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Amorphous magnetic materials (AMMSs) have been used in low-frequency power transformer applications for more than two
decades but not commercially utilized in high-frequency rotating electrical machines despite their low iron losses, which is an
order of magnitude lower than conventional silicon iron. This was primarily due to the lack of a suitable handling method and
an economical cutting technique. This paper reports a novel brushless synchronous permanent magnet rotating electrical machine
that combines the benefits of the previous machine topologies while offering higher torque (due to the larger air-gap surface
area compared with the flat axial-field machine) and ease of manufacturing from AMM material, which is suitable for a range
of high-efficiency, high-power density, and high-speed machine applications. This paper provides the details and the performance
characteristics of this novel tapered-field AMM machine as a generator at high speeds using a bonded rotor magnet topology.

Index Terms— Amorphous magnetic materials (AMMs), tapered-field brushless permanent magnet machine.

I. INTRODUCTION

HE conventional silicon steel-based magnetic cores

primarily used in rotating electrical machines have a
laminated form with a thickness of between 0.1 and 0.6 mm
and are mainly restricted to radial field 2-D designs. However,
even high-quality silicon iron has significantly high iron losses
specifically when considered in high-speed motor/generator
applications.

In Fig. 1(a), a loss comparison graph for silicon iron
and an emerging magnetic material, amorphous magnetic
material (AMM) as a function of operating frequency is given.
The corresponding B H loops are given in Fig. 1(b) [1] and
illustrate that AMM’s iron (or core) losses are typically an
order of magnitude lower than conventional silicon iron. This
is particularly an advantage at higher operating frequencies as
in variable-speed motor drives. Note that the saturation flux
density for AMM (~1.6 T) is significantly lower than silicon
steel (such as 2.2 T for M19) [2]; however, its permeability
is one or two orders of magnitude higher.

AMM has been used in power transformers for more than
two decades, which commonly operate at low frequencies and
do not require complex cut shapes. Although a substantial
reduction in iron losses may be achieved if AMM material
could be used in conventional radial-field rotating machine
topologies, they are not suitable for cut AMM construction.
This is due to these topologies involving a large number of
complex slots, which have to be accurately cut.

A key issue with using AMM in rotating machines
has been the difficulty of cutting AMM accurately and
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Fig. 1. (a) Typical iron loss versus frequency characteristics of

silicon-iron and AMM core materials. (b) BH loops at 60 Hz for silicon
iron and AMM [1].

economically to achieve the complex stator structures, due to
its extreme hardness and its handling limitations before and
after cutting, and also assembly limitations. These problems
have recently been solved [3], [4], which led to a novel
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Fig. 2. Left: cross-sectional view of the novel AMM brushless permanent
magnet motor topology. Right: 3-D view of the stator core with open slots
and the rotor magnet structure.

rotating machine topology with a tapered stator core and
rotor [5]. This significantly reduced the manufacturing cost,
which was the largest barrier preventing commercialization
of AMM in rotating electrical machine applications. This
novel machine topology also suits the limited ribbon width
of commercially available AMM laminations (currently a
maximum of 212 mm) and hence reduces material wastage.

Fig. 2 shows the proposed electric machine structure, where,
the stator iron is highlighted with its laminations, the magnets
are shown with a dark fill, and the windings are highlighted
with a diagonal line pattern. The arrows indicate the direction
of the major components of the magnetic flux flow. It is
important to note that unlike the conventional radial and axial
machine topologies, the flux flow in this tapered-field design
includes both radial and axial-field components.

Note that the tapered-field design is not suitable for
conventional silicon-iron laminated structures due to the
larger thickness of the silicon-iron material, which limits the
formation of a smooth stator structure.

The literature survey performed on angled electric
motors [6]-[9] revealed that previous studies were primarily
focused on improving the electromagnetic performance and
use silicon iron material, but without considering their man-
ufacturing benefits. For example, Demag’s brake motor uses
axial force in its braking mechanism, and axial force is integral
to the Electrotechnical Institute’s rotary-percussive mechanism
[6] to provide both rotary and axial motion. In addition, Nova-
Torque’s hybrid design [7] provides a motor with additional
benefits over conventional axial-field motors, including higher
torque, improved thermal performance, and simpler windings.
Note also that the use of the hybrid shape in NovaTorque’s
design changes the flux path from that of a conventional
machine, leading to the removal of back iron. However, such
a design increases the complexity of both manufacture (as
it requires different-sized laminations stacked together) and
construction (assembling the stator poles together). In these
previous hybrid studies, an angled rotor is combined with an
angled stator to maintain a uniform air gap. However, the
switched reluctance machine by General Electric Company [8]
with a single bearing combines an angled rotor with a conven-
tional cylindrical stator to produce an uneven air gap to reduce
the radial force and the effect of eccentricity on the rotor. This
offers protection against the rotor and stator making contact.
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A sandwich-type dual-rotor flat axial-field AMM rotating
machine has also been reported recently in [10] and [11]. The
topology described in these studies included two different
AMM-based stator pole piece structures, which were obtained
by wrapping (with a final slit to reduce eddy-current loss)
and by cutting (to obtain a pole piece made from various
sized AMM laminations). The preformed windings and
the AMM pole pieces are then encapsulated to form a
complete stator sandwiched between two permanent magnet
rotors. Although the concept machines have demonstrated
high-efficiency operation, the rigidity of the stator structure
and handling/manufacturing/assembly cost of the pole pieces
have not been assessed and reported. In addition, high-speed
operation and heat dissipation characteristics of the concept
machines have not been investigated, which are critical for
commercial products.

The topology proposed in this paper is novel due to the
utilization of cut AMM in the core, the structure of both
the stator and the rotor, and the manufacturing steps involved
for practical and economical cutting of AMM. Therefore, the
primary contributions of this paper are in the area of the
new machine topology, the magnetic design of the proposed
configuration that requires a 3-D analysis approach, and the
definition of the manufacturing steps for an energy-efficient
rotating AMM machine for commercial use.

The rest of this paper is organized as follows. In Section II,
the novel machine structure is explained. In Section III,
a set of simulated and experimental studies are presented to
demonstrate the characteristics of the prototype machine while
operating at high speeds as a generator. Section IV concludes
this paper.

II. ANALYSIS OF THE NOVEL AMM MACHINE

A characteristic feature of the stator of the novel AMM
machine topology is that its taper angle 6 offers an exit path
for the waterjet beam used to cut the stator slots. From the
geometry, it can be shown that the minimum taper angle fyp is
a function of the slot depth d and the stator inner diameter D;

d
O — tan~! (5) . (1)

l

The cutting process developed in this paper produces cuts
with smooth edges with no material degradation up to a
maximum cutting thickness [5]. Therefore, the thickness of
the tape-wound AMM core and the available ribbon width are
important to define the maximum size of a tapered-field stator
structure, which can be cut. Commercially sensitive studies
indicate that cutting is economical below a certain thickness
and with certain slot profiles. However, it is possible to develop
larger diameter AMM machines for high-power output, which
can be obtained using a nested structure, or alternatively, the
same motor structure can be duplicated on a common shaft.

A. Production Methods of Tapered Field AMM Machine

The principal manufacturing steps of the new AMM
machine stator topology are shown in Fig. 3 and explained
as follows: 1) the unannealed and uncoated AMM ribbon is
wound to a tapered shape [Fig. 3(a)] as tightly as possible to
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Fig. 3. Principal manufacturing steps of the novel AMM machine. (a) Tapered
AMM stator core before cutting. (b) After the core is cut with abrasive waterjet
technology.

achieve maximum stacking factor; 2) the core is annealed to
improve the material properties after the stresses produced by
the winding process of the core; 3) the core is impregnated
to insulate the surface of the tape wound AMM core; 4) the
cutting of the slots is performed using a custom built jig
and abrasive waterjet technology [Fig. 3(b)]; and 5) the stator
winding is inserted. Note that the mechanical stress during
this process will result in increased iron loss and can affect
the impregnation process which needs to be considered during
manufacturing process.

B. Magnet and Air-Gap Characteristics

The magnet working radius (air-gap radius) sets the torque
arm for an electric motor and is directly related to the torque
production. The larger this radius is, the more torque the
motor produces. In general, an optimized radial motor has
an average magnet working radius of 0.25 D, (the motor
external diameter). For flat-axial motors, the magnet working
radius is more difficult to define as the radius varies over
the area of the air gap and varies by magnet shape. For disk
magnets, the magnet working radius can be approximated as
0.3 D,. If pie-shaped magnets are used (Fig. 2), it increases
to ~0.35 D,. The proposed tapered-field machine has a
magnet working radius similar to that of the flat-axial motor.

Assuming that the shear stress is constant and the air-gap
radii are the magnet working radii as defined above, the
torque of motor is proportional to the total magnet surface
area (MSA) (or total possible air-gap area). For the proposed
tapered-field design, the total MSA is determined by the taper
angle. Fig. 4 shows the relationship between the effective
MSA and the angle of the stator and rotor assuming a
constant external diameter (D,). The shapes of the tapered-
field machine corresponding to the angles of 30° and 60°
are also shown in the figure. Note that the effective MSA
increases rapidly as the angle increases. For example, for an
angle of 60°, the MSA (and hence torque) is 100% greater
than that of the conventional flat axial-field machine (0°) for
the same outer diameter. For the angles of 30° and 45°, the
MSA increase is ~15% and 40%, respectively.

III. CONCEPT DESIGN AND EXPERIMENTAL STUDIES
A. Concept Design

The concept novel AMM machine has been analyzed using
a 3-D finite-element (FE) design tool, and an open-slot stator
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Fig. 4. Calculated MSA for tapered-axial machine versus conventional (flat)
axial machine.

TABLE I
DIMENSIONS, KEY PARAMETERS, AND MASS BREAKDOWN
OF THE CONCEPT TAPERED AMM MACHINE

MACHINE SPECIFICATIONS
Torque 2.8 Nm
DC voltage 380 V
Speed 7000 rpm
Airgap 0.7 mm
Measured phase resistance 0.19Q
Measured phase inductance 0.489 mH

ROTOR
Number of poles 10
Core material Steel 4140
Permanent magnet type Bonded NdFeB
Magnet thickness 6 mm
Magnet remanent flux density  0.71 T
Magnet conductivity 0 S/m
Total magnet weight 276 g
Complete rotor weight 1590 g
STATOR
Outer diameter/inner diameter 110 mm/ 45 mm
Width of AMM ribbon 30 mm
Stator taper angle 25°
(Minimum taper angle 219
Number of slots 12
Slot depth 17 mm
Material 2605SA1, annealed
Core cross-sectional area 975 mm?
Net core weight 1086 g
Total weight of the copper
windings 440 g
Winding turns per phase 96
Winding type double-layer concentrated
and star connected

and tapered rotor topology were built to study the performance
characteristics of the machine. The machine specifications are
provided in Table I, including the mass breakdown and magnet
specifications. A relatively low taper angle of 25° for the
stator was used for the concept demonstration as the focus
was primarily on the proof of the manufacturing approach.
From (1), the minimum taper angle for this design is ~21°.
Fig. 5 shows a cutaway view of the novel machine topology,
where half of the rotor magnets and the stator windings are
removed for clarity. The prototype machine utilized an open-
slot stator structure, and the rotor included 10 bonded NdFeB
surface-mounted permanent magnets with a tapered back iron.
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Fig. 5. Calculated magnetic flux density distribution of the prototype design
under no-load conditions.
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Fig. 6. Basic components of the prototype machine. (a) Tapered stator with
windings. (b) Ten pole rotor with bonded NdFeB magnets of 6 mm thickness.
(c) Stator with back support. (d) Assembled prototype fully enclosed without
any cooling.
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Fig. 7. Block diagram of the custom-built high-speed dynamometer setup
to test the novel AMM machine.

A concept demonstration machine has been built to verify
the FE design study and also to investigate the accuracy of
cutting and the limitations of slot number and size, and the
magnet types (sintered or bonded NdFeB).
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Fig. 10. Measured no-load power loss and FE calculated stator and rotor
open-circuit losses up to 8000 r/min.

Fig. 6 shows the winding assembly in the completed cut
stator [Fig. 6(a)] and the bonded magnet rotor assembly
[Fig. 6(b)] of the concept demonstrator. The quality of the
tapered stator with windings and the slot cutting accuracy can
be observed from the photos. The finished stator [Fig. 6(c)] and
the rotor are assembled in a fully enclosed aluminum housing
[Fig. 6(d)] with bearings to complete the prototype machine.
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B. Test Setup and Results

A high-speed dynamometer setup has been developed to test
the final prototype machine as a generator. The components
of the test setup are shown in Fig. 7.

During the tests, the AMM machine was run as a generator,
driven by a variable-speed 10 kW induction motor drive and
a gear box up to a maximum speed of 8000 r/min and loaded
by three-phase resistive and capacitive adjustable load banks.
The shaft torque and the speed is measured by an in-line
torque transducer, and the load power is measured by a power
analyzer. The measured dc voltage drops across two phases
when a dc current was applied and was used to calculate
the stator resistance of one phase of the machine (0.19 Q).
An external ac voltage source was used to excite the terminals
of the machine to measure its impedance and hence the
inductance (0.489 mH).

Fig. 8 shows that the machine has a sinusoidal back
electromotive force (EMF) waveform and there is a good
correspondence between the measured and the calculated
shape. The back EMF is sensitive to the axial air-gap length,
as shown in Fig. 9. It was observed that as the air gap gets
larger, the efficiency is higher at low powers but lower at high
powers. An air gap of 0.7 mm was used for the remaining
tests on the machine.

Fig. 10 shows the measured no-load power losses obtained
by measuring the torque under open-circuit conditions up
to 8000 r/min. It also shows the calculated rotor and stator
open-circuit loss components of the test machine. As the
conductivity of the bonded magnet is close to zero, the magnet
loss is assumed negligible.

Two possible sources of extra losses, which could explain
the large discrepancies between the measured and the
predicted no-load losses, are bearing losses (friction and
preload) and rotor losses. Friction and preload losses are
significantly higher in this single air-gap design due to
the large attractive axial force between the rotor and the
stator [12]. A dual air-gap design, which should have
significantly lower axial forces and hence bearing losses, will
be investigated in the future. In addition, the use of open stator
slots can cause potential for high rotor losses. The design
uses bonded rotor magnets which have high resistivity and
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so low losses, however, does have a solid steel back iron which
may be another potential loss mechanism to be investigated.

The measured efficiency versus output power characteristic
at 7000 r/min is shown in Fig. 11(a). The efficiency was still
increasing at the maximum tested output power of ~1.5 kW
and reaches nearly 90%. At this operating point, the loss is
~185 W and thus the 50 W discrepancy between the calculated
and the measured no-load loss in Fig. 10 at 7000 r/min shows
that there is significant room for efficiency improvement.

Additional tests have also been done to determine the
efficiency characteristics of the concept machine at lower
operating speeds. For instance, efficiencies approaching 90%
were achieved at a speed of 2000 r/min at output powers
of ~200-300 W. Fig. 11(b) shows the measured efficiency
characteristic of the machine as a function of speed at full
load, at 2.8 Nm. Although further efficiency improvements
are possible, the efficiency characteristic given in Fig. 11
is already very close to the existing EU’s super premium
efficiency limits for sinusoidal machines at the power rating
considered. Note the efficiency of the power converter would
also need to be considered.

The thermal design of the concept demonstrator machine
was not optimized and does not have any forced cooling. Thus,
it produced a relatively low shear stress of ~8 kPa. However,
a substantial level of improvement is expected with improved
thermal design, which is currently under investigation.

The electric loading of the concept design is in the order of
36 kA/m (rms). The torque per electromagnetic unit mass of
the design is ~0.9 Nm/kg. The average magnetic loading is
found to be ~0.23 T, which is relatively low due to the bonded
magnets, the stray air gaps from the use of flat magnets on a
circular back iron, and the open stator slot design. This will be
further investigated to increase it to more typical levels using
curved sintered magnets and a semiclosed stator slot topology.

IV. CONCLUSION

This paper described a novel tapered-field topology for
AMM machines, which is suitable for waterjet cutting.
It has a rigid structure suitable for high-speed operation and
offers the potential for high-output torque for a given outer
diameter.
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The main benefit of the proposed tapered machine design
is to allow convenient manufacturing with AMM to seek to
utilize its potential for low stator iron loss. Otherwise, its
performance in terms of quantities, such as efficiency and
torque/unit mass, is expected to be comparable with an axial-
field machine with similar air-gap area and magnet volume.
The tapered design does allow a larger air-gap area for the
same outer diameter but also has a longer axial length.

A demonstration machine with a 25° tapered open-slot stator
core was analyzed with 3-D FE software. It was constructed
to validate the proposed manufacturing approach and to obtain
the electrical characteristics. The prototype machine used
standard 30 mm AMM ribbon and was cut using a precision
waterjet cutting technology. This prototype also allowed inves-
tigating the accuracy of cutting and the major loss components
in the machine.

The novel machine topology demonstrated an efficiency
approaching 90% with a 0.7 mm air gap at 7000 r/min.
It was also found that the machine maintains this high effi-
ciency at lower operating speeds. A larger dynamometer test
setup has been built to investigate the maximum power limit of
the machine, which will be done after developing improving
cooling for the machine.

The proposed machine topology could be used in high-
efficiency and high-speed machine applications, including
high-speed pumps, flywheels, vehicles, home appliances, and
in portable generators.

Further areas of investigation of this novel AMM machine
design will include using: 1) the semiclosed stator slots
to reduce magnet losses; 2) a dual stator/rotor structure to
reduce bearing forces and hence losses; 3) a higher taper
angle to increase output torque for a given stator diameter;
4) a nested arrangement for higher power machines; 5) the
alternative rotor configurations for field weakening operation;
and 6) a switched reluctance design to eliminate the magnet
requirement.
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