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ABSTRACT

An axial flux permanent magnet (AFPM) generator is known to be a good candidate for both low- and high-
speed applications. In this paper, a comprehensive comparison of four coreless AFPM generators is presented with
conventional and Halbach magnet arrangement combined with iron and ironless rotor (epoxy). With the same
coreless stator structure, four different AFPM generators with different rotor magnet arrangement and materials are
compared in terms of voltage, current, power, machine weight, and power density. The analytical design approach
is first presented and is subsequently validated using ANSYS Maxwell electromagnetic finite element analysis
(FEA) software. Results show that AFPM machine with fully coreless topology using Halbach array with epoxy
rotor can deliver similar power density but has a lower cost compared to conventional magnet array with iron rotor.
Hence, this topology is favorable for low power low cost applications.
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INTRODUCTION

Transition from fossil fuel to renewables has become a global trend and urgency in recent decades due to the
non-sustainability of fossil fuel and their detrimental effects to the environment (Zhu et al., 2018). International
Energy Agency (IEA) reports that 90% of the rural electrification, that mostly depends on the off-grid systems,
would be powered by renewable energy (Charfi et al., 2018; Mandelli et al., 2016). Among the renewables,
hydropower offers an effective and sustainable source of energy due to its technological maturity (Elbatran et al.,
2015) and is globally accepted as a better candidate to meet the growing demand for renewable power (Ardizzon et
al., 2014). However, environmental concerns about large-scale hydro are escalating due to their substantial carbon
footprint; as a result, small-scale hydropower plant, such as pico-hydro is gaining popularity. Pico-hydropower
represents the power plants ranging from a few watts up to 5-kW. These small-scale power plants are scalable and
can run reliably and continuously at very low cost with minimal adverse effect on the environment (Aziz et al.,
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2015; ESMAP, 2007). World Bank reports that pico-hydropower is cheaper than other renewable alternatives for
off-grid electricity generation (Williamson et al., 2014). A 300-W pico-hydropower unit requires a maximum head
of only 1 to 2 meter (ESMAP, 2007). Many experiments have been carried out on various types of water turbines
with different speeds for low head pico-hydro applications (Williams, 2000; Williamson et al., 2014). The pico-
hydro turbine speed ranges from 200-900 rpm for low head and comparatively high water flows (Ho-Yan, 2012;
Parker, 2017; Singh & Nestmann, 2009; Williams, 2000; Williamson, 2011). Nowadays pico-hydro machines are
user-friendly as they are equipped with power electronics to regulate voltage and balancing the loads (ESMAP,
2007).

On the other hand, axial-flux permanent magnet (AFPM) machines have been employed in a large variety of
applications such as hybrid electric vehicles, washing machines, aircraft propulsion, combined heat and power,
wind energy generation, portable gensets, starter/alternators, hard disk drive, flywheel energy storage, and wind and
pico-hydro turbines (Capponi et al., 2012). In case of pico-hydropower, AFPM offers the benefit of high number of
the poles that is befitting for low-speed applications (Chan & Lai, 2007). AFPM machines with high power density
can be obtained with the use of rare earth permanent magnets (PM) (Javadi & Mirsalim, 2008).

Among different AFPM topologies single-stator double-rotor (SSDR) (Kahourzade et al., 2014) or one stator
two rotors (TORUS) configuration offer high efficiency and power density, and better mechanical strength
(Mahmoudi et al., 2013). In some applications, it is suggested to have coreless AFPM machines where the stator
iron core is replaced by non-magnetic materials such as epoxy (Javadi & Mirsalim, 2008, 2010; Kahourzade et al.,
2014). Being coreless, the machine does not experience eddy current (hence hysteresis losses) and has lower
cogging torque. This allows the machine to run at higher efficiency compared to other conventional machines
(Javadi & Mirsalim, 2008). Moreover, the coreless structure reduces the weight of the generator significantly
making it portable, which facilitates its deployment. This is particularly important for rural electrification using
pico-hydro power where fuel transportation is usually a challenge (Javadi & Mirsalim, 2008).

In the literature, coreless AFPM machine usually refers to "stator coreless" where ferromagnetic rotor
structure is still used in the rotor (Javadi & Mirsalim, 2008),(Eastham et al., 2002; Fei et al., 2010; Hosseini et al.,
2008; Javadi & Mirsalim, 2010; Minaz & Celebi, 2017; Sadeghierad et al., 2009; Tan et al., 2015; Virtic et al.,
2008). A fully coreless design, where both rotor and stator uses non-magnetic materials, will significantly reduce
the machine weight as well as the production cost. Furthermore, mechanical stresses are also reduced as the
machine does not produce attractive forces between the two rotors and stator except between the permanent
magnets on the two rotors. However, use of non-magnetic rotor will result in significant flux leakage on the back
surface of the rotor and deteriorate performance of the machine (Habib et al., 2020). In this context, Halbach
magnet array may provide an interesting solution to this issue by amplifying the magnetic field on the useful side of
the rotor while canceling out the magnetic field on its outer side. Several works on the use of Halbach array for
AFPM has been presented in (Lee et al., 2004; Praveen et al., 2012; QI et al., 2006; Zhu et al., 2013; Zhu & Howe,
2001).

It is interesting to compare performances of coreless AFPM machine using combinations of conventional and
Halbach magnets with iron and non-iron (epoxy) rotor to underpin the performance of a “fully coreless” AFPM
machine compared with the conventional “stator coreless” AFPM. For this purpose, a relatively lower speed of 500
RPM has been chosen that will reduce the number of poles which in turn alleviate the design and fabrication
complexity. A comparative study has been carried out in terms of torque, voltage, current, power, weight and power
density. For fair comparison, all the topologies are designed with same stator structure, machine diameter and
volume of magnets. All the topologies designed with the same analytical equation validated with 3D finite element
analysis (FEA) software ANSYS Maxwell. The contents of this paper are organized in the following sequence:
fundamental concepts of Halbach and conventional magnet arrangements are explained at the inception followed
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by the fundamental structure of SSDR coreless AFPM and the four topologies presented next; thereafter, analytical
calculation is given along with selection of parameters; hence, finite element analysis is presented; performance
comparison between the two topologies has been exercised in the next section followed by a summary of the whole
work.

CONVENTIONAL AND HALBACH ARRAY

The arrangement of magnets is an important design criterion for AFPM machine, and two arrangements are
considered here: the 'conventional array' and the Halbach array. For conventional array, such as those used in (Khan
et al., 2019; Messina et al., 2019; Taran et al., 2018;) the magnets are arranged with alternating north and south
poles, either in radial (Figure 1(a)) or tangential direction (Figure 1(b)). The 'Halbach Array' can be considered as a
combination of two conventional arrays (radial and tangential), as illustrated in Figure 1(c). The arrangement of the
magnet poles in Halbach array helps to strengthen the field in one side of the array while canceling out the field on
the other side ( Figure 1(d)) (Zhu et al., 2013).

According to the structure, the two-disc rotors associated with magnets have an axial gap between them to fit
the coil with an optimized physical gap between the magnet discs. Normally iron core rotors enhance the magnetic
field and as a result, higher air gap magnetic flux density leads to higher power. In the case of a conventional array,
the magnetic field is active on both side of the array and the use of epoxy for the rotors leaves one side of the field
unused. That is why for conventional array iron core rotors are preferable for an AFPM machine.

Epoxy Fiber

Epoxy Fiber

Figure. 1. Schematic of conventional and Halbach array flux pattern
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Figure. 2. Schematic side view of magnet poles with an opposite arrangement (N-S type) in Halbach array

In the case of a conventional array, the magnetic field is active on both side of the array and the use of epoxy
for the rotors leaves one side of the field unused. That is why for conventional array iron core rotors are preferable

for an AFPM machine.

For ironless rotor structure, Halbach array can be useful by cancelling out the fluxes on the back of the rotor
and strengthen up the field to the active side of the array, thus help to obtain high magnetic flux density in the air
gap that leads to the high power density (Gieras et al., 2008). Figure 2 shows the schematic of rotor poles with an
opposite arrangement (N-S type) and the associated flux paths for the Halbach epoxy rotor generator. The epoxy
materials used in stator and rotor are temperature and pressure resistant. Apart from that, the pole pair formation
due to magnets is different from one another. In conventional array, two magnets create one pole, whereas in
Halbach array four magnets create one pole. Figure 3 shows the pole pair wavelength (I,) of both arrays. Here
magnet width to pole pitch ratio (ap) defines the gap between the magnets. For conventional array an optimum gap
(ap) between the magnets is necessary to get a high air-gap magnetic flux, on the other hand for Halbach array to

strengthen the field in one side of the array, the gap (ap) should be as less as possible.
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Figure 3. Schematic of pole pair wavelength Halbach (left) and conventional (right)

MODELING AND DESIGN

The SSDR coreless AFPM machine has a single internal coreless stator between two external PM rotor discs.
The stator coils are single layer concentrated windings of trapezoidal geometry, embedded in an epoxy, and
covered with composite material hardener to ensure sufficient mechanical strength to the whole structure of the
stator. The rotor structure is formed by trapezoidal shape magnets, rotor core, and shaft. The two discs shaped rotor
carry the axially magnetized NdFeB magnets mounted axially on the inner surfaces of the two rotor discs. NS type
Flux direction is traveled axially from one rotor disc to another rotor disc via the coreless stator.

Conventional magnet array Halbach magnet array
C-E Rotor C-I rotor H-E Rotor H-I Rotor
N N N EEEE T .
e [ T — _——— — L — =
N N N EEEE
Epoxy Iron l Magnet l l Coreless Stator Coils (a,b,c)

Figure 4. Centre aligned side view of the four different generators for overall comparison

= Rotor Di
BN otor Disc /6
y Magnets
1‘ / N —>Flux path
\ \ Stator Coil
— Stator
= IS Coil
—t—> Rotor
(a) (b)

Figure 5. The design of three-phase conventional SSDR AFPM machine. (a) complete model
for conventional (b) flux path (NS type) in 1/6 of the design.
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The gap between the rotor and stator are kept at 0.5 mm on both sides. Figure 5 shows the complete model and
the flux path for the conventional magnet array. In the present research, four different SSDR coreless axial flux
permanent magnet (AFPM) generator have been designed with the same parameters for comparison. The two
different magnet arrangements (Conventional and Halbach), are combined with two different materials (iron and
epoxy) of the rotor, to give the following four topologies:

i) Conventional magnet array with iron rotor (C-I Rotor)

ii) Conventional magnet array with epoxy rotor (C-E Rotor)
iii) Halbach magnet array with iron rotor (H-I Rotor)

iv) Halbach magnet array with epoxy rotor (H-E Rotor)

The major difference among the four topologies lies in the arrangement of the magnets and disparity of
materials for the rotor discs. The difference is shown clearly in Figure 4 and 6. The four topologies all have 12

poles, for a speed of 500 rpm at SOHz.
' Magnet
Magnet width to
pole pitch ratio
\ \ (ap)

Magnet

Unity ap,

== :'—>Rotor
H-1 & H-E Rotor

Figure 6. Rotor with conventional (C-I Rotor, C-E Rotor) and Halbach (H-I Rotor and H-E Rotor) magnet
arrays.

Though conventional and Halbach arrays have different magnet width due to 'magnet width to pole pitch
ratio', their magnet thickness is different such that the total volume of magnets (hence the magnet cost) is kept
constant for all four topologies. The common input parameters for the four topologies are shown in Table 1.
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Table 1. Commoninput parameters for all four topologies

Parameter Name Unit Value
2 Number of Pole (P) - 12
§ 32’ Number of Coil (C) - 9
E é E Rotational Speed () rpm 500
g = No of Turn per Coil (N¢) - 250
E @ I‘{'atio ‘ ofq Inner & Outer - 0.577
% é Outer Diameter (D,) mm 180
= g Inner Diameter (D)) mm 104
2
= | Magnet Length (M) mm 30
'E Total Magnet Volume (M) mm’ 176.652¢
€ | Coil Axial thickness (C)) mm 8.5
é Coil Bandwidth (Cgp) mm 17

ANALYTICAL DESIGN OF AFPM GENERATOR

For analytical design, some inceptive design assumptions based on sizing equations are necessary. The
parameters for initial design are the phase number (m), output power (P,), speed (ws), magnetic loading (Bg),
electrical loading (4,,), ratio of inner and outer diameter (1), power factor (cosp) where the values are given in
Table 1. For machine design, the main parameter to be decided first is diameter (D,,,). Based on the sizing equation
the D,,, can be determined as equation (1) (Huang et al., 1999; Mahmoudi et al., 2013):

1

Doy =( 0 )5
KB AT a2

size g m ;

(M

where, K;..=k..k.k,. For sinusoidal waveform, the values of k, k;, k, are briefly explained in (Huang et al.,
1999; Mahmoudi et al., 2013) where maximum parameter's value required in equation (1) comes from the very
initial assumption. The air gap magnetic flux density Bg is normally dependent on the magnet geometry as well as
magnet grade.

The ratio of inner and outer diameter (1) is considered as another important parameter for AFPM machine
design in maximizing the output power. From previous research, optimized values of 4 were chosen for different
AFPM design, out of which, 13 and 1/72.5 are common for the most of the configurations (Chan & Lai, 2007,
Daghigh et al., 2017; Upadhyay & Rajagopal, 2006). In the present study, the value of 1 is chosen 1/v/3, for getting
maximum power. The rotating speed wy is used to determine the pole number using equation (2) and from pole
number, the coil number can be easily determined by equation (3).
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where f'is the frequency, p is the pole number and Q is the number of the coil. The electrical loading (4,,) is
used for the sizing equation (4)(Huang et al., 1999).

A =4mN_ 1 /JrDout (1+A4) )

where Ncph is the number of conductors per phase Iph is the current per phase. From equation (4) Nc can be
determined as,
_ 7D, (1+ 1) 4y,

4Q[ph

c Q)

where a,, is the number of parallel current paths.

Magnet Geometry

The air gap magnetic flux density Bg and PM axial height /,, has a strong contribution as shown in equation
(6)
x“mBg (Lge +28)
pm = 3 ©)
2098, - &)
K pm

where g, is the magnet permeability, B, is PM residual flux density, g is the air gap length and K, is PM
leakage flux factor. As the machine is pure coreless the inner and outer diameter is actually the magnet outer and
inner diameter. In this case, the magnet has a trapezoidal shape and is defined by the inner and outer magnet width
as shown in Figure 7. The outer magnet width (Wp,), inner magnet width (wpp,;) and magnet length (/) can be
calculated as,

Zyrro —(n W% )
Wpmo = ™
"M
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where ny, is the total number of the magnet.

Figure 7. Schematic geometry of magnet

Air Gap Magnetic Flux

The main difference between the Halbach and conventional array is on the magnetic flux density and
distribution, as explained before. Geometry and other parameters can be kept the same for better comparison except
for the magnet size. For the different characteristics of the two topologies, the size of the magnet cannot be the
same for a fixed rotor diameter. The number of magnets used for Halbach configuration is double that of the
conventional array. In order to maintain the same total magnet volume, the axial heights of the magnets are adjusted
while the magnet length was kept constant for both. Though the wavelengths are same for the both conventional
and Halbach, they have different effect for magnet width to pole pitch ratio (ap). For conventional rotor, optimal ap
is required for less torque ripple with maximum average torque (Kim et al., 2007). On the other hand, Halbach rotor
needs to minimize the gap between magnets (ap =1) to ensure effective cancelling of magnetic field on one side
and the strengthening of flux on the other side. Thus there are two different equations for calculating B,. The
equations of the air gap magnetic flux density of Halbach array and conventional array can be written as equation
(10) and equation (14).

sin(;t/n

Ml)

Bg(h) = Br(1 - eXp(—/3hpm)1 (10)

Jr/an

Where f is the 2w/, and [, is the spatial period (wavelength) of the array, nyy is the number of magnets per
wavelength. For [, the value differs for the two different topologies of Halbach array and conventional array. For
Halbach array, four magnets create one full wavelength or one pole pair as there is no gap between the magnets,
refer to equation (11). In Figure 3 the schematic is shown for /, (Gieras et al., 2008).
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Figure 8. Plane region for air-gap magnetic flux density

From equation (10) the peak value of magnetic flux density at the active surface of Halbach array can be
calculated. As seen in Figure 8, the tangential and normal component of the magnetic flux in the space between
two discs are given by equation (12) and equation (13) (Gieras et al., 2008)

B (x.2)=B 1 () 2 sinh(Bz)
X,z) = —cos(fx) —————
X g B exp(ft/2) (2
B (x.2)= B, sin(f )ZCosh(Bz)
x,z) = B, sin(fx) ————
z g exp(ft/2) ()

where By is the tangential component (along the x-axis), B; is the normal component (along z-axis). For the
proposed design the significance of normal component is higher as the design is dual disc rotor topology of axial
flux machine. Briefly, the value of B, is minimum in the -middle of the two rotor discs and closer to the magnets
the value becomes maximum.

For conventional array the equation (Virti¢ et al., 2016) is given by

1
Ho S

where p is the permeability of free space, r is the radius of the rotor, S is the integration surface of the mid
plane of the air gap. By and B, depend on the optimized geometry of the machine parameter, like ap.

For this paper, (12) and (13) are used for calculating the air gap flux for the rotor with Halbach array while
(14) is used for rotor with conventional magnet array.
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Stator Coil Geometry

For higher efficiency and lower cost, non-overlapping concentrated windings have been used since it needs
less volume of copper which reduces the copper losses and increases generator efficiency. In this design single
layer trapezoidal coil shape is chosen for shortening the end winding length (/) as compared to active coil length
(laep) of the coil that helps to maximize the coil flux linkage. A shorter /e reduce the resistive losses in the inactive
part of the coil. The calculation of /, and w. have been done with equations (22) and (23) respectively (Rossouw,
2009). Figure 9 shows the schematic of the coil geometry. On the other hand, only the stator coil axial height (Lg.)
and coil cross-section area (S),) is considered because the coil height has an impact on the geometry of the axial
height of the machine via the air-gap length from magnet associated rotor disk to another side of the rotor disk. An
optimized L, is required for higher output power. A large L. increases the total air-gap length as well as the active
area length of the magnetic flux density and finally will decrease the magnetic flux density in the air gap. On the
other hand, very short axial length will require a higher S,, in a result large width of coil w,. For a fixed diameter
the high w, increases the difficulty to fit all the coils in the limited circular space. The Lg. and S,, can be obtained
as follows:

21 N
ph c
w = (15)
KfaWJa

25,,0

L. =
kgnD;,,

sc (16)

where Ky is the fill factor, J, is the current density, and ; is the space utilization factor. For coil wounding, K¢
is an important factor as it signifies the cross-section of the coil Sy, As a rule of thumb, the value of Ky for manually
constructed winding with circular cross section is around 0.55 to 0.78 (Latoufis et al., 2012). The factor £; is related
to the mechanical strength of the stator structure. The coreless structure should be mechanically strong enough to
hold the coils and against the attraction of magnets. Winding factor (K,,) is another important parameter for the coil
design as well as the total torque and the power, which is typically a value between 0.9 < K,, <1 (Kamper et al.,
2008).

Figure 9. Schematic of coreless non-overlapping winding and 3D geometry of magnet (green
color) and coil (red color) together with their position in the machine.



146 A comparative study on the performance of SSDR coreless AFPM generators with conventional and Halbach magnet arrays

Induced Voltage

The induced voltage calculation is dependent on coil geometry and placement. The RMS value of sinusoidal
phase voltage of non-overlapping winding E,, can be determined by (17) (Kamper et al., 2008).

_dp 22

v — WsBgpNeTavglactk pky (17
ay, P

where g, is the number of stator coils per phase, Bg), is the peak air-gap flux density, 74yg is the average radius
of the stator winding, /4 is the active length of the coil, &, is the pitch factor of the non-overlapping winding and
kq is the distribution factor. The Pitch factor kp and the distribution factor k; can be calculated by equation (18)
(Rossouw, 2009). In Figure 9, rgyg and Oy, 64y, are shown.

- (7]
sin(@,,, -] sin(K Ly
2
k, =
1
p K6, (18)
2
7
Jp 7,
where @ = —and k = e
Q Om
6. —
sin(n[ m ”])
ko= 2
d 16, -] (19)
nsin(——)

Magnetic Pull on Rotor Discs

In a SSDR AFPM generator there exist magnetic pull between the two rotors which exerts mechanical stress
to the structure. For ironless rotor, this magnetic pull is due to the magnetic attractions between the magnets, while
for the case of iron rotor; additional attraction exists between the magnets and the iron rotors.

The attraction force due to two magnets placing in a distance of 'g’ apart, with a magnet surface area of Spy, a
magnet thickness of 4, and an air-gap magnetic flux density Bg can be expressed as follows in equation (20):

2 2
2.Bg hpm SPM
2 (20)
Up&

F =
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SELECTION OF DESIGN PARAMETERS AND FINITE ELEMENT ANALYSIS

For selections of resistive load for same machine loading, rotor thickness in terms of By, leakage flux and
mechanical deflection of the rotor, have been analyzed and examined the four topologies. In order to minimize cost
and the size, the rotor should be as thin as possible but thick enough to ensure no significant leakage flux appear on
the external surface of the rotor. For iron rotor, air-gap magnetic flux density depends on the rotor thickness, as thin
rotor will result in flux saturation which reduces the flux density. Sufficient thickness is also important to give
sufficient mechanical strength such that the magnetic attraction force between the two rotors will not cause
significant mechanical deflection of the rotors. The electromagnetic and mechanical tests are analyzed using
ANSYS Maxwell and Auto-CAD Mechanical design software, respectively. The whole design process is presented
in Figure 10.

Construct stator & Rotor
geometry in Maxwell 3D |

¥

Varying B, using magneto
static simulation

|General machine Parameter| <—
Y

[ Rotor magnet design

heck B, fulfil

design criteria Selection of Rotor

thickness based on
Leakage flux analysis

— | Mechanical deflection

(Auto Cad mechanical) No

[ magneto static simulation |

[Stator geometry designie—— *-<

— | Fixing Current loading |

Induced voltage
Torque & Ripple

| FEASimulation |

[ Transient Simulation |

oltage;
Torque,
power fulfilled

Figure 10. Flow chart of the design process

Selection of Resistive Load for Same Machine Loading

In order to make a fair comparison of the different rotors and the magnet arrangements the designs need to fix
a same current loading for all the stator of different machine. As the geometry and the number of conductors of the
stator coil for all the different machine are same, a fixed current is used by choosing different loading. From the
wire gauge conductor size, AWG-16 is used for this design which is chosen according to the coil geometry and
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conductor number. The maximum current carrying by AWG-16 is 3.7 A. Thus 5.23A peak current or RMS 3.7A is
fixed for all the stator electrical loading. To identify the different loading for different machines a test is conducted
in Figure 11 and Figure 12 by fixing the current for all the four machines.

i
A\

6 * e e

0 5 10 15 20 25
Resistance( O)

=4=H-E Rotor ==C-IRotor =#~H-IRotor =>&=C-E Rotor "=F=Fixed 5.23(A) Current

Figure 11. Current vs. different loading test.
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Current(A)

12 13 14 15 16 17 18 19 20 21 22 23
Resistance (£2)
==& H-E Rotor = C-I Rotor = H-I Rotor === C-E Rotor = ="*Fixed 5.23 A Current

Figure 12. Current vs. different loading test (zoom in image).
Selection of Rotor Thickness

The rotor thickness selection depends on three important parameters which have direct effect to the rotor
thickness. They are air gap magnetic flux density (By), leakage flux and mechanical deflection of rotor.
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1. Airgap Magnetic Flux Density vs. Rotor Thickness:

The magnetic flux density (B,) is the function of iron rotor thickness. As the relative permeability of the
ferromagnetic material follows the B-H curve so the material should have a saturation point for magnetic flux.
Figure 13 shows the variation of B, with respect to iron rotor thickness. From the figure, the air-gap magnetic flux
increases with the increase of rotor thickness up to a saturation point, beyond which further increasing rotor
thickness does not increase the flux. From the FEA analysis, it can be seen that saturation occurs earlier for Halbach
array then conventional array. This indicates that Halbach rotor requires thinner rotor to maximize the air-gap flux.
However, if the rotor thickness is allowed to increase further, conventional magnet array is able to give higher air-
gap flux for the same magnet volume.
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e
9
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]
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0.4 T z z z : 1
0 5 10 15 20 25 30
Rotor Thickness (mm)

=(==H-1 Rotor =ll=C-I1Rotor =——Poly. (C-I Rotor)

Figure 13. Iron rotor thickness vs. air-gap magnetic flux density of conventional and Halbach array machine.

2. Leakage Flux Analysis:

Apart from By, the rotor back iron should also be thick enough to ensure no significant leakage flux. The
leakage flux is tested on a distance of 0.01lmm from the rotor upper surface of the four topologies. The test has been
done in ANSYS Maxwell magneto-static solution. A line is drawn at a distance of 0.01 mm from the rotor upper
surface and simulated for all four topologies with various thicknesses. In Figure 14, leakage flux with rotor
thickness variation is shown. Halbach rotor has lower leakage flux than the conventional rotor, due to flux
cancellation effect. Halbach array requires much lower rotor thickness (around 2 mm) to reduce leakage flux to a
negligible range, than conventional array (around 7 mm).
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Figure 14. Iron rotor thickness vs. leakage flux of conventional and Halbacharray machine

3. Analysis of Mechanical Deflection of Rotor

For the construction of the SSDR AFPM machine, the two opposite rotors attached with magnets are attracted
to each other. Although attraction force works for both ferromagnetic and non-ferromagnetic rotor, for non-
ferromagnetic rotor it is slightly less. The strong attraction force between the magnets imposes an opposite pulling
force on the rotor that tends to bend the rotor structure leading to a collision between the rotor and stator or can
reduce the air-gap distance between them; as a result, a non-uniform and unbalanced magnetic flux density will be
formed in the air-gap. Hence, mechanical deflection is another important point of consideration to design optimum
rotor thickness for the four topologies. Equation (20) is showing the force calculation for the magnetic pull on rotor
discs. To find an optimum thickness of the rotor, the force is applied to the various thickness of the rotor for both
ferromagnetic and non-ferromagnetic material. Figure 15 shows the deflection of the rotor from Von Mises stress
analysis for the four topologies, while Figure 16 shows the particular Von Mises test result from the AutoCAD
Mechanical.

2
Q
1.5
a
n
1 &
a
i |
Ho-5 —
"’-—&E...R_Q_U_g_g
o
0 Amimimimemimie— et el - v y
( 5 10 1 20 25 30
-0.5

Rotor Thickness

== C-1 Rotor =—+—H-I Rotor 0~ C-E Rotor =—®=—H-E Rotor

Figure 15. Mechanical deflection (mm) of rotor vs. rotor thickness (mm) for four different topologies
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It is evident that deflection is higher in non-ferromagnetic rotor compared with ferromagnetic material. Thus,
to ensure the deflection is within the acceptable range, the thickness of non-ferromagnetic rotor should be greater
than that of the ferromagnetic one. According to the Figure 15, the thickness of 8mm and 4mm is chosen for C-I
and H-I Rotor respectively that comes with negligible deflection values which is 10% of allowable bending. On the
other hand, with the maximum allowed deflection of 0.2 mm, the thickness of the C-E and H-E Rotor are selected
to be 18 and 10 mm respectively which is safe bending for the epoxy rotors. A few simulations are performed for
all four generators which come with optimized rotor thickness in accordance with magnetic flux density By,
leakage flux and the rotor mechanical deflection. From the FEA results the magnetic flux density in the air gap,
voltage, current, torque is taken as output results for ranking the performance of every single generator. Figures. 17,
18, and 19 show the voltage, current, average torque and torque ripple for the four different generators: C-E Rotor,
C-1 Rotor, H-E Rotor and H-I Rotor. Air gap flux densities at the middle of the two rotors are shown in Figure 20.
All the four generators are found to be able to deliver sinusoidal voltage and current which is expected from a
three-phase generator. Here it is important to mention that the current waveform for the four generators are
overlapping each other because of the same electrical loading
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Figure 17. Voltage waveforms from the FEA analysis for C-E Rotor, C-I Rotor, H-E Rotor and H-I Rotor
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Fig. 18. Current waveforms from the FEA analysis for C-E Rotor, C-I Rotor, H-E Rotor and H-I Rotor.
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Fig. 19. Average torque and torque ripple from the FEA analysis for C-E Rotor, C-I Rotor,

H-E Rotor and H-I Rotor.
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RESULTS AND PERFORMANCE COMPARISON
Air Gap Magnetic Flux Comparison

Keeping the diameter, stator coil geometry and volume of magnets same for all the four different generators, it
has been observed that each generator delivers different results. Table 2 shows all parameters and output values for
the four generators.

Table 2. Performance comparison between conventional ferromagnetic and non-ferromagnetic
rotor machine and Halbach ferromagnetic and non-ferromagnetic rotor machine

Parameters Name Unit | C-I Rotor R(f) _tEor RI;)I;(IH H-E Rotor
- Magnet width to pole pitch ratio (ap) - 0.66 0.66 1 1
;:-:: o Load resistance Q 20.58 13.8 18.61 16.45
§ é Number of magnet (M,,) - 12 12 24 24
% ;_E Magnet upper width (Mpyr) mm 19.35 19.35 14.51 14.51
& Magnet lower width (Myz) mm 29.72 29.72 22.364 22.364
= Magnet axial thickness (M) mm 10 10 6.654 6.654
Rotor thickness (R,) mm 8 18 4 10
Total rotor weight kg 0.527 0.03 0.38 0.01
Total magnet weight kg 1.32 1.32 1.32 1.32
Stator coil weight kg 1.57 1.57 1.57 1.57
5 Total machine weight kg 342 292 3.27 2.90
§ % Airgap magnetic flux density (B,) T 0.7559 0.51 0.7018 0.59
3 @
g % Peak voltage (Vpear) \Y 107.90 73.86 100.23 86.90
éi é RMS voltage (Vyms) \Y 76.30 52.22 70.87 61.44
<§' E Peak current (Zpe.z) A 4.73 4.73 4.73 473
° RMS current (Z,) A 3.7 3.7 357 347
Average torque (7,g) N-m 15.7 10.8 13.01 13.91
Torque ripple (7%) % 25 19 23 22
Power w 822 565 728 681

Power density W/kg 240 193.5 222 235
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Magnetic flux density (B,) in the air gap is the primary and most important parameter in machine design.
Because the output power comes from the Bg, delivering from the magnets in a machine. Higher the amount of Bg
creates higher the amount of power. In Figure 20 the comparison of Bg in the mid-plane of the air gap of the two
opposite rotors has been shown for the four different generators. From the figure it reveals that C-I Rotor has the
highest By, leading to the highest power. This is followed by H-I Rotor, H-E Rotor and finally C-E Rotor. The C-I
rotor is better than rotors with Halbach array because the optimum ap enhance the magnetic flux and thereby
increasing the By in the air gap. However, comparing the epoxy rotors, using Halbach array is better as it
strengthens the air-gap flux and reduces the leakage flux.

Air-gap magnetic flux Density

o= N e <

o 50 100 150 200 250
Distance (nin)

T Rotor H-T Rotor C-F Rotor emm=H-F. Rotor

Figure 20. Magnetic flux density (T) in the mid-level air gap for the four different generators

Torque Ripple (TR) Comparison

For designing a low speed SSDR coreless AFPM generator, torque quality is one big challenge. Torque ripple
Tr is bound to magnetic vibration and noise. In direct drive applications these vibrations transmitted directly to the
load and drive shaft, which in return, affect the lifetime of the machine. Thus a minimal torque ripple is important
for AFPM generator. The torque ripples of the four different topologies can be seen in Figure 19, while the FFT
analysis and comparison is depicted in Figure 21 and Figure 22 respectively. Though the C-E Rotor has the lowest
torque ripple of 19%, due to its low average torque but for lowest power density is not compatible with the other
three machines. H-E Rotor has the second lowest torque ripple. From the FFT analysis of By, it can see easily the
presence of 5th and 3rd harmonics are the main cause of the ripple while 3rd harmonics is not present in H-E.

Amplitude Spectrum of Magnetic Flux Bg
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06 - I CI Rotor
[1HE Rotor
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0 | mml1N -] .
1 3 5 7 9

Harmonic Order
Figure 21. FFT analysis of the magnetic flux By for all four topologies
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Avg. Torque (N-m) TorqueRipple (%)
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Figure 22. Comparison of average torque and torque ripple for the four different generators

Power and Power Density Comparison

Although all the generators have the same magnet volume and same machine geometry, their performance
varies according to different magnets arrangement and different rotor materials. The final output power and power
density for the four machines are compared as shown in table 2 and further illustrated in Figure 23. It can be seen
that the C-I Rotor delivers highest power at the highest power density. Although power delivered by H-I Rotor (728
W) is 13% less than the C-1 Rotor (822 W), power density is only 5% less than the C-I Rotor generator. The C-E
Rotor has the lowest power and power density with compared to the other three generators. Even though H-E Rotor
gives the lower power (681 W) than C-I rotor, it gives comparable power density because of fully coreless, which is
2% less than the C-I Rotor. Therefore, it can be concluded that with a properly designed rotor, C-I Rotor is better
than the other three topologies, but considering power density, H-E Rotor can be the alternative of C-1.
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Figure 23. Comparison of power and power density for the four different generators.
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CONCLUSION

A comparison of coreless AFPM generator with different rotor structures has been discussed in this paper.
Comparing the four different machines, the one with C-I Rotor is delivering the best performance. These following
points can be noted for the other machines:

1. H-E Rotor is delivering the highest power density among the three. Even though the power is lower than C-
I rotor, it gives comparable power density, which is only 2% less comparing to the C-I Rotor.

2. H-I Rotor gives slightly better power than H-E rotor due to slight airgap flux enhanced due to the use of iron
rotor. However, in terms of power density, it is slightly poorer than the H-E rotor, delivering 5% less power density
and 23% torque ripple compared to the C-I Rotor.

3.C-E Rotor has the worst performance which is 23% less power density and has the lowest torque ripple of
19% compared to other machines. This highlights the importance of iron rotor when conventional magnet array is
used.

Among the three machines only H-E Rotor is a feasible alternative to the normal C-I Rotor. Despite having a
lower power, generator with H-E rotor offers comparable power density, with an expected lower cost (cost of
epoxy is generally lower than iron). Furthermore, H-E rotor gives the second lowest torque ripple by percentage.
Considering these advantages, AFPM generator with H-E rotor, which is fully ironless, can be recommended for
low power, low cost, robust and portable generator.
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