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Abstract: This article investigates the construction of a wind power generator requiring the lowest
possible cost. The proposed model is an Axial Flux Permanent Magnet (AFPM) Synchronous Machine,
which contains two iron rotors and a coreless stator between them, constructed from resin. The
scientific contribution relates to the coupling of economic and technical parameters, which will clarify
the feasibility, i.e., a wind turbine construction capable of producing approximately 3.5 KW, using a
simple mill and a generator of nominal rotor speed 100 rpm. Such studies are few in international
literature and mainly concern low levels of rotor speed in relation to the produced output power.
For the generator dimensioning, analytical equations are used, while the type and the dimensions
of the magnets are determined, before the start of dimensioning. The authors carried out research
in the international market, ending up with specific cost-effective magnets, while trying to adjust
the remaining dimensions and materials of the machine based on these cost-effective magnets and
the aforementioned nominal values of the generator. The machine, whose dimensions are derived
by analytical equations, was simulated and analyzed using the Two-Dimensional Finite Element
Method (2D-FEM) and the Three-Dimensional Finite Element Method (3D-FEM), for comparison
purposes. Moreover, an economic analysis of the generator and its individual parts was conducted.
Finally, a novel idea for reducing the total generator cost is proposed, by replacing the rotor disks
with rings. The investigation revealed that analytical equations can predict with satisfactory accuracy
the generator’s parameters. In addition, as permanent magnets are the most expensive materials in
the construction, their predetermination using low-cost magnets can reduce the construction cost.
Finally, the proposed concept of a ring-shaped rotor instead of a disk rotor, provides a cost reduction
of up to 20%.

Keywords: axial flux; financial aspects; finite element method; permanent magnet; wind power

generator

1. Introduction

Designing an electromechanical system is a challenging procedure because of several
factors that should be taken into account. Two of the most important aspects that should
be considered while designing a reliable and effective construction, are the initial system
cost and the repair cost. Both factors are crucial, as designers should construct the system
with the most cost-effective but durable materials, at the minimum quantity required to
ensure high power production. Particularly, the wind generator industry imposes use of
materials with great reliability and long lifetime since any fault can create serious problems
in the system. In addition, wind turbines are usually placed in isolated, often inaccessible
areas, while some faults require the disconnection of the generator, thus reducing the
energy production.

In the literature, many studies have investigated both design optimization [1-14] and
fault identification [15-24] of wind generators. However, a small proportion of these studies
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investigated the financial impact on the generator construction. Moreover, the majority of
studies concern the design of machines with nominal speed much higher than 100 rpm.
In [1] a wind generator of 1 kW and 100 rpm, is optimized utilizing a Genetic Algorithm
(GA), in order to produce the lowest cogging torque and the highest efficiency. The machine
topology contains a double-sided rotor, a single stator and has nominal output power of
1 kW, which is contrary to the generator investigated in this article, that has to provide
approximately 3.5 kW in output. Likewise, in [9], general sizing equations and the GA are
used for optimization of a wind generator with nominal power of 1 kW and nominal speed
of 100 rpm. In [12,25-36], design optimization of [8,37-41], Axial Flux Permanent Magnet
Synchronous Machines (AFPMSM) with nominal speeds much higher than 100 rpm are
proposed, while the economic effect of the optimization was not examined. In [8,37—41],
AFPMSMs are optimized using the cost factor as a parameter. More specifically, in [8], the
material of the permanent magnet was examined for machine optimization purposes by
means of a Particle Swarm Optimization (PSO). The economic impact on the design process
is also taken into account. In [37], the differential evolution algorithm is presented for
designing a single-sided AFPM machine, of nominal speed 2800 rpm, with the maximum
efficiency and the minimum cost. Five independent variables were taken into account
in the optimization process, while the cost of the machine materials is considered in the
investigation. However, the study does not mention the total cost of the system and
the individual components. In [38], a double-sided stator single-rotor topology motor,
with nominal speed 3800 rpm, for automotive applications was optimized using sizing
equations. The influence on the machine construction cost was also examined. In [39], a
New Hybrid DOE-DE Numerical Algorithm is proposed for machine optimization, while
the material cost was also taken into account, although, the economic analysis presented
the cost values normalized per unit, without providing the exact system prices. In [40], a
fully superconducting wind generator was designed. The solution reduces the cost of the
tower and the foundation, but it is impractical because a large number of cryocoolers are
needed. In [41], a AFPM YASA double rotor generator of nominal speed 60 rpm, suitable for
wind power systems, is proposed. The generator was optimized by selecting the suitable
Halbach magnets array, while financial analysis was also conducted aiming for an integral
market survey concept. In [42], a novel axial-radial flux PM machine is proposed with
very good performance but higher cost compared to a radial rotor machine. Likewise,
in [43], a machine of the same structure was analyzed, which can be used for low cost home
appliance applications.

In this article, an investigation was conducted in order to construct a 3-3.5 kW wind
generator, with nominal speed of 100 rpm. The generator consists of two iron rotors and
one stator between them, made of resin. The goal was to build a low-speed, gearless,
cost-effective, simple and environmentally friendly generator, which could be installed in
a residential area, even in a home garden, and would work without risk. It is unusual to
develop a low-power generator with low-rotational speed and this study examined the
feasibility of this concept. As previously mentioned, most of the studies in the international
literature, have investigated generators with higher rotor speeds. Therefore, the authors
investigated whether it is feasible from the technological and economic points of view to
build such a machine capable of producing 3.5 kW at such low rotor revolutions. One
of the most important optimization parameters in the procedure was the decrement in
the quantity of permanent magnets that were used. However, permanent magnets with
higher dimensions and higher grade contribute to a wind generator with higher output
power. Consequently, the authors tried to find alternative ways to retain the output power
roughly constant at 3.5 kW, exploring the possibility of increasing the generator winding
coil dimensions and consequently the generator diameter. In Section 2, the authors design
the machine model using analytical equations and predetermine the shape, material and
dimensions of the permanent magnets of the generator. This task is performed first in order
to minimize the magnets cost, while adjusting the rest of the design parameters accordingly
to achieve the desired output power at the nominal speed of 100 rpm. Then, the machine is
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simulated using both 2D-FEM and 3D-FEM, for comparison purposes. In Section 3, the
results from 2D and 3D FEM analysis are presented and compared. In addition, an economic
analysis of the machine total cost and its individual parts is performed. Subsequently, in
Section 4, a new idea for reducing the construction cost even more is proposed. This
novel idea is based on replacing the machine rotor disks with rings, reducing the total
generator cost and the iron losses of the generator. Finally, in Section 5, the main results
and conclusions derived from the investigation are discussed, while in Section 6 future
extensions of this study are proposed.

2. Materials and Methods
2.1. Designing the Generator Using Analytical Equations [44—46]

The first step before simulating every system in FEM is to compute its basic parameters
using analytical equations. The use of analytical equations demands less time compared to
FEM and can provide a reference point for starting the design. Considering that the desired
wind generator should have an output power approximately 3.5 kW, nominal frequency
50 Hz and nominal speed 100 rpm, the number of pole pairs can be exported utilizing the
fundamental equation related to synchronous machines [47]:

ny = 12 M
p
where 75 is the generator nominal speed, f; is the generator fundamental frequency, and
p are the machine pole pairs. Afterwards, the number of winding coils can be computed
using Equation (2):

_3p
Q= )

where Q is the total number of machine coils. According to [44], Equation (2) can be
successfully applied when the number of generator poles is divided by four and the
winding is single-layer. Consequently, using the above equations, the generator contains
60 magnets in each rotor, while its winding consists of 45 coils.

The outer and inner generator radius can be calculated by Equations (3) and (4):

Ty

To =, @3)
ksckeck, ]mﬂxtwka,,\/4.5q(1 +5,)sin ( S )ZA
i = 5T 4)
where T is the torque given by Equation (5):
60zP
1= ey 5)

ks is the stator coefficient, k.. is the winding edge coefficient, and k; the radius coefficient,
calculated by (6), (7), and (8), respectively:

e = phay) ©)
ke = (24602 7)
ke =1/ (1—5,)(1+s,)° (8)

Jmax is the maximum current density, t; is the stator thickness, k¢ is the coil fill factor equal
to 0.55, g is the number of coils per phase, the quantity s, is determined as equal to 0.9, and
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By is the amplitude of the first harmonic of the magnetic flux density in the airgap given
by (9): /3
2v/3Byg
By=—""=
p= ©)
Byyg is the maximum value of the magnetic flux density in the airgap, equal to 0.528 T for a
magnet of grade 35 N, while A can be calculated using (10):

A= (1—s) 4 TE04msr) ?;mr)

and k; is the winding pitch factor calculated using Equation (11):

(10)

. (1=k)pr . kpm
Qsin ( sin 55
= 90— 20 (11)

Ky 0.5kprt

where k is calculated by (12):
Sy

k =
sp+1
z is a safety constant, P is the output power of the generator, 7 is the generator effi-
ciency, while k; is the winding width distribution coefficient, which equals 1 for a single
layer winding.
Finally, the quantity J. can be computed using (13):

(12)

27(0.47ts, + 1)
Op = ——— 13
c (1 _ Sr) ( )
Respectively, the number of turns in each coil can be calculated by Equation (14):
N. Vphasep (14)

B ZﬁqwgBmgklkerglﬂ

where Vs is the rms value of the phase Electromotive Force (EMF) voltage during start-
up, 7avg is the average radius of the machine, I; is the difference between generator outer
and inner radius, I, = 7, — 1;, k1 equals 0.2, while w, is calculated by Equation (15), utilizing
the cut-in wind speed as follows:

o 27Tncut-inp
We = —"0 (15)
Regarding the coil leg width, it can be calculated using (16):
. Sy 7T
We = 2rﬂvgsln<(s_|_rl)(2> (16)
r

For the computation of the ohmic resistance of each phase, Equation (17) can be
utilized as follows:
Nzqotlaog

R =
kftwwc

17)
where p; can be given by Equation (18):

ot = p20(1 4 0.0039(t, — 20)) (18)
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tc is the maximum temperature value in which the generator can operate, and the average
length of the coil turn Iz, is computed by Equation (19):

2(ro +1;)(0.4s, + 1)t
Q(sr +1)

The type of the magnets was predetermined and will have an influence on the re-
maining dimensioning procedure. As mentioned above, since the permanent magnets
are the most expensive materials of the generator, the authors made a more inexpensive
selection of magnets with a length of 50 mm, a width of 20 mm, and a thickness of 10 mm.
The magnets are of rectangular shape, made by NdFeB and their grade is 35 N. Table 1
summarizes the most basic rotor parameters.

(19)

lavg = 21[1 +

Table 1. Basic rotor parameters.

Magnetic Number of Generator Magnet Magnet Magnet Airgap Rotor
Material Magnets on Each Rotor Lenght Width Thickness Lenght Thicknesss
NSII;;B 60 50 mm 20 mm 10 mm 1.5 mm 10 mm

Consequently, considering that the magnet length was 50 mm, the authors decided to
fix the coil leg height, I,, to 54 mm. Also, the stator thickness t,, was set at 20 mm, in order
that the distance between the magnets be greater than twice their thickness. In addition,
using Equations (3) and (4), 7, and r; can be calculated as being equal to 537 mm and
483 mm, respectively, as summarized in Table 2. Moreover, using (16), w. can be computed
to be equal to 26.5 mm, while the number of turns per coil, N, is calculated using (14) and
has a value of 145. Table 3 describes the basic stator parameters.

Table 2. Generator radius.

Generator Generator
Outer Radius Inner Radius
7o r;

537 mm 483 mm

Table 3. Basic stator parameters.

Number of Turns Number of Generator Coil Leg Thickness  Coil Leg Width  Coil Leg Height Stator
per Coil Stator Coils tw we 1, Thickness
145 45 20 mm 26.5 mm 54 mm 20 mm

2.2. Designing the Generator Using OpenAFPM 2D-FEM

The OpenAFPM modeling tool is a design software for Axial Flux Permanent Magnet
Generators for wind electric systems https:/ /www.openafpm.net/, which uses 2D-FEM.
More specifically, the selected tool was UserAFPM. This tool was used to validate the
performance of a specific generator geometry, by performing a Finite Element Analysis
(FEA).

In order for the software to export the results, some basic parameters should be
included. The generator input parameters used in the OpenAFPM 2D-FEM program are the
same as those used for 3D-FEM simulation using Opera 18R2 software, and consequently
the same as those calculated using the analytical equations.

Table 4 summarizes the blade rotor inputs used for the simulation. In addition, the
copper resistivity is set to 1.678 x 10~8 Q)-m, the copper density is set to 8.94 g/cm?, the
iron density is taken as being equal to 7.87 g/cm?, and the resin density is taken as equal to
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1.36 g/cm3. Regarding the financial parameters the cost of each machine material and the
labor cost, according to the current prices in the Hellenic/Greek market in September 2023,
are summarized in Table 5.

Table 4. Blade rotor inputs.

Turbine Cut-In Wind Nominal Wind Cut-In Tip-Speed . . .
Rotor Radius Speed Speed Ratio (TSR) Nominal TSR Alr Density
3m 2.5m/s 10m/s 1.0 3.15 1.2 kg/m?3
Table 5. Cost of machine materials and labor cost.
Copper Resin Price Plywood Permanent Magnet Cost of Miscellaneous Labor
Price Price Price [48] Parts (Bolts, Glues) Cost
18 €/kg 16 €/kg 17.60 €/m? 3.87 €/magnet 150 € 14.5€

In addition, both the transmission cable losses are considered to amount to 10%, while
the resulting stator nominal temperature is equal to 57.7 °C.

2.3. Designing the Generator Using 3D-FEM

In this section, the generator, based on dimensions provided by the above analytical
calculations, is modeled using 3D-FEM in Opera 18R2 software. The 3D-FEM is an accurate
simulation tool, especially for constructions such as the AFPM synchronous machine, which
has an inherent three-dimensional geometry. More specifically, in this machine type, the
magnetic flux density is dependent on the radius, and this phenomenon is enhanced by
the fact that the generator has a great rotor diameter compared to its axial length [49]. As
mentioned earlier, the machine consists of two rotors and one coreless stator between them,
constructed of resin. The stator winding is star-connected, non-overlapping, single-layer,
of trapezoidal shape, consisting of 45 coils, and as depicted in Figure 1.

Figure 1. The stator winding in 3D-FEM software.

Respectively, Figure 2 depicts the permanent magnets of the two rotors and their
relative position with the generator stator winding. Each rotor contains north- and south-
pole magnets, while the magnets that are opposite to each other are of different polarity.
The north magnets are depicted with blue color, while the south magnets are depicted with
green color.
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Figure 2. The magnets and the stator winding in 3D-FEM software.

Figure 3 illustrates the meshed FEM model of the generator. The 3D model consists of
4,835,673 elements, while the transient analysis solver with motion was used for computa-
tional purposes. The light green color represents the two rotor iron disks of the generator.
The stator disk does not appear in the figure, as the resin, of which it consists, was simulated
with air properties.

Opera

Figure 3. The meshed FEM model of the generator.

2.4. The Mass Production versus Dispersed Construction Economics—Economic Evaluation and
Feasibility of a Dispersed Produced Low Speed Small Generator

In this section, the generator, based on dimensions provided by the low nominal rota-
tional speed results in the mass increase of any rotating power transformer of a given rated
power. The required torque of such a machine results in higher load on the generator me-
chanical elements. So, both, the resulting raw material and labor cost increase, constituting
a good reason to avoid such low speed machines. Our aim to examine an electric generator
rated in the domain 3 kW to 6 kW and 160 rpm to 80 rpm should not be considered serious
following the above reasoning, which is valid for the current electric generator concepts
based on the current industrial production system as it has been developed until now all
over the world. This current production conception is adaptable to the industrial machine
tools, robotics, and relevant raw material and spare parts market, permitting high accuracy
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machining, fast production rate, optimal design conception, in this production frame, and
feasible price within an international market.

The proposed generator concept in this paper is based on a non-massive production
system providing a very low speed generator, impossible to survive among massively
produced high-speed generators.

The main reason to examine such a non-trivial concept is the recognition, consideration,
and attractiveness of a motive to produce goods providing social value and not only
exchange value. If the generator additive value is recognized, accounted, and required
as socially added value, a calmer production environment could be considered in the
place of massive, concentrated production units. The low speed generator proposed
here could be considered in harmonic combination with an appropriate motor, a low
speed wind generator sail-mill concept defined on the same dispersed, but not massive,
production methods. This low-speed electricity producing windmill needs a low-speed
generator, not existing in the market, to integrate a small wind generator able to provide
electricity with a high percentage of value addition within local communities who are able
to produce their electricity production infrastructure. This electricity production mode
can support the social coherence establishment and maintenance as a product between
local community members’ education times their economy. Education and economy are, of
course, interacting so their product, namely, the community social coherence, the so-called
communion, is a nonlinear product, able to be examined under a law system correlating the
law of nature, the technical norms and standards, and the society law. This law system is
based on the relation of society law with the product of norms/standards times the nature
law. Society law must be distinguished between the other laws and the state law especially.
The society law governs the intensity of social relations, the motives synthesized with
knowledge times mind and senses. The intensity provided by the social law is produced
by the laws of technology, the norms and the standards times the laws of nature; it is a
product of the human activity times the nature. The ethics and the social aesthetics should
be combined with the technical standards and norms despite the fact that, historically, they
are considered as completely irrelevant concepts during the recent five centuries after the
Renaissance and the illumination in western Europe, first and then the rest of correlated
countries today. If the results of the technical standards use and the norms application
could be recognized and evaluated for their result on the society body, the relation between
standards and ethics would be obvious.

In most social activity cases, the products of the following:

the education/culture times economy,
the nature law times norms/standards
the use value times exchange value,

Namely, the communion, the society law, and the value (the social value) are not
accounted at all. The main law used in practice economy law, governing our social life,
is the so-called law of supply and demand. The relation among goods conception, goods
development, and goods production is not in consideration in this well-oriented social,
scientific and practice field of economics. The examination of the global (social) value
relation with the product of the law times the communion (society intensity) as they are
presented above, is applied in the case of this special low speed generator given both the
technical norms governing its concept and the laws of physics (nature is “physis’, @¥o1g in
Greek). So, if the society intensity (the communion) is produced by the education/culture
times the social economy, then mass production of goods that people do not have access to
in their production chain, creates a mass of consuming goods out of social culture and under
the control of ‘specialists’ structures’” strongly correlated and depending on the owners of
the production infrastructure. Knowledge is well conserved and protected as intellectual
property in the frames and the law of specialized cognition areas and levels and subjects of
training. A step towards the production of an electrical generator, suitable to be constructed
using widely dispersed machinery like laser cutters, small lathes, welding units, etc., can
be considered under the possibility of the social coherence reinforcement. The key reason
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to do so is the development of the social coherence produced by the constructors’ culture
times their economy improvement.

This product, the culture times the economy makes the difference between centralized
mass production and dispersed integrated construction. The first provides high exchange
value products, cost effective to increase consumption. The second provides both exchange
and use valued products able to be developed and producing a social intensity value
as a product of the construction culture times the local economy. This product does not
exist in communities consuming the majority of goods without any participation in their
production. A non-producing society, or a society specialized to produce few goods not
related to them, has no coherence and future.

An accountable benefit of dispersed against massive production cannot yet be defined
and calculated in the frame of ordinary/current techno-economic feasibility criteria. Inte-
grated criteria on a holistic social evaluation procedure, produced from cultural evaluation
criteria times technological criteria (accordance to normalized practices and production
standards) are introduced to overcome the lack of accountable measures of the distance
between mass production and dispersed construction. This is not the main subject of this
paper but the general relation among common values, culture, and economy is simply
written as:

Common value = culture X economy

In the above relation the symbol: x means a holistic production operation between
entities described with more than one characteristic. For the sake of resemblance to mind
behavior, the term noetic is introduced for such operations. So, we establish noetic addition,
production, and exposure to a force. The noetic (or mind) operations can be detected in the
neurons systems. So, the ‘noetic price’ of the communion value is a product of the cultural
value ‘noetic price’ times the economic value ‘noetic price’. If the economic value price is
measured by money, the cultural value should not be, because the culture is qualitatively
different from the economy, so cultural values should be measured by different units
rather than economic value measurement. It is obvious that if a measure of the culture
appears, the measure of the social value will be equal to the product of the culture times
the economy measures.

Based on the above described approach, the question, why a heavy machine, demand-
ing laborious construction is preferred to a lower weight and automatically produced
machine has the following answer: The communion value, deduced as a product of the cul-
tural value times the economic value of the machine is more important than the exchange
value produced by experts and specialized workers but is unable to communicate with other
specialists and machines irrelevant to their cognition, knowledge, and experience fields.

Following that briefly discussed above holistic evaluation of the machine

conception result
production result
operation result

The social value hypostases are suitable to evaluate society coherence.

This society coherence is internationally used to develop, evaluation methods of
human activities. The common methods follow isolation of the exchange value, the
money priced method based on the supply and demand law. It must be noted that this
law is not valid on the machines conceptual design practices and also among human
relations practices.

Consequently, how could one imagine our reality without all those everyday new
surprising events and concepts? The demand of new concepts can never be satisfied by any
supply because new concepts have never been in the market before their appearance. So, in
order to apply the ‘supply-demand law’, one has to construct both supply and demand of
a non-existing, and not yet priced, prototype within the community where it is of interest
to address the new prototype. It must be noted that new things have no demand and zero



Wind 2024, 4

34

supply. It must also be noed that new things are generated after social interaction of people
and artifacts.

So, the reason why we are examining such a low speed heavy and laborious ma-
chine but suitable to be constructed everywhere, is the resulting social coherence de-
veloped and enforced by such production methods against the massive production of
consumption goods.

3. Results

In this section, the results obtained from the simulation using both 2D and 3D FEM
analysis are presented and compared. In addition, an economic analysis of the total cost of
the generator and its parts is presented.

3.1. Simulation Results Using 3D-FEM

In this paragraph, the 3D-FEM simulation results are presented and discussed. Figure 4
depicts the generator output voltage when the generator has its nominal speed and load.
Respectively, Figure 5 illustrates the generator current for the nominal speed of 100 rpm.
As can be seen from these figures, at the nominal speed the machine has an rms EMF
voltage of 219 V and rms current of 5.1 A. Consequently, the generator output power can
be calculated to be approximately equal to 3350 W.

400

w NN N N
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\/ |4 vo’% \/W \/0,1

Figure 4. The EMF voltage of phase A at nominal generator speed.
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Figure 5. The current of phase A at nominal generator speed.
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3.2. Economic Cost Estimation Results Using Open AFPM 2D-FEM

In this paragraph, the results derived by 2D-FEM simulation using OpenAFPM are
presented and compared to those of the 3D-FEM simulation. The comparison is held
for validation purposes, while an economic analysis of the generator, using OpenAFPM
software, is also presented. As the simulation model was validated previously with 3D-
FEM, for the financial analysis, the OpenAFPM tool is used, which enables quicker and
simpler analysis. More specifically, the OpenAFPM software needs 15 min to provide
results, while the 3-FEM using Opera 18R2 needs about 2 days.

The basic input parameters of the program have already been discussed in the previous
sections and are kept the same as in the 3D-FEM simulation.

Figure 6 depicts the magnetic flux density in different machine regions, while Figure 7
shows the estimated generator efficiency versus the rotor speed. This is the expected
efficiency, given that an optimization of the generator dimensions has not been achieved
because of the low-cost permanent magnets. As the market is unpredictable, it makes no
sense to make precise techno-economic calculations. The maximum efficiency is achieved
for a rotor speed equal to 100 rpm, which is the nominal speed. In addition, efficiency is
expected to decrease at very low or very high wind speeds. The definition of the generator
efficiency can be given by (20):

60zP

2rtnsriksckecks ]mxtwka,,\/ 45q(1 +sp)sin (o227 )2A

g — 20)

Consequently, it is clear that the efficiency depends on the dimensions of the generator
and the rotor speed.
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Figure 6. The magnetic flux density of the generator derived by 2D-FEM.

Table 6 summarizes the stator output parameters. In the OpenAFPM software, the
stator current at the nominal wind speed was preset by the authors as an input parameter
equal to 5.1 A, in other words with the value that was provided by 3D-FEM Opera 18R2
software. Then, the software returns the rms value of the EMF voltage at the nominal wind
speed. Observing Table 6, this value is equal to 224.525 V, which is close to the value of 219 V
that the 3D-FEM simulation provides. The average length of coil-turn values calculated by
OpenAFPM and Equation (19) are 202.16 mm and 209.51 mm, respectively, while the phase
resistance is calculated at approximately 4.7 Ohm using the 2D-FEM analysis, and in the 3D-
FEM software the value of 4.2 Ohm is used, calculated by Equation (17). The above values
are adequately close to each other, and the small deviations result from the more accurate
analysis performed in three dimensions due to the inherent three-dimensional geometry of
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the AFPM synchronous machine. Finally, the generator output value is 3435.23 W which is
close to the value calculated by 3D-FEM.

100
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Figure 7. The generator efficiency versus rotor speed.

Table 6. Generator stator output parameters derived from OpenAFPM.

Generator Stator Output Parameters Values Derived from OpenAPFM
Average Length of Coil Turn 202.16 mm
Phase Resistance 4.78905 Ohm
EMF at the Nominal Wind Speed 224525V
Generator Output Power 343523 W

Table 7 presents the generator losses calculated by OpenAFPM, while Table 8 computes
the masses of the different parts of the generator, the total generator mass, the mass of the
bearing hub, and the blade rotor mass.

Table 7. Generator losses calculated by OpenAFPM.

Losses Values Derived from OpenAPFM
Copper Losses 373.69 W
Eddy Current Losses 490538 W
Rotational losses 43.638 W

Table 8. Masses of generator parts calculated by OpenAFPM.

Masses Values Calculated by OpenAPFM
Copper Mass 20.8395 kg
Resin Mass 14.7857 kg
Magnets Mass 9kg
Mass of Rotor Disks 142.595 kg
Total Generator Mass 187.22 kg
Mass of Bearing Hub 14.2907 kg

Blade Rotor Mass 51.6121 kg
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Finally, Table 9 computes the total generator cost and the cost of its individual parts.
The calculation is achieved using the material prices presented in Table 5 and the mass of
each material calculated in Table 8.

From Table 9, it can be observed that the total generator cost amounts to EUR 1767.53.

Table 9. Generator cost estimation.

Generator Part Cost (EUR)
Cost of magnets 464.40
Cost of Copper 375.111
Cost of Resin 236.571
Cost of Iron 242.411
Cost of Moulds 299.04
Cost of Miscellaneous Parts (Bolts, Glues) 150
Total Generator Cost 1767.53

4. Suggestion for Novel Generator Concept

In this section, the authors propose a new idea for generator design which reduces
the total construction cost. In Figure 8, the meshed FEM model of this novel generator in
front and side view, is depicted. The 3D model consists of 3,745,423 elements, while the
transient analysis solver with motion was used for computational purposes. The stator
disk, as previously conducted, does not appear in the figure as it is made of resin and has
been determined in the software with the properties of air. The rotor disks are illustrated
with a light green color, while each of them is made of a thin ring. This representation has
been carried out because the real model of the machine, which will be constructed soon and
be presented in a future article, will contain two rings for rotors. This solution is proposed
in order to reduce the cost of the generator construction, using as simple and inexpensive
materials as possible.

Figure 8. Cont.
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Figure 8. The meshed FEM model of the novel generator: (a) front view, (b) side view.

Figures 9 and 10 present the EMF voltage and the stator current of the machine with
the novel design, when the rotor speed and the load are nominal. Looking at these figures it
can observed that the replacement of the two rotor disks with two rings will not change the
values of the generator exported voltage and current. Consequently, the generator output
power will not be reduced. On the other hand, as less iron quantity is used, the iron losses
of the machine will be reduced, together with the total generator cost.
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Figure 9. Simulation results for the new generator construction: The EMF voltage of phase A at

nominal generator speed.



Wind 2024, 4 39

(A)

1A
<

0,04 0,06 0,08 0.1
t(s)

Figure 10. Simulation results for the new generator construction: The current of phase A at nominal
generator speed.

As shown in Table 9, the cost of iron amounts to EUR 242.41 €, for a generator with
two rotor disks, while the total volume of the rotor disks is equal to 18,118.8 cm3. In this
section, the new total volume of the rotor disks will be computed using Equation (21):

nth(D? — d?)
Viot = 2#

(21)
where D and d are the outer and inner diameters of the ring respectively, and / is the height
of the ring. Consequently, the total volume of the two rotors is calculated to be equal to
3843.36 cm® and by considering that the iron density is 7.874 g/cm? the total mass of the
rotor disks is 30.2626 kg. Then using the iron price given in Table 5, the estimated cost
of the iron turns out to be equal to EUR 51.446. The cost estimate for the proposed novel
generator model is presented in Table 10. It can be expected that the use of the two rings
instead of the two rotor disks reduces the total cost by about EUR 200, which is significant
if large-scale generator production is considered.

Table 10. Cost estimation for the proposed novel generator model.

Generator Part Cost (EUR)

Cost of magnets 464.40

Cost of Copper 375.111

Cost of Resin 236.571

Cost of Iron 51.446

Cost of Moulds 299.04

Cost of Miscellaneous Parts (Bolts, Glues) 150

Total Generator Cost 1576.569

Finally, Table 11 presents the total labor cost in a few European countries. The generator
needs about five working days to be constructed and we make the assumption that the raw
material prices are roughly constant in these European countries.

Table 11. Total labor cost estimation in different European countries [50].

Bulgaria Greece Italy France
Hourly Labor Cost EUR8.2¢€ 145€ 294€ 40.8 €
Total Labor Cost 328 € 580 € 1176 € 1632 €
Total Generator Cost based in Materials 1576.569 € 1576.569 € 1576.569 € 1576.569 €

Total Generator Cost (Including Materials and Labor Cost) 1904.569 € 2156.569 € 2752.569 € 3208.569 €
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5. Discussion

In this study, an AFPM Synchronous Generator, suitable for wind power applica-tions,
of nominal speed 100 rpm and nominal output power approximately 3-3.5 kW was dimen-
sioned and investigated. The dimensioning procedure was based on analytical equations,
while the shape, the material, and the dimensions of the permanent magnets were preset,
in order for the machine to be designed using, affordable magnets. Consequently, the
authors tried to adjust the rest of the parameters of the generator to the desired output
values to reduce the cost of the permanent magnets, which is the most expensive material
of the machine.

Then the generator was simulated using both 2D-FEM and 3D-FEM, while the sim-
ulation results were discussed regarding their accuracy. The comparison showed that
these results are quite close to each other, but some deviations exist as a three-dimensional
analysis will provide more accurate results as it considers the inherent 3d geometry of this
machine type. The rms values of the EMF voltage and the stator current, at the nominal
wind speed and load, are calculated roughly as equal to 220 V and 5.1 A, respectively,
resulting in an output generator power close to 3.5 kW.

In addition, an economic analysis of the generator was conducted using the Ope-
nAFPM simulation software. The analysis reveals that the total cost of the generator, using
the two rotor disks construction, is EUR 1767.53.

Subsequently, the authors proposed a new idea for constructing the two generator
rotors using rings instead of disks. This modification will not affect the rms values of
the generator voltage and current but will reduce the iron losses and the total construc-
tion cost by reducing the volume of the utilized iron. The estimated total construction
cost of the proposed generator will be EUR 1576.569, approximately EUR 200 less than
the initial estimated cost. This money-saving is vital, especially in large scale generator
production, where the goal is to produce at high electric energy levels using simple and
cost-effective materials.

Finally, the next step of this study includes the construction of the generator in the
laboratory for further validation purposes as well as the installation of the machine in a
real wind power system. As wind parks contain a great number of wind turbines, the
authors tried to find a solution to reduce the total cost. The coupling of economic and
technical parameters is a very important issue, which has not been studied sufficiently in
the international literature, especially for low-speed generators. Therefore, the authors
investigated, if it is financially beneficial to construct a simple and environmentally friendly
generator, capable of producing 3.5 kW in 100 rpm nominal rotor speed. This machine
could be powered by a mill and could be safely used, in residential areas, even in residences.
The study proved that it is technically effective to construct a low-power generator with
low-rotational speed, if rings instead of rotor disks are used, thus reducing the size and
cost of the structure.

6. Hints for Further Results

Apart from building the generator in the laboratory, an issue for further consideration
could be a feasibility study regarding the geography of the machine production. Every
feasibility study shows whether a business idea is viable, the technical and financial
obstacles arising from the idea, while serving the industry to produce at the lowest possible
cost. As both raw materials and labor costs vary from country to country, the authors
consider that the economic variations resulting from generator manufacture in different
countries should be studied in more detail, using simple economic models. Already
from the present study, which considers the cost of raw materials to be constant in the
investigated countries, it can be seen that the production cost increases considerably if the
same generator is manufactured in France instead of Bulgaria. Therefore, a more detailed
coupling of technical and economic parameters from the point of view of the manufacturing
country could be an interesting future study.
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