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Abstract: In this article, the field (FEM) and analytical analyses were used for the optimal selection of
magnets material for the Axial Flux Permanent Magnet Generator (AFPMG), without building the
prototype before. The tested generator is an axial flux machine which consists of a single stator and
two rotor discs with Permanent Magnets (PM). Three-dimensional (3D) ANSYS Maxwell package
was used for magnetostatic and transient field (FEM) simulations. Two types of PM were selected
for the analysis: Ceramic (also known as “Ferrite”) magnets made from Strontium Ferrite powder
and Neodymium Iron Boron magnets (NdFeB). The authors compared obtained electromotive forces
(EMF) and generator powers for selected magnets materials, performed FFT analyses of voltages and
currents and indicated the optimal solutions. In addition to the operational properties of the AFPMG,
the magnet and manufacturing costs were compared.

Keywords: permanent magnets; PM machines; axial flux PM generator; disk generator

1. Introduction

The Permanent Magnet (PM) machines during the last years have become more
popular, mainly because of the rapid development of the renewable energy industry
and automotive applications. The usage of Permanent Magnets in the excitation circuit
of synchronous machines allows us to increase their efficiency due to the lack of losses
in excitation circuits compared to synchronous machines with classic electromagnetic
excitation. This is a very important feature of this type of machine.

The Axial Flux Permanent Generators (AFPMG) have started to be commonly used
in private, domestic wind turbines [1–4] but also in traction and low-speed drives [5,6],
which is presented in other publications [7,8]. The operation of AFPMG depends on many
aspects. Besides the generator’s construction, one of the most significant factors is the
magnet selection: volume, shape and the magnet type [9–21]. For this purpose, analytical
models as well as field models (FEM) are used. Analytical models are very useful and are
often used by engineers dealing with exploitation as well as by constructors in the initial
stages of works [9–14].

Rare earth magnets of the NdFeB or SmCo type are usually used in the excitation
circuits of electric machines. SmCo magnets are used less frequently and are dedicated
to work in higher temperatures and corrosive aggressive environments, but their prices
are extremely high. Recently, due to resource constraints and rising prices, trends in
popularity of electrical machines without magnets but also in the elimination of rare
earth Permanent Magnets have been noted. Considerations aimed at replacing rare earth
magnets with other type of magnets, especially ceramic (Ferrite) magnets, were carried
out in several works [22–38]. The biggest advantage of ceramic magnets is their low price,
but at the same time, their significant drawback is the low level of magnetic properties
(remanence, coercivity and maximum magnetic energy). Magnets with better magnetic
properties compared to the ceramic magnets are rare earth magnets. NdFeB magnets have
an optimal ratio of accumulated energy to mass and are resistant to demagnetization, but
their weaknesses are their thermal properties (working temperature up to 200 ◦C) and
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poor corrosion tolerance [22,24,27–29,31,35,38]. Each magnet type has advantages and
disadvantages. The PM proper selection depends on many aspects, such as funds, machine
working conditions, desired magnet shapes and electrical parameters.

Analyses of replacing rare earth magnets (especially NdFeB) with ceramic magnets
have been the subject of many studies [23,25,30,32–34,36,37], although most of the cases
concerned machines with radial magnetic flux. These activities prompted the authors
to carry out analyses related to the replacement of expensive NdFeB magnets by cheap
ceramic (Ferrite) magnets for AFPMG design. As an example, the well-known AFPMG
construction was selected, for which the authors performed the analyses and laboratory
tests described in their previous works [39–41].

This work focuses on the AFPMG model construction with two rotor discs with
Permanent Magnets (Figures 1 and 2) and one stator; however, these analyses can be also
useful for other similar solutions. The basic assumption is that analysed generator belongs
to the group of symmetrical three-phase disk generators excited by Permanent Magnets
with a symmetrical structure. The main features of the AFPMG are: phase coils number ps,
total stator coils 3ps, one rotor side magnets number 4ps = 2p (where p—pole pairs number,
p/ps = 2).

The main task of this article assumed by the authors is to check the possibility of re-
placing NdFeB magnets with another type of magnets for AFPMG, to analyse the costs and
to show the suitability of the analytical model for using it in these types of considerations.
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Figure 2. (a,b) Exemplary Axial Flux Permanent Magnet Generator cross-section: (a) three-phase
stator with non-overlapping winding (ps = 2); (b) rotor disc (p = 4). Adapted from Ref. [39].

2. Mathematical Model

In this paper, a linear approximation of the Permanent Magnet demagnetization charac-
teristics was assumed (according to Figure 3 where Bm = Br + µ0µrmHm and µrm = Br

µ0H0
).

To simplify considerations, the authors have also neglected the iron magnetic voltage
drops. This dependence, according to occurring quantities, differ for selected magnet types,
changing the magnetization curve influencing on the generator work.
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Figure 3. Demagnetization characteristics of Permanent Magnets.

For machines with a coreless disc structure and the rectangular magnets shape, basing
on the exemplary literature [7,9–11,13,14,16,17,19,39,40], analytical formulas presenting the
distribution of flux density in the air gap have been applied. The cross-section of AFPMG
is presented in Figures 1 and 2, and Figure 4 presents a basic model defining symbols used
to determine the magnetic field distribution.
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Figure 4. Schematic draw to define the distribution of magnetic field induced by PM.

In Figure 5 [39,40], the authors present the axial component approximation of magnetic
flux-density distribution (for the middle of the air gap, which means that z = 0), which
refers to the coreless AFPM generator induced by the Permanent Magnets.
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Using the Fourier series, the magnetic flux-density distribution in the gap induced by
Permanent Magnets can be approximated by [9,11,39,40]:

Bm(θ − ϕ, r) = ∑
ς∈{...−5p,−3p,−p,p,3p,5p,...}

BPM
ς (r) · ejς(θ−ϕ) (1)

Fourier coefficients BPM
ς (r) can be presented using a two-dimensional (2D) model of

the magnetic field distribution [9,11,39,40]:

BPM
ς (r) =

2 Br

π

p
ς
· sin(ς · β(r))

2sinh(ς lm
r ) · cosh(ς 2 lm+lδ

2r )

µrm · sinh(ς lδ+2 lm
r )

(2)
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Basing on [39,40], the three-phase AFPMG mathematical model can be presented in a
standard matrix form, according to Lagrange formalism:Lσs + Lss

Lσs + Lss
Lσs + Lss

 · d
dt

i1
i2
i3

 + Rs ·

i1
i2
i3

 + dϕ
dt ·

∂
∂ϕ

ψPM 1(ϕ)
ψPM 2(ϕ)
ψPM 3(ϕ)

 =

u1
u2
u3

 (3)

J
d2 ϕ

dt2 = TL + Tem(i1, i2, i3, ϕ)− D
dϕ

dt
(4)

where the electromagnetic torque Tem:

Tem(i1, i2, i3, ϕ) =
[
i1 i2 i3

]
· ∂

∂ϕ

ψPM 1(ϕ)
ψPM 2(ϕ)
ψPM 3(ϕ)

 (5)

The above equations are obvious but considering the presence of Permanent Mag-
nets in the generator magnetic circuit, some changes should be introduced to the basic
parameters compared to classic models.

Considering r ≈ rs =
Ro+Ri

2 allowed the authors to simplify the analysis. The flux
ψPM a linked with winding ‘a’, generated by PM in zero current state, can be defined using
the standard formula:

ψPM a(ϕ) = ∑
ς∈{...−5p,−3p,−p,p,3p,5p,...}

ψPMs
ς · ejς{(a−1) 4π

3p−ϕ} for a = 1, 2, 3 (6)

and the winding ‘a’ electromotive force (EMF) at constant speed and zero current state, can
be described by the following equation:

ePMa = ∑
ς=p,3p,5p...

Eς · cos ς{Ωt− (a− 1)
4π
3p
} for a = 1, 2, 3 (7)

where: Eς = 2ς Ω ψPMs
ς and Ω is the angular speed (rad/s).

The coefficients distribution function of the flux produced by Permanent Magnets
linked with the stator winding and Equation (6) must be modified considering the weak-
ening of the flux at the magnets’ edges. For the disc generator with the coreless stator
and a relatively large air gap, this fact is important in the quantitative analysis. Based on
considerations contained in [40], the authors proposed a correction factor ke:

For the cases where:

lc > (l m + lδ): ke =

∑
ς∈{...−5p,−3p,−p,p,3p,5p,...}

BPM
ς (rs) · [ 1− (1− 2

π )
lm+lδ

2 lc
]

∑
ς∈{...−5p,−3p,−p,p,3p,5p,...}

BPM
ς (rs) · sin ς β(r s)

ς β(r s)

(8)

and for the cases where:

lc < (l m + lδ): ke =

∑
ς∈{...−5p,−3p,−p,p,3p,5p,...}

BPM
ς (rs) · ( 1

2 + 1
π )

∑
ς∈{...−5p,−3p,−p,p,3p,5p,...}

BPM
ς (rs) · sin ς β(r s)

ς β(r s)

(9)

where: lc = Ro − Ri—the magnet length.
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For the coreless generator, assuming that the relative magnetic permeability of PM is
close to the magnetic permeability of air (µrm

∼= 1.01...1.1), the function distribution of unit
permeability can be approximated just by the constant component:

λ0 = λmin +
2pβ(rs)

π
(λmax − λmin) (10)

where:
λmin =

µ0

lδ + 2lm
; λmax =

µ0

lδ + 2l′m
; l′m =

lm
µrm

The improved flux linkages coefficients induced by PM (6) can be described as:

ψPMs
ς = 2 ke · BPM

ς (rs) ·Ws
ς(rs) · rs · l′c

λmax

λ0
(11)

where:

Ws
ς(rs) =

ws · k|ς|s (rs)

|ς| (12)

ws—the whole turns number of the stator phase winding,
k|ς|s —the winding factor for ςth harmonic [7,39,40]:

k|ς|s (rs) = sin(|ς| ε(rs)

2
) ·

sin(|ς| αsc(rs)
2 )∣∣∣ς∣∣∣ αsc(rs)

2

(13)

ε(rs) =
ac
rs

—coil pitch angle or coil span at coordinate r =rs,
αsc(rs) =

asc
rs

—an angle of the coil side width at coordinate r =rs,
l′c—length of the active side of the coil and in most cases l′c ≈ Ro − Ri.
To define the windings inductances, the authors used standard relationships [7,8,39,40]:

Lss = ∑
ν∈{...−3ps,−2ps,−ps,ps,2ps,3ps,...}

2
π
· [Ws

ν (rs)]
2 · rs · l′c · λ0 (14)

The analytical description of leakage inductances can be defined as the sum of two
components [25]. The first one refers to the leakage flux around the active conductors’
radial part (coil sides) and the second one is related to the leakage flux around the end
windings. The leakage inductance coefficient can be expressed by the following equation:

Lσs ≈ 2µ0 · (ws)
2 [l′c + (ac − asc)] · 0.3/ps (15)

The presented mathematical model can be used to show the influence of the selected
magnet type on the magnetic flux density and EMF, which will be discussed in this article
in accordance with the field analysis (FEM).

3. Case Study of Replacing NdFeB Magnets by Ceramic Magnets
3.1. FEM Model Description

The analysed generator consists of a single, coreless stator with 21 coils and two rotor
discs. Each rotor disc has 28 (surface mounted) Permanent Magnets.

The structure of the tested generator, modelled in ANSYS Maxwell software, is pre-
sented in Figure 6 and in Table 1. The FEM analysis was performed using the ANSYS
Maxwell software. The transient and magnetostatic analysis methods were used. The
work temperature was set to 22 ◦C. The total number of mesh elements was 857,643 (com-
paction depends on the element). The assumed rotational speed was 206 rpm (48 Hz). The
authors also had at their disposal the previously discussed [39–41] laboratory model of
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the generator, with NdFeB magnets (Figure 7), which served as a reference point in the
presented analyses.
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Table 1. Construction data.

AFPMG Design Parameters and Dimensions

Main dimensions: Ri= 270 mm; Ro= 310 mm; rs = 290 mm

Stator and rotor outer diameter: 780 mm/650 mm

Number of phase coils: ps = 7; Total number of stator coils: 21

Total number of phase winding turns: ws = 980

Stator winding coil dimensions: l′c = 42 mm; ac= 50 mm; asc= 30 mm;
αsc(rs)= 0.1034 rad; ε(rs) = 0.1517 rad

Length of equivalent air gap: lδ= 26 mm

Stator winding resistance: Rs = 2 Ω

Rotor magnets number (per rotor disc): 28; p = 14

Dimensions of a basic, single magnet: lm = 10 mm or 30 mm (for Ceramic enlarged);
am= 18 mm; β(rs)= 0.0290 rad; lc= 40 mm

This work focuses on two magnet types, such as: Ceramic magnets (Ferrite) made
from Strontium Ferrite powder and Neodymium Iron Boron ones (NdFeB). The main
parameters of selected Permanent Magnets such as coercive force, remanence, and relative
permeability, used in ANSYS Maxwell simulations, are presented in Table 2.

Table 2. Magnets data used in ANSYS Maxwell.

PM Coercive Force Hc
(H0 ≈ Hc)

Residual Flux
Density Br

Relative Permability
µrm

Ceramic 8 267 kA/m 0.4 T 1.19

NdFeB 899 kA/m 1.2 T 1.07

3.2. Analysis of Models with Identical and Different Magnets Size

The first analysis was obtained for block magnets with the same size (10 × 18 × 40 mm)
for all magnet materials. The detailed mathematical description of the flux density distribu-
tion and determining the EMF for this model construction was fully described in [9,11,19,40]
and briefly discussed in Formulas (1)–(12), pointing the influence of the magnets’ parame-
ters on output parameters. The flux density plots (for the whole generator and selected
Permanent Magnets) obtained from 3D magnetic analysis for selected magnet types are
shown in Figure 8a,b.
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Figure 8. Magnetic flux density for different magnet types: (a) Ceramic; (b) NdFeB.

To obtain a higher output voltage and compare the total magnets price for analysed
construction, the authors performed further tests with different magnet volumes. The
assumed ceramic magnets height was three time bigger then NdFeB magnets while the
width and length were constant. The electromotive forces (EMF) and stator currents were
obtained from FEM transient analysis for selected magnet types and sizes are shown in
Figures 9 and 10. The presented spectra (in dB) are for the adopted reference levels: 1 mV
for voltages; 0.1 mA for currents.
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Figure 10. Stator current (phase 1) for generator at nominal load for different magnet types: Ceramic;
Ceramic enlarged and NdFeB (a) Waveform; (b) FFT spectrum.

The obtained electromotive force for AFMPG is visibly the highest with the usage of
NdFeB magnets for rotor discs variant. Table 3 shows the voltage RMS value (EG ph (RMS))
obtained by FEM and analytical calculations and approximate price for one item of basic
magnets size (block magnets) from above considerations.

Table 3. Analysis results and prices for 10 May 2022 [42,43].

AFPMG Size Volume EG ph (RMS)
FEM

EG ph (RMS)
Analytical

Approx. Price
for 1 Item

Approx.
Total Price

Ceramic 10 × 18 ×
40 mm 7.2 cm3 21.9 V 20.4 V 0.5 $ 28 $

Ceramic
enlarged

30 × 18 ×
40 mm

21.6
cm3 29.6 V 28.1 V 1.5 $ 84 $

NdFeB 10 × 18 ×
40 mm 7.2 cm3 65.4 V

63.9 V
(62.6 V

measured)
6 $ 336 $

From analysing Table 3, one can see a big influence of magnet type on EMF (EG ph (RMS)).
By changing the magnet type from ceramic to NdFeB, it is possible to increase the obtained
EMF value by about three times. Comparing the prices, it is worth checking the magnet’s
size influence on the induced voltage and compare the total price per one item. Comparing
the obtained RMS voltage value and the total price, the NdFeB magnets seem to be the
optimal choice. In the case of ceramic magnets, further size increasing has not significantly
increased the induced EMF.

Table 4 shows the comparison of obtained THD values of the generator electromotive
force (EG ph (RMS)) and stator phase current (IG ph (RMS) = IGN), according to selected sizes
and magnet materials.

Table 4. Comparison of the THD coefficient obtained from FEM model for EMF and current i1.

AFPMG THDEMF THDI

Ceramic 5.6% 1.6%

Ceramic enlarged 5.8% 0.6%

NdFeB 5.7% 1.4%
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Analysing the results from Table 4, it can be seen that changes in the size and type of
magnets do not significantly affect the deformation and the appearance of higher harmonics
of induced voltages (EMF) and phase currents.

3.3. Comparisons of AFPMG with Ceramic and NdFeB PM

In the next step, the generator models with ceramic magnets (for basic and enlarged
size) and NdFeB (with the basic size) were analysed under resistive loads. The following
Figures 11 and 12 present external characteristics of AFPMG with different magnet sizes
and materials for the generator under a resistive load. Figure 11 shows generator voltage
characteristics as a function of stator current UG = f(IG) and Figure 12 shows the dependence
of generated power PG = f(IG) as a function of the current for selected magnet types.
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From analysing Figure 11, one can see that the generator voltage drop is smaller for
the NdFeB (about 14%) and ceramic magnets with enlarged size (about 34%) than in the
case of ceramic magnets with the basic size (about 56%) for current load IG ph (RMS) = 4 A.

At Figure 12 it can be seen that enlarging the ceramic magnets height by three times
gives almost 100% more power that in the case of basic size ceramic magnets, which means
that one can finally achieve about 250 W.

Table 5 shows the comparison of obtained phase voltages UG ph (RMS) and generator
power PG for the same nominal value of stator current IG ph (RMS) = IGN, according to
Figures 11 and 12. The fixed cost of manufacturing the machine was assumed at the level
of 200 $ (rotor iron discs, stator and coils, bearings, shaft, housing) which, after adding the
price of the magnets, gave the total cost of the generators.

Table 5. Comparison of UG ph (RMS) and PG for same IGN value and costs of generators.

AFPMG IGN
UG ph (RMS)

FEM
UG ph (RMS)
Analytical

PG
FEM

Generator
Total Price

Price of
Generator
1W Power

Ceramic 4.0 A 9.7 V 8.6 V 114 W 228 $ 2 $

Ceramic enlarged 4.0 A 19.1 V 18.0 V 235 W 284 $ 1.2 $

NdFeB 4.0 A 55.3 V 54.5 V 672 W 536 $ 0.8 $

Based on the analysis of the data in Table 5, it can be concluded that increasing the size
of the ceramic magnets leads to a 100% increase in the generator power with a slight increase
in cost. The generator with enlarged ceramic magnets is almost two times cheaper than
one with NdFeB magnets; however, the power obtained is three times lower. Furthermore,
while converting the total costs of generator production into watts of received power in
the case of generator design with NdFeB magnets, one can obtain an approximately 50%
cheaper solution than in the case of ceramic enlarged magnets.

4. Conclusions

The Permanent Magnets are commonly used in machines designed in the recent years.
The proper magnet selection has the significant influence on the work of Permanent Magnet
Machines. However, one should remember about the economic aspect of constructed
generators and the conditions in which Permanent Magnets can be installed. The main
goal of the presented approach was to use an analytical model that allows for an effective
analysis of electromagnetic phenomena while checking if it is possible to replace the rare
earth magnets in AFPMG construction.

The authors have made the research on disk generators, based on the FEM and
analytical models, using the ceramic magnets (Ferrite) made from Strontium Ferrite powder
and Neodymium Iron Boron ones (NdFeB). The use of the following magnet types for
analysis: Samarium Cobalt (SmCo) magnets, Aluminum, Nickel, and Cobalt (AlNiCo)
magnets, were rejected due to their high prices. Considering the obtained results, one can
see that by changing the magnet type it is possible to obtain several times higher power
of the PM machines. However, it is also important to get the optimum output parameters
while maintaining the right total price. SmCo magnets have similar features compared
to NdFeB and can be successfully used in marine, aerospace, and industrial automation
areas, because they do not need to be additionally protected against corrosion. They also
allow us to obtain a rather good generator output power compared to the ceramic magnets.
They have high corrosion resistance and high energy at the same time. Yet, a significant
disadvantage is the fact that they are much more expensive than NdFeB magnets, which is
why the authors did not take them into the consideration.

Considering the gained output voltage and magnet price, NdFeB magnets seem to
be the best choice, especially while building small, domestic power plants. At the same
time, when choosing Neodymium magnets for disc generators, it is necessary to avoid



Energies 2022, 15, 7601 13 of 14

acidic, alkaline, and humid environment, according to their tendency to oxidize. The shape
limit of NdFeB magnets can be expanded by connecting single magnets into some more
arrangements. Because they are the strongest Permanent Magnets, NdFeB are appropriate
for constructions which require limited generator dimensions with a high output power at
the same time.

For economical, domestic constructions, when the high output power is not expected,
one can use the ceramic magnets. They are limited to single shapes but are the cheapest
ones. Enlarging the ceramic magnets’ height enables us to obtain about 100% more power
than in the case of the first analysed size. Unfortunately, comparing the total generator
price, and converting the costs production into one watt, the difference is in favour of
NdFeB.

In conclusion, it can be noted that for the analysed generator structure (AFPMG)
with rare earth and ceramic magnets, the analytical model is also effective. The obtained
discrepancies in the results obtained from the analytical models compared to the FEM
analyses were within the range of 10%.

However, replacing NdFeB magnets with ceramic magnets is not the most optimal
solution; yet, it may be acceptable in low-power structures such as home micro wind or
hydroelectric power plants.
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