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Abstract: Non-slotted and slotted external rotor internal stator
TORUS type surface mounted permanent magnet (PM)
machines (TORUS-NS and TORUS-S) have simple structures,
relatively high efficiencies and low cost. These machines can be
used for the applications that require high power and torque
density, high efficiency and low noise with the use of Neodymium
Iron Boron (NdFeB) magnets providing relatively small overall
size and weight. In this paper, sizing equations of the TORUS
machines are derived using generalized sizing equations. The
optimum machine design is illustrated by choosing the magnet
pole-arc ratio and the skew angle of the rotor magnets. Using the
optimum design data, field analysis of TORUS-NS and TORUS-
S machines are investigated. Pnleating torque analyses including
the cogging torque and the ripple torque are carried out using a
3D Finite Element Analysis (FEA) software. Utilizing the
techniques such as modifying the winding structure and skewing
the rotor magnets, minimization of cogging torque and ripple
torque for the TORUS-NS and TORUS-S machines are obtained
and verified using 3D FEA. Finally a comparison of the TORUS
topologies in terms of torque quality is illustrated in the paper.

[. INTRODUCTION

TORUS machines are slotless or slotted, toroidal-stator,
double rotor, axial type permanent magnet brushless
machines. They have found a growing interest recently for
high performance drive applications [l-2] and can be
designed for higher torque-to-weight ratio, and higher
efficiency.

General sizing equations can easily be applied to TORUS
topologies and design with high
power/torque density, high efficiency, low noise and smooth
torque can be achieved [3-4]. Pulsating torque is of
importance for low noise and smooth torque applications for
surface mounted PM machines. It comprises two components:
cogging torque and ripple torque. Cogging torque arises from
the variation of magnetic permeance of the stator teeth and
the slots above the permanent magnets as the rotor rotates.
The presence of cogging torque is a major concern in the
design of permanent magnet machines since it adds unwanted
harmonics to the pulsating torque.
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Ripple torque is mainly due to the fluctuations of the field
distribution and the armature MMFE which depeuds vn e
motor magnetic structure and the armature current waveform.
Despite the fact that these torque components add unwanted
harmonics to the pulsating torque, there exist certain
techniques to minimize both cogging torque and ripple torque
components of the disc-type machines.

The first section of this paper is devoted to introducing the
non-slotted and slotied permanent magnet TORUS machine
structures. The second section introduces sizing analysis and
optimum design of the topologies using generalized sizing
equations [5-6]. In the third scction, FCA and calculations
including field and torque analyses are presented and special
attention is paid to torque ripple minimization using
techniques such as using pie shaped winding structures,
utilizing skewed rotor magnets. And lastly in the fourth
section, the conclusions are summarized.

LI. TORUS TYPE MOTOR STRUCTURES

TORUS type disc machine has a single stator sandwiched
between two disc rotors. The stator of the TORUS topology
could be non-slotted (TORUS-NS) or slotted (TORUS-S).
The TORUS-NS machine is a typical axial flux PM non-
slotted motor structure. An idealized version of the machine
structure 1s shown in Figure 1.

Fig. 1. TORUS-NS motor model

The machine has a single stator and two PM rotor discs, The
stator of the machine is realized by tape wound core with AC




polyphase airgap windings which are wrapped around the
stator core with a back-to-back connection. The rotor
structure is formed by fan-shaped surface mounted NdFeB
permanent magnets, rotor core and shaft. The two disc shape
rotors carry the axially magnetized NdFeB magnets that they
are mounted axially on the inner surfaces of the two rotor
discs. Detailed views of the stator and rotor structures of the
TORUS-NS machine are also given in Figure 2.

The portions between the windings are assumed to be filled
with epoxy resin, as in all non-slotted structures, in order to
increase the robustness and provide better conductor heat
transfer. Moreover, the windings in the airgap are used for
torque production. The end windings are quite short which
results in making the copper loss of the machine smaller,
efficiency higher and conductor heat transfer easier.
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Fig. 2. TORUS type motor configuration
a) non-slotted stator structure b) rotor structure

The slotted TORUS motor structure is given in Figure 3.
The machine has a stator structure with strip wound stator
steel and two PM rotor discs. Evenly distributed back-to-back
connected windings are placed into slots. The rotor structure
is exactly the same as that of the TORUS-NS machine rotor
as shown in Figure 2. The end windings are quite short which
gives rise to higher efficiency for this topology.

Fig. 3. TORUS-S motor model

‘The basic flux paths of the TORUS topologies analyzed in
this paper at the average diameter are shown in Figure 4a and
4b for TORUS-NS and TORUS-S respectively. As can be
seen from the figure, the N magnets drive flux into the stator
core through the two airgaps. The flux then travels

circumferentially along the stator core, returns across the
airgaps and then enters the rotor core through the opposite
polarity of the permanent magnets. Therefore, it can be
expected that the axial length of the stator core would be quite
long because of the summation ot the tlux entering the stator
from both rotors.

() (b)
Fig. 4. One pole pair of the (a) TORUS-NS and (b) TORUS-S machines at
the average diameter '

II1. SIZING APPROACH AND OPTIMIZATION OF
THE TorUs TYPE MACHINES

A. Sizing Equations for the TORUS Topologies

The approach for the general purpose sizing equation has
been provided in [5] and [6]. The sizing equations have the
following form for axial flux machines (AFM) [6]:

Py= 1+IK¢ ”% gKeK,- KK, ntAf (1-76)% DAL, ()
where

Pr: — rated output power of the machine,

K=A/A— ratio of electrical luading on rotor and stator

{without a rotor winding, K,=0),

m — number of machine phases,

m; —- number of phascs of cach stator,

K, — EMTF factor

K; — current waveform factor,

K, — electrical power waveform factor,

n — machine efficiency,

B, — air gap flux density,

A — total electrical loading,

f  — converter frequency

p  — machine pole pairs

L. — ecffective stack length of the machine,

D, D, ,D— machine diameters at outer surface, air-gap

surface and inner surface,
K,-DJL,— aspect ratio coefficient for the AFM,
A= DyD,;— ratio of the diameter for thc AFM.
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The machine total outer diameter D, for the TORUS type
machines is given as

D, = D, + 2Wcu (3)

where W, is the protrusion of the end winding from the iron
stack in the radial direction. For the back-to-back wrapped

winding, protrusions exist toward the axis of the machine as
well as towards the outside which can be calculated as

D; (D} ~2A,D,)/ a,K 7,

W >

S0

where ¢ is the ratio of stator teeth portion to the stator pole
pitch portion, for the non-slotted topology machines o=1.
The axial length of the machine ., is

L=L +2L, +2g (5

where L; is axial length of the stator, £, is axial length of the
rotor and g is the air gap length.
The axial length of the stator L, is

L= Les + 2 W, )]

Note for the slotted topology machines the axial length of the
stator slot L,=W,,. The axial length of the stator core L., can
be written as

B, a, mD,(I+4)

L= (N
B4p

where B, is the flux density in the stator core and o, is the
ratio of average airgap flux density to peak airgap flux

density.
The axial length of rotor L, becomes
Lo=L, 4 Lpy &)

and the axial length of the rotor core L., is

L= B_HEBM (9)
B, 8p

where B, is the attainable flux density on the surface of the
I'M, B, is the flux density in the rotor disc cure.
The PM length Lpy can be calculated as

WrBg

(g t+W,,) [orTORUS-NS
B,—B K, /Ky °©
LPM= (10)
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where L, is the recoil relative permeability of the magnet. B, is
the residual flux density of the PM material, K, is the leakage
flux factor, K, s the Carter factor and K is the peak value
corrected factor of air-gap flux density in radial direction of
the disc motor.

R QOptimization of the TORUS Topologies

In axial flux machines, the ratio, A, and airgap flux density
are design parameters which have significant effect on the
characteristic, Therefore, in order to optimize the machine
performance, the ratio A and the airgap flux density must be
chosen carefully.

In Figwe 3, power density is shown as a function of airgap
flux density and the ratio A for TORUS-NS machine. From
this plot, the maximum power density (or torque density)
occurs at an airgap flux density of 0.43 T aud the diameter
ratio of A=0.454. The machine efficiency is 95.1% for that
maximum power density point and close to the maximum
efficiency point 95.6%. The design of the slotless machine at
the maximum power density is also tabulated in Table I

Fig. 5. Power density of TORUS-NS
vs. air-gap flux density (B ) vs. diameter ratio (A)
{Pr=200HP, n,=1200rpm, p=3, A=600A/cm, J.=9.0A/mm> )

TABLE ]

OPTIMIZATION OF THE TORUS-NS MACHINE FOR MAXIMUM POWER
DENSITY POINT

Maximum power density (MPD) Piamas= 277 Wiem®
Diameter ratio (A) at MPD point D;:/D,=0.454
Airgap Tux density at MPD point B,=043T
Efficiency at MPD point n=951%

Optimization of the TORUS-NS machinc can be achieved
for the maximum efficiency point. The maximum efficiency
occurs at a power density of 2.359 W/cm® and a ratio A of
0.517. The airgap flux density at the maximum efficiency
point is calculated to be 0.80T. Furthermore, the machine
efficiency does not change significantly as the ratio A
changes.

Figure 6 shows power density plot as a function of airgap
tlux density and the ratio A for TORUS-S machine, From this
plot, the maximum power density, which is found as 2.56
W/em®, occurs at an airgap flux density of 0.91 1 and the




diameter ratio of A=0.460. For the maximum point, motor
efficiency is found to be 94.9%. Power density and efficiency
plots in 2D view are also illustrated for both TORUS-NS and
TORUS-S machines in Figure 7 and the summary of the
results are given in Table IL

Fig. 6. Power density of TORUS-S
vs. air-gap flux density (B ) vs. diameter ratio (A)
(Pre=20UHP, ne=1200rpm, p=3, A=600A/cm, J,=10.9A/mn*)

TABLE I

OPTIMIZATION OF THE TGRUS-3 MACHINE FOR MAXIMUM POWER
DENSITY POINT

Maximum power density (MPD)

Podar= 2.56 Wiem?®

Diameter ratio {(A) at MPD point

D, iD,~0.46

Airgap flux density at MPD point

By=091T

Efficiency at MPD point 7= 949%

TORUS Noi-slotted, P=20DHP, ns=1200rp0,
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Fig. 7. 2D view of the power density and efficiency plots for both (a)
TORUS-NS and (b} TORUS-S machines

IV. 3D FIELD ANAI ¥SIS AND CALCULATIONS
A. Finite Element Analysis of Slotless TORUS Machine

To analyze the magnetic circuit and torque pulsations, 3D
Finite Element Analysis was used for both TORUS machines.
The purpose of the analysis is to realize an overall picture of

the saturation levels in various parts of the machine, 1o
compare the flux densities obtained from FEA and sizing

analysis, and to investigate and minimize the cogging and
ripple torque of the machines.

In TORUS-NS topology, the coil per pole per phase is
chosen as 2 (g = 2 coils/pole/phase) Tn ather waords, there
exist 36 back-to-back connected airgap windings around the
stator. Also, it should be mentioned that sector shaped airgap
windings are used in the model because they provide better
utilization of the stator core and help to reduce the torque
ripple of the machine. Finally, skewed rotor magnets are used
in the model and the pole arc ratio, ;, was selected as 0.8.
The muchine dimeusions and parameiers for TORUS-NS
machine are tabulated in Table I1I.

TARTE M
PARAMETERS AND MACHINE DIMENSIONS OF TORUS-NS MACHINE

Frequency () 1 60Hz
Number of polcs (p) 6 polcs
Surface current density (A) 600 Afcm
Current density (J:) 9.0 A/mm’
Airgap length (g) 0.1 em
Pole-arc-ratio (o) 0.8

Quter diameter {D,) 68.65 cm
Inner diameter (D)} 31 13 em
Slot depth (L) Ocm
Axial length of stator core (L) 538 cm
Axial length of rotar core €1.5) 217 em
Magnet axial length (Lyn) 0.91 ¢cm

Figure 8 shows the airgap flux density and flux paths for
various parts 0f the machine for the no Joad case. From this
plot it can be determined that the maximum flux density is
roughly 0.45 Tesla and the average airgap flux density is
about 0.36 T. A flux density comparison between the FEA
results and sizing analysis results on various parts of the
TORUS-NS machine at no load is tabulated in Table IV.

Fig. §. Airgap flux density of the TORUS-NS machine at ne load




TABLE IV
FLUX DENSITY COMPARISON OF TORUS-NS MACHINE AT NO LoAD

be seen from these plots that the maximum airgap flux density
is roughly 1.0 T and the average airgap flux density was
determined to be 0.75 T.

Stator Airgap Rotor
BL\"HLI&’ Bm‘-fruu’ Boine Bﬂ—al‘g Rev s
FEA 0 1.60 0.45 0.36 1.8
Sizing Bg 0 1.7 0.43 0.33 18 |

It is seen that the FEA results arc consistent with the results
obtained from the sizing analysis except for the fact that
maximum value of the stator flux density is a little lower than
the value obtained from sizing analysis. The reason for this
discrepancy is that the leakage flux is a bit higher because of
the large airgap which results in lower flux density in the
stator core.

Figure Y shows the airgap flux density over one pole using
FEA. This curve shows that the flux density on the edges of
the PM is about 20% higher than the flux density on the
center of the PM becausc of the magnet leakage flux. Figure
10 illustrates how the airgap flux density of the TORUS-NS
machine changes over one pole as the diameter varies from
inner diameter D; to outer diameter 1.
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Fig. 9. No load airgap flux density of the TORUS-NS (at average
diameter D, = (Di+ D,)2)
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Fig. 10. No load airgap flux density of the TORUS-NS machine obtained
from FEA {at D, D; and D,)

B. Finite Element Analysis of Slotted TORUS Machine

FEA of the TORUS-S machine was again realized for both
no load and rated load cases. The parameters and machine
dimensions used in the design which are calculated using
sizing equations are shown in Table V. Figure 11 shows the
airgap flux density of the machine for the no load case. It can

TABLE v
PARAMETERS AND MACHINE DIMENSIONS OF TORUS-S MACHINE

Frequency () 60 Hz
Number of poles (p) 6 poles
Surface current density (4) 600 Afcm
Current density (/) 9.0 A/mm’
Airgap length (g) 0.1 cm
T’Ble—arc-ratio (o) 0.8
Outer diameter (D) 51.96 cm
Inner diameter (D)) 2598 ¢cm
Slot depth (L) 2.28 cm
Axial length of stator core (L) 891 cm
Axial length of rotor core (L) 5.06 cm
Magnet axial length (L) 1.20 cm

J

Fig. 11. Airgap flux density of the TORUS-8 machine at no load

Using the principle of operation of the slotted TORUS
machine, the magnetization directions of the magnets are set
and the direction of the aii gap [lux density are illustrated in
Figure 12 (a) while the flux directions in the stator of the
machine at no load are shown in Figure 12 (b).

(b)
Fig. 12. (a) Airgap flux density and (b) direction of the TORUS-S machine
at no load




A comparison of the flux densities between the FEA resulte
and sizing analysis results for different parts of the machine at
no load is tabulated in Table VI. From the no load flux
density plots, it is seen that the results are again consistent
with the results obtained from the sizing analysis. The
maximum flux density values on the rotor and stator were
determined to be almost the same. Also, the maximum and
average airgap flux densities obtained from the FEA and
sizing analysis agree well.

TABLE VI
FLUX DENSITY COMPARISON OF TORUS-8 MACHINE AT NO LOAD

Stator Airgap Rotor

Bl.\'-nmx B."A“nu.'x Bg-nuu Br—uv;.r Bu LTIt
FEA 1.75 1.7 1.0 0.75 1.8
Sizing 18 1.7 1.02 0.79 1.8
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Fig. 13. Airgap flux density for TORUS-S machine obtained from FEA
(at average diameter D )

The airgap flux density at the average diameter (D) over cne
pole using FEA was also obtained and is shown in Figure 13.
This plot shows that there are gaps in the airgap flux density
right above the stator slots arising from the fact that there is a
sudden change of the airgap permeance because of the slots.
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Fig. 14. 3D Airgap flux density for TORUS-8 machine obtained from
FEA

Magnetic wedges could be used to

of the gaps, help to reduce the effects

eliminate peaks and result in i
: F ‘ more smooth airgap
flux density waveform, Figure 14 shows how the airgap flux

density changes over one pole as the airgap diameter varies
from inner (D)) to outer (D,).

V. TORQUE ANALYSIS USING FEA

In general, the total torque of a PM machine has three
tforque components: average torque, ripple torque and cogging
torque. Since no slots exist in the TORUS-NS topology, the
pulsating torque component of the machine is the same as the
ripple torque component. However, in the TORUS-S
topology, pulsating torque is comprised both cogging and
ripple torque components.

A ripple torque analysis for the TORUS-NS machine was
carried out using the Maxwell 3D software. FEA calculations
were carricd vut for difforent rotor positions over onc pole.
The total torque of the machine at rated power without
skewing the rotor PMs was plotted over one pole and is
shown in Rigure 15a. The peak-to-peak torgue ripple was
found to be 0.12 pu.

Several methods exist for reducing the torque ripple of a
disc type permanent magnet machine. Changing the winding
structure from a rectangular back-to-back connected structure
to a pie shaped back-to-back structure and introducing
skewed rotor magnets are some of these methods. As a second
step of the aualysis, the winding structure was changed to a
pie shaped back-to-back structure and rotor magnets were
skewed by the optimum skew angle, which was calculated to
be 31 degrees and found that the MMF harmonics are
minimized at this skew angle. The total torque plot was
obtained so as to determine the torque ripple of the machine.
The resultant plot is given in Figure 15b. As can be seen from
the plot, the torque ripple was reduced to 0.046 pu.

Torque [pa]

11 L1 |
[ [T T} 40 S0 AN now o 20 30 40 50

raler position [degi rotor position (deg]
(@) )]
Fig. 15. Total torque of the TORUS-NS machine (a) without and (b} with
skewed rotor magnets

The cogging torque analysis was also completed for two
types of rotor structures for TORUS-S machine: without and
with skewed PM rotor. The resultant plots arc given in
Figures 10a and 16b. As can be seen from the co&gin& tor?ue

plots, the peal(-to-pealc cogging torque for the TORUS-S
topology without skewing the magnels is 6.2% of the rated
torque.. When the rotor magnets were skewed by 30 degrees
which is the optimum skew angle, the cogging becamegl 3‘7’
of the rafcd torque. Therefore, skewing the rotor PMs redu.cec({
the cogging torque in this case by 79.0%.
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5 machine, 2D Tinite Clement calculations were performed
for different rotor posiions for non-skewed and skewed
magnet cases. The pulsating torques of both fypes were
plotied s ome nole snel are shawn in Fige 1% and 17h.
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magnets.
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VIL CoMparssos AN COMNCLUSIONS

Wwithin the selection and design of clectric propulsion drive
incended for high power/torque density, high efficiency, low
noiise and smeoth torque implications, the focus of this paper
wus the analytical sizing, optimized machine design and
torgue quadity for non-slotted and slotted TORUS Lype axial
fhox swrfuce mouned PM machines. The key poins of
analyncal sizing and opimized muchine design are:

v In order 0 aptimize the machine power density and
efficiency, the ratie A and the sitgap flux density B, must
be chosen carciully.

v In ornder w0 minimize the ripple torgue has to choose the
magnet mHe-are cano, the skew angle of the notor
mugnets and winding distribution shaps.

¢ Coamparing hon-slotred and slotted TORUS topalogies,
the non-slofted TORUS topology has pegligible cogging
torque  and  lowwer  ripple torque  than its sletted
COUnerpart.

3D FEA models have been developed to yield reasonable
predictions of the torque quality and 3D field distribution of
both TORUS topologies. The machines are compared in
terms of wrque quality and the resuls are summarized in
Table ¥II. The conclusions obtained from the FEA of both
TORUS topologies with and withoul skewed robr magnets
are:

* For TORUS-NS muchine, the peak-to-peak ripple 1orque
reduction was found to be 61.7% by using pie shaped
winding structure and skewed rotor magnets.

a The peak-to-pesk ripple orque reduclion wis 51.3% fur
TORTIS-5 machime and the peak-to-peak copgine torque
reduction was 79.0% by simply skewing the rotor
mAgnets.

TABLE VI

RIPPLE TOROUE AND COGCING TOROVE COMPARISCN FOR
TORVS-5 TOFRILCAFIES

Cogging Torque Ripple Terque .
; [pu] [pu]
TORUS-8
Without skewed rotor 0 .11
With skewed rotar 0 {1046
TORLUS-8
W lhout skieved roler 0082 {.158
With skewed rotor 0013 AT
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