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Abstract — A novel machine family — dual-rotor, Radial-Flux,
Toroidally-wound, Permanent-Magnet (RFTPM) machines — is
proposed in order to substantially improve machine torque
density and efficiency. After the principles of operation,
configurations, and features are discussed, the machine design
and optimization guidelines are given. A prototype has been
designed, built, and tested. The measured torque density of the
prototype, which well matches the design value, is almost three
times of that of the induction machine with the same power and
speed. Meanwhile the efficiency is still kept high and the material
cost is kept low by using ferrite magnets. Three novel approaches
are proposed to reduce the cogging torque in RFTPM machines,
whose validity is verified by FEA results and experimental
measurements.
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L INTRODUCTION

High torque density and high efficiency are two of the
most desirable features for an electrical machine.
Improvement of these features has been one of the main
aspects of research on the electric machines in the last couple
of decades. Several new topologies [1-7] have been proposed
and improved torque density or efficiency was reported. Rare
earth magnets, e.g. Neodymium Iron Boron (NdFeB), were
used in these topologies to keep the efficiency high and
achieve the high airgap flux density and high torque density,
which causes the material cost high. In addition, some
topologies[6—7] are restricted for the low speed applications
since the losses quickly increases as the speed increases.

Development of a machine topology suitable for
moderately high or high speed having high torque density and
high efficiency simultaneously using such low cost materials
as ferrite magnets is challenging work and still continues to be
a goal of electrical machine researchers. The purpose of this
paper is to try to provide a solution to this problem by
proposing and investigating a novel machine class — Dual-
Rotor, Radial-Flux, Toroidally-Wound, Permanent Magnet
(RFTPM) machines. Although a few radial-flux dual-rotor or
dual-stator induction machines [8 —11] and one dual-stator PM
machines [3] have been reported, the dual-rotor, radial-flux,
toroidally-wound, PM machine topology is not well
represented in the literature.

In this paper, the principles of operation, configurations,
and features of the RFTPM machines are discussed. Three
novel approaches to reduce cogging torque are proposed and

verified by Finite Element Analysis (FEA) and experimental
measures to be valid. They are suitable for axial flux PM
machines as well. In addition, machine design guidelines and
optimization approaches are discussed. A 3-horsepower dual-
rotor RFTPM prototype machine that was designed, built, and
tested is also reported. The experimental results of the
prototype and comparison to conventional induction, interior
PM, and axial flux machines are presented as well.

II.  STRUCTURE AND PRINCIPLE OF OPERATION

Briefly, the dual-rotor, RFTPM machine is constructed so
that two machines nested inside one another. The outer
alternator has magnets at the outside surface of the outer
airgap with the flux directed inward/outward, and the inner
alternator has magnets at the inside surface of the inner airgap
with the flux directed outward/inward, as shown in Fig. 1A.
The two sets of stator coils are back-to-back toroidally-wound,
sharing common back iron. In this topology, the magnets drive
flux across the two radial air gaps into the stator core; the flux
then travels circumferentially along the core, back across the
air gaps, and then through the rotor back iron of the rotor.

The back EMF is induced by the flux traveling
circumferentially in the stator core. Since the directions of
both current and flux for the inner airgap are opposite to that
for the outer airgap, two tangential forces produced in the
inner and outer air gaps by interaction of the current
commanded in the winding coils with the flux generated by
the magnets have the same orientation. Since the working
surfaces of the stator core are both used, in comparison with
the conventional machines, the structure of this toroidal
machine allows the exploitation of a higher percentage of the
stator winding used for the production of machine torque.

In summary, the toroidal machine works like two
conventional machines in series. One is inside, the other is
outside. They have the same armature current. Their back
EMFs are in series and may vary, depending on the airgap flux
densities. The outer and inner portion of the rotor are
connected together to be one end disc, which can work as
cooling fan. The stator is fixed at the other end to a frame.

III. CONFIGURATIONS AND FEATURES

A.  Dual-Rotor Topologies

The dual-rotor, radial-flux machines can possess a variety
of topologies based on different structure of windings, slots,
and magnet arrangements. If back-to-back toroidal windings
are used, the machines can be designated as a dual-rotor,
radial-flux, toroidally-wound, PM (RFTPM) machines, as
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shown in Fig.1A, in which North-North (N-N) type magnet
polarity arrangement used. If both the inner and outer magnets
are polarized in the same direction — North-South (N-S) type,
the flux driven by the magnets will travel radially directly
from inner rotor to outer or the reverse. For this case as shown
in Fig. 1B, there is no flux traveling along the circumference
of the stator core, so that no flux will link the back-to-back
windings and the lap or wave windings should be used.

The stator core can also be slotted and the magnets can be
not only surface-mounted, but also buried, or a hybrid form
with surface magnets for outer rotor and interior magnets for
inner rotor. Fig. 2 shows three examples of the dual-rotor
RFTPM machine structures with or without slots on the stator
and with hybrid or surface magnets.

B.  Torque Density and Efficiency

As a machine family, dual-rotor RFTPM machines have
some specific features caused by their unique mechanical
configuration: rotor-stator-rotor structure and double air gaps.
Since the output torque is proportional to the air gap surface
area for the constant electrical and magnetic loadings, the first
most straight forward observation coming from the doubled
air gaps in a slightly enlarged volume is that the torque density
will be substantially boosted. For the same machine outside
diameter, the diameter of the outside air gap in the dual-rotor
structure is larger than that in a conventional PM machine
since the stator radial width including tooth and stator core is
usually larger than the sum of the magnet thickness and the
rotor core width. This situation implies that, for the same
surface force density caused by the same surface current and
airgap flux density, the torque produced in the outer air-gap of
the RFTPM structure is larger than that of the conventional
PM machine. This is the second reason for the RFTPM
machines to achieve a high torque density.

For the topologies with toroidally-wound windings, the
two working surfaces of the stator core are both used and the
winding end portion is greatly shortened, which allows the
machine to exploit a much higher percentage of the stator
winding for the production of the machine torque in
comparison to conventional machines. This results in an
improved machine efficiency.

C. End Winding Effects

The end winding length in the RFTPM machines is not
directly a function of the machine diameter and almost
constant as the machine diameter increases. Consequently, the
machine torque could be further improved by optimizing the
machine aspect ratio of length to diameter. For two
conventional induction or PM machines, M1 and M2, suppose
that they have the same current density, flux densities,
winding turns and distribution, speed, and machine overall,
copper, and iron volumes, but M1 is longer and thinner than
M2. It was found by using the scaling law that, if the end
winding effect is not considered, M2 will achieve higher
torque density than M1 [12]. Although the electrical loading
of M2 is larger than M1, the copper loss in M2 is same as that
in M1 due to the same current density and copper volume. In
addition, more efficient cooling can be provided for M2 due to
its larger diameter [13].

The reason conventional machines are not designed to
have a shape of pancake by simply using this law is due to the
long end winding, which almost linearly increases as the
machine diameter increases. For conventional induction
machines, the optimized aspect ratio varies depending pole
numbers [14]. For the dual-rotor RFTPM machines, however,
this law can be used since the end portion of the back-to-back
winding is very short and keeps constant when the diameter
increases. It is only a function of the air-gap flux density and
pole number, not a function of the machine diameter. The total
length of each coil is independent on the machine diameter, so
do the winding resistance and the end winding leakage
inductance. Although the second order effects are neglected in
the discussion above, it clearly demonstrates the desired
ability of the dual-rotor RFTPM machines to improve torque
and power densities by optimizing the aspect ratio. In
addition, the ratio of the torque density of the dual-rotor
RFTPM to conventional induction or PM machines increases
as the rated power increases.

D. Magnets Materials and Limitations on Stator York Width

For the normal surface-mounted PM machines, rare earth
magnets, e.g. Neodymium-Iron-Boron (Nd-Fe-B), are
necessary to provide the necessary flux density in the large air
gap and thereby improve the relatively low torque density
achieved by using ferrite magnets. This requirement, however,
is a common objection against PM machines since the use of
Nd-Fe-B raises the cost of the machines. In dual-rotor radial-
flux machines, the substantially boosted torque density allows
the use of the ferrite magnet. The material cost can therefore
be sharply reduced.

For the structure with conventional windings, the stator
core is unnecessary from the electromagnetic point of view
due to the fact that no flux flows circumferentially, which is
shown in Fig. 1B. However, the stator core has to be retained
for mechanical reasons, e.g. mechanically fixing the stator
windings. The further investigation discloses that, even for
those topologies with toroidal windings, if ferrite magnets are
used, the limitation to reduce the stator core width is not the
flux density in the stator core, but for mechanical reasons [12].
If rare earth magnets are used, the situation may vary,
depending on specific designs. This means that employing
conventional windings can not necessarily reduce the stator
yoke if ferrite magnets are used. In addition, the end winding
is definitely much larger. Consequently, the efficiency could
be similar to conventional PM machines and the torque
density will not be as high as that in the topologies with
toroidal windings.

E. Effects of Slotting and Surface or Interior Magnets

Smooth torque & low noise are advantages of the non-
slotted configurations. Absence of slots and teeth implies a
large air gap for the magnetic field associated with the
currents in the windings. This suggests that the armature
reaction is absent, which results in high overload capability,
and that the back EMF in the stator windings does not change
when the mechanical load of the machine varies. On the other
hand, a large air gap requires using rare earth magnets, which
are currently still rather expensive. In addition, the low
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inductance can require high inverter switching frequency,
raising the inverter losses.

In contrast, ferrite magnets can still achieve relative high
torque density in the slotted structure, which decreases the
material cost and iron losses since less iron required for
ferrites due to the low magnet residual flux density. The
cogging torque and associated noise can be reduced to a small
level at minimal incremental cost by using three novel
techniques, which will be proposed in section IV.

The advantages of small armature reaction and high
overload capability can also be achieved by selecting surface-
mounted PMs. A large air gap, the main nature of both non-
slotted and surface-mounted-PM structures, in turn allows the
rotor flux to remain unaffected by the currents in the stator.
The uniform airgap provides a small and constant stator
inductance which has traditionally been desirable in designing
high response torque controllers albeit at the cost of elevated
inverter switching losses.

It is well known that for surface-mounted PM machines
there is no saliency effect, but for buried PM machines the
properties are similar with those of salient-pole synchronous
machines. For the dual-rotor hybrid PM machines (surface
mounted PM in outer rotor surface and buried in inner rotor),
the difference between the d-axis reactance and g-axis
reactance still exists but is relatively small.

F. Radial Forces and Mechanical Structure

Another aspect for the dual-rotor topologies is that the
radial forces, in addition to the alignment forces, are balanced.
Radial forces are generated that attempt to close the air gap
and bring the rotor and stator into contact with each other. In
the topologies proposed, these forces are balanced by an equal
and opposite attractive forces due to symmetry. In this case,
the mechanical stress is ideally zero but in reality is nonzero
but greatly reduced.

Fig. 3 demonstrates the mechanical structure which can be
used for the RFTPM machine. The stator is fixed at one end to
a frame. Two rotors are connected together by an end disc,
which can be designed as a cooling fan to provide necessary
cooling wind. Between the shaft and two frames there is one
bearing set at each end. The cantilevered mechanical structure
of the outside rotor and stator is a disadvantage, particularly as
the speed increases.

G. Other Topologies

In order to further improve the machine efficiency, an
enhanced dual-rotor topology may be used. Figs. 4A and 4B
demonstrate the basic scheme of an enhanced dual-rotor,
slotted, surface-mounted-PM machine. From these sketches,
note that, by mounting magnets on the surface of one of the
two rotor ends in addition, the copper utilization percent is
enhanced as well as the efficiency. However the question as to
whether the overall torque density can be improved still
depends on the stator yoke width and on the flux density in the
end air gap.

Similar to the dual-rotor structure, the dual-stator
topologies also can improve the torque density and efficiency

by doubling the air-gap and keeping the machine volume
unchanged. Slotted or non-slotted structures, rare earth or
ferrite magnets, and N-N type or N-S type magnets all can be
used. The end winding in the dual-stator structure will be
much longer than that in the dual-rotor structure since the non-
back-to-back winding has to be used. This is a feature
however that causes the efficiency and torque density to be
lower.
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A: N-N type magnets B: N-S type magnets

Figure 1. Structure and flux distributions of dual-rotor, radial-flux, non-
slotted, PM machine with surface-mounted magnets
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Figure 2. Other dual-rotor RFTPM machine topologies: A: Hybrid-PM with
slots; B: Hybrid-PM without slots; C: Surface-PM with slots
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Figure 4. Structure of an enhanced dual-rotor, slotted, RFTPM machine
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IV. COGGING TORQUE

One of the disadvantages for surface PM machines is their
cogging torque. Several techniques [15,16] have been
developed to reduce the cogging torque. These methods are
also suitable for the dual-rotor RFTPM machines. In addition,
the unique RFTPM machine structure of dual-rotor and dual
air gaps implies that there could be special techniques suitable
for the dual-rotor RFTPM configuration. Given that the
overall cogging torque of a RFTPM machine consists of the
inner portion produced in the inner air gap and the outer
portion produced in the outer air gap, the overall cogging
torque can be reduced by two general approaches: reducing
the amplitude of either or both of the inner and outer
components, similar to what conventional methods
accomplish, and shifting the relative phase of the two
components so that they can compensate each other.
Consequently, the overall cogging torque will be much
reduced at minimal incremental cost. This approach does not
distort the back EMF waveform, and not reduce the average
torque, nor enlarge the effective airgap.

In this paper, three specific approaches are presented. They
are named as Varying Slot Opening Angular Width, Varying
PM Angular Width, and Slot Opening Shifting.

A. Slot Opening Shifting

The idea of this approach is similar as the use of dummy
slots but without any additional cost. The dual-rotor machines
are easily designed to have a stator lamination with the inner
and outer slot opening aligned in the radius direction as shown
in Fig. 5A. For this type slot design, the cogging torques
produced by both the inner and outer air gaps are exactly in
phase as shown by the dotted and dashdot line in Fig. 6 (FEA
results). Therefore, the amplitude of the total cogging torque
will be their sum and larger than each components.

If the slot openings in the inner and outer air gaps are
shifted away by half of the slot pitch, as shown in Fig. 5B,
their cogging torque waveforms also will be phase shifted by
180°, so that the resultant total cogging torque is doubled in
frequency and much reduced in amplitude. For this example,
the amplitude of the cogging torque is reduced to less than one
third of the original by shifting the slot openings. This
suggests that the proposed slot opening shifting is a valid
approach to reduce the RFTPM machine cogging torque.

Since the inner and outer cogging torques have different
amplitudes and waveforms, they can not be exactly cancelled,
even when they are 180° out of phase. However, by carefully
designing the air gaps, magnet thickness and length, similar
amplitudes and waveforms can be achieved for the inner and
outer cogging torques so that the overall cogging torque can
be further reduced. It is interesting to note, for the same inner
and outer magnet thickness, the larger the motor radius, the
closer the amplitudes of the inner and outer portions of
cogging torque are to each other. The slightly higher flux
density in the inner air gap than in the outer air gap can
achieve equal torque amplitudes.

B.  Varying Slot Opening Angular Width

The slot openings at both sides of the stator can also be
simply designed to have the same angular width, as shown in
Fig. 7A, in which there is no slot opening shifting. For this
type of slot opening design, the cogging torques produced by
both the inner and outer air gaps are exactly in phase.
Consequently, the total cogging torque consisting in the inner
and outer portions will be larger than each portion.

To reduce the total cogging torque, the outside slot angular
width oy,,, can be designed to be smaller than the inside one
Olpo1, Since the outside slot opening arc is larger than the inside
one for the same angular widths. A design example with the
different angular widths for the slot openings is shown in Fig.
7B. The waveform of the cogging torque produced by the
inner airgap will be different as that by the outer airgap.
Therefore, the overall cogging torque will be reduced.

Fig. 8 shows the FEA results of the examples shown in
Fig. 7A and 7B. The figure illustrates that the maximum value
of the cogging torque is reduced by 50 percent to 0.8Nm (the
solid line) from the original 1.6Nm (the dashed line) by
changing oy, to 2.258° from 4.2°. This implies that the
proposed varying slot opening approach is a valid approach to
reduce the RFTPM machine cogging torque.

To reduce the cogging torque as much as possible, the two
angles, O, and 0y, must be carefully selected. Similar with
the slot opening shifting approach, this method can not
completely remove the cogging torque since the inner and
outer cogging torques have the different amplitudes and
waveforms. In addition, one needs to pay attention to the
zigzag leakage flux, since it will be affected by the slot
angular width.

C. Varying PM Angular Width

The two approaches discussed previously have achieved
the same objective — reducing the overall cogging torque — by
shifting away the maximum values of the inner and outer
cogging torque. This objective can also be accomplished by
varying the PM angular widths of the inner and outer magnets.
The idea is depicted in Fig. 9. Fig. 9A shows a design with the
same PM angular widths for the inner and outer magnets,
whereas Fig. 9B shows the one with the different angular
widths.

The cogging torque waveforms related to these designs are
demonstrated in Fig. 10 by the dashed and solid lines,
respectively. The maximum value of the cogging torque is
reduced by designing the different PM angular widths for the
inner and outer magnets, as expected. The peak value is
reduced by almost 30 percent for this example, although the
torque waveform dominated by the unchanged outer portion of
the cogging torque is not greatly changed. Varying the magnet
angular width affects the airgap flux and leakage flux, which
should also be considered in the design process.

All or two out of the three approaches discussed in this
section can be employed together with the carefully selecting
each parameter mentioned in each approach to achieve the
smallest cogging torque. The optimization process will be
more complicated due to the coupling between any two of the
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three approaches. They also can be combined with any
conventional techniques, e.g. skewing, to achieve even smaller
cogging torque.

In addition, the proposed three techniques can be adopted
in axial flux PM machines with dual-rotor or dual-stator.

V. DESIGN GUIDELINES AND OPTIMIZATION

Based on information in section II and III, dual-rotor,
toroidally-wound surface PM topology with ferrite magnets
and slots on the stator will be investigated further in the
following sections and referred to simply as RFTPM
machines. The toroidally-wound windings can achieve higher
torque density and efficiency than the conventional winding
configurations. Ferrite magnets can keep the material cost and
iron losses to be low, while slotting can remain the effective
air gap in the reasonable range and the output torque density
to be high. The cogging torque caused by slotting can be
reduced by the proposed techniques so that the output torque
ripple will be small.

The design process of the RFTPM machines is
considerably more complicated that conventional surface PM
machines due to the dual-rotor dual-airgap structure and flux
coupling in the stator yoke between the inner and outer
portions. One may design either of two portions first, then
design the other and check if the stator yoke flux density is in
the good range. Each portion design can be similar with the
conventional surface PM design process, but the winding area,
coil turns, and current density have to be same for two
portions. To design a RFTPM machine with given power
output, speed, efficiency, flux densities in the air gaps and
both stator and rotor iron, there will be an iteration in each
inner or outer portion design and one more iteration to check
if the required output power can be delivered.
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Figure 5. Linear translational stator laminations with the different slot opening
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In terms of optimization, the RFTPM machine is
complicated as well since there are more variables to be
optimized in the RFTPM machines: two airgap flux densities,
two coupled electrical loadings which couple together. One
must optimize them together to find a optimal value set.
Another main parameter that should be well optimized is the
main aspect ratio of machine length to diameter, which will
have different optimal value compared to that of conventional
PM machines as shown in Fig. 11.

Fig. 11 clearly demonstrates the effect of ratio of the stator
inner diameter D;, to the rotor length L, and of pole numbers
on the output torque of a 3-phase 3-horsepower dual-rotor
RFTPM motor with the speed of 1800 rpm. The torque density
can also be enhanced by selecting a high pole number
accepting the penalty of high iron losses.

VI.  MACHINE PROTOTYPE AND EXPERIMENTAL
MEASUREMENTS

A. Prototype Machine

A 3-phase 3-HP dual-rotor RFTPM prototype shown in
Fig. 12 was designed and built using ferrite magnets. The
prototype was optimized to achieve the maximum torque
density with efficiency of 87%. To more accurately calculate
the airgap and zigzag leakage fluxes and optimize the torque
density, two analytical leakage flux models [19] are proposed
and used. The design parameters for the prototype are:

Torque: 12.87 Nm Speed: 1800 RPM
Efficiency: 87% Windings: 24 slots, 46 turns/slot
DC bus voltage: 380 V Trapezoidal phase current: 9.1A, peak

For good heat management, the end portion of the rotor
should be design as a cooling fan. As the first prototype, a few
holes was simply punched to provide some cooling for the
stator.

B.  Back EMF, Variable Frequency and Load performaces

The prototype was driven by the rectangular current using
a DSP-based three-phase inverter. The open circuit back EMF
shown in Fig. 13 is linearly increases as the speed increase
from zero to 2000 RPM. The small ripples in the back EMF
waveforms are caused by slotting on the stator The variable
frequency performance was tested first by injecting rated
phase current, which was aligned with the phase back EMF to
produce the maximum output torque. The experimental results
illustrated in Table I show that the prototype can deliver
constant output torque and power. The results are slightly
higher than the design values at all the testing points. The
efficiency and power factor are both in a reasonable range.
The variable load testing summarized in Table II was then
performed at the rated speed of 1800 RPM. As the phase
current increases to the rated value of 7.15 A (rms) from zero,
the output torque almost linearly increases (refer to Fig. 15),
as expected. Both the highest efficiency of 90.9% and highest
power factor of 0.83 were achieved at approximately 60%
load.

Due to the small stator lamination volume and the low flux
density in the stator yoke (0.8 Tesla, required only by
mechanical considerations), the iron losses are only 10% of

the total losses at the rated operation point, while copper loss
is more than 67%. Since copper loss compared to iron losses is
relatively much easies to predict, the total losses can be
predicted more accurately.

C. Cogging Torque

Two of three techniques proposed in section IV — Varying
Slot Opening Angular Width and Varying PM Angular Width
— were employed to achieve the low cogging torque in the
prototype. The FEA results (the dashed line in Fig. 14) well
matches the measured cogging torque (the solid line in Fig.
14). The maximum cogging torque of 1 Nm is observed,
which is 8.4% of the rated torque. Given that no common
techniques, such as skewing, were utilized in this prototype,
8.4%, compared to the typical 20% [17] for the surface-
mounted PM machines, can be considered as small. If the slot
opening shifting is used, the cogging torque could have been
reduced further.
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Figure 11. Effect of the ratio of stator inner diameter Dis to machine effective
length L7 on torque density
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TABLE L

VARIABLE FREQUENCY PERFORMANCE

Speed Output Output Input Efficiency Power
Torque Power Power Factor
RPM Nm HP HP %
500 12.35 0.87 1.17 74.2 0.68
1000 12.35 1.73 2.05 84.4 0.74
1500 12.28 2.59 2.94 88.0 0.76
1800 12.35 3.12 3.49 89.5 0.78
TABLE II. VARIABLE LOAD PERFORMANCE
Current | Output Output Input Efficiency Power
Torque Power Power Factor
A, rms Nm HP HP %
0.24 0 0 0.09 0 0.79
1.85 3.05 0.77 0.88 87.4 0.80
4.19 7.12 1.80 1.98 90.9 0.83
5.94 10.26 2.59 2.86 90.5 0.81
7.15 12.35 3.12 3.49 89.5 0.78
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Figure 14. Cogging torque of the prototype
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Figure 17. Steady state test waveforms at rated speed and rated load

D. Overload Capability and Temperature Effects

As a surface PM machine, the prototype is expected to
have strong short period overload capability. This is illustrated
in Fig. 15, in which, 126% of the rated output torque is
observed when 130% phase currents are injected at the
reduced speed of 1000 RPM. Due to the inverter current and
voltage limitations, further high load operations are simulated
by FEA only and the results are depicted in Fig. 15 (Dashed
line), in which 182% of the rated torque is obtained when the
200% rated phase current are injected. The FEA results well
matches the experimental measurements and predicts the
strong overload capability.

It is well known that, as the machine temperature
increases, the copper resistance as well as the copper losses
increases, while the magnet residual flux density and the
output torque decrease. To prove whether the machine
temperature is in the reasonable range and whether the
prototype is able to deliver the continuous rated power at the
rated speed, a temperature rise test at rated speed and rated
load was carried out and shown in Fig. 16, in which the
winding temperature was calculated by measuring the phase
resistance [18]. The motor was driven at rated speed of 1800
RPM and rated phase current of 7.15 A (rms) and maintained
during the test interval (the peak current was adjusted to keep
the rms value unchanged). The phase A voltage and current,
phase B current, and output torque waveforms at the steady
state are recorded and shown in Fig.17.

The winding temperature reached 125°C in 70 minutes and
remained stable at this temperature, while the resistance of
phase A increased almost by 40% to 1.53ohm from the
original 1.1 ohm. Since the higher temperature causes the
magnet residual flux density to decrease, the output torque
decreased to 98.8% (2.98 Horsepower) from 106.1% of the
rated value. The input power also decreased due to the lower
induced back EMF at the high temperature. The machine
overall efficiency achieved at the steady state winding
temperature is 87.1%, which well matches the design
efficiency 87%. In addition, the connection portion between
inner and outer rotors can be well designed as a cooling fan to
provide the even better cooling condition to further improve
the current density and torque density.
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VII. EVALUATION

The torque density, ratio of torque to weight, and
efficiency of the prototype have been compared with a
commercial Induction Motor (IM), an Interior PM (IPM)
machine, and an Axial-Flux Toroidally-wound PM (AFTPM)
machine. Table I1I shows that the proposed RETPM motor has
a much higher torque density and the ratio of torque to weight
than all the other three machines. Its torque density is almost
three times of that of the induction machine, 2.2 times of the
IPM machine’s, and 1.8 times of the AFTPM'’s, while its
efficiency is kept as high as 87%, which is only slightly lower
the IPM machine, but higher than the other two. Given that the
IPM machine is SHP and was built using NdFeB magnets, and
that both its torque density and efficiency should be
considerably higher than a similar 3HP machine, the
efficiency of the RFTPM machine of the same 5 HP rating
would almost certainly be greater. These data imply that the
material cost will be much lower for the RFTPM machine that
IM, IPM, and AFTPM machines due to the relative much
smaller volume and use of ferrite magnets.

If a proper method used to fix the inner magnets, or the
hybrid magnet topology is used, the dual-rotor RFTPM
machine could be operated at moderately high or high speed,
due to its low iron and total losses.

TABLE III. COMPARISON OF THE TORQUE DENSITY AND EFFICIENCY

Parameters IM® IPM¢ |AFTPM’| RFTPM

(NdFeB ) | (Ferrite) | (Ferrite)
Rated Power (HP) 3 4.96 1.18 2.98
Rated Torque (Nm) 12.18 20.2 3 11.78
Rated Speed (RPM) 1755 1750 2800 1800
Machine Volume (cm®) 8092° 10391 1272.4 2730
Weight (kg) 354 48 5.5 11.76
Torque versus weight (Nm/kg) 0.344 0.421 0.5454 1.002

Torque density (Nm/cm®) 0.00151] 0.00194 | 0.00236 | 0.00432
Normalized Torque Density 1 1.285 1.567 2.861
Efficiency 0.825 0.88 0.83 0.871

a: GE motor with model # SK182BC218A.
b: Excluding room for the fan and heat sink.

c: Yaskawa Electric Co. motor
d: Designed by Federico Caricchi [5].

VIII. CONCLUSIONS

A novel machine family - dual-rotor, radial-flux,
toroidally-wound, permanent-magnet machines — is proposed
in order to improve machine torque density and efficiency.
Several topologies and their features are discussed, machine
design and optimization guidelines are given.

It has been proven that the dual-rotor RETPM machines
can substantially improve the efficiency due to the greatly
shortened end windings and sizably boost the torque density
by doubling the working portion of the air gap as well as
optimizing the machine aspect ratio. The ratio of the torque
densities between the dual-rotor RFTPM and conventional
induction machines increases as the power increases. The
material cost is also kept low by using ferrite magnets.

The RFTPM machine was proven to be suitable for the
moderately high speed and shows the potential for even higher
speed. In addition, the cogging torque and associated noise
can be reduced to a very low level at minimal additional cost

or penalty by using the proposed three techniques, which can
also be used for axial flux PM machines.

This machine could be a potential candidate in many cases,
especially suitable for cases where an outside rotor is
preferred, such as fans and electric automobile motors. In
addition, it could be a good competitor with the strong
potential in the aerospace industry due to its very high torque
density and high efficiency
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