparison to solid steel which is another possible option.
Machines such as these are seen as a good option for pumps and fans. Particularly pumps where the
axial design can allow for easier separation of the wet and dry sides.

Figure 3. CAD view of the axial field machine using SMC

Presented at WorldPM 2016 in Hamburg on October 11, 2016

To further reduce the number of components in the machine a single sided winding arrangement can
be applied, this cuts the number of coils in half as can be seen in Figure 4. The coils carry the same
amount of flux as the previous arrangement, therefore electromagnetic performance is not reduced.
The outer dimension of the coil will be larger hence the machine will be greater and the performance
for a given size will be reduced, it could also be more difficult to remove the heat from the now larger
coils.

Figure 4. A double sided (left) and single sided (right) coil arrangement for the axial field machine.

Prototype Construction
The dimensions of the prototype machine are given in Table 1 as follows:
Dimension

Value

Units

Tooth Number

6

ul

Pole Number

4

ul

Stator Outer Diameter

80

mm

Stator ID

30

mm

Coil Width (Radial and Circumferential)

4

mm

Tooth Axial Length

16.6

mm

Bobbin Thickness

1

mm

Stator Coreback Thickness

7

mm

Airgap

1

mm

Magnet Thickness

3

mm

7.5

mm

Max Speed

5000

rpm

Max Power

300

W

Rotor Coreback Depth

Table 1. Dimensions of the prototype machine
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The stator of the machine was constructed by machining from an SMC material blank, Figure 5 shows
the finished machined stator when fitted into the case.

Figure 5. The machined stator component fitted into the case (left) and one of the finished wound coils (right).

The coil bobbins would typically be made from an injection moulded plastic, in this case they were
made from 3D printed plastic. The coils were wound onto the bobbins with use of a supporting jig as
the 3D printed material is not as robust as a moulded component would be. A finished coil can be
seen in Figure 5. Once wound onto the bobbins the coils were slotted onto the teeth of the machine,
the plastic bobbins acting as the electrical insulation between coil and SMC. The finished stator is
shown in Figure 6. Both these processes are very simple and could easily be automated, therefore
this type of machine is seen as a perfect candidate to be produced by auto winding machine and then
slotted on by pick and place robot. Traditional radial machines can often still require hand winding
which is an expensive and time consuming process. If wound by a machine by feeding a needle down
the slots there always needs to be space remaining so that it can pass through the slot. Any
remaining space is wasted and is machine performance that can be utilised if an alternative method,
such as this axial field machine were used.

Figure 6. Finished stator with windings slotted onto the SMC stator component.

The stator has been combined with a surface mounted rotor, the magnets are 3mm thick and made
from NdFeB Grade N52, a strong grade but with no special additives to give it high temperature
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performance. For a production machine a better grade would likely be used. The coreback of the rotor
is made from machined SMC in order to keep the losses induced in the rotor low.
Results
The machine has been tested, the test setup is shown in Figure 7. It consists of a driving motor
coupled to the axial field machine through a 1 Nm torque transducer. The machine under test is acting
as a generator, the results of which can be easily compared with finite element analysis (FEA) of the
machine to determine if the performance matches that expected.

Figure 7. Test setup, A driving motor (black left) is coupled to the test machine (right) through a torque
transducer.

A good test of the magnetic circuit of a machine is to compare the expected back EMF waveform from
FEA with the measured result of the prototype. This is achieved by spinning the motor with no load
attached to it, and therefore no current (it is often called an open circuit test) and measure the
voltages at the terminals of the machine.
The finite element values for back EMF are computed by solving a transient 3D model of the motor
over a number of time steps whilst the rotor rotates. A comparison between the measured and FEA
values is shown in Figure 8. There is a good match between the waveforms meaning the magnetic
performance of the magnets and soft magnetic materials are close to that expected. The FEA model
provides a fundamental voltage that is 3.29% higher than that of the real machine, it is common for
the FEA model to show higher performance due to the fact that the model provides an essentially
perfect construction. The difference between the two waveforms is thought to be caused by a slightly
higher than expected airgap in the machine.
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Figure 8. Comparison of measured and FEA calculated induced voltage waveforms at 1000rpm.
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With regard to loaded conditions the machine is run as a generator with the terminals of the machine
connected to a resistive load. The machine has been run over a number of load points. Due to the
fact that a prototyping material has been used that has higher than normal losses the efficiency of the
prototype is not considered a good indicator for pressed performance. Nevertheless the efficiency of
the machine is easily over 80% at a number of operating points with a peak of 84%. There are a
number of design features that can be implemented in order to improve the efficiency of the machine.
The proximity of the aluminium case to the rotating field produced by the rotor is a situation not
common to radial field machines and can cause parasitic losses. The use of a pressed stator
component of Somaloy 5P material rather than prototyping material could alone reduce the iron loss
by over 38% and the total motor losses by 29%. This can all be achieved whilst increasing the torque
output by 9% due to the better material performance, the expected overall system efficiency as a
result would rise to well over 85%.
Conclusions
Soft magnetic composite materials are in direct competition with traditional laminated steel materials a
mature and low cost technology. Currently on a direct cost for cost basis SMCs are more expensive,
however the final machine product certainly need not be. SMC machines such as the axial field
machine presented in this paper provide a very simple construction perfect for high volume production
by robot. There also exists the possibility to reduce the amount of more expensive components of the
motor such as copper (which can be 2-3 times the cost per kg of the iron in the machine). The overall
package can therefore provide a solution that is more compact, has a high performance and is also
cost effective in comparison to convention machine solutions.
This paper has shown an axial field machine that can be pressed from a single SMC component. The
coils of the machine can be wound directly onto bobbins and slotted onto the teeth of the machine
producing a very simple design with minimal component numbers. An example machine has been
tested that provides 300W, made from prototyping material the machine has a peak efficiency of 84%,
however with further design optimisation and a pressed component the performance could be
increased significantly.
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