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Abstract

This paper presents a high—speed axial-flux machine which utilizes the idea of sinusoidal shaped pole combined
with a consequent iron—pole. The target of the proposed machine is the cost reduction of the relatively expensive
Samarium-Cobalt (SmCo) permanent magnet (PM) material and the torque per PM volume improvement by using
sinusoidal consequent—pole rotor. The effectiveness of the proposed machine is validated by comparing it with
conventional consequent-pole and with conventional PM machines using 3-D finite element method (FEM)
simulations. The comparison and analysis is done in terms of back electro—motive force (back—-EMF) harmonic
contents, torque per PM volume and torque ripple characteristics. The simulation results show that the proposed
machine is suitable and cost-effective for high-speed and high torque per PM volume applications. Furthermore,
due to the consequent pole, the magnetic flux saturation and the overload current torque-capability are also
presented and discussed in the paper.

Key words : High—speed axial-flux machine, Flywheel energy storage system, Consequent—pole machine, Sinusoidal
back-EMF, Torque-per-PM volume, and 3-D finite element method

| . Introduction

Rare—earth permanent magnet (PM) machines
provides a robust rotor structure, high torque
density and removal of slip rings and brushes
from the conventional wound rotor synchronous

machines. With the advancement in the high

and fluctuating supply of the PMs. High speed
PM machines have been considerably researched
for flywheel energy storage systems (FESS) in
which the energy is stored in the form of kinetic
energy in a rotating flywheel [4]-[9]. FESS have
been researched in the areas specializing in

electrical power systems, automobiles, satellite

grade rare-earth PMs (NdFeB and SmCo), the systems, etc. [8], [9]. In satellite systems, flywheels

PM machines became capable of providing high are a promising technology when compared with

torque density and simpler rotor structure in the chemical batteries in terms of charge and

electrical machines [1]-[3]. However, the rare-earth discharge cycles, life-time expectancy and non-toxic

PM machines suffered the drawback of high cost chemical composition.
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High speed machines give rise to high operating
temperatures. The SmCo PMs becomes a best
choice to withstand the high temperature conditions
as well as the high magnet remanent flux
density. Therefore, it is always a desirable to use
the SmCo PMs for high speed and high torque
density applications such as FESS. Due to high
cost and uncertain availability of rare—earth PMs,
the researchers are focusing on the employment
of non-PM or reduced-PM machines [10], [11].
Consequent pole machines have been recently
researched due to their better torque performances
while reducing the number of PMs in various
electric machines [10]-[15]. However, the consequent
pole machines have not yet been researched for
high speed applications.

Axial flux permanent magnet (AFPM) machine
has been evolved as an efficient design considering
the higher torque density, simple pan-cake
structure, and better self-cooling mechanism.
The stator and the rotor can be arranged in
various configurations such as single-rotor and
single—stator, dual-rotor and single stator, dual—
etc. AFPM machines

have been specifically researched for flywheel

stator and single-rotor,

application due to their unique features. Its axial
force can be primarily adjusted and controlled to
counter against the weight of the rotor if the
rotor is vertically oriented. The PMs in the two
rotors are kept at slightly unequal thickness to
generate a net axial force which balances the
weight of the rotor. This reduces the bearing
stress and thereby minimize the mechanical
frictional losses at high speed operation. This is
crucial for the loss reduction in flywheel since
the flywheel normally operates in steady state
mode at high speed [16]-[18].

A dual-rotor and single-stator AFPM machine
model with sinusoidal shaped PM poles has been
presented in [19], [20]. The sinusoidal shaped
PMs induces sinusoidal back EMF in the stator
windings

and hence, minimizing the torque

ripples of the machine.
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In this paper, a high speed axial-flux machine
for FESS 1is proposed which utilize the idea of
consequent—pole along with the sinusoidal pole
shape to reduce the cost of the relatively
PMs.

machine improves the torque per PM volume,

expensive SmCo The consequent pole
whereas the sinusoidal shaped pole retains the
sinusoidal back-EMF waveform shape and the
low torque ripples. Hence, the proposed machine
will improve the torque per PM volume density
without deteriorating the back-EMF shape and
the torque ripples.

[I. Proposed Sinusoidal Consequent—Pole
Axial-Flux Machine

The

axial-flux machine is shown in Fig. 1. This

proposed two-stator and two-rotor
axial-flux machine has two-pole rotors with
sinusoidal shaped poles. The sinusoidal shaped
poles induce sinusoidal back electro-motive force
(back-EMF) in the stator windings [19]. The
two—pole machine exhibits the lowest possible
operating frequency so that the electrical losses
the

cogging torque is absent due to the slotless

should be kept minimum. Furthermore,

stator design. Hence, the machine possesses
almost zero torque ripple feature due to the
sinusoidal back-EMF and the absence of cogging
torque. Therefore, the machine inheres the ideal
design for high speed applications such as FESS.

The stator is designed to have simple slotless
structure with toroidal three-phase winding as
shown in Fig. 1(a). Both the stators, lower stator
and upper stator, are of same dimensions and
winding configuration.

The stator windings from the two stators are
supplied from a single inverter and are connected
in series with the corresponding phases as
shown in the circuit diagram of Fig. 1(b). The
stator is supplied with a rated sinusoidal current
of 10 A-peak with 533.33 Hz rated frequency for

32,000 rpm rotor speed. The two rotors are
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Fig. 1. The proposed high speed axial flux machine.
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Fig. 2. Investigated rotor pole shapes and their design
process.

designed to form an integrated mechanical
structure comprising of upper and lower pole
pairs, aluminum sleeve, and rotor core. The
upper and lower pole pairs are designed to have
so that the

generate a net axial force in vertical direction.

unequal thicknesses rotor can
The net axial force is generated to primarily
counteract against the weight of the vertically
oriented rotor. This idea is used to minimize the
bearing stress [16]-[18]. A sleeve is designed,
made up of aluminum metal, to hold the rotor
pole pairs in their position at high speed
operation. Aluminum is used as a sleeve material
due to its permeability equal to the air and to

reduce the mechanical stress of the rotor. The
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Table 1. Machine Dimensions and Specifications

[tem Unit | Model1 [ Model2 | Model3 | Model4
Sta_tor Outer mm 70
Diameter
Sta_tor Inner mm o8
Diameter
Rot_or Outer mm 74
Diameter
Shaft Diameter | mm 20
Upper poles
thickness mm 8.0
Lower poles
thickness mm 7.6
Airgap length | mm 0.5
Rotor Spegd for RPM 32,000
Analysis
PM Remanent
Flux Density T 1.02
Total PM- sl 50430 | 25215 | 32106 | 16053
volume

(761)

mechanical effectiveness of the sleeve is verified
using FEM mechanical stress analysis [20]. The
rotor core is designed to serve two purposes.
Firstly, it serves as back-iron for both the upper
and lower pole pairs without interacting with
each other. Secondly, it can be used as a
flywheel mass in this fashion using the same
material to have mechanical integrity for the
high speed rotor.

In order to evaluate the performance of the
proposed machine, four machine models are
presented. These machine models are based on
different rotor pole shapes and their material as
shown in Fig. 2. The stator dimensions, winding
configuration, and all other dimensions are kept
the same in all models. Model-1 is based on the
conventional ring shaped PM pole pair rotor with
SmCo PMs. Model-2 is based on the ring shaped
PM and the consequent iron-pole pair rotor.
Model-3 is based on the sinusoidal shaped PM
pole pair rotor with SmCo PMs. The proposed
Model-4 is based on the sinusoidal shaped PM

and the consequent iron-pole pair concept.
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[ll. 3-D FEM Simulation Results and
Comparison

3.1 Flux Density

The magnetic flux density plots in the rotor
pole pair of all four models are shown in Fig. 3.
The PM material used in all the models is SmCo
(Br=1.02T). The flux density in the ring shaped
PM pole of Model-1 is uniformly distributed due
to the inherent property of the PM. Whereas, the
in the consequent iron-pole of
Model-2 is slightly disturbed due the PM and

the consequent iron-pole pair combination. The

flux density

maximum flux density is found to be at the
boundary between the PM and the consequent
iron-pole of Model-2 rotor. The maximum flux
density value in Model-2 is found to be 1.9 T
which

consequent iron-pole. Besides the boundary, the

is under the saturation limits of the

flux density in major part of the consequent
iron—pole is uniformly distributed. Similarly, the
PM pole of
Model-3 is uniformly distributed. Whereas, in

flux density in the sinusoidal
case of Model-4 in which consequent iron—pole
is used, the flux density is concentrated near the
boundary of the PM

iron—-pole. However, in this case, the boundary of

and the consequent

the PM and the consequent iron-pole is quite
small as compared to that of the Model-2.

3.2 Axial Force

The presented four models utilize the upper
and lower rotor poles with unequal thicknesses
in Table-1. The unequal PM

thickness generates a net axial force along the

as mentioned

axis of rotation. The net axial force is generated
so that it can primarily balance the weight of the
rotor when the rotor is vertically oriented. The
net axial forces are simulated and presented in
Fig. 4 for all the four models. The net axial force
generated by Model-1 rotor is calculated as 9.4
N whereas that of Model-2 rotor as 13.8 N. The

increase in the net force is due to the change in
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Fig. 3. Magnetic flux density plots of the investigated

models.
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Fig. 4. Net axial force of the investigated models.

permeance of the magnetic circuit due to the
introduction of the consequent iron—pole in Model-2.
Similarly, the net axial force is increased in
sinusoidal shaped poles of Model-4 as compared
to Model-3 as shown in Fig. 4. However, the net
axial force can be adjusted by varying the
thicknesses of either of the upper or the lower
poles as required. The net axial force of Model-4
is found to be 833 N which approximately equal
to the weight of the rotor which is 8.37 N. This
will minimize the bearing loss due to the weight

of the high-speed rotor.

3.3 Radial Force

There exists a certain amount of radial forces in
case of Model-2 and Model-4 due to the
consequent iron—pole rotor. The radial force is
generated due to the different value of magnetic
flux in the PM and the consequent pole pair
combination. However, the due to the opposite
placement of the PM and the consequent poles in
the upper and lower pole pairs, the net radial force

becomes zero. The radial forces for the Model-2
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and Model-4 are simulated over one rotation and

shown in Figs. 5(a) and 5(b), respectively.
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Fig. 5. Radial forces due to the conseguent iron—pole
rotor. (a) Model-2 (b) Model-4.
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Fig. 6. Back-EMFs of Phase—A of the investigated

models.

3.4 Back-EMF

The open circuit back-EMF is simulated at the
rated speed for all the four models and is shown
in Fig. 6. The back-EMF waveform shape of the
basic models i.e., Model-1 and Model-2 is of
square shape due to the ring shaped rotor poles.
The back-EMF waveform shape of Model-3 and
Model-4
sinusoidal shaped rotor poles. As can be noticed
from the Fig. 6, the back-EMF waveform shape

does

is of sinusoidal shape due to the

not change by using the consequent
iron—poles. Also, the total harmonic distortion
in case of
Model-1 and Model-2 due to the ring shaped
poles. Similarly, in case of Model-3 and Model-4,
the back-EMF THD factor remains the same
due to sinusoidal shaped poles. The back-EMF
root mean square (RMS) and the THD factor
values of all
Table-2.

(THD) factor remains the same

the models are presented in
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Fig. 7. Electromagnetic torque curves of the investigated
models.

3.5 Electromagnetic Torque

The electromagnetic torque is computed by
applying the rated current to the stator windings.
The electromagnetic torque waveforms of all the
four models are shown in Fig. 7. The torque
ripples are due to the harmonics present in the
corresponding back EMF waveform. The average
torque values and the torque ripple factor (TRF)
is calculated and summarized in Table-2. The
TRF of the Model-1 and Model-2 is found to be
the same due to the same back-EMF THD
factor of the respective models. This shows that
by using consequent iron-pole rotor, the machine
TRF does not change. The average torque is
reduced in Model-2 as compared to Model-1,
however the torque per PM volume density is
increased due to the consequent iron-pole as
shown in Table-2. Similarly, the TRF of the
Model-4 does not change from the Model-3,
however the torque per PM volume density is
increased not only from the Model-3 but from
the Model-2 as well. This shows that by using
the sinusoidal shaped pole as well as the
consequent iron-pole concept the torque per PM
volume density gives the highest value. The
torque per PM volume comparison of all four
models is shown in Fig. 8 which shows that
Model-4 provides the highest value of torque per
PM volume. This proves the effectiveness of the
proposed machine by reducing the magnet size

and improving the torque per PM volume density.



Design and Analysis of a Material Efficient Sinusoidal Consequent-Pole High-Speed Axial-Flux Machine

Q@ 10.84
g 10
g 8.92
L~ 8 7.32
= =
g g 5.65
o Z
D_‘-u./
) 4
3
o
o) 2
[
0
Model-1 Model-2 Model-3 Model-4
Fig. 8. Torque per PM volume comparison.

0.9 /‘i
——
= 08
Z o7
(0]
5 06
T o5
o
— 04
S 03 yd
= pd
5 0.2 g
O

01

0.0

0 1 2 3 4 5

p.u. Rated Current

Fig. 9. Overload current torque capability performance.

Table 2. 3-D FEM Performance Comparison.

ltem Unit | Model | Model | Model | Model
1 2 3 4
Back EMF
RMS Value V | 463 | 368 | 369 | 27.26
Back EMF o
THD % 20.9 21.3 0.68 0.97
_Torque % | 1121 | 1066 | 264 | 2.30
Ripple Factor
verage Nm 0.285 | 0.225 | 0.235 | 0.174
Torque
Total PM mm3 | 50430 | 25215 | 32106 | 16053
volume
Torque per
PM Volume Nm/L | 5.65 8.92 7.32 | 10.84

3.6 Overload Capability

The proposed Model-4 employs the consequent
iron—poles. Due to rapid charging and discharging
of the FESS, the current in the machine can be
overloaded. The overload current can cause the

magnetic flux in the consequent iron-pole to
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reach the saturation limit, thereby decreasing the
torque output. Therefore, it is important to ensure
the overload current performance of the machine.
In this condition, the proposed Model-4 is analyzed
with an overload current of up to 5 times the
rated current and the corresponding torque
output is calculated. Fig. 9 shows the output
torque versus the per—unit (p.u.) rated current.
The output torque varies linearly with the increase
in the applied overload current. The response
curve shows that the proposed machine can
withstand the overload current without the

saturation of the iron poles.

V. Conclusion

In this paper, an axial-flux sinusoidal consequent
pole machine is proposed for high speed flywheel
application. The proposed machine utilizes the
idea of both the sinusoidal shaped pole as well as
the consequent iron pole. The consequent pole is
used to reduce the cost of the expensive SmCo
PMs and improve the torque per PM volume.
The proposed machine is then compared with
conventional PM and consequent pole machines
in terms of back-EMF harmonics and torque
characteristics. The 3D-FEM results show that
the proposed machine can provide higher torque
per PM volume than that of both the conventional
PM and the consequent pole machines without
affecting the back EMF harmonics and the
torque ripples. Furthermore, the proposed machine
can withstand the overload current torque capability
without being saturated due to the iron-poles.
Hence, the proposed sinusoidal consequent pole
machine is suitable and cost effective for high
speed and high torque per PM volume density

applications.
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