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1
ABSTRACT

KRISHNA KIRAN UPPALAPATI. An investigation into the torque density
capabilities of flux-focusing magnetic gearboxes.
(Under the direction of DR. JONATHAN Z. BIRD)

Wind and many rotary based ocean energy conversion devices rely on a mechanical
gearbox to increase their speed so as to match the requirements of the electromagnetic
generator. However, mechanical gearboxes have a number of disadvantages such as the
need for gear lubrication, no overload protection and the creation of acoustic noise.
Frequently direct-drive generators are employed to overcome these issues, wherein the
gearbox is removed and the shaft of the turbine is directly connected to the synchronous
generator, either with an electrically excited or permanent magnet rotor. If the input
speed to the generator is very low the torque must be very high in order to generate the
necessary power. However, as the electrical loading of a synchronous generator is
thermally limited, the size of the generator will become excessively large at high power
levels.

An alternative to these technologies is to consider replacing the mechanical gearbox
with a magnetic gear. A magnetic gear can create speed change without any physical
contact. It has inherent overload protection, and its non-contact operation offers the
potential for high reliability. Despite significant progress, existing magnetic gear designs
do not achieve torque densities that are competitive with mechanical gearboxes.

This research has focused on designing a coaxial magnetic gear that can operate at a
volumetric torque density that is comparable to a mechanical gearbox. A flux-focusing

rotor topology also called spoke-type rotor magnet arrangement was adopted to improve



iv

the air-gap magnetic flux density which in turn improves the torque transferred between
the rotors. Finite element analysis was utilized to conduct a parameter sweep analysis of
the different geometric parameters of the magnetic gear. A sub-scale magnetic gear with
a diameter of 110 mm and a scaled-up magnetic gear with a diameter of 228 mm was
designed, constructed and experimentally evaluated. The torque and torque density of
sub-scale design was measured to be 115 Nm and 151.2 Nm/L respectively and that of
the scaled-up model was measured to be 731 Nm and 239 Nm/L respectively.

An iterative magnetomechanical analysis technique was developed to study the
deflection of the magnetic gear steel rotor bars due to the magnetic forces coming from
the inner and outer rotor permanent magnets. The accuracy of the technique was
validated by using an experimental test-stand. It was shown that the deflection is an
important issue to consider especially if the air-gaps are small.

A 2-D analytical based model was derived for the flux-focusing coaxial magnetic
gear by using the separation of variables method to solve the Laplace and Poisson
equation in each region. After applying the applicable Dirchlet and Neumann boundary
conditions a set of 16 equations with 16 unknown Fourier coefficients was obtained. The
16 unknowns were solved numerically by putting the equations in a matrix form. It was
shown that the analytical based model immensely reduced the torque and field
computational time when compared to using finite element analysis. However, the
analytical model does not take into consideration the non-linear properties of the steel.
The benefits of using the analytical model was demonstrated by conducting a radial

scaling and gear-ratio analysis.
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CHAPTER 1 : INTRODUCTION

1.1. Motivation

The growing demand for energy across the world with ever increasing population
and rapid industrialization is creating severe stress on the planet due to the depletion of
natural resources like oil, natural gas and coal. The environmental effects like climate
change due to carbon dioxide and green house gas emissions are threatening the bio-
diversity of the planet [1]. These factors are leading to an increase in the demand for
clean and sustainable energy. Renewable energy sources are not only providing
alternative sources for power generation but also may be the only option for achieving a
sustainable energy supply in the future.

Renewable energy sources like wind and marine hydrokinetic (MHK) energy are
one of the fastest growing renewable energy technologies worldwide [2]. Typically in a
wind turbine, power from the rotation of the wind turbine rotor is transferred to
the generator through a main shaft, the mechanical gearbox and the generator. Such a
configuration is shown in Figure 1-1. The mechanical gearbox is used to increase the

speed from the input shaft to be able to generate power from the generator.



Figure 1-1: Typical wind turbine configuration [3]

However the mechanical gearbox tends to create many issues in the wind turbine.
For instance, the wind speed is generally not constant and therefore this can result in
frequent changes in the load applied to the gearbox [4]. This can create a lot of stress on
the gearbox teeth and can result in the failure of the mechanical gearbox [5]. The frequent
failure of wind turbine mechanical gearbox has resulted in an increase in maintenance
costs, thereby affecting the levelized cost of power generation [6-7]. A wind turbine
gearbox is typically designed for a life-span of 20 years but the frequent failures of the
gearbox have resulted in a reduction in the gearbox life span to around 12 years [8].

In order to improve the reliability of wind turbines, direct-drive (DD)
technology [9] can be utilized, where the gearbox is removed and the shaft of the wind
turbine is directly connected to the synchronous generator (SG) either electrically excited
or with permanent magnets (PM). An example of a direct-drive wind turbine generator is
shown in Figure 1-2 [10]. Since the input speed to the generator is very low the torque
should be very high in order to generate the required power [11]. As traditional electric
machines have a much lower torque density than mechanical gearboxes the DD generator

must be relatively large in size. Also since the generator is directly connected to the input
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shaft, the converter has to be designed for the full range of input speed and hence the
power electronics will be relatively costly [12] .

--.i. '

1

Figure 1-2: IDirect—drive generator by Mtorres wind industries [10]

In MHK applications various wave energy converters (WEC), like oscillating
water columns (OWC), overtopping converters, attenuators, point absorbers, axial-flow
turbines are being used [13]. Figure 1-3 and Figure 1-4 illustrates some of the types of
MHK converters that are being developed. Most MHK converters generally use a
mechanical or a hydraulic gearing system to increase their speed [14]. Such devices have
efficiency issues and the use of a mechanical gearbox with its acoustic noise and
lubrication requirements may not be a good choice for use in remote off-shore and

undersea locations.

(a) (b)
Figure 1-3: (a) Seagen, marine current turbine by Marine Current Turbines
Limited [15], (b) oscillating water column by Oceanlinx [16]
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Figure 1-4: AWS wave energy converter [17]

An effective solution to reliably converting low speed motion from renewable
energy devices into high speed rotation suitable for power generation is to consider
utilizing a contactless magnetic gear (MG) mechanism. This is the scope of this research,
where many of the issues created by the mechanical gearboxes are addressed. A MG
offers many advantages over a mechanical gearing system. Its contactless mechanism can
solve a lot of issues with mechanical gearboxes like wear and tear, vibrations, lubrication
requirements and high maintenance costs. A MG also provides inherent overload
protection due to the contactless mechanism of operation. This makes the MG potentially
highly valuable for wind turbine applications. However, not much attention had been paid
to investigating MG’s performance until the turn of the 21* century. Some of the reasons
for this are the relative complexity of the MG and the shortcomings of earlier PMs. With
the discovery of new PM materials with high energy densities it has become possible to
obtain higher torque densities [18].
1.2. Literature Review

This section provides a survey of the various MG designs in the literature. The
torque density and shear stress are calculated using the following equations.

The volumetric torque density of a MG can be calculated using

T, = — (1.1)

2
T d




where T = peak torque, r,=outer radius and d = stack length.

The torque density at the air-gap of a rotary machine can be calculated from

T
ng = g (1.2)
7T’I”gd

where T, = torque at the air-gap, r,=air-gap radius.
Shear stress is defined as the force per unit area acting parallel to the plane of the

surface. The shear stress, oy, is calculated from

o, = (1.3)

where F is the air-gap force and r, is the air-gap radius

When designing PM machines with high torque, the shear stress in the air-gaps of
the rotors tends to increase quite a bit. This can pose a significant risk of
demagnetization to magnets [19].

Since the torque created within the air-gap is defined as T,=FT,, the shear stress

can be expressed as

1
o, = (1.4)
" omr2d
g
Substituting (1.2) into (1.4) gives:
T
d
o, = % (1.5)

Thus the air-gap torque density and air-gap shear stress are related.
1.2.1. Mechanically Inspired MGs
Although MG technology existed for a long time, not much attention was given to the

research due to the low torque density achieved from PMs.
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C. Armstrong [20] was the first to obtain a patent in this field in 1901. The

electromagnetic spur gear proposed by C. Armstrong consisted of two parts, one part had
a gear with electromagnets as the gear teeth and the other had steel poles. This design is
shown in Figure 1-5. The electromagnets present on one of the gears were turned on

based on their position on the other gear and torque was transmitted.

Figure 1-5: An electromagnetic spur gear proposed by C. Armstrong [20]

Although the gear had the advantage of contact-less torque transfer and noise-less
operation, the amount of torque that could be transferred would be very low because at
any given rotor position only 2 to 3 electromagnets transfer torque. As the electromagnets
would need current go through them, this approach can result in a lot of losses and
heating and would need lubrication and regular maintenance.

H. Faus [21] designed a permanent magnetic spur-type gear as shown in
Figure 1-6 in 1941. The gear operated in the same manner as Armstrong’s
electromagnetic spur gear. The electromagnets and steel poles are replaced by permanent
magnets in this design. All the magnets are placed in the same direction on the two rotors.
This results in repulsion forces between the two rotors and the torque is transmitted. This
design doesn’t provide overload protection as the magnets can break when operating over

maximum torque limit. Also the weak utilization of the PMs makes the design inefficient.
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In 1993, S.Kikuchi [22] proposed the magnetic worm gear as shown in

Figure 1-7. The magnetic worm gear was designed to have 1:33 gear ratio. Initial design
had a very large air-gap and hence the maximum torque transferred as very low. In order
to decrease the air-gap the worm gear is coupled with a wheel which increased the output
torque by as much as 50%. Nevertheless the torque density capability would be

significantly lower than its mechanical counterpart.

Worm wheel

Figure 1-7: A magnetic worm gear proposed by S.Kikuchi [22]

In 1989 K. Tsurumoto [23-25] proposed the axial flux disk type spur MG as

shown in Figure 1-8. Tsurumoto used samarium-cobalt as PM material. He attained a
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gear ratio of 1:3 with a peak torque of 5.5 Nm. In [23] described a new design in which

the PMs are directly mounted on the steel plate which improves the efficiency of the gear
and increased the peak torque trnaferred by almost 300%.

M. Okano [26] described a superconducting version of the worm gear.
Superconducting MGs could greatly improve the maximum torque that can be transferred
when compared to normal permanent MGs. Superconducting magnets need to be
continuously cooled as they conduct large currents. This means they should be
continuously refrigerated. This increases the size and cost of the gear system. Two
different spur gear configurations were designed, constructed and experimentally verified
by Okano. The calculated torque density for the superconducting spur MGs was 4 Nm/L

[26] which is high for the given size of the MG system.
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Figure 1-8: A spur magnetic gear proposed by M.Okano [26]

In 2008, Haung [27] proposed a magnetic planetary gear as shown in Figure 1-9.
The gear arrangement had a sun gear, planet gears and a magnetic ring gear on back iron.
The topology is analogous to a conventional mechanical planetary gear. The maximum

torque transmitted depended on the number of planets surrounding the sun. As the
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number of planets increased, the maximum torque that could be transmitted also

increased. However, it was reported that increasing the number of planets would also
increase the resulting cogging torque of the rotors. The simulated gearbox had a
maximum torque density of 97.3 Nm/L but the measured torque density for the

experimental setup was only 16 Nm/L.

Magnetic planet gear .
Magnetic sun gear

Back iron

Figure 1-9: A magnetic planetary gear proposed by Huang [27]

All the MG designs described above use mechanical gear topologies with the
teeth replaced by electromagnets or PMs. The torque transferred and the efficiency of
these designs is very low due to low utilization of magnets as only a few magnets are
transmitting torque at any given moment.

1.2.2. Coaxial MGs

In 1916 Neuland [28] proposed a unique MG as shown in Figure 1-10, which

used three rotors to obtain an efficient torque transmitting mechanism. The gear

consisted of three rotors of which one was held stationary, a laminated steel toothed outer
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rotor, a central section with stationary cores with magnetizing windings and an inner

rotor with laminated steel tooth.

Figure 1-10: A coaxial MG topology proposed by Neuland [28]

The gear ratio is calculated by taking the number of steel tooth on the inner and
outer rotors. The maximum torque that could be transmitted using this design would be
much higher than the spur gear designs as almost all the magnets would aid in the transfer
of torque between the rotors unlike the other designs. This greatly increases the torque
density of the MG system. However the torque was not comparable to its mechanical
counterpart since only one set of magnetizing windings were used in the design and the
field created by the windings would be thermally limited.

In 1967, Reese [29] proposed a MG similar to the one described by Neuland.
However, the inner rotor contained electromagnets instead of steel teeth as shown in
Figure 1-11. The middle rotor and the outer rotor had steel poles and in this case the outer
rotor was held stationary. The inner rotor was the input rotor and the middle rotor was the

output rotor. When the inner rotor with electromagnets was rotated, the middle rotor with
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steel poles tends to rotate with the inner rotor. This occurs because the magnetic field
coming from the inner rotor will try to travel through the steel poles rather than air and
this makes the steel poles on the middle rotor to rotate to align itself in least reluctance
path for the field to travel. The gear ratio is determined by the number of electromagnets
on inner rotor and the steel teeth on the middle rotor.

Martin [30] designed a coaxial MG similar to the ones described in [28] and [29] .
However, in this design the outer and inner rotors had PM’s. The number of magnets on
the inner and outer rotor was different and is used to measure the gear ratio. This design
approach is shown in Figure 1-12. The middle rotor modulated the magnetic field
between the outer and the inner rotor. The length of the steel poles on the middle rotor
was a key factor in determining the amount of torque transmitted between the rotors. The
number of PMs on the inner and outer rotor and the number of steel poles on the middle

rotor determined the resulting gear ratio of MG.
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Figure 1-11: A coaxial MG proposed by Reese [29]
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Figure 1-12: A coaxial MG proposed by Martin [30]

In 1997, B. Ackerman [31] obtained a patent for a coaxial MG. In this case the
middle rotor had steel poles which were connected as shown in Figure 1-13. The
operation of this design was similar to the one proposed by Martin [30]. Connecting the
steel pieces in the middle rotor made the construction easier and robust. In 1999
Ackerman obtained another patent [32] for MG design where the steel poles on the

middle rotor and the PMs on the outer rotor were interchanged.

Figure 1-13: A coaxial MG proposed by Ackermann [31]
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In 2001, K. Atallah [33] was the first to numerically calculate that a MG could

achieve a torque density that is greater than a direct drive motor. The operating principle
of the proposed MG design was similar to the one proposed by Ackerman [31] as shown
in Figure 1-14. In [33] Atallah used harmonic analysis and Fourier series to derive the
equations for relationship between the number of PMs on the inner and outer rotors and
the steel poles on the middle rotor. Atallah used rare magnets in his design and
numerically calculated a volumetric torque density of about 100 Nm/L. In 2004 Atallah
experimentally demonstrated the MG design [34] with a gear ratio of 5.75:1 and achieved

a volumetric torque density of 72 Nm/L.

Lov&f speed rotor Permanent magnets

Stationary steel
pole pieces

High speed rotor

Figure 1-14: A coaxial MG proposed by K. Atallah [33]

P. Rasmussen [35] published a paper in 2003 on a coaxial MG that used an inner
rotor spoke-type of magnet arrangement. This design is in Figure 1-15. The MG had a
gear ratio of 1:5.5 and calculated a peak torque of 27 Nm. The design was constructed
and tested. The measured torque was 16 Nm. This represents a torque density of

54 Nm/L. The difference in the calculated and actual measured peak torque values was
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claimed to be due to the short axial length of the magnets and the 3D end effects.

Rasmussen also compared the MG with conventional mechanical gears with the same

gear ratio and maximum torque capabilities.

Permanent magnets

Figure 1-15: A coaxial MG proposed by P. Rasmussen, [35]

Figure 1-16: A coaxial MG proposed by Frank [36]
In 2011, N. Frank [36-38] studied an embedded magnet coaxial MG with a gear
ratio of 5.5:1. This design is shown in Figure 1-16. The design presented in [36] by Frank
had thin bridges connecting the steel poles in the middle rotor in order to improve the

structural strength. The inner rotor had magnets embedded into the rotor to support the
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magnets during operation. A torque density of 42 Nm/L was measured as opposed to 64
Nm/L calculated using FEA.

In 2014, Nakamura [39] designed a 10.33:1 coaxial MG in which the efficiency
of the design was claimed to be 99% when calculated through FEA at a constant input
speed of 300 RPM. The design is shown in Figure 1-17. The paper provides a comparison
of torque on the outer rotors for different pole combinations and showed that a fractional
gear ratio is crucial to designing a MG. The design utilized damper windings to reduce
the oscillations and the transient time. A torque density of 60 Nm/L was predicted for this

design.

Inner rotor

Figure 1-17: A coaxial MG with damper windings proposed by Nakamura [39]
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Figure 1-18: A coaxial MG with surface mounted inner rotor and buried outer rotor magnets by Liu [40]

In 2009, X. Liu [40] designed a 1:7.33 gear ratio MG with radially magnetized
outer rotor buried magnets and surface mounted magnets on the inner rotor. This design
is shown in Figure 1-18. The reason for using buried magnets was to give extra
mechanical strength to the magnets and maintain the structural integrity of the outer rotor.
The experimentally measured torque density was 53.3 Nm/L.

In 2009, J. Linni [41] compared the torque density and torque ripple performance
of a radially magnetized MG and a Halbach rotor MG design. Both designs had a 1:4.25
gear ratio. The Halbach rotor magnet design is shown in Figure 1-19. The Halbach
arrangement of magnets helped to achieve a near-sinusoidal field in the air-gap as well as
a strong field intensity. Jian measured a torque density of 108 Nm/L and 95 Nm/L for the

Halbach and radially magnetized magnet designs respectively.
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Figure 1-19: A MG with halbach arrangement of magnets proposed by Jian [41]

1.2.3. Other MG Topologies

In 2011, R. Holehouse [42] proposed a linear MG. The operating principle of the
linear MG was same as that of a coaxial MG described before. Such a design is shown in
Figure 1-20. The design had three rotors with PMs on the inner and outer rotors and steel
poles on the middle rotor. It was shown that an active force density of up to 2 MN/L
could be achieved [42]. It was shown that the higher force density values could be
achieved if the output stroke was lower than the length of the high speed rotor. It was
observed that the force capability of linear MG depends on the distance between the steel

poles. A design with 1:3.25 gear ratio was constructed and experimentally verified.
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Figure 1-20: A linear MG proposed by Atallah [42]

In 2006, Mezani [43] published a paper on an axial MG as shown in Figure 1-21.
The operating principle of this design was same as the coaxial MGs described before. In
this design the rotors are placed in axial direction rather than in radial direction. The three
rotors are separated axially from each other by a small air-gap. It was described that the
axial MG can provide higher torque densities than coaxial MGs as the length of the three
rotors could be same in case of axial MGs. Mezani calculated a torque density in excess of
70 Nm/L. More recently Acharya [44] proposed a flux focusing axial type MG, shown in
Figure 1-22, it was calculated that an active region torque density of up to 289 Nm/L
could be achieved. However such a design is difficult to construct due to the difficulty in

maintaining a uniform axial air-gap.
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Figure 1-22: Flux focusing axial MG proposed by Acharya [44]

In 2010 J. Rens [45] proposed a harmonic MG as shown in Figure 1-23. The
operating principle of a harmonic gear was producing a time varying air-gap between two
rotors which have PMs installed on flexible cylinders. Outer rotor has a rigid stationary
rotor with PMs and inner rotor has PMs installed on a flexible rotor. The time variation of

the air-gap between the two rotors modulated the field produced by the magnets. Rens
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derived equations using harmonic analysis to determine the gear ratio. A design with a

gear ratio of 1:18 was designed which had a peak torque of 3756 Nm.

Low-speed rotor

High-speed rotor
(wave generator)

Low-speed
rotor

High-speed
rotor

Stator

Bearing

Figure 1-24: Magnetic harmonic gear without flexible rotor proposed by Rens [45]

The harmonic gear design practical implementation was pretty complicated due to
the need for a flexible PM inner rotor and a flexible coupling to couple with a load. Rens
proposed a way to avoid flexible shaft by using a conventional PM rotor connected using
a bearing at an eccentricity with the outer rotor as shown in Figure 1-24. This cycloidal
MG version was far easier to construct than a flexible harmonic gear. However it still
needs a flexible coupling to be able to connect to the load as the output rotor is rotating

eccentrically. This problem however was avoided by constructing a dual stage MG where
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the output from the flexible shaft is connected as input to another harmonic gear with a
rigid output shaft. This dual stage setup was constructed and experimentally verified.
The calculated and experimentally measured torque density for the single stage harmonic
MG was 158.5 Nm/L and 150 Nm/L respectively. A dual stage design had a torque
density of 75 Nm/L. Although higher torque densities are achieved with this design, the
need for a dual-stage MG design to make it simpler is not desired.

In 2008 F. Jorgensen [46] also published a paper demonstrating the capabilities of
a cycloidal gearbox. The design is shown in Figure 1-25. Jorgensen experimentally tested
a 1:21 gear ratio cycloidal gearbox with a torque density of 142 Nm/L. An optimized
design was calculated to be able to reach 183 Nm/L. The cycloidal gearbox used 18
bearings and thus it is mechanically complex to build and it also creates unsymmetrical

radial forces which will reduce the bearing life of the gearbox.

Figure 1-25: A cycloidal MG proposed by Jorgensen [46]

In 2014 Davey [47] published a paper on an axial flux cycloidal MG with a gear
ratio of 30:1. This design has two magnet rings with the rotor rotating on an eccentric

axis as shown in Figure 1-26. The stationary magnets are built on either side of the rotor
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to balance the strong attractive axial magnetic forces. This design needed an orbital
bearing plate and orbital bearings to transfer the eccentric rotation. It also needed an
embedded counterweight on the shaft. The radius of the stator piece is increased
significantly so that it always over shadows the rotor magnets. This design doesn’t have
the ferromagnetic pole pieces like other coaxial MG models. The disadvantage is that
only one stator is available to generate output torque and strong double-taper bearings

have to be used to prohibit flexure.

3 degree phase shift between
the rotor magnets and the

stator magnets
Rotor Magnets

Stator magnet
outer radius

Stator Magnets

Figure 1-26: Cycloidal MG proposed by Davey [47]

1.2.4. Magnetically Geared Motors

In 2007, Atallah [48-50] patented a design in which a MG was integrated into a
brushless PM machine. Atallah called the design a pseudo direct drive machine and it is
shown in Figure 1-27. It was concluded that this magnetically geared machine could
achieve a peak torque density in excess of 60 Nm/L while operating with a power factor

of 0.9 or higher.



23

21 pole-pair
stationary
permanent magnets

2 pole-pair high-
speed rotor
permanent magnets

Low speed rotor with
23 ferromagnetic pole-

pieces

Figure 1-27: Pseudo direct drive machine patented by Atallah [49]

In 2009 Rasmussen [51] published a paper, on a motor integrated MG. In this
design the stator windings interacted with the MG’s inner high speed rotor. This design is
shown in Figure 1-28. The paper described a scaling analysis which was used to optimize
the design to achieve higher torques and torque densities. In an improved design it was
calculated that a peak torque density of 130 Nm/L could be achieved [51]. However in
the final design some changes were made due to practical issues and the measured torque

density was 97 Nm/L [52].
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Lo s i, R Channebs for Water Cooling
oW ::f‘\
- ///,é“ Maotor Magnets
s High Speed Vol
High Speeil
Ciear Mupnets
Segmented
Cylinder
Cumiposite Bars
Law Speed Yoke
Law Speed Gear Magnets |
Water Jacket

Figure 1-28: Motor integrated PM gear proposed by Rasmussen [51-52]
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In 2007, Chau [53-55] proposed integrating an inner rotor with an outer MG via a

coupling rotor, such a design is shown in Figure 1-29 designed to be used in electrical
vehicle applications. A MG had to be used to increase the torque of the motor as it was
not enough to launch the vehicle. When the proposed MG was connected to the motor the
torque improved to 103 Nm. The torque density of the design was 87 Nm/L. Atallah’s
design differed from Rasmussen’s and Chau’s in that the outer stator winding interacted

with the inner high speed MG rotor.

Stationary steel
PMs }
pole-pieces  Gear outer

Figure 1-29: A coaxial MG with DC motor proposed by Chau [54]

P. Padmanathan [56] proposed a continuously variable MG as shown in
Figure 1-30 which had a flux-focusing inner rotor. The continuously variable MG
enabled a constant output speed to be created from a variable input speed fed from the
input shaft. This was achieved by replacing the outer rotor of the MG with a stator. The
electrical frequency of the stator was varied as the input speed varied to give a constant

output speed.
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Three phase
integral slot
stator winding

Steel poles on
cage rotor

Steel teeth

High speed rotor
magnets

Figure 1-30: Continuously variable MG proposed by Padmanathan [56]

1.2.5. Summary of MG Performance
Figure 1-31 shows a summary of the volumetric torque densities of the

experimentally verified MG designs published in the literature to-date.
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Figure 1-31: Torque density comparison with experimental MG research
A summary of the measured torque, torque density and shear stress on the inner
and outer rotor is shown in Table 1-1 and their corresponding pole pair combinations are

shown in Table 1-2. In Table 1-2, p; is the number of pole-pairs on the inner rotor, p3 is

the number of pole-pairs on the outer rotor and 7, is the number of steel poles on the
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middle rotor. All of the prior-art designs evaluated held the middle rotor stationary and

rotated the inner and outer rotors. An alternative design would be to rotate the inner and

middle rotors while holding the outer rotor stationary. Table 1-2 also shows the predicted

torque values if the designs were to hold the outer rotor stationary. If the outer rotor is

held stationary and middle rotor is rotated the input torque increased. The reason for this

has been explained in chapter 2.

Table 1-1: Summary of prior art experimentally verified MG designs

Calculated Torque Outer Shear stress Shear stress
Measured . . on inner

Author peak torque torque [Nm] density | diameter rotor on outer s
[Nm] [Nm/L] [m] (kN /mZ] rotor [KN/m-]
Shah [59] 10.7 10.58 53.8 0.13 4.8 26.9
Atallah [34] 85.7 60) 77.9 0.14 6.7 38.9
Rassmussen [51] 27 16 54.4 0.12 4.9 27.2
Frank [36] 16 12.3 41.8 0.12 3.8 20.9
L Bronn [58] 33 20) 49 0.115 2.3 24.5
Liu [40] 76.3 73 53.3 0.22 3.6 26.6
Jian [41] 159.2] 155.8 108.2 0.214 12.7 54.1
Jian [41] 139.7 137.2] 95.3 0214 11.2 47.6
Niguchi [57] 5.20 4.87 31.4 0.09 6.2 15.7
Jing [60] 168.7 168.1 57.1 0.2 6.7 28.5
Rens [45] 122] 115 150 0.14 0.2 75
Jorgensen [46] 44 33 141.9 0.13 1.7 70.9
Huang [27] 4.7 4.4 15.8 0.094] 1.3 7.9

Table 1-2: Summary of experimentally verified coaxial MG designs when one of the rotors is fixed

. Calculated torque

Author P ps 2 Gear ratio when p; fixed when n, fixed
Shah [59] 4 22 26 5.5 12.6) 10.7
Atallah [34] 4 23 27 5.75 100.6 85.7
Rassmussen [51] 4 22 26 5.5 31.9 27
Frank [36] 4 22 26 5.5 18.9 16
L Bronn [58] 2| 21 23 10.5 36.1 33
Liu [40] 3 22 25 7.33 86.7 76.3
Jian [41] 4 17 21 4.25 196.6 159.2
Jian [41] 4 17 21 4.25 172.5 139.7
Niguchi [57] 4 10 14 2.50 7.2 5.20
Jing [60] 4 17 21 4.25 208.3 168.7

The objective of this dissertation is to design a MG that can create a higher torque

and greater volumetric torque density than prior designs published in the literature. The
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intended applications for these designs are in low speed, high torque applications such as
for wind and ocean energy generation.
1.3. Problem Statement

It can be seen from the literature review that although much research has been
conducted in the last decade on MG designs, none of the devices to date have been shown
to create torque densities that are sufficiently high to enable them to efficiently replace
mechanical gearboxes. This research will try to address this shortcoming. Initially a
suitable topology will be chosen for the design. A model will be designed and studied
using finite element analysis (FEA) to obtain the maximum performance and then a
prototype will be built to verify the results.
1.4. Thesis Layout
Chapter 1: Introduction

A literature review of the existing MG technology is presented. The problems
with the current designs are discussed and the need for improvements are specified.
Chapter 2: Coaxial magnetic gears

The theory of a coaxial MG system is explained in detail in this chapter. The
working principle is explained with derived equations. The design specifications are laid
out for the design.
Chapter 3: Sub-scale flux focusing magnetic gear design

The electromagnetic design and scaling analysis of a sub-scale MG with a
diameter of 110 mm is presented. The construction of the prototype is presented and the

calculated results are experimentally verified.
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Chapter 4: Scaled-up flux focusing magnetic gear design

The electromagnetic design and scaling analysis of the scaled-up MG with an
outer diameter of 228 mm is presented. The construction of the prototype is presented
and the experimental results are verified.
Chapter 5: Analytical modeling of the flux focusing magnetic gear

An analytical model is developed for the flux-focusing MG using the magnetic
vector potential. The method of separation of variables is used to solve the Laplace and
Poisson governing equations in each region. The torque and field results are compared
with ideal (¢,=100,000) and non-linear FEA results.
Chapter 6: Scaling analysis of flux focusing magnetic gear

The analytical model developed in chapter 5 is used to conduct a scaling analysis.
The flux focusing magnetic gear is analyzed for different sizes of MG with different pole-
pair combinations.
Chapter 7: Conclusions and future scope

This chapter provides a summary of this research and suggestions are made for future

research in this area.



CHAPTER 2 : COAXIAL MAGNETIC GEARS

2.1. Introduction

In this chapter the principle of operation of a coaxial MG is discussed. The
equations governing the design are discussed. Also the concept of a flux focusing
magnetic gear (FFMG) is introduced. The finite element analysis used for designing and
optimizing the models is described.
2.2. MG Principle of Operation

A MG as shown in Figure 2-1 typically consists of three rotors, an inner rotor
with p; pole pairs, an outer rotor with p; pole pairs and a middle rotor consisting of n;

number of pole-pairs.

Rotor 1:
p1 pole-pairs

Rotor 2:
n, steel poles

Rotor 3:
p3 pole-pairs

Figure 2-1: Magnetic gear with pole-pairs p, = 4 ,n, = 17 steel poles and p, = 13 pole-pairs.
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The middle rotor henceforth called a cage rotor consists of ferromagnetic steel

pole pieces which modulate the magnetic fields produced by the inner and outer rotor.
The steel pieces on the cage rotor create space harmonics in the air-gaps between the
inner and outer rotors. The magnetic fields created by the inner and outer rotors interact
via the pole pieces and transfer torque. The working principle of a typical MG is

explained using Figure 2-2. For clarity the design is represented as a linear model.

outer rotor, Ps = 10 pole pairs) T | L| T 14 {TIL T TILITILI T TILITLLIT]S

seamesnn=vs | LU U UL
/\/\/\/\/

Inner rotor, P, = 4 pole pairs| | | | | | | | |

Figure 2-2: Typical MG modified into linear model

In this example, the model has 10 pole-pairs, p3, on the outer rotor, 4 pole-pairs,
p1, on the inner rotor and 14 steel poles, n,, on the cage rotor. The magnetic field created
due to the inner rotor has a dominant 4™ harmonic due to the 4 pole-pairs. This field is
modulated by the 14 steel poles on the cage rotor and this results in a field with a
dominant 10™ harmonic being created. This field interacts with the 10™ harmonic of the

outer rotor field which has 10 pole- pairs and consequently transfers torque.

The inner rotor with p; pole pairs, outer rotor with p; pole pairs and cage rotor

with n, pole pieces are assumed to be rotating at @, ws and w, rad/s respectively.
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The flux density distribution at a radial distance r produced by the inner rotor
when the cage rotor and outer rotor are absent can be represented as a function of radial

distance r and angle 6 and can be written as [33, 56]

Bi(r,0)= > by (r)cosimp (0 — wyt) + mp,6y] (2.1)
m=1,3,5,..,

where 6 is the initial angle of the inner rotor and b,,,(r)is the Fourier coefficient for the

radial component of the flux density.

When the steel poles of the cage rotor are included, the field from the inner rotor
will be distributed along the steel pieces as they provide the better medium for the field to
flow. The modulation function of the cage rotor bars can be represented in the Fourier

form as
+o00
Mr,0)=2o(r)+ > 2y (r)cos] jny (0—wyt)] (2.2)
j=%1
Where 4,9 and 4,; are the Fourier coefficients for the modulating functions.
The resultant field in the outer rotor air-gap can be obtained by multiplying
equation (2.1) and (2.2)
B, (r,0) = B,;(r,)A(r,0) (2.3)

which can then be re-written as

By (r,0) = > Jyo(r)by, (r)cosimp, (0 — wxt) + mp ]
m=1,3,5

(2.4)

o0 +o0

+ D D APy (r) coslmpy 0wy 1)+mpy6y leos| jny(0—y1)]
m=1,3,5 j==+1

Using the trigonometric function given in (2.5)
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cos(A— B) +cos(A+ B)
2

cos(A)cos(B) = (2.5)

equation (2.4) can further be expanded and rearranged to

By(r.0) = > Jy(r)by,(r )cosimp; (6 — ant) + mp,6]
m=1,3,5

00 +o0 .
A (r)brm(r) : mp, @, +
+ 30 S cosl(mpy + g )O—"PA T  Lpi0] (2.6
m=135 j—+1 mpy +
. m — jnym.
+ cos[(mp; — jny )0 — DL T 21) + mp,6,]
mpy — jny

Similarly the tangential component created by the inner rotor can be expressed as

By(r,0)= > by, (r)sin[mp, (0 — wit) + mp,6y] 2.7)
m=1,3,5...,

where by, (1) is the Fourier coefficient for the tangential component of the flux density.

The modulation function for tangential component of the flux density can be

written similar to equation (2.3) as

+oo
Mr.0)=(r)+ > Jg;(r)sinl jny(6—ant)] (2.8)

j=*1
The resultant tangential field in the outer air gap after modulation can be obtained by

multiplying equations (2.8) and (2.9) and this gives

By(r.0) = > Ayg(r)by, (r )sin[mpy (0 — axt) + mp,6y]

m=1,3,5
00 +00 .
Ari (r)bm(r) . . m + jnow
+ 3 e sinl(mpy + jn)(O—"EELTIRD s p ] (2.9)
m=1,3,5 j= mp, +]n2
. . m, — Jn,m
+ sinf(mp, — jny)(0 — TR 4y 4 s 00

mpy — iy
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In order for the torque to be created the radial field harmonic component from the outer
rotor must match the harmonic component created by the modulated inner rotor field.

This will occur if [33, 56]

where  m=1,3,5,....0 2.10)
jzo’il,iz,i,...,ioo

and the angular rotational speed of the flux density harmonics is given by

;= —P o+ T2, 2.11)

mp; + jny | mp; + jn,
The velocity of the space harmonic in the outer air-gap is a combination of angular
velocities of the harmonics from the inner and cage rotor. It can be seen from
equation (2.11) that j=0 is not a valid choice as this will result in there being no inner and
outer rotor speed change. It has been shown in [33, 56] that the highest asynchronous
space harmonics can be obtained when m =1 and j =-1. This means that in order to
attain the highest torque density the number of pole pairs on the outer rotor should be

equal to

P3=m—D (2.12)

The relation between the angular velocities of the three rotors can now be written as

n
o, =—2 2w, 2.13)

D—m D—m
@y is the speed on rotor 3 (w3=w1,1). The inner rotor has the least number of pole-pairs

(as shown in Figure 2-1). Rearranging (2.13) one can therefore write

o =—2—0, ——L o, (2.14)

nm, —p3 n —p3
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Assuming that there are no losses the torque relation between rotors can be derived

from the conservation of power flow and is given by

TQ+T,0+T,0,=0 (2.15)

where 1,, T,, T, are the torques on the inner rotor, cage rotor and outer rotor

respectively.

When the cage rotor is held stationary, i.e. w,=0, the speed ratio is given by

6')1=_—p3a)3 (2.16)

= P3
Now substituting (2.16) into (2.15) gives the relation between the inner rotor and
cage rotor torque as

n

T,=-——"—T, (2.17)
n,—ps

Similarly when the outer rotor is stationary, m3=0, (2.14) reduces to

o, (2.18)
n, = p;

Substituting (2.18) into (2.14) gives the torque relationship between the outer and

inner rotors

,=—t T (2.19)
n,—p;s

By combining (2.15) and (2.19) the torque relationship between the cage rotor and outer
rotor is

T,=-2T, (2.20)
Ps
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Equation (2.19) shows that if n,>p; then the torque on the cage rotor will be greater than

on the outer rotor and will be the other way round if n,<ps_ It appears that no authors have
investigated designs which have p;>n;.
The relation between the torques on the three rotors is

L+5L+15=0 (2.21)

This relationship can be confirmed by substituting (2.16) and (2.18) into (2.20), this gives

Tl—[ 2 jTl+[ b3 jleo (2.22)
ny = P3 ny = Ps3

Further rearranging the left side of (2.21) becomes zero.

2.3. Flux Focusing Approach

The MG models designed in the literature have mostly used surface mounted
magnets for torque transmission. The air-gap flux density in a ferrite magnet rotor can be
substantially increased by arranging the magnets in a flux focusing arrangement also
called a spoke-type [62-65] and axial flux concentration [66] arrangement. A Spoke type
rotor magnet arrangement gives a natural flux concentration capability because two
circumferentially magnetized PMs buried between the steel cores as shown in Figure 2-3
contribute to the air-gap flux for each rotor pole. The flux concentration of magnets onto
the steel can be seen in Figure 2-4. This flux concentration capability allows the air-gap
magnetic flux density to be higher than the flux density of each PM that contributes to the
air-gap magnetic flux density. This results in higher specific torque output than normal
rotors.

With this type of arrangement the PMs are less likely to become demagnetized

[63]. Although the spoke-type arrangement of magnets has many advantages, the
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technology is not used worldwide significantly. One disadvantage of this type of
arrangement is the complicated construction required to reduce or eliminate the PM flux
leakage from the radially inward portions of the PMs as shown in Figure 2-5. Another
disadvantage is the complicated construction required to retain the PMs and the pole
pieces in the rotor during normal operation.

Ignoring fringing the theoretical peak flux focusing capability of a spoke type

rotor with rectangular magnets is related by [67] .

By, _2F
B /4

m

(2.23)

where B, is the flux density within the magnet and B,,, is the specified magnet air-gap
flux density. Equation (2.23) can be derived by considering the relationship between the

magnet length and steel pole arc length.
The steel pole arc length, [, of the inner rotor, as shown in Figure 2-3, is defined as

_ 271~ 2R,

lﬂ'
: 2P,

(2.24)

where r,; is the outer radius of the inner rotor, P; is the number of pole-pairs and /,, is the
length of the rectangular magnet. The length of the inner rotor magnet is defined as
Li=ry—ry (225)
where r;; is the inner radius of the inner rotor.
Ignoring leakage through the inner rotor arc, the flux across the outer arc length /;
is equal to the flux produced by the two adjacent magnets across length w,,. This can then

be written as
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B

gm

(27”01 ~2PI,

=2w, B, (2.26)
2R

The maximum width w,, of the magnet occurs when the magnets just touch at the

nonmagnetic core inner radius r;; such that

U (2.27)
il 27[

Thus the length of the inner rotor magnet L; can be written as

2P1
Li=r,—r=r1, _# (2.28)

Substituting equation (2.28) into (2.26) we get

751 _Pllm _ Pllm

By rearranging the terms and simplifying we get equation (2.23).
Therefore, in order to take advantage of the flux focusing the rotor should have more

than 2 pole pairs.

Outer rotor P; pole pairs

'Cage rotor n,, steel poles

Inner rotor P;, pole pairs

Figure 2-3: Flux focusing arrangement of magnets



Figure 2-4: Magnetic flux concentrating on the steel

Flux leakage

Figure 2-5: Flux leakage on the shaft of inner rotor

38



39
2.4. Finite Element Analysis

FEA is used for simulating the performance of the MG designs. FEA simulations
have been run using the JMAG software package. It is used for 2-D and 3-D
electromagnetic transient and static analysis. FEA involves dividing the geometry into
elements called mesh. The field inside each element is represented by a polynomial and
the set of equations for unknown coefficients are solved in order to obtain the final
solution. In this thesis the design and analysis of the FFMG is accomplished by using the
2-D transient electromagnetic analysis module and the magnetostatic module of JMAG.
The deflection analysis is performed using the 3-D electromagnetic and structural
analysis modules of JMAG. Figure 2-6 shows the FFMG design using JMAG and
Figure 2-7 shows the corresponding vector potential, radial and absolute values of the
flux density as well as the mesh plot. It can be seen that the mesh elements are relatively
fine. The size and the number of elements will determine the accuracy of the results. The
greater the number of elements the better will be the accuracy. However, increasing the
number of elements also increases the computation time and also the size of the result

file.

Figure 2-6: 2D model of FFMG using JMAG



Figure 2-7: Mosaic plot, a) magnetic vector potential field lines, b) radial flux density B,

density magnitude IBI, d) finite element analysis mesh plot
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, ¢) flux

2-D transient electromagnetic analysis can output the results like magnetic fields,
forces and electromagnetic torque on the rotors along with the eddy current and hystersis
losses. Initially 2-D transient analysis is run by rotating one rotor. This will give the
position of the rotor relative to other rotors which results in the transfer of the maximum
torque between rotors. Once this position is determined the geometry is fixed in this
position and magnetostatic analysis can be run instead of transient analysis. This will
greatly reduce the computing time and size of the result file. For magnetomechanical
analysis the 3 -D magnetostatic analysis is used and these results are used as the input to

the 3-D structural analysis.



CHAPTER 3 : SUB-SCALE FLUX FOXUSING MAGNETIC GEAR DESIGN

3.1. Introduction
In this chapter the design, construction and experimental evaluation of a sub-scale
coaxial FFMG is presented. Experimental and analysis results for the following three
different designs will be presented.
I.  Design with ferrite magnets on the inner and outer rotor
II.  Design with NdFeB magnets on the inner rotor and ferrite magnets on the outer
rotor
III.  Design with NdFeB magnets on the inner and outer rotor
In Section 3.2 the design and topology of the MG is presented. In section 3.3 the
parametric sweep analysis of the design is presented. Section 3.4 presents the deflection
analysis of the cage rotor bars due to the radial magnetic forces created by inner and outer
rotor, section 3.5 presents the final design after optimization and section 3.6 presents the
experimental construction and results.
3.2. MG Design
The initial design parameters for the sub-scale FFMG are shown in Figure 3-1. The
inner rotor with p;=4 pole-pairs was initially designed using an existing Pacific Scientific
F46 spoke-type rotor as shown in Figure 3-2. The FFMG cage rotor with n,=17 iron
segments and the outer rotor with p;=13 pole-pairs were constructed around this rotor.

However, in the final design the Pacific Scientific rotor was not used and a new rotor was



42

designed with the same dimensions but with shorter stack length. The reason for doing

this is explained in section 3.4.

Steel poles on
cage rotor

Figure 3-1: Magnet gear using surface PMs. p,;=4 pole-pairs, n,=17
steel poles and p;=13 pole-pairs on outer rotor.

Table 3-1: Initial MG parameters

Description Value Units
Pole pairs, p, 4
Inner radius, r;; 13 mm
Inner rotor |Outer radius, r,, 33 mm
Steel pole span, 6 /8 rad.
Airgap, g 0.5 mm
Steel poles, n, 17 -
Cage rotor |Inner radius, r;; 33.5 mm
Outer radius, r,; 46.5 mm
Steel pole span, 6, /15 rad.
Pole pairs, p; 13 -
Inner radius , r;3 47 mm
Outer -
cylinder Outer radius, 7,3 59 mm
Steel pole span, 6,3 /26 rad.
Airgap, g 0.5 mm
Material Magnet, TDK FB3G 0.46 ; T
Steel resistivity 5.7x10"  |Q-m
Stack length, d 152.4 mm
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Figure 3-2: Pacific Scientific F4 ﬁocusing rot;r used as’lnner;otor

As can be seen from Figure 3-1, the magnets are arranged in a spoke-type

arrangement embedded between the steel teeth. The air-gap flux density in a magnet

rotor can be significantly improved by arranging the magnets in such a flux focusing

arrangement also called a flux concentration arrangement as discussed in the previous

chapter. Table 3-1 shows the initial MG parameters. An air-gap of g=0.5mm has been
chosen between each rotor.

The relation between the angular velocities between the three rotors is

o =—L—0+—"2—q, 2.15)

p3—n, n, = p;,

In order to achieve the highest torque, the outer rotor is held stationary,w;=0. Since

p,—1, =p,, equation (2.15) becomes

o, =20,=G,0, 3.1
P,

With p;=4 pole pairs and n,=17 steel poles a gear ratio of 4.25:1 is obtained. This gear
ratio combination was chosen because Gouda’s analysis [68] indicated that a maximum

torque density is obtained when the gear ratio is between 3 and 5.
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When designing the MG the torque ripple in the FFMG must also be considered. The

torque ripple can be minimized by considering the cogging factor due to the PMs. The

cogging factor is defined by [69]

_ 2pn,
7 LCM (2p,,n,)

(3.2)

where LCM=lowest common multiple.
The pole combinations have been chosen so that all the conditions are satisfied. The

cogging factor ¢, =1 is obtained for the chosen pole combinations.

3.3. Parameter Optimization Analysis

In order to improve the performance of the FFMG, parametric optimization of the
outer and cage rotor bars is performed by varying the radii and widths. The flux
concentration between the rotors can be defined in terms of the ratio of the inner and
outer radii of the three rotors. A parameter sweep analysis is performed to improve this
flux concentration ratio.
3.3.1. Inner Rotor Flux Concentration Ratio

The flux focusing is achieved by changing the flux flowing through the width of

the steel pole relative to the length of the magnets. Defining
Li=r,—1 (3-3)

W,=r,0, (3.4)

ol
where r;; = inner rotor radius, r,; = outer rotor radius and 6;; = steel pole span. Ignoring
fringing and assuming that all the flux is flowing into the cage rotor poles, the magnet

and air-gap flux relationship must be

2L .d (3.5)

ml ml

B,W,d =B
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where B, = flux density from the inner rotor steel pole. B,,; = inner rotor magnet flux

density, d = stack length. Therefore, a flux concentration ratio can be defined as

_Ba :i{l_i} (3.6)
0., r

ol

ml
Using the values given in Table 3-1 the flux concentration ratio for the inner rotor is
c,, =3.09.

3.3.2. Outer Rotor Magnet Width, W5 Optimization

As shown in Chapter 2 the dominant harmonic of the field is responsible for
transferring maximum torque between rotors. Hence the maximization of the 13" radial
flux density harmonic component is key to achieving maximum outer rotor torque
transmission capability. Therefore, the outer rotor magnet width, W3, cage rotor pole
span, 6y, and outer cylinder length were all varied and the 13™ harmonic and torque
values were studied. It was determined that the choice of the optimal magnet width was
not changed by varying the pole span or outer cylinder length. For instance, Figure 3-3
shows that the peak 13" harmonic for different cage rotor span values is always at
Ws3=7mm. Similarly the peak torque value for different outer cylinder lengths, Ls, is
always at Ws=7mm as shown in Figure 3-4. Consequently the magnet widths W5 was

chosen to be 7mm. This gives an outer rotor steel span 6,; of n/26= n/(2p;) radians.
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13" Harmonic of radial
flux density [T]

0, [Degrees]

Figure 3-3: 13" harmonic component of radial flux density in the air-gap
adjacent to outer rotor for varying widths of outer rotor magnets, W; and
steel poles span 0,

60

Width of outer cylinder magnets, W5 [mm)]
Figure 3-4: Torque comparison for two different outer cylinder magnet thicknesses, L;

3.3.3. Outer Cylinder Magnet Length, L3 Optimization
For the outer cylinder the flux is concentrated inwards. Defining
=T33 (3.7
W =150, (3.8)
Then the magnet and air-gap flux are related by

Bg3VVs3d =B,,2Ld (3.9
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where By = flux density from the outer cylinder steel pole and B,;3 = outer cylinder

magnet flux density. The outer cylinder flux concentration ratio is then

2|
C =—8_ =] 4 3.10
Ll 610

53 LT
With 6= n/(2p;) radians and r;3=47mm held fixed. The outer cylinder radius r,3 was
varied from r,3=55 to 65 mm. The other parameters determined from the previous
analysis are kept constant. The resultant torque and torque density values as a function of
the C,3 is shown in Figure 3-5. Based on this analysis C,3=5.28 gives the highest torque

density. This corresponds to an outer radius r,3=62mm.
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Figure 3-5: Torque, torque density and torque ripple comparison for

varying flux concentration ratio, C,;

3.3.4. Steel Rotor Cage length, L, Optimization

15mm held constant the radial length of the cage rotor

7mm and Lz =

With W3

torque density and torque ripple as a function of L,

9

steel poles, L, was varied. The torque

is shown in Figure 3-6.



49

The change in this length consequently also changed the outer cylinder

dimensions; this resulted in the torque density decreasing with increasing L,. Based on

this analysis the radial length of the steel poles was chosen to be L,=6mm.

|
|
|
el
N

[wN] anbio], Jisua(q onbiog, [wN] o1ddir anbioy,

2
=)
Z
>

22 24

20

12 14 16 18

10

8
Radial thickness of cage rotor steel poles, L, [mm]

Figure 3-6: Torque, torque density and torque ripple comparison

when the cage rotor steel thickness L, is varied.
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3.3.5. Cage Rotor Steel Pole Width Span, 6, Optimization

The ratio of the cage rotor steel pole span, 6;,, with respect to the outer cylinder

steel pole span, 63, is defined as

(3.11)

0> was varied while 6,3 was held constant at /26 radians, the variation of this angular
span with respect to torque and torque density is shown Figure 3-7. The other parameters
W3=7mm, L;=15mm and L,=6mm obtained from the previous analysis were fixed. The
analysis shows that the peak torque occurs when Wy3;=2.02. This corresponds to an
angular span, #,,=n/ps;. The final parameters after optimization are shown in Table 3-2

and the final flux concentration ratios are shown in Table 3-3.

Table 3-2: Fixed geometric parameters and material properties

Description Value| Units
Pole pairs, p; 4 -
Inner radius, r;; 13 | mm
Inner rotor Outer radius, r,; 33 | mm
Steel pole span, 6, /8 | rad.
Airgap, g 0.5 | mm
Steel poles, n, 17 -
Cage rotor Inner radius, r;; 33.5 | mm
Outer radius, r,, 39.5 | mm
Steel pole span, 6, n/p; | rad.
Pole pairs, p; 13 -
Inner radius , ;3 40 | mm
Outer -
cylinder Outer radius, 7,3 55 | mm
Steel pole span, 6, /26 | rad.
Airgap, g 0.5 | mm
Ferrite magnet, Hitachi
NMFI12F 046] T
Material | Magnet, NdFeB, N4OH, B, | 1.25| T
416 steel resistivity 0.570|pQ-m
1018 steel resistivity 0.159|pQ-m
Active region stack length, d 76.2 | mm
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Figure 3-7: Torque ripple comparison for varying outer cylinder steel

pole span values
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Figure 3-8 shows the final torque obtained when using ferrite magnets with
residual flux density, B,=0.38T. A maximum torque of 73 Nm is predicted giving an
active region torque density of 50.4 Nm/L. Similarly, Figure 3-9 gives the corresponding

torque values for B,=0.46 T ferrite magnets.

Table 3-4 summarizes the torque and torque density values for different ferrite
magnets with and without a magnetic steel inner shaft. It can be seen that a torque of
95.5Nm can be achieved by using the Hitachi NMF ferrite magnets with a corresponding
remnant flux density value of 0.46 T. This corresponds to a torque density of 65.5Nm/L
when using the Hitachi magnets. When a magnetic steel shaft is introduced on the inner
rotor it is observed that the external field is significantly reduced due to the field leakage
through the shaft. When these inner rotor changes are incorporated the predicted torque

significantly decreases.

DA N 92
O = W W

[,

114

[

59F b
2
5

AN N D
—_—

Torque on cage rotor [Nm]
A
Torque on inner rotor [Nm]

112

9,1
~

R

&
o

10 15 20 25 30 35 40 45 4810
Angular position [degrees]
Figure 3-8: Torque when using ferrite magnets with B,=0.38T.
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Figure 3-9: Torque when using ferrite magnets with B,=0.46T

Table 3-4: Torque and torque density values
for various ferrite magnets

Outer Inner rotor Torque

cylinder magnet, B, [T]|Shaft Torque |Density

magnet, B, Diameter|[Nm] [Nm/L]
0.38 0.38 lin 58.5 40.5
0.43 0.31 lin 49 33.5
0.43 0.31 24mm 54.6 38
0.43 0.31 22mm 57.5 39.8
0.43 0.31 20mm 59 40.5
0.43 0.43 lin 75.6 52
0.43 0.43 No shaft | 92.5 64
0.46 0.46 No shaft | 95.5 65.5

3.4. Magnetomechanical Analysis

When a magnetically conducting plate such as a steel plate is placed near a
stationary magnetic source, magnetic forces are created between the magnetic plates.
When these forces are sufficiently high or the magnetic plate is sufficiently thin the plate
will deflect. The forces can become so high that the plate can break. Moon and Pao [70-
71] were the first to study the deflection of a cantilevered beam experimentally and
analytically. In most electrical machines the elastic deformation due to these magnetic
forces is negligibly small [69, 72] although it does play a role in creating vibration and

acoustic noise [73-74]
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Due to the small air-gaps and high forces created by the FFMG’s inner and outer

rotors, the cage rotor bars can significantly deflect. The deflection of the cage rotor steel
poles will close the air-gap between the magnetic rotor and the steel bars leading to an
increase in the magnetic force and consequently further deflection is seen on the steel
poles. Therefore, the magnetic force and steel pole deflection is highly coupled and the
deflection varies along the axial length of the steel poles.

In order to study the cage rotor steel pole deflection the magnetic forces were first
calculated using JMAG 3-D nonlinear FEA with constant uniform air-gap along the axial
length. The computed radial and tangential forces along the axial length on each FEA
element were then imported into the JIMAG 3-D mechanical FEA package to compute the
resulting deflection values when the ends of the steel poles were held fixed. The new
deflected steel pole position along the axial length was then again used to compute
magnetic force on the cage bars and so on. This iterative process was continued until no
further significant deflection of the bars was observed. Figure 3-10 summarizes the

iterative procedure.

" Electromagnetic Mechanical
Initial assumed .
constant airea > forces —  deflection

ap calculated calculated
L New airgap
calculated

Figure 3-10: Iterative magnetomechanical deflection analysis procedure for the cage rotor bars
3.4.1. Deflection Analysis when using Pacific Scientific F46 rotor
The deflection of the cage rotor steel pole when using the Pacific Scientific F46

flux focusing rotor was verified following the procedure presented above. In order to
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experimentally verify the deflection values obtained through FEA an experimental

measurement of the deflection along the axial length of a single steel pole placed above
the Pacific Scientific rotor was undertaken using an MDL400 TESA-Hite gauge (accurate
to 0.00254mm) as shown in Figure 3-11 and Figure 3-12. An air-gap of 0.77 mm was
used in this analysis.

Table 3-5 shows the properties of the steel used in the assembly. The 416 grade
magnetic stainless steel was chosen to be used on the cage rotor as it has higher resistivity

relative to the 1018 steel and therefore the induced eddy currents will be lower.

Flgflre 3-11: Pacific Scientific F46 rotor with a single cage bar. An air-gap of 0.77 mm was
used

Table 3-5: Steel properties

Description Value  Units
Material Steel resistivity ~ 1.59x10” Qm
Properties Poisson’s ratio 0.3 -
1018 grade Density 7.85 glem’
steel Young’s modulus 210000 Mpa
Material Steel resistivity ~ 5.7x107 Qm
Properties Poisson’s ratio  0.29 -
416 grade Density 7.75 glem’

steel Young’s modulus 200000 MPa




Figure 3-12: Experimeﬁtal set up for measuring the deflection of the cage
rotor bars

using a TESA-Hite MDL 400 height gauge
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Figure 3-13: Deflection analysis of single cage rotor bar due to the inner rotor flux focusing rotor FEA
magnetomechanical analysis results when the initial airgap is 0.77 mm.
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Figure 3-14: Net deflection amount as a function of FEA iteration at axial position
z=3.5inches for a single cage rotor bar. The deflection results show the deflection
amount from an initial air-gap of 0.77mm.
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Figure 3-15: Air-gap reduction of a single cage rotor bar along its axial length due
to the inner rotor magnetic force.
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The deflection on the bar was studied by using the 3-D model shown in

Figure 3-13. The calculated deflection as a function of iteration is shown in Figure 3-14.

It can be seen that the iterations converge after 6 iterations and a maximum deflection of

0.24 mm is obtained. Figure 3-15 shows the measured and calculated air-gap reduction

due to the deflection along the axial length of the cage rotor bar. It can be seen that there

is a very close agreement between the calculated and experimental results.

experimental and calculated values are provided in Table 3-6.

Table 3-6: Deflection experimental and calculated data

Experimental
Axial position | FEA deflection | FEA air-gap deflection Experimental air-
(inches) [mm)] change [mm] [mm)] gap change[mm]
0 -0.009 0.761 -0.0120 0.7580
0.5 -0.089 0.681 -0.0982 0.6718
1 -0.137 0.633 -0.1256 0.6444
1.5 -0.195 0.575 -0.1861 0.5839
2 -0.213 0.557 -0.2011 0.5689
2.5 -0.222 0.548 -0.2115 0.5585
3 -0.225 0.545 -0.2126 0.5574
3.5 -0.213 0.557 -0.2341 0.5359
4 -0.199 0.571 -0.2114 0.5586
4.5 -0.181 0.589 -0.1947 0.5753
5 -0.186 0.584 -0.1764 0.5936
5.5 -0.166 0.604 -0.1412 0.6288
6 -0.071 0.699 -0.0920 0.6780
6.5 -0.009 0.761 -0.00393 0.76607

The
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3.4.2. Magnetomechanical Analysis for a 6 Inch Axial length FFMG

The assembly of the FFMG is shown in the Figure 3-16. The air-gap between
each rotor is 0.5 mm as previously mentioned. Figure 3-17 shows the calculated radial
deflection of the cage rotor bars due to the inner and outer rotor magnets. It can be seen
that the maximum deflection of 0.34 mm is predicted in the radial direction. Figure 3-18
shows the deflection of the cage rotor bars in the theta direction. A deflection of 0.1 mm
is predicted in this direction. Figure 3-19 shows the iterative procedure followed for
calculating the deflection. It can be seen that the iterations converge after four iterations
and a maximum deflection of 0.34 mm is observed.

This level of deflection indicates that the deflection of the bars in a MG must be
carefully designed in order to mitigate bending. With an initial air-gap of 0.5 mm it is not
feasible to construct FFMG with such bending of the cage rotor bars. Hence based on this
analysis the stack of the design has been reduced from 6 inches to 3 inches. This reduced

the deflection of the cage rotor significantly as will be shown in the following section.

Figure 3-16: Assembly of MG with Pacific Scientific rotor as inner rotor



Figure 3-17: Radial deflection ;)f the cage rotor bars due to the

Figure 3-18: Deflection of the cage rotor bars in the theta
outer rotor magnets

Displacementdr)

Gontour Plot : mm

3.600E-01
33THE-01
3.188E-01
2.937E-01
2.T16E-01
2.495E-01
2.274E-M

2.053E-01
1.532E-01
1.611E-01
1.38%E-01
1.168E-01
9.474E-02
T.263E-02
5.0R3E-02
2.542E-02
6.316E-03
-1.6TBE-02

—-3.7E0E-02
—-6.000E-02

inner and outer rotor magnets

Displacement{theta)

Contour Flot : mm

1.000E-02

3.684E-03

-2.632E-03
—5.947E-03
-1.526E-02
~Z155E-02
-2.78R2E-02
-3411E-02
-4.083E-02
-4.654E-02
-5.316E-02
-5.947E-02
-6.5TRE-02
-T.211E-02
—-T.542E-02
-5.4T4E-02
-9.105E-02
-9.737E-02
-1.037E-01
-1.100E-01

direction due to the inner and

0.4 I T
2035 e SEEEEEEEEEPEEPEELS
= 1 1
kS ‘ ‘
8 03F---------o - R e A R
= | |
3 | |
S 025K -~ e e T
< | |
~ | |

0.2 2 3

Iteration [n]

Figure 3-19: Maximum radial deflection of the cage rotor bars for the model for

four iterations
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3.4.3. Magnetomechanical analysis for 3 inch FFMG with ferrite magnets

Magnetomechanical analysis was performed on the FFMG with a 3 inch active
stack length with ferrite magnets. Figure 3-20 shows the complete assembly of the 3 inch
active stack length FFMG. The deflection in the radial direction and theta direction are

shown in Figure 3-21 and Figure 3-22 respectively.

Figure 3-20: Sub-scale FFMG assembly with a 3 inch active stack length

A maximum deflection of 0.0178 mm is predicted as shown in Figure 3-23. The

deflection values converge after 4 iterations.
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Figure 3-21: Radial deflection of the cage rotor bars with ferrite magnets on the inner and outer rotors

1.000E-03
6.053E-04
2.105E-04

—-1.542E-04
—-5.7E9E-04
—2.737E-04
-1.368E-03
-1.763E-03
-2.158E-03
-2.803E-03
—-2.047E-03
-3.342E-03
-3.737E-03
-4.132E-03
-4.526E-03
-4.921E-03
-2.316E-03
-5.7T11E-03
-6.105E-03
—-6.500E-03

Deflection [mm]

61

Figure 3-22: Deflection of cage rotor bars in the azimuthal direction with ferrite magnets on the inner and

outer rotors
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Figure 3-23: Maximum radial deflection of the cage rotor bars for the FFMG model
without inner rotor
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3.4.4. Magnetomechanical analysis for 3 inch model with NdFeB magnets
Magnetomechanical analysis is performed on the FFMG with a 3 inch active stack
length with NdFeB magnets and B, = 1.25 T. The ferrite magnets from the previous
design are replaced with NdFeB magnets without otherwise changing the design. The
deflection in the radial direction and azimuthal direction are shown in Figure 3-24 and

Figure 3-25 respectively.
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Figure 3-24: Radial deflection of cage rotor bars with NdFeB magnets on inner and outer rotors
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Figure 3-25: Deflection of cage rotor bars in the azimuthal direction with NdFeB magnets on inner and
outer rotors
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A maximum deflection of 0.044 mm is predicted as shown in Figure 3-26. The deflection

values converge after 3 iterations.
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N S
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Figure 3-26: Maximum radial deflection of cage rotor bars for model without inner rotor
for four iterations

It can be concluded from the analysis that the deflection for the 3 inch model with
ferrite and NdFeB magnets is low and therefore will not pose any difficulties in
construction.

3.5. Final Design

The final FFMG design is shown in Figure 3-27. In order to minimize cost the
magnets are made rectangular in cross section. Also in order to retain the magnets in
place and prevent them from moving out radially the inner and outer rotor steel teeth are
provided with extensions that retain the magnets in place and give mechanical support to

the design as shown in Figure 3-28.
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Figure 3-27: Final FFMG after optimization

Steel teeth with
extrusions

Magnets

Figure 3-28: Final FFMG with steel teeth extrusion

Table 3-7 shows the material properties for the different steel grades. Grade 416
steel has been chosen for the cage rotor bars and 1018 grade steel is used for the inner

and outer rotor cores.
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Table 3-7: Material properties for different steel grades

430 M270-35A
416 grade 1018 grade | silicon SMC
grade
steel

Steel resistivity 0.51 0.6 0.16 520 150

(nQm)
Density (g/cm’) 7.75 7.82) 7.85 7.65 7.1
Tensile strength|

(MPa) 515 483 634 565 124

3.6. FFMG with Ferrite Magnets

The FFMG design with ferrite magnets was analyzed using FEA and the calculated
torque and efficiency was experimentally verified. Figure 3-29 shows the predicted
torque on the three rotors. A peak torque of 41 Nm on the cage rotor is predicted for this
design. The torque is sinusoidal because only the inner rotor is rotated and all other rotors
are held stationary. Figure 3-30 through Figure 3-33 shows the radial flux density curves
in the inner and outer air-gaps of the FFMG. The figures clearly show the dominant 4"

and 13™ harmonics in the inner and outer air-gaps respectively.

Torque [Nm]

0 4 8 12 16 20 24 28
Angular position of cage rotor [degrees]
Figure 3-29: Predicted torque when using ferrite magnets
and when only inner rotor is rotating.
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Figure 3-30: Radial flux density,

cylinder
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Figure 3-31: Spatial frequency analysis of radial flux density, B,, in the outer
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Figure 3-33: Spatial frequency analysis of the radial flux density, B,, in the
inner rotor airgap adjacent to the inner rotor

Figure 3-34(a) shows the inner rotor assembly with ferrite magnets. Figure 3-34(b) shows
the assembly of the inner and cage rotor. Figure 3-35 shows the complete assembly of the
FFMG with the outer rotor included and the mounting end plates. The outer rotor is held
stationary where as the cage rotor is connected to the input shaft and inner rotor is

connected to output shaft. Figure 3-36 shows the experimental setup on the test bed.

@ (b)
Figure 3-34: FFMG assembly (a) inner rotor, (b) cage rotor

S

Figure 3-35: FFMG full assembly with end plafes
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Figure 3-36: MG setup on the testbed
The experimental torque is measured on the cage and inner rotors. The torque
obtained is shown in Figure 3-37. A maximum slip torque of 25Nm on the low-speed
rotor was obtained. This value is only 58% of the torque predicted using FEA, it results in
an active torque density of just 33 Nm/L. In order to understand the reason for the lower
measured torque. The radial magnetic field created by the inner rotor and outer rotor
when surrounded by air was measured. The results are shown in Figure 3-38 and Figure
3-40. The dominant harmonics that transmit torque within the inner and outer rotor air-
gaps are the 4™ and 13"™ harmonics respectively. These harmonic terms were extracted
and plotted separately as shown in Figure 3-39 and Figure 3-41. It can be observed that
the dominant harmonic fields obtained experimentally for the inner and outer rotors are
18 % and 24% lower than the FEA predictions. This lower field value has resulted in the

experimental torque being significantly lower than expected.

In order to determine the cause of the discrepancy between the calculated and
measured values a field comparison for a single inner rotor ferrite magnet was conducted.
The resulting field comparison along one length of the magnet is shown in Figure 3-44
and Figure 3-45, the magnet dimensions are shown in Figure 3-43. It can be noted that a

significant discrepancy exists. The discrepancy was close to 13%.
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Figure 3-38: Radial magnetic flux density comparison 0.5 mm above the

Figure 3-37: Experimentally measured torque on the inner and cage
ferrite magnet inner rotor

rotor under pole slipping condition
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Figure 3-39: 4" harmonic comparison 0.5 mm above the ferrite magnet

inner rotor



o
S
9

-0.1
-0.15r
-0.2r

Radial flux density [T]

777777 A m b — - - —
| | |

I

I

I

I [ /
e ——— 44 ]

I

I

I

1

A - AT - AN -1

-0.25O

Electrical angle [degrees]

Figure 3-40: Radial flux density comparison 0.5 mm above the

magnet outer rotor (when inner and cage rotor are absent)

Il
10 20 30 40 50 60 70 80

90

ferrite

0.15
0.05- -+~

-0.05[~ 1111
0.1 -4

Radial flux density [T]

Figure 3-41: 13™ harmonic comparison 0.5 mm above the ferrite magnet

outer rotor when only the outer rotor is present

0 30 60 90 120 150 180 210 240 270 300 330 360
Electrical angle [degrees]

o
~

o o 2
[ SRR %)

Torque ripple [Nm]
S & &
(98] [\‘) —_ o
=
e
=2
==
—
= __ <
| Q.
==
_— =

4 8 12 16 20
Mechanical angle [degrees]

Figure 3-42: Torque ripple for the ferrite magnet MG

o
S

24

70



71

Figure 3-43: Inner rotor ferrite magnet dimensions
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Figure 3-45: Comparison of x- component of magnetic flux density

along the y-axis of magnet with 0.75” length with 0.46 T magnet.

When the magnet B, field value was reduced down to obtain a match and then

used in the FFMG FEA model a close agreement between the experimental and
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calculated value was obtained. This confirmed that the ferrite magnets supplied did not
meet the quoted specifications. Figure 3-46 and Figure 3-47 show the field comparison
for the magnet with a residual magnet flux density of B, = 0.413 T. The comparison of
radial field and the corresponding dominant harmonic on the inner and outer rotor when
using the new magnet field value are shown in Figure 3-48 through Figure 3-51. The
torque obtained when using this magnet is compared with the experimental design and
can be seen in Figure 3-52. A very close agreement is obtained with the new magnet

design.
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Figure 3-46: Comparison of x-component of magnetic flux density along
the x-axis of magnet with 0.375” length with 0.413 T magnets.
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Figure 3-47: Comparison of x- component of magnetic flux density
along the y-axis of magnet with 0.75” length with 0.413 T magnet.
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Figure 3-50: Radial flux density comparison on the outer rotor with

ferrite magnets at a radius of r=56.5 mm.
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Figure 3-51: 13" harmonic comparison of radial flux density on the outer rotor
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Figure 3-52: Torque comparison for ferrite MG with reduced
magnet properties

The measured torque ripple is shown in Figure 3-42. A torque ripple of 0.7 Nm is
obtained on the high speed rotor. This is 2.8% of the peak torque obtained which is
25 Nm.

The efficiency of the FFMG at various speeds is defined by

n=——— (3.12)

where T} and @] are the torque and angular speed of the inner rotor and 7, and @3 are the

torque and angular speed of the cage rotor.
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The efficiency comparison for the FFMG between the measured and FEA

analysis is shown in Figure 3-53. An efficiency of 98.5% is obtained at the designed
speed of 20RPM. The efficiency goes down rapidly as speed increases and this is
predominately due to the induced eddy current losses in the cage rotor bars. This

indicates that this design could only be used for the first stage of a MG.
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Figure 3-53: Comparison of efficiency of FFMG with

ferrite magnets at various speeds.

3.7. Hybrid Magnet MG

A FFMG model with the same dimensions as the ferrite FFMG, but with NdFeB
magnets inserted into the inner rotor, was also modeled and experimentally tested.
Figure 3-54 shows the predicted torque on the three rotors for this hybrid FFMG.
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Figure 3-54: Predicted torque for the hybrid FFMG
design where NdFeB magnets are in the inner rotor
and ferrite magnets are in the outer rotor

Torque [Nm]




76
This hybrid magnet MG’s predicted peak torque is 61 Nm. Figure 3-55 shows the field

comparison for the high-speed rotor in air and corresponding dominant harmonic in
Figure 3-56. It is can be seen that the experimental and FEA values are very close.
Figure 3-57 shows the experimental torque measured during pole slippage. A peak
torque of 48 Nm was achieved which is only 78% of the predicted 61 Nm torque. This
represents a measured torque density of 66.3 Nm/L while the predicted was 84.9 Nm/L.
This discrepancy is again attributed to the Hitachi NMF-12F ferrite magnets having lower
magnetic properties than expected. The efficiency for this hybrid magnet designed is

shown in Figure 3-58. At the design speed of 20 RPM the measured efficiency is 97.7%.
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Figure 3-55: Radial flux density comparison in the inner rotor air-gap with just
the inner rotor present
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Figure 3-56: The 4™ harmonic comparison of the radial flux density in the
inner rotor air-gap with just the inner rotor present.
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Figure 3-57: Measured torque for the hybrid FFMG design where NdFeB
magnets are in the inner rotor and ferrite magnets are in the outer rotor
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3.8. MG with Rare Earth Magnets

A FFMG with the same dimensions as the above with NdFeB magnets in both the
inner and outer rotors was also experimentally tested. Figure 3-59 shows the calculated
torque when using the NdFeB magnets. The calculated peak torque on the cage rotor is
115.7 Nm. This gives a volumetric torque density of 154.2 Nm/L. The radial flux densities
in the inner and outer air-gaps and their corresponding harmonics are shown in

Figure 3-62 to Figure 3-63.
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Figure 3-62: Radial flux density, B,, in the inner rotor airgap adjacent to inner

cylinder and corresponding spatial frequency analysis at ¥=33.25 mm.
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Figure 3-63: Spatial frequency analysis of radial flux density, B,, in the inner
rotor airgap adjacent to inner rotor

The predicted peak torque for this model is 115.7 Nm while the measured peak
torque before pole slippage was determined to be 113.5 Nm. This represents a discrepancy
of just 1.9%. This results in an active region torque density of 151.2 Nm/L. The radial
flux density at a distance of 0.25 mm away from inner rotor when the inner rotor is
surrounded by air, was measured experimentally and compared with FEA to validate the
magnetic strength of the magnets. Figure 3-64 shows the comparison between the fields
and it can be seen that a very close match was obtained between the two fields.

Figure 3-65 shows the torque under varying loads and Figure 3-66 shows the torque

ripple measured on the inner and cage rotor respectively at maximum load condition while
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Figure 3-67 shows the efficiency at different speed and load conditions. An efficiency of
97.4% is obtained at the speed of 20 RPM. It should be noted that the torque ripple shown
in Figure 3-66 was measured using a helical beam coupling on both sides of the FFMG,
however the torque ripple shown in Figure 3-67 was measured with a helical beam
coupling on the low-speed side and a flexible spider coupling on the high-speed side of the
FFMG. It was determined that the spider coupling introduced more oscillatory torque
ripple than the flexible coupling and this is one of the reasons for the somewhat lower
torque ripple measured for the NdFeB design. A performance summary for the three

different FFMG constructed is provided in Table 3-8 and Table 3-9.
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Figure 3-64: Radial flux density comparison in the inner rotor air-
gap with just the inner rotor and NdFeB magnets
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Figure 3-65: Torque on the cage and inner rotor of experimental
setup with NdFeB magnets on both the rotors for various loads
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Figure 3-66: Experimental torque ripple on the cage rotor for MG model with
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Figure 3-67 shows the efficiency measured at various loads at different input
speeds for FFMG with NdFeB magnets. The efficiency decreases as the load and speed
increases. An efficiency of 97.4% is obtained at a design speed of 20 RPM at maximum

load just before the FFMG pole slips.
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3-67: Efficiency of the FFMG at various speeds

measured at peak load condition (just before pole slipping).

Table 3-8: Calculated and measured
torque values

Torque [Nm]
Type Calculated | Measured
Ferrite 42 25
Hybrid 61 48
NdFeB 115.7 113.5
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Table 3-9: Summary of experimental
performance metrics

Torque density Mass density | Torque-per-
Type [Nm/L] [Nm/kg] kg
Active Full |Active| Full of magnet
region |assembly |region |assembly| [Nm/kg]
Ferrite | 33 (56) 30.5 4.5 3.7 14.6
Hybrid| 66.3 (81) | 58.6 8 6.7 24.2
151.2
NdFeB (154) 138.5 17.4 14.8 44.6

Table 3-10: Air-gap magnetic shear stress
and torque density
Torque
Radius | Torque | Density | Shear Stress
Design | Air-gap | [mm] | [Nm] | [Nm/L] [kN/m’]
Outer | 39.75 86.8 229.5 114.7

Inner 33.25 26.7 100.9 50.4

Sub-scale

3.9. Demagnetization Analysis

The magnets used in the design see a rotating magnetic field from the air-gap
crossing the magnets at the corners, in the direction opposite to that of their orientation.
This results in the magnetic material undergoing cyclic demagnetization around the tips.
In order to investigate this phenomenon with angular rotor position two points within the
magnet were selected, as shown in Figure 3-68. Point 2 is far from the air-gap and
therefore does not see any local demagnetization. A demagnetization ratio was defined

such that:

Demagnetization ratio (%) = 100(1 — |B_2||J (3.13)
Bl

Where B, is the residual magnetic flux density of the specified step and B, is the
residual magnetic flux density of the step that is displayed. Using this ratio a
demagnetization surface plot was made at one rotor position as shown Figure 3-69. The
local demagnetization around the corners of the ferrite magnets is clearly evident.

Figure 3-70 shows the demagnetization path taken for the field at point 1 and point 2.
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Figure 3-68: Demagnetization analysis at two points on the
outer rotor magnets
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Figure 3-69: Demagnetization ratio of the magnets
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Figure 3-70: Demagnetization path at point 1 and point2 on the
magnet as a function of rotor position.

It can be clearly seen from Figure 3-70 at point 1, the flux density once demagnetized
follows a new path which is very different from the original path. The demagnetization of

magnets on the tips can therefore have some effect on the output torque. However this

effect is very localized.



CHAPTER 4 : SCALED-UP FLUX FOCUSING MAGNETIC GEAR DESIGN

4.1. Introduction

In this chapter the design, construction and experimental evaluation of a scaled-up
coaxial FFMG is presented. In Section 4.2 the design and topology of the scaled-up
FFMG is presented. In section 4.3 a judicious parameter sweep of the design is presented.
Section 4.4 gives the harmonic analysis of the design and comparison with the sub-scale
FFMG. Section 4.5 presents the deflection analysis of the cage rotor bars due to the
magnetic forces from the inner and outer rotor, and Section 4.6 gives the experimental
construction and results.
4.2. Magnetic gear design

The scaled-up FFMG is designed by doubling the number of poles and outer radius
used by the sub-scale FFMG presented in chapter 3. The design has p;=26 pole pairs on
the outer rotor, p;=8 pole pairs on the inner rotor and n,=34 steel poles on the cage rotor.
As all the poles are doubled the gear ratio for this design is 4.25:1, the same as the sub-
scale design. The primary intention for designing the scaled-up FFMG is to investigate
the possibility of achieving a higher volumetric torque density. The scaled-up FFMG
design under investigation before optimization is shown in Figure 4-1(a) and the material
properties and fixed geometric parameters are given in

Table 4-1, Table 4-2 and defined in Figure 4-1(b).



86

Outer rotor

Inner rotor
magnets

(a)

Figure 4-1: (a) Scaled-up FFMG MG using initial geometric values with
p1=8 pole-pairs on the inner high speed rotor, n,=34 steel poles on the low-
speed rotor and p;=26 pole-pairs on the outer stationary rotor.

4.3. Parameter Sweep Analysis

It is assumed that the magnet and steel pole-spans are equal on the high-speed and
stationary rotor such that 0,,=0,,=360°/(4p;) and 63=603,=360°/(4ps). In addition, the
outer radius of the stationary rotor and inner radius of the high-speed rotor are held fixed
at 7,3=110 mm and ;=25 mm. As the objective of the parameter sweep is to maximize
the volumetric torque density the inner rotor radius was kept small. The cage rotor bar
span was initially held fixed at 6, = 180°/p; = 7° and the torque was calculated when
varying the outer radius of the high-speed rotor, r,;, and the length and width of the cage

rotor bars, /, and G,,.



Table 4-1: Fixed geometric parameters and material properties

Description Value |Unit
Inner rotor |Pole pairs, p; 8 -
(high Steel pole span, 6y /16  |radians
speed) Air-gap, g 0.5 mm
Cage rotor |Steel poles, n;, 34 -
Pole pairs, p; 26 -
Inner radius, rj3 77 mm
Outer rotor -
(stationary) Outer radius, r,3 110 mm
Steel pole span, 63 /52  |radians
Air-gap, g 0.5 mm
Ferrite magnet, Hitachi
Material |NMFI2F 046 T
NdFeB magnet, N40H, B, 1.25T |T
416 steel resistivity (cage rotor)|57.0  |uQ-cm
1018 steel resistivit
(inner/outer rotor) ! 159 ju€-cm
Active region stack length, d 75 mm
Table 4-2: Geometric parameters varied
Description Value |Unit
Inner rotor Inner radius, r;; 25 mm
(high speed) Outer radius, r,; 66 mm
Cage bar length, [, 10 mm
Cage rotor Polge span, Qszg 7 degrees

Figure 4-2: The geometric parameters.
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The cage bar length is defined as [, =r,; - r;». The resulting torque density plot is

shown in Figure 4-3 for the case when ferrite magnets are used. It can be noted that the

torque density is always maximum when the cage bar length is [, =5 mm. At [, =5 mm

and r,; =90 mm the peak torque density when using ferrite magnets is calculated to be
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92.2 Nm/L. Figure 4-4 shows that #,=7° gives the highest torque density and is not

affected by changes in high-speed outer rotor radius values.

Torque density
[Nm/L]

Cage rotor bar 1 13 15 92 8Iigigh speed rotor outer
length, /, [mm] radius, r,; [mm]
Figure 4-3: Volumetric torque density for changes in the cage rotor bar
length, [/, and high-speed outer rotor radius, r,;, when using ferrite
magnets (05,=7°)
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Figure 4-4: Volumetric torque density for cage rotor bar span, 6, and
high-speed outer rotor radius, r,;, when using ferrite magnets (/,=5mm)

The same parameter sweep analysis was conducted when using NdFeB magnets.
Figure 4-5 and Figure 4-6 show the torque density values when the parameters r,;, [, and
0Oy, are varied. Surprisingly the peak torque density using NdFeB magnets occurred at the
same geometric values as when using ferrite magnets, namely =5 mm, r,; =90 mm,
0,=7°. The peak torque density was calculated to be 266.9 Nm/L. The final geometric

parameters after the optimization are shown in Table 4-3.
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Figure 4-5: Volumetric torque density for changes in the cage rotor bar
length, I, and high-speed outer rotor radius, r,, when using NdFeB
magnets (0,=7°)
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Figure 4-6: Volumetric torque density for cage rotor bar spans, 6,,, and
high-speed outer rotor radius, r,;, when using NdFeB magnets (/,=5mm)

As with the case for the sub-scale design the magnets have been made rectangular
in order to reduce manufacturing cost and additional steel rotor pole lips have been added
in order to retain the magnets in place, the addition of the lips increases the outer rotor
radius to r,3= 114 mm. The final model after making these adjustments is shown in
Figure 4-7. Figure 4-8 shows the surface plot for the radial flux density of the design
where the distribution of the field across the three rotors is shown. It can be seen that

concentration of flux is higher on the lower edges of the outer rotor steel and inner edges

of inner rotor steel. The calculated torque as a function of mechanical angle when only
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one rotor is rotating (pole slipping) for both ferrite and NdFeB designs is shown in
Figure 4-9 and Figure 4-10. A peak torque of 282.6 Nm and 750 Nm respectively was
obtained. This results in a volumetric torque density of 92.3 Nm/L and 244.5 Nm/L for

the ferrite and NdFeB magnet designs respectively.

Table 4-3: Final geometric sweep parameters

Description Value |Unit
Inner rotor |Pole pairs, p; 8 -
(high Steel pole span, 6 /16  |radians
speed) Air-gap, g 0.5 mm
Cage rotor |Steel poles, n, 34 -
Pole pairs, p; 26 -
Inner radius, rj3 99 mm
Outer rotor -
(stationary) Outer radius, 7,3 114 mm
Steel pole span, 63 /52  |radians
Air-gap, g 0.5 mm

Ferrite magnet, Hitachi
Material |NMF12F 046 T
NdFeB magnet, N40H, B, 1.25T |T
416 steel resistivity (cage rotor)|57.0  |uQ-cm
1018 steel resistivity

(inner/outer rotor) 159 ju€-cm
Active region stack length, d 75 mm

Table 4-4: Final geometric sweep parameters

Description Value |Unit
Inner rotor Inner radius, r;; 26 mm
(high speed) |Outer radius, r,; 92 mm

Cage bar length, [, 5 mm
Cage rotor Pole span, 6,, 7 degrees
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Table 4-5: Key design parameters

Flux concentration | C,3 7.35
ratio Cui 4.38
Angular span ratio | W3 2.02
Angular span Ouy t/(2p,)
[radians] O /ps
O3 m/(2p3)
300
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Z 70
=, -50
£-100
=150
-200 | i
'250 | | | | ‘ |
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Mechanical angle [degrees]
Figure 4-9: Torque on the three rotors when slipping when using
ferrite magnets with an active region stack length of 75Smm
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Figure 4-10: Torque on the three rotors when slipping when
using NdFeB magnets, with an active region stack length of

75mm
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The FEA calculated efficiency at various input speeds from 10 to 100 RPM with

ferrite and NdFeB magnets is shown in Figure 4-11. An efficiency of 98.0% with ferrite

magnets and 97.5% with NdFeB magnets was predicted at the 20 RPM input design

speed. The calculated efficiency reduces significantly as speed increases due to the

increased eddy current loss in the solid

steel bars.
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Figure 4-11: Calculated efficiency of the scaled-up FFMG

with ferrite and NdFeB magnets

This design thus obtained was constructed and experimentally verified. However,
it should be noted that this design is not a completely optimized design. For instance,
Figure 4-12 shows the variation of torque due to variation of high speed rotor inner
radius, r;;. Figure 4-13 shows the variation of the volumetric and mass torque density of
the scaled-up MG design and Figure 4-14 shows the variation of torque density-per-kg-
of-magnets with variation in r;;. It can be indicated from these figures that for this design
there is a trade-off between the active region mass torque density and volumetric torque
density. Figure 4-13 shows that selecting r;;=25mm was not ideal as there would be no
difference if r;;=49mm was used. When the inner radius is increased beyond r;;=49mm,
the mass torque density increases but at the cost of a reduced volumetric torque density.
If the mechanical assembly structure can be designed to be low mass, the mass torque

density capability of this type of FFMG could therefore be substantial.
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Figure 4-12: Torque variation when the inner radius of the high

speed rotor is varied
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Figure 4-13: Active region torque density variation when the inner

radius of the inner rotor is varied
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Figure 4-14: Active region torque density per kg of magnets, variation
when the inner radius of the high speed rotor is varied

4.4. Harmonic Analysis

As seen in the previous chapter the dominant harmonics within the rotor air-gap play

the primary torque transferring role between the rotors. In the scaled-up design the inner

and outer rotor’s dominant harmonics are the 8" and 26" while in the sub-scale

design the 4™ and 13™ harmonics are dominant. Figure 4-15 through Figure 4-18 shows

the calculated radial flux densities in the inner and outer air-gaps and their

corresponding spatial harmonics for the scaled-up FFMG. It can be noticed that there is

a significant increase in the harmonics between the sub-scale and scaled-up model

resulting in the higher torques in the scaled-up model.
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Figure 4-15: Radial flux density, B,, in the inner rotor air-gap
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Figure 4-16: Spatial frequency analysis of radial flux density, B,, in the

inner rotor airgap adjacent to inner cylinder when using NdFeB magnets
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Figure 4-19 and Figure 4-20 compare the magnitudes of the radial, B,, and
azimuthal, By, flux density dominant harmonics for the scaled-up and sub-scale designs
within the inner and outer air-gaps respectively. It can be observed that for the scaled-up
design the B, harmonic in the inner and outer air-gap is increased by 32% and 24%
respectively. While the dominant By harmonic in the inner and outer air-gap is increased

by 36% and 37% respectively.
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Figure 4-19: Comparison between the dominant harmonics for the
radial flux density, B,, for the sub-scale and scaled-up FFMG
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Figure 4-20: Comparison between the dominant harmonics for the
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4.5. Deflection Analysis
As presented in the previous chapter the large magnetic forces created by the inner
and outer rotor magnets result in the deflection of the thin central cage rotor bars. The
deflection will result in a reduction of the air-gap between the rotors and will affect the
torque transmitted. The deflection of the cage rotor bars for the scaled-up model using the
same iterative approach was determined. The radial and tangential deflection of the cage
bars is shown in Figure 4-21 and Figure 4-23. The maximum radial and tangential
deflection for the scaled-up FFMG with a 75 mm axial length was only 0.044 mm and
0.01 mm respectively when using NdFeB magnets. Figure 4-22 shows that the iteration
converges after 5 iterations with a deflection of 0.044 mm. As the designed air-gap is

0.5 mm this amount of deflection was deemed acceptable.
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4.6. Experimental Validation

The mechanical assembly exploded view for the scaled-up FFMG when using
NdFeB magnets is shown in Figure 4-24. Figure 4-25 through Figure 4-27 show the
assembly of inner rotor, cage rotor and outer rotors. It can be seen in Figure 4-25 that a
small layer of Kevlar thread was glued around the inner rotor in order to retain the
magnets in their place. The fully assembled FFMG on the dynamometer test-stand is

shown in Figure 4-28.

Stationary outer rotor =

Figure 4-24: Exploded view of the mechanical assembly
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Figure 4-25: Assembly of inner rotor

Figure 4-26: Assembly of cage rotor and inner rotor

Figure 4-27: Coﬁlpletéiy assembled FEMG with all the three rotors
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Figure 4-28: Complete test bench setup

A comparison of the radial flux density, B,, created by the inner rotor when
surrounded by air is shown in Figure 4-29 while Figure 4-30 shows the extracted
dominant 8" harmonic comparison for the inner rotor field. The experimental value was
observed to be within 5% of the value obtained by using FEA.

Figure 4-31 and Figure 4-32 show the measured torque and torque ripple on the cage
rotor when 15% of peak torque is applied. This is the minimum torque that is needed in
order to start the MG rotating continuously. The average torque is 110.5 Nm with a
torque ripple of 1.5 Nm (1.4% of the measured torque).

Figure 4-33 shows the measured torque under different load conditions at the 20 RPM
design speed. A maximum torque of 731 Nm was measured beyond which the rotor
slipped poles. This measured torque is 2.5 % (19 Nm) lower than the FEA calculated
value of 750 Nm. This gives an active region volumetric torque density of 238.7 Nm/L.
The corresponding torque ripple on the low-speed cage and high-speed inner rotor is
shown in Figure 4-34. A torque ripple of 2 Nm on the inner rotor and 1.6 Nm on cage

rotor was measured at the peak torque condition.
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Figure 4-29: Experimental and FEA comparison of radial
flux density at ¥=90.25mm created by the inner rotor when
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Figure 4-35 shows the measured FFMG efficiency at different load and speed

conditions. It can be observed that the efficiency comes down as the load and speed

increase. An efficiency of 96.5% was measured at the 20 RPM full load design speed.

Figure 4-36 shows a comparison between the FEA calculated and measured

efficiency at the maximum load condition, a relatively good match was achieved. The

main discrepancy in the results is believed to be due to the FEA model not accounting for

the bearing and the friction losses.
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Figure 4-33: Experimental measured torque on the low speed and high
speed rotors under various load conditions
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Figure 4-34: Experimental measured torque ripple on the low speed
and high speed rotors
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Figure 4-35: Measured efficiency for different input
speeds at different load conditions
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Figure 4-36: Comparison of measured and predicted
efficiency for different input speeds at maximum load

In order to further improve the volumetric torque density of the design the radius
of the inner rotor, r;;, is changed to 49 mm and the parametric sweep discussed in section

4.3 is again conducted to improve the torque density. The procedure is shown in
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Figure 4-37. Maximum torque density is calculated for the change in the I, and r,;, With
the new values of /, and r,;, the inner radius of the inner rotor r;;, is again varied till a
maximum torque density is obtained. This procedure is continued until there is no further
change in the torque density.

Figure 4-38 shows the change in volumetric torque density due to changes in the
cage rotor steel pole length [, and the high speed rotor outer radius, r,;, when using
ferrite magnets and the inner radius r;;=49mm. A maximum torque density is obtained
when [, = 7mm and r,; = 88 mm. Figure 4-39 shows the change in torque density when

the angular span of cage rotor bars, 6, and r,; are varied.

Initial condition
rp=25mm

New ri1

A 4

A 4

Calculate torque density
for change in /, and r,,;

IfAI",'1+0

A 4

Vary r; in order to

A

calculate the maximum
torque density

A 4

Final design
when A r;; =0

Figure 4-37: Procedure for further optimizing the MG design
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Figure 4-38: Volumetric torque density for changes in the cage rotor bar
length, /, and high-speed outer rotor radius, r,;, when using ferrite
magnets (05,=7°) and r;=49mm
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Figure 4-39: Volumetric torque density for cage rotor bar span, 6, and
high-speed outer rotor radius, r,;, when using ferrite magnets (,,=7mm)
and r;=49mm
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Figure 4-40: Volumetric torque density for changes in the cage rotor bar
length, I, and high-speed outer rotor radius, r,;, when using NdFeB magnets
(0,,=7°) and r;;=49mm
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It is observed that there is no change in the angular span of the cage rotor bars even
when other parameters are changed. A maximum torque is obtained at an angular span of
7°. Similarly, Figure 4-40 and Figure 4-41 shows the corresponding volumetric torque
densities changes when using NdFeB magnets. The peak torque density occurs at the
same geometric values. With the new parameters obtained i.e. ,=7mm, 6,=7° and

r,1=88mm, the high speed rotor inner radius, r;;, is changed again.

Torque density
[Nm/L

L L4

78 - 7.8 9 10
High speed rotor outer 74 70 4 5 6 Cage rotor bar
radius, r,; [mm] span, 6, [Degrees]

Figure 4-41: Volumetric torque density for cage rotor bar spans, 6,,, and
high-speed outer rotor radius, r,;, when using NdFeB magnets (/,=7mm)
and r;;=49mm
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Figure 4-42: Active region torque density variation when the inner

radius of the high speed rotor is varied and r;;=49mm
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Figure 4-42 shows the variation in the volumetric and mass torque densities and
Figure 4-43 shows the torque density per kg of magnets when changing in the inner
radius of the high speed rotor. It can be seen that the peak volumetric torque density
occurs at r;;=49mm. After including the lips for retaining magnets on the inner and outer
rotors the peak torques calculated when using ferrite and NdFeB magnets were 292.6 Nm
and 761.2 Nm. This corresponds to a torque density of 95.5 Nm/L and 248.6 Nm/L
respectively. The final design after the parametric sweep is shown in Figure 4-44,

Table 4-6 and Table 4-7.
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Figure 4-44: Improved design of scaled-up FFMG

proved scaled-up FFMG

Table 4-6: Final geometric sweep parameters of im,
Description Value |Unit
Inner rotor |Pole pairs, p; 8 -
(high Steel pole span, 6 /16  |radians
speed) Air-gap, g 0.5 mm
Cage rotor |Steel poles, n, 34 -
Pole pairs, p; 26 -
Inner radius, r;3 77 mm
Outer rotor -
(stationary) Outer radius, 7,3 110 mm
Steel pole span, 63 /52  |radians
Air-gap, g 0.5 mm
Ferrite magnet, Hitachi
Material —|NMF12F 046 T
NdFeB magnet, N40H, B, 1.25T |T
416 steel resistivity (cage rotor)|57.0  |uQ-cm
1018 steel resistivit
(inner/outer rotor) ! 159 juQ-cm
Active region stack length, d 75 mm

Table 4-7: Final geometric sweep parameters of improved scaled-up FFMG

Description Value |Unit
Inner rotor Inner radius, r;; 49 mm
(high speed) |Outer radius, 7, 88 mm

Cage bar length, [, 7 mm
Cage rotor Pole span, 6,, 7 degrees

110
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Table 4-8 and Table 4-9 summarize the active region and full assembly volumetric, mass
torque density and shear stress values. It can be noted that the full assembly and active
region volumetric torque density values are relatively close, however the active region
and measured mass torque density values are significantly different. This is mainly due to
the fact that the measured mass included the shafts and additional assembly fixtures some
of which do not change the volumetric size. These parts were not significantly optimized.
Figure 4-45 shows the comparison of the volumetric torque density values for FFMG
designs constructed and experimentally verified in prior research (2003-2014) and this
research. The active volumetric torque densities achieved in this research are significantly
higher than any other design in the literature. Table 4-10 summarizes the flux

concentration ratios of the sub-scale, scaled-up and improved scaled-up designs.

Table 4-8: Active region torque and torque density values

Scaled-up design Sub-scale design
FEA Experimental FEA Experimental
Magnet type Ferrite | NdFeB NdFeB Ferrite | NdFeB | Ferrite | NdFeB | Units
Torque 282.6 750.0 731.0 41 115.7 25 113.5 Nm
Volumetric torque 923| 2445 2387 56 154 33 1512 NmiL
density
Mass torque density 16.6 36.2 35.2 74 17.7 4.5 17.4 Nm/kg
_ Torque-per- 51.2 90.1 87.8  23.9 455  14.6 44.6 Nm/kg
kilogram of magnet
Shear stress on 34.65 92 89.6 179 505 109  50.4 kN/m’
1nner rotor
Shear stress on 100| 2655 2587 414 1169 253 114.7 kN/m’
outer rotor
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Table 4-9: Full assembly torque density values

FEA | Experimental
Magnet type Ferrite | NdFeB |NdFeB| Units
Volumetric torque density 82| 2149| 209.4 Nm/L
Mass torque density - -| 15.77)Nm/kg
250 ; { 1 1 |
= 4 Prior art | | | | @
'4_\":]225 ® This research ”7:#””4: 77777 i 77777 T””_A o
Z 200- - - . C- . §9&d@d—?p Q@&lgn,,,
z Sub-scale NdFeB ! ! ! |
E 175 77777 \‘77\ 77777 | 7777\ 77777 o | S \77777
,_8 I I I [45] I I I I
D 1507 - @ e
g‘ | | | | | | |
R e B e
= | | | | | [41]e
L 100----- RO i [N L [
5 100" Sub-scale Hybrid — [[34] | ; [411¢
E 75 RG] . ‘L”[ioi]#”w
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Figure 4-45: Torque density comparison with experimental MG research

Table 4-10: Summary of flux concentration ratios for sub-scale and scaled up designs

o Sub-scale |Scaled-up |Improved scaled-
Description . . .
design design up design
Flux Cu3 5.28 4.83 4.83
concentration o 1308 73 451
ratio
Angularspan 19 00 2.02 2.02
ratio
Angular span 0 /(2py) /(2py) /(2p1)
[radians] Os n/p3 n/ps n/ps
0 /(2p3) /(2p3) m/(2p3)




CHAPTER 5 : ANALYTICAL MODELING OF THE FLUX - FOCUSING
MAGNETIC GEAR

5.1. Introduction

The FFMG designs presented in the previous chapters have been obtained after the
judicious parameter sweep of various parameters. As the parameters are coupled there is
still a lot of scope for further optimization of the parameters to obtain optimum
performance from the designs. Further, the scaling of the FFMG is necessary in order to
obtain higher torque densities and power transfer capabilities with low torque ripple.
Although numerical methods like FEA are an effective tool for optimizing the designs,
the computational time and memory required for complete optimization are very high,
especially for large diameter designs. FEA designs have the advantage of taking into
account the actual geometry and also the non-linear characteristics of the steel parts.
However, they don’t provide the designer with as much physical insight into the
modeling of the design.

An alternative method for optimization is to develop an analytical model based on
some simplified assumptions such as simplified boundary conditions and the ideal
characterization of the steel parts. These simplifications can greatly reduce the
computational time and aid in the design of an optimized FFMG.

Many analytical methods for field prediction in the air-gaps of PM machines have
been developed in the literature [60, 75-80]. In most of the designs Maxwell’s equations

are solved by using the separation of variables method in the low permeability regions by
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applying boundary conditions on the interface of these regions. Many of the analytic
methods described in the literature focus on the determination of the cogging torque in
PM motors that have a radial field topology [81-86]. The analytical modeling of the MG
is complicated by the presence of the modulating steel poles in the cage rotor. This field
modulation phenomenon is similar to the slotting effects in PM machines.

A number of analytical models for MGs with surface mounted magnets have
previously been presented in the literature. For instance Jian [87] developed an analytical
model by solving Maxwell’s equations by using the magnetic scalar potential. The
magnetic field excited in the two air-gaps was separately calculated. The final magnetic
field obtained was a superposition of the fields excited by the individual rotors. Penzkofer
[88] developed an analytical model for MG equipped with Halbach magnets. Lubin
developed a comparable analytical model for determining the field distribution in a MG
with surface mounted PMs for a radial [89-90] and an axial-field MG [91]. In Lubin’s
analysis the Laplace and Poisson’s equations were solved in each region and the solution
was obtained by using the applicable boundary and interface conditions.

In 2012 Belguerras [92] developed an analytical model for a flux concentration PM
machine with a single rotor.

This research takes a similar approach to that adopted in [90] and [92] for developing
the analytical model for the FFMG. The method proposed in these papers is adopted and
improved upon to attain an accurate field prediction in the air-gaps of the FFMG.

The problem description and assumptions made during the derivation of the FFMG
analytic model are given in section 5.2. The governing equations for each region are

defined in section 5.3. The boundary conditions are defined in section 5.4. The derivation
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of the solution considering homogenous boundary conditions is presented in section 5.5.

The modified solutions when considering the non-homogenous boundary conditions is
presented in section 5.6. The Fourier coefficient derivation is presented in section 5.7 and
the analytical field and force calculations are validated in section 5.8.
5.2. Problem Description
The schematic representation of the FFMG studied is shown in Figure 5-1. The

geometric parameters of the model are given as

® R; and R; are the inner and outer radii of the inner rotor respectively

® Rz and Ry are the inner and outer radii of the cage rotor respectively

® Rsand Rg are the inner and outer radii of the outer rotor respectively

The model is divided into 5 regions. For clarity the FFMG schematic is represented as

a linear model, as shown in Figure 5-2.

Figure 5-1: Schematic of a FFMG
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Figure 5-2: Linear schematic of the FFMG with regions and boundary conditions
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The following basic assumptions are adopted in the formulation of the analytical model

e The relative permeability of the steel cores of the two rotors are infinite
e The relative permeability of the steel poles of the cage rotor is infinite
¢ The PMs have the same permeability as air which is equal to one.

e End effects along the z-axis direction are neglected

e Magnets are assumed to be azimuthally magnetized

The 2-D analytical model is developed by using the magnetic vector potential

formulation in polar coordinates. As shown in Figure 5-2 the FFMG is sub-divided into

five regions. The inner and outer air-gap continuous regions are represented by Q" and

Q" respectively. The inner and outer rotor magnet piecewise regions are represented by

Q'and Q" respectively. The cage rotor’s non-magnetic piecewise region is given by Q.

The field solution will involve determining the governing equations in the continuous and
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piecewise regions and then by utilizing the Fourier series the fields within the piecewise
and continuous regions will be connected together at the boundary interfaces.
5.3. Governing Equations

The magnetic flux density B in regions Q' and Q" is equal to the externally applied
magnetic field intensity H and magnetization vector M by [93]

B=yuH+uyM 5.1
where p, is the relative permeability and M is the residual magnetization vector. In this
analysis it is assumed that within Q' and Q" there is no applied source field H and thus
(5.1) becomes

B=yM (5.2)
In the air regions within regions Q", Q"™ and Q":

B=yH (5.3)
The governing Maxwell’s equations in the non-conducting region are defined as [93]

V-B=0 (5.4)

VxB =0 (5.5)
In terms of the magnetic vector potential A the magnetic flux density can be represented
as

B=VxA (5.6)
Now applying the cross product on both sides of (5.6) we get

VxB=Vx(VxA) (5.7)
substituting the vector identity defined by

VX(VxA)=V(V-A)-V’A (5.8)
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into (5.7) gives

VxB=V(V-A)-V’A (5.9)

The Coulomb gauge law is given by

V-A=0 (5.10)
substituting (5.5) and (5.10) into (5.9) results in Laplace’s equation as

VA =0 (5.11)
Equation (5.11) forms the governing partial differential equation in the region Q", Q™
and Q"

Similarly, the governing partial differential equation for the PM region Q'and QY
is obtained by substituting (5.2) into (5.9) and utilizing (5.10). This gives

UVXM=-V’A (5.12)

The partial differential equations are solved using the separation of variables
method and the Sturm-Liouville method in cylindrical coordinates [94].

The general solution for each region is represented by using Laplace and
Poisson’s equations in terms of the magnetic vector potential. The fields within each of
the air regions between the cage rotor steel poles represented by Q™ must be determined.

In this 2-D model only the A, field component of A is needed. This is because the
magnetic vector potential and magnetic flux density are related by (5.6). When only the

A term is present we have

r 0r 1z

la a2 2
B=vxAa=19 9 9 5.13
S F VR (5-13)

0 0 A
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Evaluating (5.13) gives

Bovxa=r A1 g4 (5.14)
20 r or
From (5.14) we get
p oAl (5.15)
" 00 r
B,=-% (5.16)
ar

For clarity in the following sections the subscript z will be dropped.

The governing Laplacian equation in the region Q" for the cage rotor air regions is

2 410 it 2 41
aafxz +la§. +izaa;¥2 =0, for0 <0<0+8 andR, <r<R, (5.17)
r r r r

m . . g th . .
where A" is the magnetic potential in the i™ air-gap slot between the steel poles, 6; is the

angular position of the i"™ slot and p. is the angular span length between two respective
steel poles. Figure 5-3 provides a simplified view of a cage rotor and each of the air
regions are consecutively labeled.

The angular position of the i air-gap slot between steel poles is defined as

0=2" Deig forisisn, (5.18)
n, 2

where 6 is the initial angular position of the cage rotor and n; is the number of steel

poles.
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Figure 5-3: Cage rotor steel poles in Q"' shown for 6, =./2
The governing equation to be solved in the inner rotor air-gap represented by

region Q" has the same form as that derived for region Q™. It is given by

0’A" 104" 1 0°A"
arz +; ar +? 802 :O, fOf strSR?’ (519)
and similarly the field in the outer air-gap region, Q" is
(5.20)

2’AY 104V 1 9*AY
ar2 +; ar +? 802 :0, for R4SI"SR5

The inner rotor represented by region Q' consists of 2p; magnets where p; is the
number of inner rotor pole-pairs. The initial angular position of the magnet is assumed to

be 60, and the angular span of magnets is assumed to be S, as shown in Figure 5-4.
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Figure 5-4: Inner rotor, Q' with 0=0, and 0= 0, shown when 8, =f,,/2

The angular position of the /™ magnet is defined as

ej:]—ﬂ—&wh, for 1< j<2p, (5.21)
p 2

The governing equation within region Q' is obtained from (5.12) and is given by

0’A; 104, 1 0°A
e R
o ror r* of*

=—11, VXM (5.22)

where A} is the magnetic potential of the /™ magnet of the inner rotor. The magnets are

assumed to be azimuthally magnetized and the it magnet M is defined as
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M:(-l)fie (5.23)
“,

where B, is the residual magnetic flux density. The curl of the magnetization vector M is

given by
r 0r z
vxm=2 29 =—( 1y B g (5.24)
r|or 20 0z ,uo

Substituting (5.24) into (5.22) we get

A, 1 aA‘ 1 aZA;
2. +- 2
o~ r ar r* 90

=—(— 1)’ ,forR <r<R,and0,<0<0.+05, (5.25)

The outer rotor represented by region, Q" consists of 2p; magnets where pj is the
number of pole pairs. The initial angular position of the magnet is assumed to be 6, and
the angular span of magnets is assumed to be f; as shown in Figure 5-5. The angular

position of the Kt magnet is defined as

0, = ﬁ—%+91 for 1<k <2 p, (5.26)

P
The Laplace equation governing the field in the outer rotor magnets has the same form as

that derived in (5.25). It is given by

’A 104 10°
af; - g‘rk = ag‘; — ¢ P forR <r<R and0,<0<0,+5  (5.27)
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Figure 5-5: Outer rotor, QY with 6,=0, and 6= 0, shown when 6, =p/2

5.4. Boundary Conditions

The boundary conditions on the inner, cage and outer rotor of the MG are
presented in the following three sections.
5.4.1. Inner Rotor Boundary Conditions

The Neumann boundary conditions for a single i magnet and iron segment in the
inner rotor, QI, is shown in Figure 5-6. The PMs are assumed to be azimuthally

magnetized and therefore the boundary conditions of the PMs on the inner rotor are

— =0 (5.28)
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I
aA./’
00
9.

J

=0 (5.29)

The vector potential continuity equations on the outer and inner radii are

AL(R,,0)=A"(R,,0),for 6. <O<6.+f,onT, (5.30)

A(R,0)=0,0onT, (5.31)

S(6)

Figure 5-6: Inner rotor region, Q'

The continuity of the tangential magnetic field at the outer radius, R, of the inner rotor is

given by

oA"

—1 =S(),onl, (5.32)
or

r=R,

I
J

+(-1)’B,, for 8. <0<0. +
where S@)=1 or . . B,

(5.33)

r=R,

0 , elsewhere
S(6) is a piecewise function. The use of the piecewise function, S(¢), enables the

continuous function AH(r,H) to be connected to the discontinuous function Aj. at the
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boundary interface. The field due to the magnet is assumed to be present at the boundary

interface and therefore (5.33) includes B,, at the I'j; boundary interface.
5.4.2. Cage Rotor Boundary Conditions
The boundary conditions for a single cage rotor steel pole in region Q™ is shown
in Figure 5-7.
The radial component of the magnetic field is assumed to be zero on the left and right

angular sides of the steel pole, therefore:

a AIH

= (5.34)
%,

oAl

Lo (5.35)

89 6=6+p.

Also at r=R3 and r=R, the continuity boundary conditions are:

A"(R,,0)= AV (R,.0) ,for . <0<+ ,onT,, (5.36)

A"(R,,0)=A"(R,,0),for <6<+ ,0onT,, (5.37)

The continuity of the tangential component of the magnetic field at radius ¥ =R,

is given by

A

=F() ,onT', (5.38)
or

r=Ry

where F(0) is a piecewise function given by:

2"

1

F(@)=4 or

,for 6 <60<6 +5.

(5.39)

r=Ry

0 , elsewhere
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AN (R,.0)=A" (R,,0) &
\ L
oA (,0)
20

Alll

i+1

(R,,0)=A"{R,,0)

/ .
/ - \
/ - \
/ o \
/ - \
/ - \
/ - \
/ - \
/ -~ \
; ﬁc - \
/ - \
/
/ -
/ e

T AM(R,,0)=A"(R,.0),

R;

Figure 5-7: Single i slot of cage rotor steel pole in Q"'

The continuity of the tangential component of the magnetic field at ¥ = R, leads to

0AY
v H(®) ,on I, (5.40)

r=R,
where H(6) is the piecewise function given by:

1
94 ,for 6,<6<6+5.
H(@) =1 or

(5.41)

r=R,

0 , elsewhere

5.4.3. Outer Rotor Boundary Conditions
The Neumann boundary conditions for a single magnet and iron segment in the

outer rotor, QV, is shown in Figure 5-8. The boundary conditions are:



oA

20

O +By

'
00

9](
The magnetic vector potential continuity equation at r=Rs is

A (R,0)=A"(R,,0),for §,<0<6,+/,0onT,;

A’ (R,0)=0,0onT

A"
5 =L(6) ,onT;
-
\%
A L(C1)B, ,for6,<6<6,+p,
where L@)=4 or|_,
0 , elsewhere

Figure 5-8: Outer rotor region, Q"

127

(5.42)

(5.43)

(5.44)

(5.45)

(5.46)

(5.47)
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5.5. General Solutions when Accounting for Homogeneous Boundary Conditions

In this section the general solution for each region is derived when accounting of
the homogeneous boundary conditions. The solution derivation of air regions Q", Q"
Q" and magnet regions Q'and Q" are discussed in the following two sections.
5.5.1. General Solution in the Air Regions, Q" Q" ang QY

The Laplace equation to be solved in the air-gap regions is given by equations
(5.17), (5.19) and (5.20). By using the method of separation of variables we can obtain
the solution of the partial differential equations. For the inner rotor air-gap region Q" we

can define:
A'(r.0)=p"(Nd"(©) (5.48)
Substituting (5.48) into (5.19) we get

azpﬂ(?”) 9’9" (0)

06’

¢(9)+ =" O +—p" (1)

19p"(r) g ~0 (5.49)
or .

Rearranging the terms in (5.49) we get

RYCI O KA )
ai" r ai" — 1[802 (550)
Pl 9"(0)

The left hand side of the equation depends only on r and the right hand side
depends only on & and both are independent of each other. Hence both sides of the
equation have to be constants to be equal. Assuming that constant to be 4> we obtain the
two ordinary differential equations (ODE’s) shown in (5.51) and (5.52) which can then

be easily solved.

290, »

T ¢"(6)=0 (5.51)
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2 1 1
rzdp (r)+rd'0 (")_/12

77 s P (=0 (5.52)

Solving the differential equations will help us determine the value of the
separation constant A4 which will satisfy the new boundary conditions. Using Strum-
Liouville method of solving the differential equations and solving (5.51) we get the

general form as
1 (8) = C; cos(16)+ D sin(16) (5.53)
where C} and D} are constants that need to be determined.
Equation (5.52) is Cauchy-Euler’s equation [95] and can be solved to get a
constant coefficient equation. Considering
p(r)=r° (5.54)
where 0 is a constant.
Then substituting (5.54) into (5.52) gives
P20 -Dro 2+ 8’ =A% =0 (5.55)
Canceling out the radial variable (5.55) becomes
60°-1*=0 (5.56)
Equation (5.56) is called the Cauchy-Euler characteristic equation. Thus we have
o =x41 (5.57)
equation (5.54) can then be written as
o =Ar* +Br ™ (5.58)
where Ajand B, are unknown constants. Substituting (5.58) and (5.53) into (5.48) we get

A"(r,0)=(A}r" + BYr™*)(C} cos(A8) + D} sin(16)) (5.59)

Since the angular boundary conditions must be periodic such that
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A'(r,0)=A"(r,27) (5.60)

we require that A=n, where n is an integer in the region Q". Equation (5.59) can then be

expressed as a Fourier series as
A"(r,0)= (Al'r"+B!'r")(C} cos(ng)+ D, sin(n6)) (5.61)
n=1

For n=0 however, /=0 and therefore (5.52) reduces to

Jd( 9pg
= =0 5.62
or [r or ( )
Integrating both sides of (5.62) gives
a 11
PP (5.63)
or

where B:)I is a constant. Rearranging and integrating again (5.63) gives

()= IBTOdr = A"+ Bl In(r) (5.64)

The general solution is the superposition of all 4 values. Therefore for all 1 > 0 the

solution to (5.19) is then [94]

AV(r,0)= A"+ B In(r)+ 3 (A" + BYr)(CM cos(nf) + D' sinnd))  (5.65)

n=1
The total flux, @, through a closed surface must be zero. By integrating (5.4) on

both sides one obtains
d
@:IIB-dS:O (5.66)
00

where d is the axial length of MG and:

dS = rd0dzr (5.67)
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Therefore

B.dS = B,rd8dz (5.68)

Assuming no field travels along the z-axis and utilizing (5.15) equation (5.66) can

be written as:

2

N

aAH
200

d=d dg=0 (5.69)

S C—y

where d is the axial length of the MGG.

Substituting (5.65) into (5.69) we get

2z oo
d=d j %(Agl + By In(r)+ > (Al + BY'r™)(C) cos(n6) + D) sin(n@))j d6=0 (5.70)
0

n=l1
Evaluating (5.70) we get
2z

®= {l( Alr" +B'r ") (CY sin(n) — D) cos(nb)) + A, + By ln(r)} =0
n

0

(5.71)
One can see that for (5.71) to be zero the constant terms must be
A'=B) =0 (5.72)
Substituting (5.72) into (5.65) gives:
A"(r,0)=Y (A'r" +B!'r™")(CY cos(n) + D} sin(nd)) (5.73)
n=1

The general solution of (5.20) in the outer air-gap region Q" is similarly derived

and is given by

AY(r,0)= i(Aivr” +Br™ ) (CiV cos(n@)+ D" sin(nl?)) (5.74)
n=1
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The index n will be used to denote the harmonic field term within the inner and
outer air-gap regions.
The general solution of (5.17) for the i" cage rotor air-gap in region Q" has the

same form as (5.59) and is given by
A" (r,0)=(A}'r* + B)'r *)(C}' cos(18) + D' sin(16)) (5.75)

However, the azimuthal boundary conditions given by (5.34) and (5.35) must also

be accounted for. Substituting (5.75) into (5.34) we get

aan

> =0=(A"r* + Bl ) (-ACT sin(18) + ADY" cos(18)) (5.76)

6=6,

and substituting (5.75) into (5.35) we get

aan

= =0=(A}'r*+B}'r*)(-AC]" sin(A(@ + B.) + AD}' cos(AB + B))  (5.77)

6=6,+.

Equation (5.76) and (5.77) can result in a non-trivial solution only if
D' =0 (5.78)
and

A=uk, (5.79)

. . /4
where u is an integer and k, =—

B

The corresponding solutions for the FEigenvalues given by /1 are called
Eigenfunctions.

Substituting (5.78) and (5.79) into (5.75) the general solution for u > 0 will be:

A" (r,0)= A} + B In(r) + i(AEr“k« + Bl ) cos(uk, (8- 8))) (5.80)

u=1
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where in (5.80) the =0 term has been added. Since the net flux in each individual i™ air
space does not have to be zero. The index u and not n will be used to denote harmonic
terms within the cage rotor air-gap region as well as magnet regions. Different spatial
harmonic index names need to be used within the continuous and piecewise regions.
5.5.2. General Solution in the Inner and Outer Magnet Regions, Q'and Q"

The general solution for the 7™ inner rotor magnet in region Q' is obtained by
solving (5.25). Equation (5.25) is a non-homogeneous Poisson equation. The general

solution is obtained by calculating the superposition of the complementary solution,
A;.C (r,60) and a particular solution, A;p(r, 0) such that:

Al(r,0)= A (r,0)+ A (r,6) (5.81)

The complementary equation is determining by solving (5.25) with the right side

equal to zero such that

O’AF 10A° 1 O°AY
arz +; ar +7 802 :O, fOI'RISI"SRZ and9j3939j+ﬁh (582)

The complementary solution to (5.82) is obtained in the same way as for the cage
rotor region Q" The homogeneous boundary conditions given in (5.28) and (5.29) are

applied and the solution is obtained as

u,j
h

A“(r,0)= A", + BY, ln(r)+2£ ©rh 4 B rﬁh]cos(”ﬁ—”(e—ej ) (5.83)
u=l1

I I
where Ay, By

0./ > AAICJ and Bifj are unknowns for the ;™ magnet and need to be
determined.

The particular solution is obtained by solving (5.25) with all boundary conditions

taken as zero [96]. The boundary condition (5.30) is modified as
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AL(R,,0)=0 (5.84)

The field at r=R, is already assumed to be zero (by (5.31)).

The right hand side of (5.25) is independent of & and is only a function of r.
Therefore, the A;.p field should not change with angular position. Equation (5.25) can
then be modified into an ODE as

FAY 1 dAY
T
dr r dr

‘B
=—(-1)’ -, forR <r<R, (5.85)

Solving (5.85) gives the particular solution as
A? =—r(=1)’B, +C, +C,In(r) (5.86)

where C; and C; are arbitrary constants.
Equation (5.86) must satisfy the boundary conditions given in (5.28), (5.29) and

(5.84), the coefficients Cy and C,in (5.86) then must be zero. Hence (5.86) reduces to
A7 (r,0)=—r(-1)'B, (5.87)
The general solution is thus obtained by substituting (5.83) and (5.87) into (5.81)

' o ﬂ —Uur 7[
Al(r,0)= A, +B)  In(r)-r(-1)’B, +Z;[A; B r P Jcos(% (6-6)) (5.88)

h
But, since from equation (5.31) A'(R,6)=0 equation (5.88) must satisfy:

A{(R.0)=0=A; ,+B, . In(R)-R(-1)’B,

= w = Uz (5.89)
+ Z[A;]Rl"}h +B, R ]cos(F (6-6)))
u=1 h

Therefore,

Ay, =—B;;In(R)+R (-1)'B, (5.90)
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and

umw —Uurw

A, R +B, R/ = (5.91)

Rearranging (5.91) and eliminating BMI, ; we get:
B, =—A, R™ (5.92)

where kj,1s defined as

T

k, =—
"B

(5.93)

Substituting (5.90) and (5.92) into (5.88) and rearranging we get

r

Aj(r.0)= B, ;In (Ej +(R —r)(-1)’B,

1
. ukj, R uk),
+ZA; jRI“"h [[Lj _(_J Jcos(ukh(ﬁ—ej )
i R, r

The general solution for the field in the outer rotor magnet region Q" is obtained

(5.94)

in an analogous way as for Q. Utilizing the boundary conditions (5.42), (5.43) and (5.45)

the solution of (5.27) for the K magnet in the outer rotor is

AY(r,0)=B),In [RLJ +(R,—r)(-D'B,

+iAqung/ [LL] _(&] [}cos(ukl (6-6,))
peri R, r

(5.95)

where

(5.96)
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5.6. General Solutions Considering the Radial Boundary Conditions

The general solutions derived in section 5.5 do not take into account the radial
field boundary conditions between each region. In this section the derived general
solutions are re-written to account for the radial boundary conditions. The field equation
unknowns are expressed in terms of Fourier series terms so as to enable the continuous
field distribution in the region Q" and Q" to be connected to the discontinuous field
solution with regions Q', Q" and Q". The general solution obtained in section 5.5 for

each region is summarized below.

Al(r,0) = py (N —=(R —r)(=1)'B,+Y_ p, (r)cos(uk,(6—6,)) (5.97)
u=l
where
[ I r
P, (=B, h{—j (5.98)
Rl
Cy=at me | ] _(ﬁju ” 5.99
p.;(r)=A4A, R [(le ; (5.99)
A"(r,0)=_ pl(r)(C! cos(n) + D} sin(n)) (5.100)
where
o) =Ar"+B'r" (5.101)
A" (r,0)=pyi(r)+ Y. puti(r,0) cos(uk,. (6—6))) (5.102)
u=l
where

p,.(r)=Aj; + By, In(r) (5.103)
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Pl (r)y=Alr" + BNy (5.104)
AV (r,6) = i P (r)(CY cos(nd) + D) sin(nd)) (5.105)
n=l1
where
o (r=A"r"+B r" (5.106)
A (r,0)=p) (N—(R,—r)(-D'B,+)_ p", (r)cos(uk,(0—6,)) (5.107)
u=l1
where
\% \% r
Pox (= BO,k hl[_j (5.108)
R,
uk, R uk,
Pu (r) = A RE" {[—J —(—ﬂ J (5.109)
’ ’ R6 r

In (5.97) - (5.109) there is a total of 16 unknowns. Therefore to solve for the 16
unknowns we must utilize 16 boundary conditions. But we have only 8 boundary
conditions given by (5.30), (5.32), (5.36), (5.37), (5.38), (5.40), (5.44) and (5.46).
However, by expressing the boundary conditions in terms of the Fourier series we can

obtain 16 boundary conditions.

5.6.1. Cage Rotor, Region oM
In this section the solution (5.102) is modified so as to account for the continuity
conditions given in (5.36) and (5.37). This is achieved by using a Fourier series

expansion along 6; and 6;+p...
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The principle of superposition [97] is used to connect the radial boundary
conditions at =Rz and r=R,4. We consider the field superposition of the two boundary
condition cases as illustrated in Figure 5-9.

For case (a), the boundary conditions are
A"(R,,0)=0 (5.110)
A"(R,,0)=A"(R,,0), for 6 <0<6+J. (5.37)

For case (b), the boundary conditions are
A"™(R,,0)=A"(R,.0),for 6§, <0<6 +p (5.36)
A" (R,,6)=0 (5.111)

Therefore using superposition we have

A" (r,0)= A" (r,0)+ A" (r,0) (5.112)

where the superscript ‘a’ and ‘b’ are used to denote the field solution for the two

boundary condition cases.

AT(R,,0)=A" (R,,0) AT (R,0)=0 AM(R,.0) = AV(R,.0)

AR, =0

A"(R3,0) =A"(R;,
’ ’ ARy, =ARYO) 4

Figure 5-9: Superposition principle used to applying the two boundary conditions

The Fourier coefficients in (5.102) must satisfy the boundary conditions for
case (a) and case (b). The equations that satisfy the two cases will be derived in the next

two sections. It should be noted that the left side of (5.36) and (5.37) are written using
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" that is only valid within each i cage rotor air space, but the right side is written with
y g P g
A" which is valid for any angle. In order to connect the unknowns in each region the

. . . . . . I
unknown in A" must be written in terms of a Fourier series with respect to A™.

5.6.1.1. Case (a)
In order to satisfy boundary condition (5.110) the Fourier coefficients (5.103) and

(5.104) must be
il
P (R)=0 (5.113)

Pii(R)=0 (5.114)
Given condition (5.113) we can solve (5.103) to give

A);=-B) In(R,) (5.115)

By substituting (5.115) back into (5.103) we can eliminate Aélf to get
pU(r)=B"In (Lj (5.116)
. , R,
Substituting (5.116) into (5.102) the solution for that satisfies boundary condition (5.113)

is then:
A" (r,0)=B"In [RLJ +> P (r)cos(uk, (6 -6,)) (5.117)
4 u=l1

Given boundary condition (5.114) we can solve (5.104) to get

m__gn R 5118
A,t,i_ u,i R uk(. ( . )

4

Substituting (5.118) into (5.104) and evaluating we have
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uk,. —uk,
mey=ct 20 2 w1230 511
Iou,l( ) u,i (R4 R4 ( 9)

where ¢." = B/"R,™* is a constant. Substituting (5.119) into (5.117) we have:

u,i

4

uk, —uk,
A™ (r,0) = B In (Rij +3em ([RLJ - [RL] }cos(ukc 0-6,) (5.120)
4 u=1 4

Equation (5.120) now satisfies the first boundary condition for case (a). In order
to satisfy the second boundary condition for case (a) we must substituting (5.120) into the

boundary condition (5.37). This gives:

uk —uk,
R d R (R 2
By tn| = | M i cos(uk, (6 -6,
> (Rélj ;CW ((RAtJ (RA;J ] (u C( l)) (5121)
=A"(R,,0),for 6,<0<6,+p.

The left hand side is a Fourier series and from the definition of a Fourier series we can

redefine A "*(Rs,0) as:

0,i u,i

A" (R;,0) = ay; + Y ay cos(uk (6 —6,)) , for §,<0<6,+ . (5.122)
u=1

where in order to satisfy (5.121) the Fourier coefficients must be:

6,+p.
= | A, 5.123)
c 6
2 6,+p.
a;{li:; [ A"(R,,6)cos(uk (6-6))d0 ,u=1,2..... (5.124)
c 6

Comparing the left side of (5.121) with (5.122) we can see that (5.121) is

satisfied when:
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I
a, .
B, = —”I’; (5.125)
In| —
(R4 J
au i
= — (5.126)

R E_ R B
R, R,

By substituting (5.125) and (5.126) into (5.120) we get

uk,. uk,
%) sl 2]
H- R r
Ai . (r’ 9) = a(I)Hl Rf : uk,. uk,
In (‘J R (R
R3 R4 R3

In (5.127) the unknowns are now written in a form that satisfies the field solution

cos(uk_ (8-6,)) (5.127)

I
+ Z i
u=1

of A"(r,0) at r=R;.
5.6.1.2. Case (b)
In order to satisfy boundary condition (5.111) the Fourier coefficients (5.103) and (5.104)

must be
P (R)=0 (5.128)
P, (R,,0)=0 (5.129)

The general solution for this case is obtained in an analogous way to case (a) and

the final result is obtained as

(5] [l
N e L lcos(uk,(0-6))  (5.130)

u,i uk, uk,
In (R“] v R _[R
R, R, R,

A" (r,0) = by,

1

where
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1 6,+p,

5 j AY(R,,0)d0 (5.131)

1 _
b(),i -

0+,
b= ; [ AY(R,,6)cos (uk (0-6,))d6 (5.132)
c 6]

Now substituting (5.130) and (5.127) into (5.112) we get

() el
AIII ( 9) — III ( ] _ béII

R, R,
uk, B (5.133)
) (&J &) (5]
> R R
+Z m r bm 3 ~ r _ cos(ukc(ﬁ—ﬁi))
v & R, R )[R
R, R, R, R,
Defining:

U_.(a,b) = (ﬁj +(9)" (5.134)
: b a
V.(a.b) =(ﬁj —(QJ (5.135)
b a

allows (5.133) to be written more succinctly as

ln(R“j ln(R3j
i i r 1 r
A7 (r,0)=aq, b

—Yo,i
(R * (R
In| 4 In| %
H(RJ H(RJ (5.136)

V. (r,R Vi (r,R
+Z alt ) U)ok (6-6)
Vuk (R3, R ) ’ Vukc (R3’ R4)

5.6.2. Inner Rotor, Region Q'

The boundary conditions that apply for region Q' are given by (5.30) and (5.31)

They are rewritten below:
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AL(R,,0)= A"(R,,0),for 6, <0<6,+J, (5.30)

A;.(Rl,é?):O,onF1 (5.31)
Figure 5-10 shows the boundary conditions that need to be satisfied.

A(Ry,0)=A"(R,,0)

A'(R,,0) =0

Figure 5-10: Boundary conditions on the inner rotor for region Q'

From (5.94) we have:

I I r
Aj(r, 0)= BO,j In (F

1

o r iy R ki (594)
#2 AR [Ej %) faso-a
u=1 d

j +(R -r)(-1)'B,

1

Substituting (5.94) into the boundary condition (5.30) we get after rearranging

uk), uk;,
R < (R R
Bl In| =2 | +» Al R™||=2| -] k,(0—6.
Y n[RJ 2 AR [(le (sz JCOSW HE=6) (5.137)

= A"(R,,0)-(R,—R,)(-1)’ B, . for 6, <0 <6, + f5,

The left hand side is a Fourier series and from the definition of the Fourier series

[97] we can redefine AjI(Rz,H) as:

ANR,,0)~ (R —R)(~=1)'B, =al , +> a  cos(uk,(@—6,)) , for 6,<0<8,+, (5.138)

u=1

where the Fourier coefficients are:
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0+

%, =g j[(R —R)(-1)' B, +A"(R,.0)}d0 (5.139)
) 0,45,
9= j [(R,—R)(-1)’ B, +A"(R,.6)) cos(uk, (6 —6,)1d6 (5.140)

Comparing the left side of (5.137) with (5.138) we can see that:

1
a,
B, = 0.J (5.141)
In &
Rl
1
1 uk, a“,j
Al R% = (5.142)

W R, uk, (R —uk,
R R

Substituting (5.141) and (5.142) into (5.94) we obtain

r
In| —
I 1 (RIJ J
Al(r,0)=ay, +(R -r)(-1)'B,

In &
Rl

(5.143)

ln( r j
. o V., (r.R)
Al(r.0)=ay,——45+[R -r(=D'B,+> a, ,—“—"—"cos(uk,(0-6,)) (5.144)
u=l Vukh (RI’RZ)
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5.6.3. Outer Rotor, Region Q"

The solution in the outer rotor region is given in equation (5.107). The applicable

Dirichlet boundary conditions are given by (5.44) and (5.45). They are rewritten as:

AY(R,0)=A" (R.0) , for 6, <6<6,+f3 (5.44)

A'(R,0)=0 (5.45)
The boundary conditions are shown in Figure 5-11.

AY(Rs,0)=0

AY(Rs,0) = A" (Rs,0)

Figure 5-11: Boundary conditions on outer rotor

A similar approach is taken for the derivation of the field within the magnets of
the outer rotor as was undertaken in section 5.6.2 for the inner rotor. After significant

manipulation the following field solution is obtained.

Akv(r, 0)= agfk

(5.145)

uk; uk
R _| R
R

where
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Oc+B
aov,k=ﬁi [ ((Re=R)(-1) B, +A" (R,,6))d6 (5.146)
O+ p
a, =ﬁi j ((R6—R5)(—1)"Bm+AIV(R5,0))cos(uk,(€—Gk))dﬁ (5.147)
[

k

Using the notations shown in (5.134) and (5.135) equation (5.145) can be simplified to

Vuk,(r’ Ry)

SN
AV ,Q:V—r-i-R— DB + e
. (r,0)=ay, (Ry=r)-1)' B, ;[%k Vi, (Rs, R¢)

i

5.6.4. Inner Air-gap, Region o

Jcos(uk, (0-6,)) (5.148)

The solution given in (5.100) is

Al(r,0)= i pr(r)(CY cos(ng)+ D! sin(nd)) (5.100)

n=l1

where pf (r)is given by (5.101). Equation (5.100) can be rewritten as

A0 =Y (' (6) (5.149)
where
@ (6)=C, cos(nf)+ D, sin(nb) (5.150)

In this region the periodic Neumann boundary conditions are used to obtain the
solution. The Neumann rather than the Dirchlet boundary conditions are used as the
Neumann boundary conditions includes the presence of the magnet terms. The boundary
conditions are given by (5.32) and (5.38).

The principle of superposition is again used to connect the radial boundary
conditions at r=R, and r=Rj. This is illustrated in Figure 5-12. We use the superposition

of two boundary condition cases. For case (a), the boundary conditions are



For case (b), the boundary conditions are

at
or

r=R,

0A"

1 =re
5 ()]

r=Ry

Therefore, using superposition

A"(r,0)=A"(r,0)+A™(r,6)

147

(5.32)

(5.151)

(5.152)

(5.38)

(5.153)

The superscript ‘a’ and ‘b’ are used to denote the field solution for the two boundary

condition cases as shown in Figure 5-12.

Figure 5-12: Superposition principle used to applying the two boundary conditions
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5.6.4.1. Case (a)

The boundary conditions given are periodic with a period 2n. Hence we have
¢ 0)=¢"(2m) (5.154)

In order to satisfy (5.151) we must have [97]:

dp" (R
%3) =0 (5.155)
r
Substituting (5.101) into (5.155) we get
nAR"™ —nB/R"" =0 (5.156)
Rearranging (5.156) we get
n-1
B'=A] Ifi,,_l (5.157)
3

Substituting (5.157) into (5.100) and solving we get

. = rY R = r) R
Ta _ || iy LS 3 i 5.158
A" (r,6) Z‘Th HRJ +( rj }cos(n0)+;vn HRJ +( r} }sm(n@) ( )

where i =A'R"C' and v) =A'R"D are constants. Now substituting (5.158) into the

Neumann boundary condition given by (5.32) we get after rearranging:

) ) (5.159)
+ i vf Ri H%j - (%J } sin(n@)

The right hand side is a Fourier series and from the definition of the Fourier series we

can rewrite (5.159) as:

S(@) =Y a, cos(n)+Y_ cy sin(nb) (5.160)
n=l1 n=1
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The Fourier coefficients must satisfy:

2z
g =L [ S(6)cos(n)d6 ,atT,, (5.161)
ﬂ. 0
2
=t [ S(6)sin(n6)a6 ,a T, (5.162)
4 0

Comparing (5.160) with the right side of (5.159) we can note that:

R )i
e R — (5.163)
R, R,
R )i
oD n (5.164)
n

B

Substituting (5.163) and (5.164) back into (5.158) we get

&)

—cos(nd)

A" (r,0)=> a, L} .
R3 RZ
(rjn + (&jn
+icnﬁ R, r

=R (R
R3 R2

Using the notion given in (5.134) and (5.135) the final solution is obtained as

(5.165)

"0 (V,(R,.R,) "0 V,(R,.R,)

An«<r,g>zan&(M}%mm@g&[M}M (5.166)



150
5.6.4.2. Case (b)

For case (b) the same procedure as followed in case (a) is used and the solution is

obtained as

A" (r,0)=b" = [M}os(wnch‘ [Mjsin(ne) (5.167)

V.(R;,R,) V.(R;, Ry)
where
2
b" =% [ F(6)cos(nf)db , at T, (5.168)
0
2z
d" = % [ F(6)sin(n6)d6 , at T, (5.169)
0

F(6) is defined by equation (5.39).

Finally substituting (5.166) and (5.167) into (5.153) we get
A" (r,0) =Z af&[M]+bf R, (U (7 Z)J cos(n@)
n=1 n Vn(stR3) n Vn (R3, 2)
3 n Ry (U . R)J+dn 3(—U"(r’R2)J sin(n)
= V.(R,,R;) V.(R;,R,)

5.6.5. Outer Air-gap, Region Qv

(5.170)

Following the same procedure as shown for the inner air gap region Q" in
section 5.6.4, we obtain the solution by using the Neumann boundary conditions given in

equation (5.40) and (5.46) as
v X IVR U,,(”,Rs) IV& U,,(r,R4)
AV (r,0)= Z£ (—Vn(R4,R5)j+b’l p, (—Vn (RS’RA)DCOS(nB)
(5.171)
+ z(c}f &[—U"(F’ R;) j+ d" &L—U"(“ R.) Dsin(n@)
n=1 n \V,(R,,R;) n\V,(Rs,R,)

where



2r

av =L [ H(®)cos(n6)d6 , at T,
T 0
2

pv =L [L(6)cos(n)db , a T,
T 0

v T s

"V =— [H(6)sin(n6)d6 , at T,

T 0

27
dv = % [ L)sin(n6)d6 , at T,
0

5.6.6. Summary of the General Solutions

Inner rotor region, Q'

ln(rJ
Ajl.(r,t9)=aé,j—R (R —r)(-1)'B, +Z( MJCOS(”@(Q—HI))

hl & " Vuk (Rl’ 2)
Rl

. . 1l
Inner air-gap region, €2

AII(r 6) = i[ n R, [U”(r’RS)]+bf%[ U,(r,R)) ]JCOS(H@)

n=1 Vn(Rz’Rg,) ‘/n(Rg,’Rz)

R, [ U,(r,R;) Ry U,(r,R)) i
+;[ (V (R, R )J+dn (—Vn (R3,R2)D sin(n@)

. il
Cage rotor region, €2

In (R“j ln(
Aim(r’ 0) = a(]ilj r _bélg

Z[ R > Y (R

u=1

151

(5.172)

(5.173)

(5.174)

(5.175)

(5.144)

(5.170)

(5.136)
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Outer air-gap region, Q"

v _oo IV& Un(raRs) IV& U,,(raR4)
A (r’e)_;(a” HK—V,,(RMRS)}H?" n[—vn(RS,RA)Dcos(ne)

+3 e &[—U" (r,R;) j+ d" &L—U" (r.R,) j sin(né)
n=1 n \V,(Ry,R) n \V,(Rs,R,)
Outer rotor region, Q"
In [&j
r
In (&J
RS

5.7. Fourier Coefficient Expressions

(5.171)

Vuk, (r,Ry)
Vuk, (Rs, Ry)

Al (r,0)=ay, —(R,—r)(-1)B, + i(azk ]cos(ukl 0-6,)) (5.148)

In order to determine the Fourier coefficients obtained at each region the

following integral forms will be used

€T+ﬂ

fuwr.py= | cos(nﬁ)cos(%(ﬁ—@))dﬁ (5.176)
a‘r
' Um
g(nu,7, )= j sin(n&)cos(7(9—91))d67 (5.177)
6. +p
r(n,7,8)= [ cos(n®)do (5.178)
g‘r
0. +p
s(n,7,B)= | sin(n8)do (5.179)

0,
where 7 is the harmonic number in the inner and outer rotor air-gap and u is the harmonic
number in the cage rotor air-gaps and magnets. Here 7 is replaced with i for cage rotor, j
for inner rotor and k for inner and outer rotors respectively and £ is replaced with S, for
the cage rotor, £, for the inner rotor and S, for the outer rotor.

Evaluating (5.176) we get
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—n B ((=1)" sizn ;21( B+6,)—sin(nb,)) forumenp
fut, f)= np (5.180)
ﬁ(cos(nﬁr) + (sinn(2B+6.)— sin(nﬁr))j , forur =np
2 2k

Evaluating (5.177) we get

nf’ ((_1)k cosn(,B+¢9T)—cos(m97)) for u % nf

g(n.u,7,B) = w'zt—n'f (5.181)
é(sin(n@) —L(cos n2f+6.)— cos(nﬂf))j , forur =np
2 2k7x

Evaluating (5.178) we get
r(n,7,B) = (sm(m9 +nf3)—sin(né,)) (5.182)
Evaluating (5.179)
s(n,7, ) = %(—cos(n@r +nf)+cos(nd.)) (5.183)

5.7.1. Fourier Coefficients for the Inner Air-gap, Region Q"

The Fourier coefficients for the inner air-gap region are given by (5.161), (5.162),
(5.168) and (5.169). Development of these equations will give linear equations which can
be easily solved to obtain the coefficients.

The integral equations defined in (5.161) and (5.162) can be written as a

summation of field values between 0; to 6+, with the summation from j= 1 to 2p;. This

gives:
1 2p, 0;+p,
==Y [ S®)cos(nd)dd ,atT,, (5.184)
7 j= 6;
2P1 O;+5,
=—Z j S(6)sin(nf)d6, at T, (5.185)

119
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Substituting S(#), defined in (5.33), into (5.184) we obtain:

1 2p 0P aAI .
a'=— I 2l +(=1)'B, |cos(nf)d@ (5.186)
A=t or r,

A} is defined in (5.144) and the derivative of (5.144) at r=R, is obtained as:

dA! L e U, (R.R
|, 1B, +Y ! M u, & z)cos(ukh(e—ﬁj)) (5.187)
or \R R, In(R,) =R, V, (R,R)

Substituting (5.187) into (5.186) we get

2p, O5h . o U. (R,R
A=t [ D g K u, z)cos(ukh(é?—é’j)) cos(nf)dd  (5.188)
: RIn(R) <™ R, V, (R.R)

Utilizing (5.178) and (5.176), equation (5.188) can be modified as

2 I 2p oo
2 a l I/lkh Uuk,, (RlaRz)

a,l,l = %] r(”?j’ﬁ1)+ ai j f(n,u,j,ﬁ ) (5189)
]Z; 7R, In(R,) ’ ,Z;Z; Y AR,V (RLRy) h

The solution of (5.185) is similar to (5.188) except that the cosine term is replaced with a

sine term. The solution of (5.185) can thus be written as

2p I

1 ay ; . &
c, =), ——————s(n, j,B)+
; ZR,In(R,) h ;

= al Mkh Uukh(Rl’Rz)
=1 o ﬂ-Rz Vuk,, (RlaRz)

g(n,u, j,B,) (5.190)

u

where s(n, j, Br) and g(n, u, j, By) are defined in (5.179) and (5.177) respectively.

Substituting F(0) as defined in (5.39) into (5.168) we get

1 & 6+p, ) Av'm
I -
g _71'; '!: or x

cos(n@)do (5.191)

A,.HI is defined in (5.136) and the derivative of (5.136) at ¥=Rj is obtained as:
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a AIH _ aIII bIII
i 0,i + 0,i
or R,In(R,) R,In(R))
U, (R,,R,) U. (R,R,) ©-152)
#3| al e e Shpte Ce os(uk, (60-6)
u=1 R3 Vukc (Rs’R4) R3 Vuk(.(RS’Rél)
Substituting (5.192) into (5.191) we get
—ay; | by,
1 &%% In(R,) In(R,)
pr=—n-> j ’ ) cos(nf)dd  (5.193)
TR T (0 Uy (R, R,)
D (@ — b uk, ———"""cos(uk (6 - 6))
u=1 ‘/ukL, (R3 > R4 )
Further by utilizing (5.178) and (5.176) equation (5.193) can be simplified as:
", _ bm
B =Y | ey ih)
o TR, | In(R;) In (R)
U (R.R.) (5.194)
+ZZ( III III uk, 3%°M4 f(n,u,i,ﬂc)
i=1 u=1 uk ( R4)

The derivation process used to solve (5.169) is similar to that used to solve(5.191). By

substituting F(#) defined in (5.39) into (5.169) and evaluating one obtains:

n _,m bIII
d" = I Boi 4 n,i,f.)
o TR, | In(R;) In(R,) (5.195)
& M Uuk (R;,R,) . .
P22 b e e i )
i=l u=l1 ‘/uk ( 4)

where s(n, i, B.) and g(n, u, i, B.) are defined in (5.179) and (5.177) respectively.
5.7.2. Fourier Coefficients for Outer Air-gap, Region Q"

The Fourier coefficients for the outer air-gap region are given by equations
(5.172) through (5.175). Development of these equations will give linear equations which
can be easily solved to obtain the coefficients. The Fourier coefficients in the air-gaps

need to be connected to the piecewise Fourier coefficients in the magnet and cage rotor
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air regions. Therefore, (5.172) can be expressed as a summation of integral terms over

each cage rotor air region and we can write:

1 & 0.+ p.
:—Z j H(6)cos(nf)d8 , atT,,

i=1

Similarly by substituting (5.41) into (5.174) equation (5.174) can be written as:

n, 0.+p,
:_Z j H(6)sin(nf)d6, at T,

i=1

Substituting H(#), defined in (5.41) into (5.196) the equation becomes

n, 9*/3
——ZI A’ cos(n@)dé

r=R,
Substituting (5.136) into (5.198) and solving the equation we get

m m
—Qy,; bO,i

2 %% R, In(R,) R,In(R,)

v
a =

n

cos(n@)de

1 <

A= PR -, Uk, 2

T+ (aui—bui)—‘—cos(ukc(e—@))
MZ_; ’ "R, ‘/ukc (R;,R,)

By using (5.178) and (5.176) Equation (5.199) can further be reduced to
n —a" bIII
A =3 S i)
= TR, | In(R,) In(R, )

1 oo

+Y > (@, =b Rmf( n,u,i,f3.)

i=l u=1

(5.196)

(5.197)

(5.198)

(5.199)

(5.200)

The solution of (5.197) is similar to (5.200) except that the cosine term is replaced with a

sine term. The solution of (5.197) can thus be written as



clv—i ! _a(?’l[ + bé]j s(n,i,B.)
" SR (In(R) InR)|

n, oo 2
+ ( u,i ut —g(n’u’i’ﬁc)
R AT Y

where s(n, i, B.) and g(n, u, i, B.) are defined in (5.179) and (5.177) respectively.
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(5.201)

Substituting L(0) as defined in (5.47) into (5.173) and writing as a piecewise integral we

get

+(=D* B, Jcos(n@)d@, at 'y
Rs

r=

Similarly by substituting L.(0) as defined in (5.47) into (5.175) we get

dIV -
or

n

1 2p, O+h LBA;/

+(-D"B, J sin(n@)d@ , at T
Rs

r=

AkV is given by (5.148) and the derivative of (5.148) is obtained as

A" | o
or | Rl(R)

—(-1'B, +Z( u,f; ﬁJcos(uk,(@—@k))
uk, 4 6

r=Rs

Substituting (5.204) into (5.202) we get

2p; O +B, Y oo
b;":lz I A+Z a, uh 2 cos(uk, (0 —6,)) |cos(n@)dé
4 5 | RIn@R) S| RV, (R.R)

Utilizing (5.178) and (5.176) equation (5.205) can be written as:

v & P& v Uk, 2
g _Z Rl(R) o kﬁ’HZZ[ “ IR, \/ukf(RS,Ré)Jf(n’u’k’ﬂ’)

k=1 u=1

(5.202)

(5.203)

(5.204)

(5.205)

(5.2006)

The solution of (5.203) is similar to (5.205) except that the cosine terms are replaced with

sine terms. The solution of (5.203) can thus be written as:



= sk, ) ZZ vk 2 k)
n = Sin + gn7u7 D)
erl(R) = R, V. (Ry,R,) :

where s(n, k, B;) and g(n, u, k, 3;) are defined in (5.179) and (5.177) respectively.

5.7.3. Fourier Coefficients for the Inner Rotor, Region Q'

158

(5.207)

The Fourier coefficients for the inner rotor region are given in equations (5.139)

and (5.140). Development of these equations will give linear equations which can be

solved to obtain the coefficients.

Substituting =R, into (5.170) we get

A"(R,,6) = Z n [Mjmﬁ‘&(#j cos(nf)
V. (R,,R,) n\V, (R,,R))
+Z n Ry —U (R, Ry) d,?& 2 sin(n@)
V.(R,,R,) n\V (R,R)
Substituting (5.208) into (5.139) and evaluating we get
; 1 &1 U (R,,R) 2R,
ay;=(R,—R)(-1))B,+—> —| a)R (— . j+b,? (—j r(n, j, B,)
o/ ’ 1 ﬂh ;l’l : Vn(RZ’RS) Vn(R R ) h
NEIEACTER NI P
1 n= 1 ‘/n(RZ’RS) ‘/n(RS’R )
Similarly substituting (5.208) into (5.140) and evaluating we get
P 5(@%5(#] Fon B
B, = n\V,(R,,R,) n\V,(R,R,)

L2 &[dei(#] e B
ﬁh n=1 n\V,(R,R,) n\V,(R,R,)

5.7.4. Fourier Coefficients for the Outer Rotor, Region QY

(5.208)

(5.209)

(5.210)

The Fourier coefficients for outer rotor region are given in (5.146) and (5.147).

Substituting r=Rs into (5.171) we get
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A" (R,,0) = Z v Ry (—2 j+b,§v ﬁ(—U"(RS’R”] cos(nd)
V (R,,R,) n\V,(R,R,)
+Zl v R [ 2 j+d?fi(U“RvR”jsmom)
V (R,,R,) n \V (Rs,R,)
Substituting (5.211) into (5.146) and evaluating we get

ay, =(R,—R;)(=1)"B, +ﬁ,;( ( n(R4,R5)j+b" . (Vn(Rs,Rnnr(n’k’ﬁ’)

(5.211)

(5.212)
S AESR IPTATATY )
B = n\V,(R,,K) n\ V,(R.,R,)
Similarly substituting (5.211) into (5.147) and evaluating we get
a;fk :% [arllv &(V (R2 RS_)]+brIlV&(‘lin((lljj’gzt))ij(n,u,k,ﬁ,)
n= n n ’ n n s
' ) ) (5.213)

+£ 3 cy&(—z j+div&£—U”(Rj’R4)J gnuk, )
= R AN AN n{V,(R,R,)

5.7.5. Fourier Coefficients for the Cage Rotor, Q!
The Fourier coefficients for the cage rotor are given in (5.123), (5.124), (5.131) and

(5.132). Substituting r=R3 into (5.170) gives

" 2 u R (U,(R,,R,)
A"(R,.0) = Z( (—v R )J+bn . (—V”(R3’RZ)Bcos(ne)

(5.214)
II 2 II& Un(R3’R2) .
+Z}( (—V T Rg)}rd" . [—Vn(Rs,Rz)Dsm(na)
Substituting (5.214) into (5.123) gives
> 1 1 2R, U,(R,,R) .
+b, R, ————= r(n,i,).)
Z‘ ,3( V.(R,,R,) RgVn(Ra’Rz)J £
(5.215)

S R, Ul
"2 ( RR) R, )} e
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Similarly substituting (5.214) into (5.124) and evaluating we get

_°° 2R il Un(R3’R2) .
“=20p ( V(RZ,R)+b”R3vn<R3,R2)]f("’”’l’ﬁ”)

(5.216)
+>. 2 [c}} 2R, +de3Mjg(n,u,i,ﬁJ
n=1 nﬂc Vn (RzaR3) Vn (R3,R2)
Substituting r=R4 into (5.171) we get
AV(R,.0)=) | a) R, [—U'I(R‘*’RS)JM;V &(—2 ] cos(nd)
= V (R,,R,) n\V (R,R,)
(5.217)
+Z v Ry [U (R, R )J+dn LS [—2 J sin(n6)
P V.(R,,R;) V.(Rs,R,)
Substituting (5.217) into (5.131) and evaluating we get
=S r S A )
, n=1 1 c V( R) V(R59 4)
(5.218)
+ I ( RU( 5)+dn 2R, (n,i,.)
nlnﬂ ‘/n( 49 5) V(R59R)
Similarly substituting (5.217) into (5.132) and evaluating we get
b = ZZ[ RU( R5)+bn 2R ]f( Ui, )
' n=l1 nﬁ ‘/n( 49 5) V ( )
(5.219)

= nﬁ 4,R5) V o (Rs, R 4)

Equations (5.189), (5.190), (5.194), (5.195), (5.200), (5.201), (5.206), (5.207), (5.209),
(5.210), (5.212), (5.213), (5.215), (5.216), (5.218) and (5.219) are a set of 16 linear
equations which can be solved to calculate the 16 unknown coefficients for n=1,2....N
and u=1,2.....U where N and U equal total number of harmonics that are considered in

the summation and n; is the number of cage rotor steel poles. The matrix defined as given

in equation (5.220) is used to calculate the coefficient values.
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AB=M (5.220)
where M and B are given by
- ‘ _
0.7 1op, 1
I B i 7]
) _ _ _1\/
u’/‘2p].U,l (Rz Rl)( 1Y) Bm .1
il
N O|2p1 .Ul
I O|
"N N
il O|N,1
n N1 O|
il N1
nng 0|
N1
I
ao’i n,,l
’ ny,l
il
bOi
E _ Hl’ ny,1 M _ ny,l
u,i m.U.l n,.U,1
lll. n,.U,1
u,t Vlz.U,l 0
a N1
n N 1 O|
bIV Nl
n N O|N |
v 7
Cn N1 O|N 1
: : (5.221)
v k
d” N, _(R()_RS)(_I) Bm 2ps.1
\Y%
ay,| |
0klyp L 2p3.U 1 ]
a),|
| wkl2pua |

The source terms in matrix M are from (5.209) and (5.212). The subscripts after
the bar in the elements of matrix M and B represents the size of the matrix. For example,

a(I) f‘z lis a matrix with 2p; rows and 1 column and the elements of the matrix are written
*2py,

I

Ay,
I

Gy

1
as a, ‘ =
5] 2p,1



For clarity the matrix A is represented as

where

_12171 2p,
OZpI.U,Zpl
Mi’ll’l
0N,2P1
MSQP]
0

N.2p

02171 .U,n,

ny,2p
ny,2py
n,.U,2 py

ny.U,2p;

0
0

N.2p,

N.2p
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Al Az A3
A=A, A, A, (5.222)
A7 A8 A9

02[11,2p].U MlZp],N Mgpl,N MZ,;,,N M;p],N

_IZPI.U,Zpl.U ;p].U,N Mgp].U,N M;pl.U,N Mip].U,N

M;\?Jpl.U 'IN,N ON,N ON,N ON,N (5.223)

ON,ZpI.U ON,N 'IN,N ON,N ON,N

M;\?,2[11.U N.,N ON,N 'IN,N ON,N

0N,2p1.U ON,N ON,N ON,N ‘IN,N |

02p1,n2 02p1,n2.U 02p1,n2.U 02p1,N 02p1,N |

Ozplu,n2 Ozplu,nzu Ozplu,nzu 02p14U,N 2p.U,N

ON,n2 ON,nTU ON,nTU ON,N ON,N (5.224)
Mi\?,nz Mi\?,nz.U _M?,nz.U ON,N ON,N

ON,nz ON,nZU ON,nZU ON,N ON,N

Mi\?nz Mi\?,nz.U 'Mzzvo,nz.u ON,N ON,N |
2p,.N 02p1,N 02p1,2p3 02p1,2p34U
2p,.UN 02p14U,N OZplAU,2p3 OZplAU,Zpr
ON,N ON,N 01\/,2;;3 ON,2p3.U (5.225)
ON,N ON,N N.2p, ON,zpr
ON,N ON,N Ozv,zp3 ON,ZpSAU
ON,N ON,N 01\/,2;;3 0N,2p3.U |

wapw Moy ML MPL M

Onz,zp,u Olzz,N Onz,N Onz,N Olzz,N

Onz.U,Zpl.U Miju,zv Mf:.u,zv Mizlu,zv Miju,zv (5.226)
nU2p U OnZU,N OnzAU,N Onzu,N OnzAU,N

ON,zp,u ON,N ON,N ON,N ON,N

ON,zp,U ON,N ON,N ON,N ON,N




B ny Ny Onz,nz ny,ny.U ny,ny U Onz,N Onz,N
Onz,nz _Inz,nz ny,n,.U Onz,nz.U MijN Mi:N
Onzu,n2 Onzu,n2 _InZ‘U,nZAU n,.U.n, .U 01124U,N Oan,N
A= 0 0 1 M®, M
n,.U,n, ny.U,ny ny.U,ny .U ny,.U,ny .U ny, . U,N n, . U,N
_M?\Z,nz Mf\lg,nz M?vg,nz.v _Milo,nz.U 'IN,N ON,N
L ON,n2 ON,n2 ON,nTU ON,nzAU ON,N 'IN N
Onz,N Onz N ny,2 p3 ny,2p3.U ]
ME;N ’zlf’N ny,2p3 ny,2p3.U
Onzu,N OnzAU,N n,.U,2p; Onzu,zpyu
Ag = M3 M6 0
ny .U,N ny U,N ny,.U,2py ny.U,2p3.U
ON,N ON N 01\/,2p3 ON,zpr
ON,N ON,N 'Mill,zm M?vz,zp}.U |
I ON,zp1 0N,2p]4U ON,N N,N N,N N,N |
A = ON,zp1 ON,zp,U ON,N ON,N ON,N ON,N
;=
2ps5.2p, 02]73,2]7] U 02p3,N 021)3,N 02p3,N 02]73,N
_02p3.U,2p1 02p3.U,2p14U 02p34U,N 02p3.U,N 02p3.U,N 02p3.U,N_
_Mﬁ,nz lel\/4,n2 Mﬁ,nz.v 'Mi/é,nz.l/ ON,N ON,N
Ag _ 01\/,n2 01\/,n2 ON,nzAU ON,nZU O;vg,zv O;\;,N
2p3.ny 2p3.ny 2p3.m.U 02p3,n2-U M2P3sN MZszN
L V2p3.U .y 2p3.U ny 02p3‘U,n2AU 02p3AU,1124U M?p}u,N M;Z;TU,N |
I 'IN,N ON,N ON,zp3 ON,zpr |
A9 _ ON,N 'IN,N 'M?\Zz% Milg,zp3.l/
MZIPyN Mziz N _12P3’2P3 02P372P3<U
_M;5p34U,N M;pru,zv 02p3u,2p3 'Izpyu,zpyu |
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(5.227)

(5.228)

(5.229)

(5.230)

(5.231)

The elements of the matrix are defined below. Iy is an identity matrix with N rows and

1
N columns. For example 1,, =

. The subscripts define the size of the element in
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the matrix, where the first subscript denotes row length and second subscript column

M, M, M
length. For example M, , :{ 11 12 13}

M21 M22 M23

The superscripts define the number of the matrix. There are a total of 56 matrices in A .

1 R2 U,,(R27R3) .
M = 9 b
Y [V,ARZ,&)}(" )h)

2 R 2 .
MZp N = ( sJs /1)
B (VARB,RQ) i p
3 R2 Un(RZ’R3) .
M2p N = ( sJ h)
B (V,,(RZ,RQ s b

. R 2 |
M = 9 b
B (V,,<R3,Rz>]s(" »A)

U,R,R) .
2[7|UN [V(&,&)Jf(n,u’]’lgh)
2pUN f(’ a.’ﬂ/l)

| nﬁh( <&R2>] o
_ 2R, (U,(R,R) .
ZpIUN nf h[ V.(R,R) g(n,u,],,Bh)
2p]UN ( (& Rz) g(n,u,j,,ﬁh)
M, = . )
v T R IRy
U, (R,R, )
M;?ZplU = ukh ukh( 1 )f(n’u’.]’ﬁh)

TR, V. (R..R,)

(5.232)

(5.233)

(5.234)

(5.235)

(5.236)

(5.237)

(5.238)

(5.239)

(5.240)

(5.241)



11 - .
=——rn,1, b,
Nom 7rR31n(R3)( Po
Y —— r(n,i,p.)
N gRn(R,) e
U. (R.R
N =u—k“Mf(n,u,i,ﬂc)

R, ‘/ukc (R;,R,)

_ —l/tkc U"kc (R3, R4)

MY = n,u,i,
el R, ‘/uk(. (R;,R,) /¢ ﬁC)
1
MY = i,
N.2p 7Z'R211’1(R2) ( J ﬁh)
16 ukh U“kh (R17 R2) .
= n’”’ b
N.2p U 7R, Vuk,,(Rl’Rz) 8( J ,3;,)
17 - .
=———s(n,i, p.
N R, In(Ry) (n.i. B
18 1 .
My, =————sn,i,p,)

N,n N
" 7R, In(R,)

_ uk, Uukc (R, R,)

My, , =—c—"—"e(nu,i,pB.)
TR, Ry

_ —uk, Uukl (Ry, R,)

M3 = n,u,i, .
Ny U R, Vukc (R.R,) g( ,B()
R
no=fe 208
npB. V,(R,,R,)
R, U (R,,R .
ij,N = 3 n( 3 2) r(n,l,ﬁc)
np, V,(R,,R,))
B _ R, 2 (ni, B)

ny,,N Frae—
) n’ﬂc Vn(R2’R3)

165

(5.242)

(5.243)

(5.244)

(5.245)

(5.246)

(5.247)

(5.248)

(5.249)

(5.250)

(5.251)

(5.252)

(5.253)

(5.254)
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R, U (R,,R .
Mo in =~ p3’ V"((R3 Rz)) s(n,i, 3.) (5.255)
c n 32502

35 _ R, U,(R,,Ry)
= nﬁc ‘/11(R4’R5)

r(n,i, ) (5.256)

w _ Ry 2

=—————r(ni, (5.257)
ny ,N nﬁc Vn(RS,R4)r(n l ﬁc)

27 — R4 Un(R4’R5)
e nﬁc ‘/11(R4’R5)

s(n,i, B.) (5.258)

28 — R5 2 s
ny,N
n’ﬁc Vn (RS b R4 )

(n,i,,) (5.259)

29 — 2R2 2
o nﬂc Vn(RZ’R3)

f(nu,i,B) (5.260)

M3 — 2R3 Un(RS’RZ)
n, .U,N I’lﬂc Vn(R3,R2)

f(n,u,i,p,) (5.261)

2R, 2

= ,u,i, D, (5.262)
ny U N ”:Bc Vn(szR3)g(nu l ﬁL)

— 2R3 Un (RS’ RZ)

MY,y = VAT g(n,u,i, ) (5.263)
MY, = ,212,“ l‘], ((gj”gj)) f(nui, ) (5.264)
M, = i; ﬁf(n,u,i,ﬁc) (5.265)
MY,y = i;“ l‘]/((g:gj)) g(nu,i, ) (5.266)

0 2R, 2 (nu,i, B.) (5.267)

= T s 5.8
e nﬁc ‘/n(RS’R4)

1
MY, =————r(n.i, (5.268)
Ny 7rR41n(R4)r(nl'B )



1
M® =— - 4 n,i,
N.,ny ﬂ'R4 ln(R3) ( IB(‘)
k 2
MY :u_c—f(l’l,u,i’ﬁc)
N.,n, .U R4 Vukc (RS’R4)
40 uk 2 1
v =" f(nou,i, B.)
N v R4 Vukl. (RS’R4)
MY, =k, B)
=P 71'R5 ln(Rs)
" uk, 2
- ’ ’k’
T V, (Ry.R)) fnuk,B)
M?V3n :;s(l’l,i,ﬂ(.)
2 7[R4 ln(R4)
Mj\?n :;S(n’i’ﬂ(l)
7 R, In(R,)
45 uk, 2 J
— _— n,u,t, c
N.,n,.U R4 Vuk(.(R3’R4) g( ﬁ )
a6 uk, 2 j
— - n,u,t, c
Nmp U R, Vuk(, (R;,R,) 8 7
1
MY, = s(n,k,
N.2p; 7R, 1n(R5) ( IBI)
43 uk; 2 (n,u,k,f3)

N2pU ~ 7R, mg

9 _ R, #r
2ps3.N
nﬁl Vn(R4’R5)

(I’l,k,ﬂl)

_ r(n,k,
2p3,N I’lﬂl ‘/”(RS,R“) ( IBI)

51 R4 2
2p3.N - V(R.R)
nﬁl Vn(R4’R5)

(f’l,k,ﬂl)

167

(5.269)

(5.270)

(5.271)

(5.272)

(5.273)

(5.274)

(5.275)

(5.276)

(5.277)

(5.278)

(5.279)

(5.280)

(5.281)

(5.282)



168
52 — R5 U,;(R5’R4)
2l nﬁl Vn(RS’R4)

sk, B) (5.283)

53 2R, 2
_ 2z .k, 5.284
2p3.U N nB, V (R,,R;) o 181) ( )
54 2R5 U (RS’R4)
_ \ Wk, 5.285
et nf, V,(Rs,R,) Jna o) ( )
55 2R, 2
2R 2 5.286
2p3.U,N l’l,Bl V”(R4,R5)g(n u ﬁl) ( )
56 _ 2R5 Ull(RS’R4) g(n,u,k,ﬁ[) (5.287)

2 np, V,(R,R,)
5.7.6. Flux Density Equation in the Inner Rotor Air-gap, Region Q"
The magnetic flux density distribution in the inner air-gap can be determined from the

magnetic vector potential by using (5.15) and (5.16). In region Q" we get:

I

B(r,0) =%aa% (5.288)
I

B, (r,0)=— a;‘r (5.289)

Substituting (5.170) into (5.288) the radial magnetic flux density component is then given

by
r) (R rY R
= R) U r\r ) Ur
B'(r,0)=) - af& 2L — 4 22 sin(n6)
R3 2 RZ R3
) ) (5.290)
r R r R, !
- r) e rIr)TUr
+Y. cf& e —+dl 22 — |cos(nb)
= TR (R "R _[R
R3 RZ RZ R3
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While substituting (5.170) into (5.289) gives the tangential component of magnetic flux

19

I 5

OO
NRBEGINGE
T T

5.7.7. Flux Density Equation in the Outer Rotor Air-gap, Region Q'

density as:

=y

The magnetic flux density distribution in the outer air-gap can be determined from

the magnetic vector potential by

104"
B (r, 9)—r =3 (5.292)
v
B) (r 9)——83— (5.293)
r

Substituting (5.171) into (5.292) gives the radial component of magnetic flux density as:
Al +(R’4j"
Ry R, r
RY O (RY_(RY
R, R,

cos(nf)

Brw(r, o) =Z— a sin(né)

(5.294)




170
While substituting (5.171) into (5.293) gives the tangential component of magnetic flux

density as:

B (r,0)=) | a R,

.

2

5.7.8. Electromagnetic Torque

The electromagnetic torque is obtained using the Maxwell’s stress tensor equation. The
magnetic fields calculated in (5.290), (5.291), (5.294) and (5.295) are used to calculate
the torque. A circle at radius =R, in the inner air-gap is taken as the path for calculating
torque and the torque equation is expressed as

dR2 7 v v
T = B™(R,,0)BY (R,,0)d0 (5.296)

e
o 0

where d is the axial length of the MG.

Similarly the torque in the outer air-gap is computed from

dR2 7 v v
T = B™(R..6)BY (R,,6)d6 (5.297)

e
o 0

5.8. Model Validation
In order to validate the developed analytical model, the flux density values in the
inner and outer rotor air-gap for the scaled-up FFMG are compared. A FEA study for the

scaled-up design with ideal steel properties was performed in order to compare with the
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analytical model. The ideal FEA model was simulated by using x,=100,000 in the steel

regions. This approximated the ideal condition in which u, tends to c. The non-linear

FEA model used the non-linear BH steel properties shown in Figure 5.13.
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Figure 5-13: BH curves of steel used in non-linear FEA

3 ‘ ‘ ‘ —
| | —FEA ideal
| |
bt _ _i_| = Analytical model | |
— FEA non-linear

Radial flux density [T]
=

|
| T
|
I | |
| | |
| L | |
| | | |
> I R - ol S T
| | | | | | |
| | | | | | |
| | | | | | |
B e e e e R e e +
| | | | | | |
| | | | | | |
| | | | | |
[ e e e I —+
| | | | | | |
| | | | | |
| | | | | | |
_3 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45

Mechanical angle [Degrees]
Figure 5-14: Comparison of the radial flux densities in the inner
air-gap with the analytical, ideal and non-linear FEA models

Figure 5-14 shows the comparison of the radial flux density in the inner rotor air-
gap between the FEA ideal and non-linear models and the analytical model. It can be
seen that the FEA linear and analytical models are very close thereby validating the
accuracy of the analytical model. Figure 5-15 shows the dominant harmonic comparison

of the inner air-gap field. The dominant harmonic is the 8" harmonic due to the 8 inner
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rotor pole-pairs. The accuracy of the analytic model can be verified by noting the close

dominant harmonic values for the ideal FEA and analytical model.
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Figure 5-15: Comparison of the the 8" harmonic of the radial flux
density in the inner air-gap with the analytical, FEA ideal and non-

linear models

h .
8" Harmonic

Figure 5-16 shows the comparison of the azimuthal flux density in the inner rotor

air-gap and

shows the corresponding dominant harmonic comparison. Again close

agreement is achieved between the ideal FEA and analytical model.

0750~~~

025~~~

T

|

|

|

:

|
05F--—-+---- b

|

|

I

|

|

|

Azimuthal flux density [T]
<

"~ |—FEA ideal

* Analytical model|

— FEA non-linear

|
|
0 5 10 15

20 25 30 35 40 45

Mechanical angle [Degrees]

Figure 5-16: Comparison of the azimuthal flux densities in the inner air-gap

with the analytical, FEA ideal and non-linear models
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flux density in the inner air-gap with the analytical, FEA ideal
and non-linear models
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Figure 5-18 and Figure 5-19 shows the comparison of the radial flux density and

the corresponding dominant harmonic in the outer air-gap between the three models.
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Figure 5-18: Comparison of the radial flux densities in the outer air-
gap with the analytical, FEA ideal and non-linear models
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Figure 5-19: Comparison of the 26" harmonic of radial flux density in

the outer air-gap with the analytical, FEA ideal and non-linear models

Figure 5-20 and Figure 5-21 shows the comparison of the azimuthal flux density

and their corresponding dominant harmonics in the outer rotor air-gap.
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Figure 5-20: Comparison of the azimuthal flux densities in the outer air-
gap with the analytical, FEA ideal and non-linear models
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Figure 5-21: Comparison of the 26™ harmonic of the azimuthal flux
density in the outer air-gap with the analytical, FEA ideal and non-linear
models

The analytical model field prediction is very accurate and close to the ideal FEA
model. However when compared to the non-linear FEA model the values are higher by

around 16% due to the ideal model not accounting for the saturation within the steel.
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Figure 5-22: Comparison of torque on the cage rotor for analytical, FEA

ideal and non-linear models
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Figure 5-22 shows the torque comparison on the cage rotor between the three
models. The torque calculated by the non-linear FEA model was 761 Nm which
corresponds to a torque density of 266.9 Nm/L. With the ideal FEA model the calculated
torque was 884 Nm which gives a torque density of 310 Nm/L. The torque obtained
through the analytical model was 879 Nm which gives a torque density of 308.3 Nm/L.

The computational time taken for ideal FEA model was 75 minutes where as the
analytical model took 3 minutes and 10 seconds to complete the analysis. It is observed
that the computational time can be significantly reduced by using the analytical model.
Although the results vary significantly between the ideal and non-linear models the
analytical model can be used for scaling and parametric sweep of the FFMG designs as it
significantly reduces the computational time and resources required. The analytic model
is particularly useful for conducting scaling analysis.

5.8.1. Parametric Sweep Validation

In order to see if a parametric sweep analysis using the analytic based model
follows the same trend as the non-linear FEA model, in this section the same parametric
sweep analysis performed for the scaled-up design is repeated with analytical model.

Figure 5-23 shows the variation of volumetric torque density when the cage rotor
steel pole length [, was varied along with the high speed rotor outer radius r,;. A
maximum volumetric torque density 304 Nm/L is obtained when the cage bar length of
5.5 mm which is 0.5 mm more than the non-linear FEA model. Figure 5-24 shows the
variation of the cage rotor steel pole span 6y,. It can be seen that maximum torque density

is obtained always when 6,,=7°. This is consistent with the non-linear FEA model.
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Figure 5-23: Volumetric torque density for changes in the cage rotor bar length,
I, and high-speed outer rotor radius, r,;, when using NdFeB magnets (0,,=7°)
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Figure 5-24: Volumetric torque density for cage rotor bar spans, 6,,, and
high-speed outer rotor radius, r,;, when using NdFeB magnets (/,=5.5mm)

Figure 5-25 shows the variation of the volumetric and mass torque densities as the
inner radius of inner rotor is varied. It is observed that at an inner radius of r;;=50 mm
maximum torque density is obtained. With the new inner radius r;; of 50 mm, the analysis
is repeated till a maximum torque density is obtained. Figure 5-26 shows the variation of
torque density with changes in cage rotor steel pole length /, and outer radius of inner
rotor r,;. It is observed that a peak torque density is obtained when the length of the cage

rotor bar length is 7.5 mm. This value is 0.5 mm more than the non-linear FEA model.
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Figure 5-27 shows that there is no change in the width of the cage rotor bars with changes

in length. The final torque after the parametric sweep is 879 Nm which corresponds to a

volumetric torque density of 287 Nm/L.
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Figure 5-25: Active region torque density variation when the inner
radius of the high speed rotor is varied
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Figure 5-26: Volumetric torque density for changes in the cage rotor bar length, /, and
high-speed outer rotor radius, r,;, when using NdFeB magnets (0,=7°) and r;;=50 mm

The comparison of the parameters after the final parametric sweep between the

non-linear FEA and analytical model is shown in Table 5-1. It can be seen that the final
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parameters are very close to each other. The only difference being that the cage rotor bar
length /; and inner radius of the inner rotor r;;. Figure 5-28 shows the percentage
difference between the volumetric torque densities calculated using the analytical model
and the FEA model. A maximum difference of 20.5% and a minimum difference of 17%

was observed between the analytical and FEA models.
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Figure 5-27: Volumetric torque density for cage rotor bar spans, 6,,, and high-
speed outer rotor radius, r,;, when using NdFeB magnets (/,=7mm) and ;=50 mm
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Figure 5-28: The percentage difference in torque density between the analytical
and non-linear FEA calculations for cage rotor bar spans, 8, and high-speed
outer rotor radius, r,;, when using NdFeB magnets (/,=7mm) and r;;=50 mm
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Table 5-1: Final geometric sweep parameters
after optimization

Description Non-linear |Analytical |Unit
FEA model
Pole pairs, p; 8 8 -
Inner rotor |Steel pole span, 6, /16 /16 radians
(high Air-gap, g 0.5 0.5 mm
speed) Inner radius, r;; 49 50
Outer radius, r,; 88 87.5
Steel poles, n, 34 34 -
Cage rotor |Cage bar length, [, 7 7.5 mm
Pole span, 6, 7 7 degrees
Pole pairs, p; 26 26 -
Outer rotor Inner radi}ls, rs 96 96 mm
(stationary) Outer radius, r,3 110 110 mm
Steel pole span, 6,3 /52 /52 radians
Air-gap, g 0.5 0.5 mm
Material Ferrite magnet, Hitachi NMF12F 0.46 0.46 T
NdFeB magnet, N40H, B, 1.25 1.25 T
416 steel resistivity (cage rotor) 57.0 57.0 pQ-cm
1018 steel resistivity (inner/outer rotor) [15.9 15.9 uQ-cm
Active region stack length, d 75 75 mm

It is inferred from the parametric sweep that though the analytical model predicts
a higher torque density value when compared to the non-linear FEA calculated values, it
follows a similar trend during parametric analysis as the non-linear FEA model. Hence, it
can be concluded that the analytical model can be useful for conducting initial parametric
sweep for scaling up FFMG models.

The comparison of the computational time for the analytical model and ideal FEA
is shown in Table 5-2. The computational time for the analytical model is very low
compared to the FEA analysis and hence is a very useful tool for scaling and initial

parametric sweep of FFMG.

Table 5-2: Computational time comparison
for FEA and analytical models
Time (sec)
Ideal FEA 4520
Analytical model | 190




CHAPTER 6 : SCALING ANALYSIS OF FLUX FOCUSING MAGNETIC GEAR

6.1. Introduction

This chapter provides the scaling analysis of a FFMG. The analytical model
developed in chapter 5 is used for scaling of the FFMG. The performance of FFMG at
various outer diameters [OD] will be analyzed and the effects of changing the pole-pairs
on the inner and outer rotors will be analyzed.
6.2. Scaling analysis

The scaling analysis of the MG is accomplished by varying the outer diameter of
the MG along with the number of PM pole-pairs on the inner and outer rotors. In this
analysis the OD of 230 mm, 300 mm, 350 mm and 400 mm are taken into consideration.
The inner rotor pole-pairs, p;, are first varied from 2 to 16 for a given OD and outer rotor
pole-pairs. This procedure is continued for different outer rotor pole-pairs, p3. The
number of steel poles on the cage rotor is obtained as n,=p;+p3. The parameters used for
this analysis with OD=230 mm are shown in Figure 6-1 and Figure 6-2 show the
variation of the volumetric mass torque density with the variation of inner and outer rotor
pole-pairs for an OD of 230 mm. A combination of outer rotor pole-pairs of p;=25 and
inner rotor pole-pairs of p;=8 gives a maximum volumetric and mass torque density at
this diameter. The maximum value of mass torque density occurs at the same point as the

volumetric torque density as the radii of all the rotors have been kept constant. It should
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be noted that the peak mass torque density could occur at a different location if the radial
parametric sweep was performed.

The parameters given in Table 6-1 are taken as reference for the other OD’s. The
radii of the rotors for other OD’s are taken in such a way that the ratio of inner and outer
radii of each rotor in the FFMG remains constant for all the OD’s. The ratio constants
used in the analysis are given in Table 6-2. The parameters for all the OD’s are given in

Table 6-3 through Table 6-5.
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Figure 6-1: Comparison of volumetric torque density of FFMG for different
inner and outer pole-pair combinations with an OD of 230 mm

Table 6-1: Geometric parameters for OD=230 mm

Description Value |Unit
Inner rotor |Inner radius, r;; 49 mm
(high .
speed) Outer radius, r,; 88 mm
Cage rotor Inner radius, rj, 88.5 mm
Outer radius, r,, 95.5 mm
Outer rotor Inner radius, rj3 96 mm
Outer radius, r,3 115 mm
NdFeB magnet, N40H, density [7600 |kg/m’
Material 416 steel dens.ity (f:age rotor) |7750 |kg/m’
1018 steel resistivity 7850 |ke/m’
. g/m
(inner/outer rotor)

Active region stack length, d 75 mm




Table 6-2: Ratio constants used for scaling analysis

Description Value
Inner rotor rol/Tin 1.8
Cage rotor Tl Tia 1.08
Outer rotor r,alria 1.2

Mass torque density [Nm/kg]

Outer rotor pole-pairs, ps Inner rotor pole-pairs, p;

Figure 6-2: Comparison of mass torque density of FFMG for different
inner and outer pole-pair combinations with an OD of 230 mm
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Figure 6-3: Comparison of volumetric torque density of FFMG for
different inner and outer pole-pair combinations with an OD of 300 mm
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Figure 6-4: Comparison of mass torque density of FFMG for different
inner and outer pole-pair combinations with an OD of 300 mm

Table 6-3: Geometric parameters for OD=300 mm

Description Value |Unit

Inner rotor |Inner radius, r;; 64 mm

(high .

speed) Outer radius, 7, 115 mm

Cage rotor Inner radius, r; 115.5 |mm
Outer radius, r,, 124.5 |mm

Outer rotor Inner radi}ls, i3 125 mm
Outer radius, r,3 150 mm
NdFeB magnet, N40H, density [7600 |kg/m’

Material 416 steel dens.ity (f:age rotor) |7750 |kg/m’

1018 steel resistivity 7850 |ke P
(inner/outer rotor)

Active region stack length, d 75 mm

A similar analysis for an OD = 300 mm, 350 mm and 400 mm is shown in
Figure 6-3, Figure 6-5 and Figure 6-7 respectively. It is observed for an OD of 300 mm
that the maximum volumetric torque density occurs at p3= 33 and p;=10. For an OD=350
mm the maximum torque density is obtained at p;= 39 and p;=12. Similarly for an
OD=400 mm the maximum torque density is obtained at p;= 41 and p;=12. The
volumetric torque density increases as the OD is increased. Also, the number of magnets
on the inner and outer magnets plays a significant role in determining the maximum

volumetric density. As we increase the number of magnets on the two rotors the
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volumetric torque density increased. But, after a certain point the magnets became too
thin and therefore the volumetric torque density decreased. The magnets may also
experience demagnetization if the size of the magnets becomes thinner; however this is
not considered in the analytical model. An optimum number of pole-pair combinations

exist for a different OD resulting in a different optimum gear ratio for each OD.

Volumetric torque density [Nm/L]

[\
N
P

216
Outer rotor pole-pairs,” 13 |y 0
ps3

nner rotor pole-pairs, p;

Figure 6-5: Comparison of volumetric torque density of FFMG for different
inner and outer pole-pair combinations with an OD of 350 mm
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Figure 6-6: Comparison of mass torque density of FFMG for different inner
and outer pole-pair combinations with an OD of 350 mm
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Figure 6-7: Comparison of volumetric torque density of FFMG for different

Mass torque density [Nm/kg]

inner and outer pole-pair combinations with an OD of 400 mm

Table 6-4: Geometric parameters for OD=350 mm

Description Value |Unit
Inner rotor |Inner radius 75 mm
(high .
speed) Outer radius 134 mm
Cage rotor Inner radius 134.5 |mm
Outer radius 145.5 |mm
Inner radius, r;3 146 mm

Outer rotor -
Outer radius, 7,3 175 mm

NdFeB magnet, N40H, density [7600 |kg/m’
416 steel density (cage rotor) [7750 |kg/m’

Material
1018 steel resistivity 3
(inner/outer rotor) 7850 lkg/m
Active region stack length, d 75 mm
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iy,
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Figure 6-8: Comparison of mass torque density of FFMG for different inner and

outer pole-pair combinations with an OD of 400 mm



Table 6-5: Geometric parameters for OD=400 mm

Description Value |Unit

Inner rotor |Inner radius, r; 85 mm

(high .

speed) Outer radius, 7, 153.5 |mm

Cage rotor Inner radius, 7 154 mm
Outer radius, r,, 166.5 |mm

Outer rotor Inner radius, rj3 167 mm
Outer radius, r,3 200 mm
NdFeB magnet, N40H, density [7600 |kg/m’

Material 416 steel dens.ity (Fage rotor) |7750 |kg/m’

1018 steel resistivity 7850  |kg/m’
(inner/outer rotor)

Active region stack length, d 75 mm
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Figure 6-9 shows the variation of the volumetric torque density with the variation

of the gear ratio for each OD. The different pole-pairs on the inner and outer rotor give

rise to a large combination of gear ratios. The volumetric torque density for all

combinations of gear ratios for each OD is shown in Figure 6-9 through Figure 6-12. It

can be observed that the maximum torque density for all the four outer ODs occurs

between the gear ratio of 4 and 4.5. A summary of the peak volumetric and mass torque

density values for different OD values is shown in Table 6-5.

450
425
400
375
350
325
300

Volumetric torque density [Nm/L]
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| |
275,,,L,,}z,,‘,,,mzmiﬁ 77777777777777777777777777
| |
250F - -r
2250 -1 -~
200/ - -
175F -~

150

Figure 6-9: Comparison of the volumetric torque density of FFMG

Gear ratio

at different gear ratios and 400 mm OD
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Table 6-6: Summary of scaling of the FFMG usin

the analytic model
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OD (mm) Outer rotor Inner rotor Gear ratio Volumetric Mass torque-
pole-pairs, p; pole-pairs, p; torque-density density
(Nm/L) (Nm/kg)
230 25 8 4.125 302 220
300 33 10 4.3 340 245
350 39 12 4.25 394 276
400 42 12 4.41 435 310

This analysis can be continued for any radii of the OD and the appropriate number

of pole-pairs on the inner and outer rotors can be easily determined. The scaling of this

magnitude would take huge amount of time and memory if it was performed using FEA.

The analytical model is hence a very valuable tool for conducting a scaling analysis.

Once an appropriate design is developed using the analytical model, FEA can be

performed to take the non-linear properties of the steel into account. Table 6-7 through

Table 6-12 show look-up tables for the volumetric torque density values at each pole-pair

combination and the corresponding gear ratio.




Table 6-7: Summary of volumetric torque density values for different inner and outer rotor magnet pole-pair combinations for

=230 mm
Inner rotor pole-pairs, p;

OD
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Table 6-8: Summary of gear ratios for different inner and outer rotor magnet pole-pair combinations for
OD=230 and 300 mm

Inner rotor pole-pairs, p;

2 3 4 5 6 7 8 9| 10| 11| 12| 13| 14| 15| 16

10| 60| 43| 353027 |24]|23|21]| - - - - - - -

11 65| 47| 3832|2826 |24|22|21]| - - - - - -

12| 70| 50| 40|34 (3027|2523 22|21} - - - - -

13| 75| 53| 4336|3229 |26|24|23|22]|21]| - - - -
14| 80| 57| 45|38 (333028 (2624232221 - - -

15 85| 60| 48 |40|35|3.1|29|27|25|24|23|22]|21]- -

16| 90| 63| 50|42|37(33]|30|28|26|25|23(22]|21]|21]| -

17| 95| 67| 53|44 |38 (34312927 ]|25|24|23]|22]|21]|2.1

18 100| 70| 55|46|40|3.6|33|30|28|26|25|24]|23|22]|2.1

19 105| 73| 58|48 |42 |37 |34|31[29|27|26|25|24/|23|22
20 110| 77| 6050|4339 |35|32 (30|28 |27 |25|24]23|23

L 21| 115 80| 63(52|45|40(36(33|31(29|28|26|25|24|23
s |22]120] 83| 6554|4741 /38[34/32]3028]27]|26]25]|24
'é 23 | 12.5 87| 68|56 |48 43|39 |36|33|31]29|28]|26|25]|24
% 24 | 130| 90| 70|58 |50 |44]|140|37|34|32|30|28|27]26]|25
& 25| 135| 93| 73|60 |52 |46 |41 |38 |35|33|3.1(29]|28]|27]|26
% 26 | 140 | 97| 75|62 (5347|4339 (36|34|32(3.0]|29]|27]|26
= 127]145]100| 781641554944 [40[37[35|33/3.1]29|28]27
g 28 | 15.0 | 10.3 80|66 |57|50|45|41|38|35|33|32]3.0|29]238
© 29| 155 107 83168 |58 |51 |46 (42|39 |36|34|32]3.1(29]238
301160 | 110 | 85|70 (60|53 |48 |43|40|37|35]|33|3.1|30]29
31 | 165 | 11.3 8817216254149 |44 )41 |38 |36|34|32|3.1]29
321170 [ 11.7] 90|74 63|56 (5046|4239 |(37|35|33|3.1]30
33 1175 120| 93|76 65|57 |51 (47|43 |40|38|35|34|32]3.1
341180 | 123 | 95|78 67|59 |53 |48 |44 |41 |38|36|34]|33]3.1
35 1185|127 | 98|80 |68 |60 |54 (49|45 |42(39|37|35|33]|32
36 | 19.0 | 130 10.0 | 82 | 7.0 | 6.1 | 55|50 |46 |43 |40 |38 (3634|353
371195 (133|103 |84 |72 |63 |56 |51 |47 |44 |41 |38|36]|35]|33
381200 (137|105 |86 |73|64|58|52|48|45(42|39|37|35]|34
39 1205|140 108 |88 |7.5]|66 |59 53|49 |45|43|40|38|3.6]|34
40 | 21.0 | 143 | 11.0 9.0 |77 167 | 6.0 |54 |50 |46 |43 |41 |39]|37]35
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Table 6-12: Summary of gear ratios for different inner and outer rotor magnet pole-pair combinations for

OD=350 and 400 mm

Inner rotor pole-pairs, p

2 3 4 |5 6 7 8 9 10 11 12 13 14 15 16

10 6.00 14.33|3.50(3.00| 2.67 | 243 | 2.25 | 2.11 - - - - - - -

11 6.50 14.67|3.75(3.20| 2.83 | 2.57 | 2.38 | 2.22 | 2.10 - - - - - -

12 7.00 [5.00/4.00]3.40] 3.00 | 2.71 | 2.50 | 2.33 | 2.20 | 2.09 - - - - -

13 7.50 [5.33|4.25(3.60| 3.17 | 2.86 | 2.63 | 2.44 | 2.30 | 2.18 | 2.08 - - - -

14 8.00 |5.67]4.50(3.80| 3.33 | 3.00 | 2.75 | 2.56 | 2.40 | 2.27 | 2.17 | 2.08 - - -

15 8.50 [6.0014.7514.00| 3.50 | 3.14 | 2.88 | 2.67 | 2.50 | 2.36 | 2.25 | 2.15 [2.07| - -

16 9.00 16.33|5.00(4.20| 3.67 | 3.29 | 3.00 | 2.78 | 2.60 | 2.45 | 2.33 | 2.23 | 2.14| 2.07 | -
17 9.50 [6.67|5.25]/4.40| 3.83 | 3.43 | 3.13 | 2.89 | 2.70 | 2.55 | 242 | 2.31 [2.21| 2.13 |2.06
18 | 10.00 |7.00|5.50{4.60| 4.00 | 3.57 | 3.25 | 3.00 | 2.80 | 2.64 | 2.50 | 2.38 | 2.29 | 2.20 |2.13
19 | 10.50 |7.33|5.75|4.80| 4.17 | 3.71 | 3.38 | 3.11 | 290 | 2.73 | 2.58 | 2.46 | 2.36 | 2.27 |2.19
20 | 11.00 |7.67[6.00({5.00| 4.33 | 3.86 | 3.50 | 3.22 | 3.00 | 2.82 | 2.67 | 2.54 |2.43| 2.33 |2.25
21 | 11.50 |8.00(6.25[5.20| 4.50 | 4.00 | 3.63 | 3.33 | 3.10 | 291 | 2.75 | 2.62 | 2.50 | 2.40 [2.31
22 | 12.00 [8.33[6.50|5.40| 4.67 | 4.14 | 3.75 | 344 | 3.20 | 3.00 | 2.83 | 2.69 |2.57 | 2.47 |2.38
23 | 12.50 [8.67[6.75|5.60| 4.83 | 4.29 | 3.88 | 3.56 | 3.30 | 3.09 | 2.92 | 2.77 |2.64| 2.53 |2.44
24 | 13.00 |9.00|7.00{5.80| 5.00 | 443 | 4.00 | 3.67 | 3.40 | 3.18 | 3.00 | 2.85 | 2.71 | 2.60 |[2.50
25 | 13.50 |9.33|7.25[6.00| 5.17 | 4.57 | 413 | 3.78 | 3.50 | 3.27 | 3.08 | 2.92 | 2.79| 2.67 [2.56
26 | 14.00 [9.67]7.50]6.20| 5.33 | 4.71 | 4.25 | 3.89 | 3.60 | 3.36 | 3.17 | 3.00 |2.86| 2.73 | 2.63
.% 27 | 14.50 [10.00[7.7516.40| 5.50 | 4.86 | 4.38 | 4.00 | 3.70 | 3.45 | 3.25 | 3.08 | 2.93 | 2.80 |2.69
a2 28 | 15.00 ]10.33/8.00{6.60| 5.67 | 5.00 | 4.50 | 4.11 | 3.80 | 3.55 | 3.33 | 3.15 |3.00 | 2.87 |2.75
% 29 | 15.50 [10.67/8.25[6.80| 5.83 | 5.14 | 4.63 | 422 | 390 | 3.64 | 342 | 3.23 |3.07| 2.93 [2.81
& 30 | 16.00 [11.00/8.50/7.00| 6.00 | 5.29 | 4.75 | 433 | 4.00 | 3.73 | 3.50 | 3.31 [ 3.14] 3.00 [2.88
8| 31 | 1650 [11.33]8.75|7.20| 6.17 | 543 | 4.88 | 444 | 4.10 | 3.82 | 3.58 | 3.38 |3.21 | 3.07 |[2.94
g 32 | 17.00 |11.67/9.00|7.40| 6.33 | 5.57 | 5.00 | 4.56 | 420 | 3.91 | 3.67 | 3.46 [3.29| 3.13 |3.00
8] 33 | 17.50 [12.00/9.25|7.60| 6.50 | 5.71 | 5.13 | 4.67 | 430 | 4.00 | 3.75 | 3.54 [3.36 | 3.20 | 3.06
o5 34 | 18.00 [12.3319.50|7.80| 6.67 | 5.86 | 5.25 | 4.78 | 440 | 4.09 | 3.83 | 3.62 [3.43| 3.27 |3.13
35 | 18.50 [12.67/9.75|8.00| 6.83 | 6.00 | 5.38 | 4.89 | 4.50 | 4.18 | 3.92 | 3.69 |3.50] 3.33 [3.19
36 | 19.00 [13.0010.00/8.20| 7.00 | 6.14 | 5.50 | 5.00 | 4.60 | 4.27 | 4.00 | 3.77 |3.57| 3.40 |3.25
37 | 19.50 [13.33]10.25(8.40| 7.17 | 6.29 | 5.63 | 5.11 | 470 | 4.36 | 4.08 | 3.85 | 3.64 | 3.47 |3.31
38 | 20.00 [13.6710.50/8.60| 7.33 | 643 | 5.75 | 522 | 480 | 445 | 4.17 | 3.92 | 3.71 | 3.53 |3.38
39 | 20.50 [14.0010.75/8.80| 7.50 | 6.57 | 5.88 | 5.33 | 490 | 4.55 | 425 | 4.00 |3.79] 3.60 |3.44
40 | 21.00 [14.33]11.00[9.00| 7.67 | 6.71 | 6.00 | 5.44 | 5.00 | 4.64 | 433 | 4.08 |3.86 | 3.67 |3.50
41 | 21.50 [14.67]11.25(9.20| 7.83 | 6.86 | 6.13 | 5.56 | 5.10 | 4.73 | 442 | 4.15 |3.93 | 3.73 |3.56
42 | 22.00 |15.00[11.50/9.40| 8.00 | 7.00 | 6.25 | 5.67 | 5.20 | 4.82 | 4.50 | 4.23 | 4.00 | 3.80 |3.63
43 | 22.50 |15.33]11.75/9.60| 8.17 | 7.14 | 6.38 | 5.78 | 5.30 | 491 | 4.58 | 4.31 | 4.07 | 3.87 |3.69
44 | 23.00 [15.67]12.0019.80| 8.33 | 7.29 | 6.50 | 5.89 | 540 | 5.00 | 4.67 | 438 |4.14 | 3.93 |3.75
45 | 23.50 [16.00[12.25(10.00 8.50 | 7.43 | 6.63 | 6.00 | 5.50 | 5.09 | 4.75 | 446 |4.21 | 4.00 |3.81
46 | 24.00 |16.33]12.50[10.20 8.67 | 7.57 | 6.75 | 6.11 | 5.60 | 5.18 | 4.83 | 4.54 |[4.29 | 4.07 | 3.88
47 | 2450 ]16.67]12.75[10.40, 8.83 | 7.71 | 6.88 | 6.22 | 5.70 | 5.27 | 492 | 4.62 [ 4.36| 4.13 |3.94
48 | 25.00 |17.00[13.00[10.60 9.00 | 7.86 | 7.00 | 6.33 | 5.80 | 5.36 | 5.00 | 4.69 |4.43| 4.20 [4.00
49 | 25.50 |[17.33]13.25[10.80 9.17 | 8.00 | 7.13 | 6.44 | 590 | 545 | 5.08 | 4.77 | 4.50 | 4.27 |4.06
50 | 26.00 [17.67]13.50/11.00 9.33 | 8.14 | 7.25 | 6.56 | 6.00 | 5.55 | 5.17 | 4.85 |4.57 | 433 |4.13




CHAPTER 7 : CONCLUSIONS AND FUTURE SCOPE

7.1. Conclusions

The operating principle of a MG has been analyzed in detail. The field
distribution in the air-gaps of the FFMG have been derived and analyzed to study the
effects of the spatial harmonics and modulation effect of the cage rotor steel poles. A
Flux-focusing rotor design approach was adopted wherein the magnets in the inner and
outer rotors are arranged in a flux-concentrating position also called spoke-type
arrangement. This gives a natural flux concentration capability because two
circumferentially magnetized PMs are buried between the steel cores.

The software package JIMAG was used to conduct the 2-D and 3-D static and
transient FEA models. Design, construction and experimental evaluation of a sub-scale
coaxial FFMG with an outer diameter of 110 mm was performed when using ferrite and
NdFeB magnets. The magnetic forces on the cage rotor steel poles resulting from the
magnets on the inner and outer rotors has a bending effect on the steel poles of the cage
rotor. To study this deflection an iterative magnetomechanical analysis technique was
proposed that used the structural analysis component of the JIMAG software. The power
losses resulting from the induced eddy-currents was studied using transient FEA and the
efficiencies were calculated at various speeds. These calculations were experimentally
verified. It was shown that when using ferrite magnets, the magnets would experience

cyclic demagnetization due to the rotating magnetic fields. This effect was studied using
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FEA. It was however observed that the demagnetization was limited to the corners of the
magnets nearest to the air-gap.

A scaled-up FFMG with a diameter of 228 mm was designed, constructed and
tested. The size of the sub-scale FFMG was doubled along with the number of pole-pairs
on the inner and outer rotor in order to study how the torque density values would vary as
the diameter of the FFMG increased. Analysis analogous to the sub-scale model was
performed to study the deflection of the cage rotor steel poles, the power loss, efficiency
and torque ripple at various loads and speeds was measured.

An analytical FFMG model was developed using the magnetic vector potential.
The separation of variables method was utilized. The applicable Laplace and Poisson’s
equations were solved in each region by using the applicable boundary and interface
conditions. The results of the analytical model were then compared with ideal and non-
linear FEA models. The results obtained were very close to the ideal FEA model.
However, the computational time for the analytical model was very low compared to the
FEA model. It is demonstrated that the derived analytic based model is a valuable tool for
the initial parameter selection and scaling analysis of the FFMG.

7.1.1. Key Research Achievements

The key achievements of this research are:

e  The design, construction and experimental evaluation of a sub-scale FFMG with an
active volumetric torque density of 151.4 Nm/L. Three sub-scale designs with
ferrite, NdFeB and a combination of ferrite and NdFeB magnets were constructed

and verified.
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* A magnetomechanical analysis technique was developed that was used to study the
deflection effects of the cage rotor steel poles due to the magnetic forces created by
the inner and outer rotor magnets.

e A scaled-up FFMG was designed, constructed and experimentally evaluated. A
design with ferrite and NdFeB magnets was studied. The NdFeB magnet FFMG
design was experimentally demonstrated to operate with an active volumetric torque
density of 238.7 Nm/L. A summary of the sub-scale and scaled-up FFMG
performance metrics is given in Table 7-1.

® An accurate analytical based model using a Fourier harmonic approach was
developed for the FFMG. The models calculated values were shown to be in
agreement with the ideal FEA model results and will be a useful tool for scaling and

initial parameter variation analysis of the FFMG.

Table 7-1: Summary of experimental performance metrics

Volume Torque-per-
torque- Mass torque que-p
Torque . . kg
Type [Nm] density density of magnet
Nm/L Nm/k
Nm/L] | [Nmvkgl |0
Sub 1 Ferrite 25 33 4.5 14.6
‘clle;"i © Hybrid 48 66.3 8 24.2
& NdFeB 113.5 151.2 17.4 44.6
Scaled up I(:Fegﬁ‘;‘ 282.6 923 16.6 51.2
design NdFeB 731 238.7 35.2 87.8

7.2. Recommendations for Future Work
Although MG research has picked up over the last decade, more research has to
be conducted before MGs can be adopted by industry. Some recommendations for further

research are:
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Thermal analysis has to be conducted in order to study the effect of the increasing
temperatures on the magnets due to continuous operation. Although there is no
current flowing in the rotors, the losses created by the induced eddy currents will
result in the FFMG heating up and this could result in the demagnetization of the
magnets.

Multi-stage MGs have to be studied in order to achieve a higher gear-ratio while
maintaining a high torque density.

Control systems need to be developed to prevent the rotors from slipping when over-
loaded, and if slippage occurs, the control technique must be robust so as to enable

the MG to recover from the pole slippage condition.
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