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DUAL-ROTOR, RADIAL-FLUX, 
TOROIDALLY-WOUND, 

PERMANENT-MAGNET MACHINE 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

2 
an electrical machine having high torque density and high 
efficiency. Several new topologies have been proposed with 
improved torque density and efficiency. However, rare earth 
magnets, i.e., Neodymium Iron Boron (NdFeB), were used 

5 in these topologies to keep the efficiency high and achieve 
the high air gap flux density and high torque density, which 
causes high material cost. In addition, some topologies are 
restricted in low speed applications since the losses increase This invention was made with United States Government 

support awarded by the Department of Energy (DOE), Grant 
No. DE-AC36-99-GO10337. The United States Govern-

10 
ment has certain rights in this invention. 

as the speed increases. 

Development of a machine topology suitable for moder
ately high or high speed with high torque density and high 
efficiency simultaneously using such low cost materials as 
ferrite magnets is the goal of this invention. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to electrical 
machines, and more particularly to a dual-rotor, radial-flux, 
toroidally-wound, permanent magnet machine. 

The present invention provides a solution to the above 
15 problems by providing a dual-rotor, radial-flux, toroidally

wound, permanent magnet machine that is superior to exist
ing technology because it makes electrical machines having 
a higher torque density and higher efficiency, so that less 
materials, smaller volume, lighter mass, and less cost are 

20 needed to provide the same output power. 

Electrical machines that transform mechanical energy into 
electrical energy have been studied, designed and utilized 
for over a century. Today, electrical machines are widely 
used in every aspect of human life. Electrical machines may 
take the form of DC motors or AC motors. DC motors have 
been in use for a long time due to their high performance in 
motion and drive applications. With the development of 
power electronics, new control technology and machine 
topologies, great progress has been made to replace DC 25 

machines in the adjustable speed area with AC motors to 
obtain better performance, reliability, improved mainte
nance characteristics, and lower costs. Extensive research 
and development has gone into developing AC machines 
that are suitable for drive applications and still match the 30 

characteristics of solid state power converters. 

SUMMARY OF THE INVENTION 

The present invention relates to a novel machine family of 
dual-rotor, radial-flux, toroidally-wound, permanent-magnet 
machines. The dual-rotor, radial-flux machines of the 
present invention can possess a variety of embodiments 
based on different structure of the windings, slots, and 
magnet arrangements. The dual-rotor, radial-flux, toroidally-
wound, surface-mounted permanent-magnet machines of 
the present invention achieve a high torque density, high 
efficiency and the low machine cost. 

AC motors are designed for use with either polyphase or 
single-phase power systems. AC motors are typically 
divided into series, synchronous, and induction motors. 

35 
Induction motors, single-phase or polyphase, the most com
monly used type of AC motor, derives its name from the fact 
that AC voltages are induced in a rotor circuit by a rotating 
magnetic field of a stator. 

An embodiment of a dual-rotor, radial-flux, toriodally
wound, surface-mounted, permanent magnet machine pref
erably includes at least one stator and at least one permanent 
magnet rotor having inner and outer working surfaces which 
form at least two air gaps when the stator is inserted between 
the inner and outer working surfaces of the rotor comprising 
a rotor-stator-rotor structure. The stator, which is of a 

Currently, induction machines are the dominant choice for 
both constant speed and variable speed drives due to the 
absence of brushes and slip rings. However, induction 
machines have their drawbacks. Rotor windings are present 
in all induction machines, rotor current produces rotor 
resistive losses, decreasing the efficiency of the motor, 
particularly at low power ratings, and cause cooling prob
lems. Given the excitation penalty of induction machines, 
permanent magnet machines, in which the air gap flux is 
established by magnets, have been given attention ever since 
the Alnico magnet was developed by Bell Laboratories in 
the 1930's. 

With the advent of increased interest in power electronics, 
Converter Fed Machines (CFM) have been one of the 
focuses of research and development of electrical machines. 
Some of the CFMs that have attracted interest include 
Brushless DC machines (BLDC), Switched Reluctance 
Machines (SRM), Synchronous Reluctance machines 
(SynRM), Double Salient Permanent Magnet machines 
(DSPM), Axial Flux Toroidal Permanent Magnet machines 
(AFTPM), and Axial Flux Circumferential Current 
machines (AFCC). However, these all have their own draw
backs and disadvantages. 

High torque density and high efficiency are two of the 
most desirable features for an electrical machine. Improve
ment of these features have been being one of the main 
aspects of research on electrical machines in the last couple 
of decades. The goal of the present invention is to provide 

40 generally hollow cylindrical shape may be slotted or non
slotted and preferably nested between the at least two rotors. 
The stator preferably includes an inner surface, an outer 
surface, a first end surface, and a second end surface. A 
plurality of polyphase windings of electrical wires are 

45 preferably toroidally-wound around the stator. The at least 
one permanent magnet rotor has a generally cylindrical 
shape which includes an inner rotor component, an outer 
rotor component, and a central opening extending through 
the inner rotor component. The inner rotor component and 

50 the outer rotor component preferably comprise a single 
integral rotor with the inner rotor component and the outer 
rotor component rotating at the same speed. 

The inner rotor component includes an inner surface and 
an outer surface. A plurality of permanent magnets are 

55 mounted to the outer surface of the inner rotor component. 
The outer rotor component also has an inner surface and an 
outer surface with a plurality of radially polarized permanent 
magnets mounted to the inner surface of the outer rotor 
component. The stator is positioned between the permanent 

60 magnets extending outwardly from the outer surface of the 
inner rotor component and the permanent magnets extending 
inwardly from the inner surface of the outer rotor compo
nent. A first air gap is formed between the permanent 
magnets extending outwardly from the outer surface of the 

65 inner rotor component and the windings on the inner surface 
of the stator. A second air gap is formed between the 
permanent magnets extending inwardly from the inner sur-
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face of the outer rotor component and the windings on the 
outer surface of the stator. 

4 
slotted, surface-mounted, permanent magnet machine com
bining the rotor of FIG. 7A and the stator of FIG. 7B; 

FIG. 8 is a perspective view of an embodiment of a rotor 
for an enhanced dual-rotor, toroidally-wound, slotted, 
surface-mounted permanent magnet machine constructed in 
accordance with the present invention; 

FIG. 9 is a perspective view of an embodiment of a stator 
for an enhanced dual-rotor, toroidally-wound, slotted, 
surface-mounted permanent magnet machine constructed in 
accordance with the present invention; 

In one aspect of the present invention, permanent magnets 
are preferably mounted within the core of the inner rotor 
component. In another aspect of the present invention, the 5 

rotor forming a dual-rotor configuration preferably com
prises at least one closed end with a plurality of permanent 
magnets mounted to an inner surface of the at least one 
closed end, creating a third air gap between the permanent 
magnets and the end windings of the stator. In yet another 10 

aspect of the present invention, the stator preferably com
prises a compressed, powdered magnet material that is 
formed on at least one end of the stator or formed in the core 

FIG. 10 is a perspective view of an enhanced dual-rotor, 
toroidally-wound, slotted, surface-mounted permanent mag
net machine comprising the rotor of FIG. 8 and the stator of 

15 
FIG. 9; 

of the stator. 
The unique features and advantages of the present inven

tion include: 1) a rotor-stator-rotor structure; 2) back-to
back windings; 3) very short end windings; 4) a high main 
aspect ratio of diameter to length; 5) low air gap inductance; 
6) high efficiency; 7) high torque density; 8) high overload 
capability; 9) balanced radial forces; 10) suitable for mod- 20 

erately high speed performance; 11) low cogging torque; and 
12) low material costs. 

Various other features, objects, and advantages of the 
invention will be made apparent to those skilled in the art 
from the following detailed description, claims, and accom- 25 

panying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 11 is a cutaway perspective view of an enhanced 
dual-rotor, toroidally-wound, slotted, surface-mounted per
manent magnet machine constructed in accordance with the 
present invention; 

FIG. 12A is a top plan view of a portion of a linear 
translational stator lamination showing a traditional slot 
opening design; 

FIG. 12B is a top plan view of a portion of a linear 
translational stator lamination showing a slot opening 
shifted design; 

FIG. 13A is a top plan view of a portion of a stator 
lamination showing the slot openings having the same 
angular width; 

FIG. 1 is a top plan view of a prior art radial flux surface 
mounted slotted permanent magnet machine; 30 

FIG. 13B is a top plan view of a portion of a stator 
lamination showing the slot openings having a different 
angular width; 

FIG. 2 is a top plan view of a prior art radial flux surface 
mounted non-slotted permanent magnet machine; 

FIG. 3 is a top plan view of an embodiment of a 
dual-rotor, radial-flux, toriodally-wound, non-slotted, 
surface-mounted permanent magnet machine constructed in 35 

accordance with the present invention; 

FIG. 14A is a top plan view of a portion of a dual-rotor, 
toroidally-wound, slotted, surface-mounted permanent mag
net machine showing the permanent magnet angular width 
for the inner and outer magnets being the same; 

FIG. 4Ais a top plan view of the magnet pole arrangement 
and flux distribution of the dual-rotor, radial-flux, toriodally
wound, non-slotted, surface-mounted permanent magnet 
machine of FIG. 3 with back-to-back windings; 

FIG. 14B is a top plan view of a portion of a dual-rotor, 
toroidally-wound, slotted, surface-mounted permanent mag
net machine showing the permanent magnet angular width 

40 for the inner and outer magnets being different; 

FIG. 4B is a top plan view of the magnet pole arrangement 
and flux distribution of the dual-rotor, radial-flux, toriodally
wound, non-slotted, surface-mounted permanent magnet 
machine of FIG. 3 with non-back-to-back windings; 

FIG. 5 is a top plan view of an embodiment of a 
dual-rotor, radial-flux, toriodally-wound, slotted, surface
mounted permanent magnet machine constructed in accor
dance with the present invention; 

45 

FIG. 6A is a top plan view of an embodiment of a 
50 

dual-rotor, radial-flux, toriodally-wound, non-slotted, hybrid 
permanent magnet machine constructed in accordance with 
the present invention; 

FIG. 15A is a design flowchart for a dual-rotor, radial
flux, toriodally-wound, surface-mounted permanent magnet 
machine; 

FIG. 15B is a continuation of the design flowchart of FIG. 
15A; and 

FIG. 16 is a flowchart for optimizing the aspect ratio, pole 
number, electric loading and magnetic loading of a dual
rotor, radial-flux, toriodally-wound, surface-mounted per
manent magnet machine. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 6B is a top plan view of an embodiment of a 
dual-rotor, radial-flux, toriodally-wound, slotted, hybrid per
manent magnet machine constructed in accordance with the 
present invention; 

Referring now to the drawings, FIG. 1 illustrates a prior 
55 art radial-flux, surface-mounted, slotted, permanent magnet 

machine 10. The machine 10 includes a stator 12 and a 

FIG. 7Ais a perspective view of an embodiment of a rotor 
for an enhanced dual-rotor toroidally-wound, non-slotted, 
surface-mounted permanent magnet machine constructed in 60 
accordance with the present invention; 

permanent magnet rotor 14. The stator 12, which is of a 
generally cylindrical shape, is external to the rotor 14 and 
includes an outer surface 16 and an inner surface 18. The 
inner surface 18 includes a plurality of radially inwardly 
extending teeth 20 to receive polyphase windings of elec-
trical wires wound around the teeth 20. The stator 12 further 
includes a central opening 22 in the middle of the stator for 
receiving the rotor 14 therein. The rotor 14, which is also of 

FIG. 7B is a perspective view of an embodiment of a 
stator for an enhanced dual-rotor toroidally-wound, non
slotted, surface-mounted permanent magnet machine con
structed in accordance with the present invention; 

FIG. 7C is a perspective view of an embodiment of an 
enhanced dual-rotor, radial-flux, toroidally-wound, non-

65 a generally cylindrical shape, includes a magnetically per
meable core 24 with an outer surface 26 and a central 
opening 28 for receiving the shaft of a motor therein. A 
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plurality of permanent magnets 30 are mounted to the outer 
surface 26 of the rotor 14. An air gap 32 is formed between 
the permanent magnets 30 and the teeth 20 of the stator. The 
rotor 14 magnetically interacts with the stator 12, whereby 
the permanent magnets 30 drive a magnetic field within the 5 
stator 12 causing a back electromagnetic force to be induced 
in the polyphase windings wound around the teeth 20 of the 
stator. 

FIG. 2 illustrates a prior art radial-flux, surface-mounted, 
non-slotted, permanent magnet machine 34. This prior art 

10 
machine 34 also includes a stator 36 and a permanent 
magnet rotor 38. The difference between this machine 34 
and the machine 10 of FIG. 1, is that the stator 36 in FIG. 
2 is non-slotted, meaning it does not include any radially 
extending teeth. The stator 36, which is of a generally 

15 
cylindrical shape, is external to the rotor 38 and is formed 
with laminated steel with back-to-back polyphase windings 
40 wound around the stator. The windings 40 are called 
distributed air gap windings since the windings 40 are not 
wound around teeth. The stator 36 further includes a central 

20 
opening 42 in the middle of the stator for receiving the rotor 
38 therein. The rotor 38, which is also of a generally 
cylindrical shape, includes a magnetically permeable core 
44 with an outer surface 46 and a central opening 48 for 
receiving the shaft of a motor therein. A plurality of perma-

25 
nent magnets 50 are mounted to the outer surface 46 of the 
rotor 38. An air gap 52 is formed between the permanent 
magnets 50 and the inner windings 54 wound around the 
stator. The rotor 38 magnetically interacts with the stator 36, 
whereby the permanent magnets 50 drive a magnetic field 

30 
within the stator 36 causing a back electromagnetic force to 

6 
component 62 outer rotor component 64. The inner rotor 
component 62 having an inner surface 76 and an outer 
surface 78 with a central opening 80 extending therethrough 
for receiving the shaft of a motor therein. A plurality of 
radially polarized permanent magnets 82 are mounted to the 
outer surface 78 of the inner rotor component 62. The outer 
rotor component 64 is positioned beyond the inner rotor 
component 62 and the stator 60 to form the rotor-stator-rotor 
structure as shown in FIG. 3. The outer rotor component 64 
also has an inner surface 84 and an outer surface 86. A 
plurality of radially polarized permanent magnets 88 are 
mounted to the inner surface 84 of the outer rotor component 
64. The toroidally-wound stator 60 is positioned between the 
permanent magnets 82 extending outwardly from the outer 
surface 78 of the inner rotor component 62 and the perma
nent magnets 88 extending inwardly from the inner surface 
84 of the outer rotor component 64. A first air gap 90 is 
formed between the permanent magnets 82 extending out
wardly from the outer surface 78 of the inner rotor compo
nent 62 and the windings 74 on the inner surface 66 of the 
stator 60. A second air gap 92 is formed between the 
permanent magnets 88 extending inwardly from the inner 
surface 78 of the outer rotor component 64 and the windings 
74 on the outer surface 68 of the stator 60. The inner rotor 
component 62 and the outer rotor component 64 preferably 
comprise a single integral rotor with the inner rotor com-
ponent 62 and the outer rotor component 64 rotating at the 
same speed. The at least two rotor components 62, 64 
magnetically interact with the stator 60, whereby the per
manent magnets 82, 88 drive a magnetic field within the 
stator 60 causing a back electromagnetic force to be induced 
in the polyphase windings 74 wound around the stator. The 
windings 74 wound around the stator 60 may comprise 
toroidially-wound windings, lap windings, wave windings, 

be induced in the polyphase windings 40 wound around the 
stator. To provide an acceptable air gap flux density, the 
permanent magnets 50 are Neodymium Iron Boron (NdFeB) 
magnets. 

35 or other types of windings know in the art. The windings 74 
on both the inner and outer surfaces 66, 68 of the stator 60 
are used for torque production so that the end windings are 
much shorter than the prior art structures shown in FIGS. 1 

The prior art machines 10, 34 of FIGS. 1 and 2 posses 
certain disadvantages, such as, only having a single air gap 
and having long end windings resulting in low torque 
density, low efficiency and high copper losses. To increase 
the torque density and efficiency and decrease the copper 40 
losses of these prior art machines, the inventors of the 
present invention have invented a novel dual-rotor, radial
flux, toroidally-wound, permanent magnet machine. 

FIG. 3 illustrates an embodiment of a dual-rotor, radial
flux, toriodally-wound, non-slotted, surface-mounted, per- 45 
manent magnet machine 58 constructed in accordance with 
the present invention. The dual-rotor, radial-flux machines 

and 2. Since the working surfaces of the stator are both used, 
in comparison with prior art machines, the structure of the 
present invention allows the exploitation of a higher per-
centage of the stator winding for the production of torque. 
Therefore, the higher winding usage will result in higher 
efficiency and higher torque density. 

The dual-rotor, radial-flux, toroidally-wound, permanent 
magnet machine of FIG. 3 works like two conventional 
machines in series. One machine on the inside and the other 
machine on the outside. They have the same armature 
current, although their back electro-magnetic force (EMF) 

of the present invention can possess a variety of embodi
ments based on different structure of the windings, slots, and 
magnet arrangements. 50 may vary, depending on the air gap flux densities. 

The permanent magnets are preferably radially 
magnetized, but may be magnetized using blocked, mag
netic can, tapered, parallel, or interleaved methods. In 
addition, the permanent magnets may be comprised of 

55 ferrite magnets or rare earth magnets. 

The machine 58 preferably includes at least one stator 60 
and at least one permanent magnet rotor having inner and 
outer rotor components 62, 64 comprising a rotor-stator
rotor structure. The stator 60, which is of a generally hollow 
cylindrical shape, is nested between the at least two rotor 
components 62, 64. The stator 60 preferably includes an 
inner surface 66, an outer surface 68, a first end surface 70, 
and a second end surface 72. A plurality of polyphase 
windings 74 of electrical wires are preferably toroidally
wound around the stator 60. The windings 74 are preferably 60 

wound as back-to-back windings. The stator 60 may be 
formed by a plurality of stacked laminations that are con
nected together, or alternatively, may be formed by a mag
netic powdered material that is compressed together or some 
combination thereof. 

The at least one permanent magnet rotor has a generally 
cylindrical shape which preferably includes an inner rotor 

FIG. 4A shows an embodiment of the flux distribution of 
a dual-rotor, radial-flux, toroidally-wound, non-slotted, 
surface-mounted permanent magnet machine 94, similar to 
the embodiment of FIG. 3, with inner 96 and outer 98 
magnets polarized in opposite directions, resulting in a flux 
distribution as shown by arrows 102 and 104. The inner 
magnets 96 drive flux radially from the inner rotor compo
nent 106 across the first air gap 108 to the stator 110. The 
flux then travels circumferentially around the stator 110 and 

65 radially back across the air gap 108 to the inner rotor 
component 106 and through the rotor's back iron. The outer 
magnets 98 drive flux radially from the outer rotor compo-
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nent 112 across the second air gap 114 to the stator 110. The 
flux then travels circumferentially around the stator 110 and 
radially back across the second air gap 114 to the outer rotor 
component 112 and through the rotor's back iron. 

8 
be achieved by slotting, but the slotted structure will intro
duce cogging torque. The permanent magnets surface
mounted to the inner rotor could be replaced by buried 
magnets, which can increase the inner air gap flux density, 

FIG. 4B shows yet another embodiment of the flux 
distribution of a dual-rotor, radial-flux, toroidally-wound, 
non-slotted, surface-mounted permanent magnet machine 
116, similar to the embodiment of FIG. 3, with inner 118 and 
outer 120 magnets polarized in same direction, resulting in 

5 as well as the torque density. For the outer rotor, a buried 
permanent magnet structure is not suitable since it may 
expand the machine diameter and lower the torque density. 

a flux distribution as shown by arrows 122 and 124. The flux 10 
driven by the magnets 118, 120 travels radially from the 
inner rotor component 126 to outer rotor component 128 and 
then back again. There is no flux traveling along the cir
cumference of the stator 130, implying that the stator 130 
can be designed to be very thin to reduce the machine 15 
volume and improve the torque density. 

An embodiment of a dual-rotor, radial-flux, toroidally
wound, slotted, surface-mounted permanent magnet 
machine 132 is shown in FIG. 5. The machine 132 prefer
ably includes at least one slotted stator 134 and at least one 20 
permanent magnet rotor having inner and outer rotor com
ponents 136, 138 comprising a rotor-stator-rotor structure. 
The stator 134, which is of a generally cylindrical shape, is 
nested between the at least two rotor components 136, 138. 
The stator 134 preferably includes an inner surface 140 and 25 
an outer surface 142 with a plurality of T-shaped teeth or 
slots 144 extending radially inwardly from the inner surface 
140 of the stator 134 and a plurality of T-shaped teeth or slots 
144 extending radially outwardly from the outer surface 142 
of the stator 134. A plurality of polyphase windings 146 of 30 
electrical wires are wound around the inner 140 and outer 
142 surfaces of the stator 134 between the T-shaped teeth 
144. The stator 134 may be formed by a plurality of stacked 
laminations that are connected together, or alternatively, 
may be formed by a magnetic powdered material that is 35 
compressed together or some combination thereof. 

The at least one permanent magnet rotor has a generally 
cylindrical shape which preferably includes an inner rotor 
component 136 and an outer rotor component 138. The inner 
rotor component 136 having an inner surface 148 and an 40 

outer surface 150 with a central opening 152 extending 
therethrough for receiving the shaft of a motor therein. A 
plurality of radially polarized permanent magnets 154 are 
mounted to the outer surface 150 of the inner rotor compo
nent 136. The outer rotor component 138 is positioned 45 

outside of the inner rotor component 136 and the stator 134 

Further embodiments of hybrid, non-slotted and slotted, 
dual-rotor, radial-flux, toroidally-wound, permanent magnet 
machines 166, 184 are shown in FIGS. 6A and 6B. FIG. 6A 
illustrates an embodiment of a dual-rotor, radial-flux, 
toriodally-wound, non-slotted, permanent magnet machine 
166 constructed with a plurality of permanent magnets 168 
mounted to an inner surface 170 of an outer rotor component 
172 and a plurality of permanent magnets 174 buried within 
a core 176 of an inner rotor component 178. The permanent 
magnets 174 buried within the core 176 of the inner rotor 
component 178 preferably extend radially from a central 
opening 180 of the inner rotor component 178 to an outer 
surface 182 of the inner rotor component 178. FIG. 6B 
illustrates an embodiment of a dual-rotor, radial-flux, 
toriodally-wound, slotted, permanent magnet machine 184 
constructed with a plurality of permanent magnets 186 
mounted to an inner surface 188 of an outer rotor component 
190 and a plurality of permanent magnets 192 buried within 
a core 194 of an inner rotor 196. The permanent magnets 192 
buried within the core 194 of the inner rotor component 196 
preferably extend radially from a central opening 198 of the 
inner rotor component 196 to an outer surface 200 of the 
inner rotor component 196. As mentioned above, a buried 
permanent magnet structure is not suitable for the outer rotor 
component since it may expand the overall machine diam
eter and ultimately lower the torque density. 

In order to further improve the machine efficiency, an 
embodiment of an enhanced dual-rotor, radial-flux, 
toroidally-wound, non-slotted, surface-mounted, permanent 
magnet machine 202 is shown in FIGS. 7A, 7B and 7C. FIG. 
7Aillustrates an embodiment of a dual-rotor 204, while FIG. 
7B illustrates an embodiment of a non-slotted stator 206 and 
FIG. 7C illustrates the enhanced dual-rotor, radial-flux, 
toroidally-wound, non-slotted, surface-mounted, permanent 
magnet machine 202 with the stator 206 of FIG. 7B rotatably 
mounted within the dual-rotor 204 of FIG. 7A. 

The dual-rotor 204 preferably comprises a generally 
cylindrical shape with at least one closed end 208, forming 
a generally cup-shaped dual rotor structure with an inner 
rotor component 210 extending outwardly from the center of 
the at least one closed end 208 and an outer rotor component 

50 
212 extending outwardly from the periphery of the at least 
one closed end 208. The inner rotor component 210 prefer
ably has an outer surface 214 with a plurality of radially 
polarized permanent magnets 216 mounted to the outer 
surface 214 of the inner rotor component 210. The outer 

to form the rotor-stator-rotor structure as shown in FIG. 5. 
The outer rotor component 138 also includes an inner 
surface 156 and an outer surface 158. A plurality of radially 
polarized permanent magnets 160 are mounted to the inner 
surface 156 of the outer rotor component 138. The 
toroidally-wound stator 134 is positioned between the per
manent magnets 154 extending outwardly from the outer 
surface 150 of the inner rotor component 136 and the 
permanent magnets 160 extending inwardly from the inner 
surface 156 of the outer rotor component 138. A first air gap 
162 is formed between the permanent magnets 154 extend
ing outwardly from the outer surface 150 of the inner rotor 
component 136 and the windings 146 on the inner surface 
140 of the stator 134. A second air gap 164 is formed 60 

between the permanent magnets 160 extending inwardly 
from the inner surface 150 of the outer rotor component 138 
and the windings 146 on the outer surface 142 of the stator 
134. 

55 
rotor component 212 preferably has an inner surface 218 and 
an outer surface 220 with plurality of radially polarized 
permanent magnets 222 mounted to the inner surface 218 of 
the outer rotor component 212. 

A higher percentage of stator windings are used for torque 65 

production, resulting in higher efficiency and higher torque 
density than prior art structures. A higher torque density can 

The enhancement to the dual-rotor, radial-flux, toroidally
wound, non-slotted, surface-mounted, permanent magnet 
machine 202 is achieved by mounting a plurality of perma
nent magnets 224 on the inner surface 226 of at least one 
closed end 208. In addition, the copper utilization percent
age is enhanced, thereby increasing the efficiency. 

The stator 206, also preferably comprises a generally 
hollow cylindrical shape. The stator 206 preferably includes 
an inner surface 228, an outer surface 230, a first end surface 
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outer surface 276 with a plurality of T-shaped teeth or slots 
278 extending radially inwardly from the inner surface 274 
of the stator 252 and a plurality of T-shaped teeth or slots 278 
extending radially outwardly from the outer surface 276 of 

232, and a second end surface 234. A plurality of polyphase 
windings 236 of electrical wires are preferably toroidally
wound around the stator 206. The stator 206 is preferably 
formed by a plurality of stacked laminations 238 that are 
connected together at one end of the stator and a magnetic 
powdered material 240 that is compressed together at the 
opposite end. 

As is shown in FIG. 7C, the toroidally-wound stator 206 

5 the stator 252. A plurality of polyphase windings 280 of 
electrical wires are wound around the inner 274 and outer 
276 surfaces of the stator 252 between the T-shaped teeth 
278. The windings 280 wound around the stator 252 may 
comprise toroidially-wound windings, lap windings, wave is positioned within an opening created by the at least one 

closed end 208, the inner rotor component 210 and the outer 
rotor component 212, between the permanent magnets 224 
extending outwardly from the inner surface 226 of the at 
least one closed end 208, the permanent magnets 216 
extending outwardly from the outer surface 214 of the inner 
rotor component 210, and the permanent magnets 222 

15 
extending inwardly from the inner surface 218 of the outer 
rotor component 212. A first air gap 242 is formed between 
the permanent magnets 216 extending outwardly from the 
outer surface 214 of the inner rotor component 210 and the 
windings 236 on the inner surface 228 of the stator 206. A 

20 
second air gap 244 is formed between the permanent mag
nets 222 extending inwardly from the inner surface 218 of 
the outer rotor component 212 and the windings 236 on the 
outer surface 230 of the stator 206. A third air gap 246 is also 
formed between the permanent magnets 224 extending 

25 
outwardly from the inner surface 226 of the at least one 
closed end 208 and the windings 236 on at least one end 
surface 232 of the stator 206. The magnetic powdered 
material 240 formed on one end of the stator is preferably 
positioned adjacent to the permanent magnets 224 extending 

30 
outwardly from the inner surface 226 of the at least one 
closed end 208 of the stator 206. 

10 
windings, or other types of windings known in the art. The 
stator 252 is preferably formed by a plurality of stacked 
laminations that are connected together and a magnetic 
powdered material 282 that is compressed together. 

FIGS. 10 and 11 show the stator 252 nested within an 
opening created by the at least one closed end 258, the inner 
rotor component 256 and the outer rotor component 260, 
between the permanent magnets 270 extending outwardly 
from the inner surface 272 of the at least one closed end 258, 
the permanent magnets 262 extending outwardly from the 
outer surface 264 of the inner rotor component 256, and the 
permanent magnets 266 extending inwardly from the inner 
surface 268 of the outer rotor component 260. A first air gap 
284 is formed between the permanent magnets 262 extend
ing outwardly from the outer surface 264 of the inner rotor 
component 256 and the windings 280 on the inner surface of 
the stator. A second air gap 286 is formed between the 
permanent magnets 266 extending inwardly from the inner 
surface 268 of the outer rotor component 260 and the 
windings 280 on the outer surface of the stator. A third air 
gap 288 is also formed between the permanent magnets 270 
extending outwardly from the inner surface 272 of the at 
least one closed end 258 and the windings 280 on at least one 
end surface of the stator. FIG. 11 shows a cross-sectional 
view of the magnetic powdered material 282 formed within 

35 the core of the stator 252. 

The dual-rotor 204 magnetically interacts with the stator 
206, whereby the permanent magnets 216, 222, 224 drive a 
magnetic field within the stator 206 causing a back electro
magnetic force to be induced in the polyphase windings 236 
wound around the stator. Since almost all of the windings 
236 on the inner, outer and end surfaces of the stator 206 are 
used for torque production, the embodiment of the present 
invention shown in FIGS. 7A, 7B and 7C creates higher 40 
efficiency and higher torque density than the prior art. 

In most permanent magnet machines, two types of undes
ired pulsating torques exist. One of them is ripple torque, 
produced from the harmonic content of the current and 
voltage waveforms in the machine. The other one, cogging 
torque, is caused by the interaction of the rotor magnetic flux 
and angular variations in the stator magnetic reluctance. 

An embodiment of an enhanced dual-rotor, radial-flux, 
toroidally-wound, slotted, surface-mounted, permanent 
magnet machine 248 is shown in FIGS. 8-11. FIG. 8 
illustrates an embodiment of a dual-rotor 250. FIG. 9 45 
illustrates an embodiment of a slotted stator 252. FIG. 10 
illustrates the enhanced dual-rotor, radial-flux, toroidally
wound, slotted, surface-mounted, permanent magnet 
machine 248 with the stator 252 of FIG. 9 rotatably mounted 
within the dual-rotor 250 of FIG. 8. FIG. 11 is a cutaway 50 
view of the machine 248 of FIG. 10. 

Specifically, the cogging torque is caused by the variation of 
the magnetic energy of the field due to the permanent 
magnet with the mechanical angular position of the rotor. 
The present invention provides unique techniques for reduc
ing cogging torque. These techniques include slot opening 
shifting, FIGS. 12A and 12B, varying slot opening angular 
width, FIGS. 13A and 13B, and varying permanent magnet 
angular width, FIGS. 14A and 14B. 

Dual-rotor, permanent magnet machines are usually 
designed to have a stator laminations with inner 290 and 
outer 292 slot openings of equal length and direction as 
shown in FIG. 12A. For this type of slot opening design, the 
cogging torque produced by both the inner and outer air gaps 

In particular, FIG. 8 shows an enhanced dual-rotor 250 
similar to the rotor of FIG. 7A with at least one closed end 
258, an inner rotor component 256, and an outer rotor 
component 260. The inner rotor component 256 extending 
outwardly from the center of the at least one closed end 258 
having a shaft 254 extending therethrough and a plurality of 
radially polarized permanent magnets 262 mounted to an 
outer surface 264 of the inner rotor component 256. The 
outer rotor component 260 extends outwardly from the 
periphery of the at least one closed end 258 with a plurality 
of radially polarized permanent magnets 266 mounted to an 
inner surface 268 of the outer rotor component 260. A 
plurality of permanent magnets 270 are also mounted to an 
inner surface 272 of the at least one closed end 258. 

The stator 252 shown in FIG. 9 is preferably slotted. The 
stator 252 preferably includes an inner surface 274 and an 

55 are exactly in phase, so that the amplitude of the total 
cogging torque will be their sum. If the slot openings of the 
inner and outer air gaps are shifted away by half of the slot 
pitch, as shown in FIG. 12B, then the cogging torque will 
also be shifted away by half of cycle. The resulting total 

60 cogging torque is doubled in frequency and reduced in 
amplitude. 

The slot openings on both sides of the stator can be 
designed to have the same angular width, as shown in FIG. 
13A, in which there is no slot opening shifting. For this type 

65 of slot opening design, the cogging torque produced by both 
the inner and outer air gaps are in phase. Consequently, the 
total cogging torque for the inner and outer portions will be 
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larger than each portion. To reduce the total cogging torque, 
the outside slot angular width ab02, 300, can be designed to 

12 
and magnetic loading of a dual-rotor, radial-flux, toriodally
wound, surface-mounted permanent magnet machine. The 
first step is optimization of the aspect ratio and pole number 
382. The next step is optimization of the electric loading 

be smaller than the inside slot angular width ab01 , 298, since 
the outside slot opening arc is larger than the inside slot 
opening arc for the same angular widths. A design example 
having different angular widths, 302, 304, of the slot open
ings is shown in FIG. 13B. The cogging torque produced by 
the inner air gap will be different from the outer air gap. 
Therefore, the overall cogging torque will be reduced. 

5 384. Next is optimization of magnetic loading 386. If the 
results from steps 1, 2 and 3 do not match each other 388, 
then the initial conditions are adjusted 390 and the optimi
zations are performed again. Otherwise, the optimal results 

The two approaches discussed above, reduce the overall 10 
cogging torque by shifting away the maximum values of the 
inner and outer cogging torque. This objective can also be 
accomplished by varying the permanent magnet angular 
widths of the inner and outer magnets. FIG. 14A shows a 
design with the same permanent magnet angular widths 306, 15 
308, for the inner 310 and outer 312 magnets, whereas FIG. 
14B shows a design with different permanent magnet angu-
lar widths 314,316, for the inner 318 and outer 320 magnets. 
The maximum value of the cogging torque is reduced by 
designing different permanent magnet angular widths for the 20 
inner and outer magnets. 

FIGS. 15A and 15B illustrate a design flowchart imple
mented through a software program for designing a dual
rotor, radial-flux, toriodally-wound, surface-mounted per
manent magnet machine. The first step in the design is to 25 
specify the input data 330 needed in the process per a design 
objective. Some fixed parameters of the input data include 
the power or torque P or T, rated speed N, number of phase 
m, area current density J, linear or circumference current 
density K, number of poles for inner or outer magnets P, flux 30 
densities B, effective axial length, etc. The second step is 
estimating the radius of the inner rotor 332. A number of 
calculations are performed to determine the inner stator 
shoe, air gap, magnetic, and inner slot parameters, 334, 336. 
Next the outer design is started by estimating the radius of 35 
the outer rotor 338. Calculations are then performed to 
determine the outer stator shoe, air gap, magnetic, and outer 
slot parameters, 340, 342. Once the outer machine design is 
completed, the calculated stator yoke flux density 344 is 
compared to the desired value 346. If the stator yoke flux 40 
densities do not match, the outer machine design should be 
repeated based on a refined estimation of the radius of the 
outer rotor 348. Once the stator yoke flux densities match, 
the power or torque output is calculated 350. The calculated 
power output 350 is compared to the desired value 352. If 45 
the power outputs do not match, the machine design should 
be repeated based on a refined estimation of the radius of the 
inner rotor 354. Once the power outputs match, the back 
EMF current, resistance and inductance of the phase is 
calculated 356. The performance of losses, efficiency, mate- 50 
rial volumes, weights and costs can be calculated 358. 

Usually, this completes the design of a machine. 
However, if the designer is not satisfied with the perfor
mance 360, the original data inputs may be refined 362. In 
addition, a Finite Element Method (FEM) analysis may be 55 

necessary to verify the analytical result or fine tune it 364. 
Based upon the a Finite Element Method (FEM) analysis, 
the leakage flux factors may need to be updated 368 to 
calculate the flux distribution more accurately if the mea
sured flux densities 366 by a Finite Element Method (FEM) 60 

analysis do not match the desired parameters. It is preferred 
that the input data be optimized to include parameters such 
as the magnetic loading, electric loading and main aspect 

may be printed out 392. 
In summary, the embodiments of the present invention 

provides a permanent magnet machine that substantially 
improves efficiency due to shortened end windings and 
boosts the torque density by doubling the working portion of 
the air gap as well as optimizing the machine aspect ratio. 
The material cost is also kept low by using ferrite magnets. 
The machine embodiments of the present invention are 
proved to be suitable for the moderately high speed. If the 
inner surface-mounted magnets are changed to the buried 
type, the speed can be even higher. In addition, the cogging 
torque and associated noise is reduced to a very low level at 
no addition cost or penalty by using the unique techniques 
described above. 

While the invention has been described with reference to 
preferred embodiments, it is to be understood that the 
invention is not intended to be limited to the specific 
embodiments set forth above. For example, the permanent 
magnets mentioned in each of the embodiments of the 
present invention are preferably radially magnetized, but 
may be magnetized using blocked, magnetic can, tapered, 
parallel, interleaved, or other methods. In addition, the 
permanent magnets may be comprised of ferrite magnets or 
rare earth magnets. Thus, it is recognized that those skilled 
in the art will appreciate that certain substitutions, 
alterations, modifications, and omissions may be made with
out departing from the spirit or intent of the invention. 
Accordingly, the foregoing description is meant to be exem
plary only, the invention is to be taken as including all 
reasonable equivalents to the subject matter of the invention, 
and should not limit the scope of the invention set forth in 
the following claims. 

We claim: 
1. A permanent magnet machine comprising: 
at least one permanent magnet rotor having a generally 

cylindrical shape with an inner rotor component and an 
outer rotor component; 

at least one stator having a generally hollow cylindrical 
shape positioned within an opening between the inner 
and outer components of the permanent magnet rotor; 

a plurality of polyphase windings of electrical w1res 
wound around the at least one stator; and 

a means for reducing cogging torque. 
2. The machine of claim 1, wherein the at least one stator 

includes an inner surface, an outer surface, a first end 
surface, and a second end surface. 

3. The machine of claim 1, wherein the at least one stator 
is non-slotted. 

4. The machine of claim 1, wherein the at least one stator 
is slotted forming slot openings having an angular width. 

5. The machine of claim 1, wherein the at least one 
permanent magnet rotor is an integral dual-rotor with the 
inner rotor component and the outer rotor component rotat
ing at the same speed. 

ratio. 
An optimization process is one of the necessary steps to 

achieve an optimal design. FIG. 16 shows a flowchart for 
optimizing the aspect ratio, pole number, electric loading 

6. The machine of claim 5, wherein the inner rotor 
65 component includes an inner surface and an outer surface, 

and a central opening extending through the center of the 
inner rotor component. 
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7. The machine of claim 6, further comprising a plurality 
of permanent magnets mounted to the outer surface of the 
inner rotor component, the permanent magnets having an 
angular width. 

8. The machine of claim 7, wherein the plurality of 5 

permanent magnets are radially polarized. 

14 
25. The machine of claim 1, wherein the at least one stator 

is slotted with a plurality of magnets mounted to at least one 
end of the at least one permanent magnet rotor. 

26. The machine of claim 1, wherein the at least one stator 
is partly formed of a compressed powdered magnetic mate
rial. 

27. The machine of claim 1, wherein the plurality of 
polyphase windings are toroidally-wound windings. 

9. The machine of claim 7, wherein the plurality of 
permanent magnets are parallelly polarized. 

10. The machine of claim 7, wherein the plurality of 
permanent magnets are ferrite magnets. 

28. The machine of claim 1, wherein the plurality of 

10 
polyphase windings are lap windings. 

29. The machine of claim 1, wherein the plurality of 
11. The machine of claim 7, wherein the plurality of 

permanent magnets are rare earth magnets. 
12. The machine of claim 5, wherein the outer rotor 

component includes an inner surface and an outer surface 
with a plurality of permanent magnets mounted to the inner 15 

surface of the outer rotor component, the permanent magnets 
having an angular width. 

13. The machine of claim 12, wherein the plurality of 
permanent magnets are radially polarized. 

14. The machine of claim 12, wherein the plurality of 20 

permanent magnets are parallelly polarized. 
15. The machine of claim 12, wherein the plurality of 

permanent magnets are ferrite magnets. 
16. The machine of claim 12, wherein the plurality of 

permanent magnets are rare earth magnets. 
17. The machine of claim 7, further comprising a first air 

gap formed between the permanent magnets extending out
wardly from the outer surface of the inner rotor component 
and the windings on the inner surface of the stator. 

25 

18. The machine of claim 12, further comprising a second 30 

air gap formed between the permanent magnets extending 
inwardly from the inner surface of the outer rotor component 
and the windings on the outer surface of the stator. 

polyphase windings are wave windings. 
30. A hybrid permanent magnet machine comprising: 
at least one permanent magnet rotor; 
at least one stator nested within an opening formed 

between an inner rotor component and an outer rotor 
component of the at least one permanent magnet rotor 
creating a rotor-stator-rotor structure; 

a plurality of permanent magnets mounted within the core 
of the inner rotor component, the permanent magnets 
having an angular width, and a plurality of permanent 
magnets mounted to an inner surface of the outer rotor 
component, the permanent magnets having an angular 
width; 

a plurality of polyphase windings of electrical w1res 
wound around the at least one stator; and 

a means for reducing cogging torque. 
31. The machine of claim 30, wherein the at least one 

stator is non-slotted. 
32. The machine of claim 30, wherein the at least one 

stator is slotted forming slot openings having an angular 
width. 

33. The machine of claim 30, wherein the plurality of 
polyphase windings are toroidally-wound windings. 

19. The machine of claim 4, wherein the slot openings are 
shifted as the means for reducing cogging torque. 

34. The machine of claim 30, wherein the plurality of 
35 polyphase windings are lap windings. 

20. The machine of claim 4, wherein the angular width of 
the slot openings are varied as the means for reducing 
cogging torque. 

21. The machine of claim 7, wherein the angular width of 
the permanent magnets are varied as the means for reducing 40 

cogging torque. 

35. The machine of claim 30, wherein the plurality of 
polyphase windings are wave windings. 

36. The machine of claim 12, wherein the annular width 
of the permanent magnets are varied as the means for 
reducing cogging torque. 

37. The machine of claim 32, wherein the slot openings 
are shifted as the means for reducing cogging torque. 22. The machine of claim 1, wherein the at least one stator 

is non-slotted with a plurality of magnets mounted within 
the rotor. 

23. The machine of claim 1, wherein the at least one stator 
is slotted with a plurality of magnets mounted within the 
rotor. 

38. The machine of claim 32, wherein the angular width 
of the slot openings are varied as the means for reducing 

45 cogging torque. 

24. The machine of claim 1, wherein the at least one stator 
is non-slotted with a plurality of magnets mounted to at least 
one end of the at least one permanent magnet rotor. 

39. The machine of claim 30, wherein the angular width 
of the permanent magnets are varied as the means for 
reducing cogging torque. 

* * * * * 
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