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Abstract: In this paper, the optimal design of the Flux-Switching Generator with ferrite magnets
based on a two-mode substituting load profile for a gearless wind generator is considered. A
one-criterion Nelder-Mead method is used to optimize the generator design. The optimization
function is constructed mainly so as to minimize the average losses in the generator and the required
AC-DC converter power. Also, the Flux-Switching Generator torque-ripple and the ferrite magnets
volume are minimized. Using substituting profiles instead of initial ones reduces the calculation
efforts substantially. The paper contains the analysis of the optimal design of the Flux-Switching
Generator with ferrite magnets.

Keywords: annual energy production; direct-driven wind generator; electric machine design; gearless
machines; flux-switching generator; flux-switching machines; optimal design; mathematical modeling;
special electric machines; variable speed generators; wind generators

1. Introduction

Recently many research works have been focused on the optimization of permanent magnet
synchronous generators (PMSG) for wind industry. Most often the traditional design with magnets in
the rotor is considered in the case of gearless wind turbines.

For example, the optimization routine of a direct drive PMSG with rated values of 500 kW and
36 rpm is presented in Reference [1]. In that work the annual energy production (AEP) is used as
the optimization criterion. The calculations are carried out considering eight operating modes of the
generator at various wind speeds. It is emphasized that the optimization routine that considers such a
large number of the operating points is very computationally demanding and may require the use of
distributed parallel or cloud computing.

In Reference [2], another optimization procedure demonstrated by an example of PMSG with
rated values of 2 kW and 250 rpm is presented. In this case, ten various operating points of the
generator were considered. A multi-objective criterion optimization implemented with help of a
genetic algorithm is introduced to maximize AEP, minimize permanent magnet volume and the cost of
active materials of the generator.

Another example of applying a multicriteria optimization routine to enhance the performances of
PMSG of a large rated power is demonstrated in Reference [3]. In that case, AEDP, overall weight of the
generator and the cost of the active materials are considered as the objectives. Ten generator operating
points are considered in the optimization routine.

Also, it should be mentioned that the approaches similar to those described above are used in
several other studies [4-6].

Therefore, based on the above literature analysis [1-6], we can conclude that the annual energy
production is often used as the objective to enhance the generator energy efficiency considering the
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entire working cycle of the wind turbine. However, the considered approaches require consideration
of a large number of the operating points in the optimization routine and are therefore very
computationally demanding.

A novel approach has been proposed in Reference [7] to reduce the computational cost when
optimizing AEP of the generator. It is suggested to use the equivalent load profiles consisting of
a significantly reduced number of operating points (2 or 3) that substitute the initial load profile
of the wind turbine. The proposed approach can be used both in the case of discrete load profiles
consisting of a finite number of operating points (more than two) and in the case of continuous profiles
to be discretized.

Since the computational cost can be reduced significantly compared with the traditional
techniques [1-6], it is prospective to use the proposed approach when optimizing various types
of electric machines.

The proposed approach of constructing the substituting load profiles making it possible to lower
the computational cost was demonstrated using an example of an innovate type of wind generators
with magnets on the stator [7]. The following criteria are used for its optimization: the average power
losses in the generator, the cost of permanents magnets and the required AC-DC converter (active
rectifier) power. An example considered in that work includes the initial wind turbine load profile
consisting of 9 operational modes [8]. The two-point and three-point substituting profiles are used to
replace the initial profile.

In Reference [7], design features of Flux-Switching Generator (FSG) with Nd-Fe-B magnets found
out as a result of the optimization process are described. Among them there is the trapezoidal form of
the stator teeth thinning near its base. It is shown that the average generator losses obtained using the
two-point, the three-point and the initial nine-point load profiles match accurately that gives a good
verification of the proposed approach for the optimization of the FSG with Nd-Fe-B magnets.

Nowadays, the rapid development of wind generators containing rare-earth permanent magnets
is seen in the world. In the other hand, the rare-earths are costly, and their production is harmful to the
environment [9,10].

Besides, the costs of the rare-earth elements for the magnets production are not stable and can
be changes by several times for several years [5,6]. Therefore, a good alternative for the FSG with
rare-earth magnets is FSG with ferrite magnets. Ferrite magnets are several times cheaper than
rare-earth ones and the extraction of raw materials for their production, as well as their production,
exist in many countries of the world [11].

However, the remanent flux of ferrite magnets is several times less than that of rare-earth
magnets [11,12]. Therefore, the design of FSG with the include ferrite magnets can have their
distinguishing features compared to a FSG with rare-earth magnets.

In this paper, the optimal design of the FSG with ferrite magnets based on the two-mode
substituting load profile for a gearless wind generator is considered. It is shown that unlike FSG with
rare-earth magnets [7], at making up the objective function to optimize FSG with ferrite magnets, the
merit of the criterion of decreasing the reactive power must be significantly increased.

The design optimization of flux switching generators with ferrite magnets is described in several
papers [13,14]. In Reference [13], the generator efficiency over a wide range of operating modes is
taken into account. However, the generator power factor which is also important since it affects the
AC-DC converter cost is not considered. In addition, the proposed approach is very computationally
demanding since it requires considering a large number of operating points of the generator and
solving the correspondent number of boundary problems at each stage.

In Reference [14], a genetic algorithm is used. The weight of active materials, torque ripple,
efficiency and power factor of the generator were chosen as the objectives. However, only the rated
load mode is considered because of the high computational burden of the genetic algorithm applied.
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In Reference [7] the optimization of flux switching generator is considered with a reduced
computational cost taking into account a large number of the operating points. However, features of the
optimization process of FSG with ferrite magnets that are noticed in Reference [12] are not considered.

In the current paper, a novel optimization method for flux switching generators with ferrite
magnets is proposed taking into account such objectives as the efficiency of the generator at several
operational points, required power of the AC-DC converter, torque ripple, amount of ferrite magnets.
This method also reduces significantly the computational cost comparing with ones proposed in
References [13,14].

2. Construction of Two-Mode Substituting Load Profile of Wind Turbine

This paper describes the optimal designing of the FSG for the wind turbine operating at the wind
speed range from 4 to 12 MPS (meter per second) [8]. The turbine rotational speeds, its powers and
torques at nine maximum operating points corresponding to the wind speeds from this range are given
in Table 1. It is assumed that the FSG does not run when the wind speed is out of this range.

Table 1. The operating points of the wind generator.

Mode, i V;, MPS n;, rpm Poecnir W T;, N-m pi
1 4 111 82 7.02 0.134
2 5 140 142 9.69 0.144
3 6 163 237 13.9 0.146
4 7 196 362 17.6 0.138
5 8 221 542 23.4 0.124
6 9 247 761 29.4 0.107
7 10 276 1038 359 0.087
8 11 308 1383 429 0.069
9 12 332 1784 51.5 0.051

The year wind speed distribution is often approximated by the one-parameter Rayleigh
distribution [15]. In this paper the average wind speed is assumed to be 7 MPS. Since the wind speeds
of the given nine modes are integers, the probabilities of these modes are assumed to be equal to
the Rayleigh distribution density at the given wind speed. The column p; in Table 1 provides the
conditional probabilities estimated by normalizing the probabilities of the nine modes so that their
sum is equal to 1.

Figure 1 shows the dependence of torque on speed at the maximum power curve of the wind
turbine obtained by interpolating the date from Table 1 with a cubic polynomial using the least squares
method (“cftool” Matlab toolbox). The adjusted R-square is 0.9997.
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Figure 1. Loading torque profile of the wind turbine.
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It is assumed in Reference [7] that the averages of various random values can be interpolated
by n-th degree polynomials of the turbine mechanical power P,,,.;,. The substituting load profile is
p > <Pl
original profile, which results in the coincidence of the averages of the polynomial interpolated values
over the original and substituting load profiles. The rated mode with highest power is necessarily
included in the substituting mode because it determines the required converter power used as one
of the optimization objectives. Other modes of the substituting profile are characterized by two
parameters: by the probability and the mechanical power determining the point on the turbine’s
maximum power curve (Figure 1). So, in m-mode substituting load profile, (11-1) modes can be adjusted

built so that its averages < Py, >, < anec > coincide with that calculated over the

and the polynomial degree becomes 2-(m-1). For example, when the values are accurately interpolated
by quadric polynomial, the two-mode substituting profile is sufficient.
Table 2 shows the substituting two-mode load profile of the wind turbine.

Table 2. The two-mode substituting profile.

Mode, i n;, rpm Pecnir W T;, N-m pi
1 194 362 17.8 0.873
2 332 1784 51.4 0.127

Initial substituting profile [7,8] contains 9 modes while the substituting profile does only two ones
which reduces the calculation efforts by 4.5 times.

3. Optimization Objectives

There are four optimization objectives in this research. The first one is the reduction of the average
losses in FSG K = < Pj,5s >, where < > denotes averaging. To reduce calculation efforts, this average
is taken over the two-mode substituting load profile. K; is aimed to increase the generator output.
Second criterion Kj is to reduce the required power of the AC-DC converter (active rectifier consisting
of 6 Insulated-Gate Bipolar Transistors switches with Pulse Width Modulation):

V3

Peony = 7 . Iampl,mted : uDC,mted/ (1)

where Ly rated and Upc rateq are the current amplitude and the required DC voltage (the amplitude
value of the FSG line voltage) of the AC-DC converter required at the rated conditions (T = 100%,
n = 100%), that is, when these parameters reach their maximum values. Py coincides with the
apparent power when the current and the voltage are sinusoidal and symmetric, and is expressed
through Upc ;qte4, which is the converter limitation. In contrast to a motor, in a generator, the losses
make active power lower than mechanical power, which can lead to the reduction of the required
AC-DC converter power Pgp. So, in the case of generator, the gain in the objective function (3) can be
obtained due to an increase in the FSG losses. To avoid this effect, lypi rates and Upc,rateq in (1) are to be
calculated without taking into account the losses in the FSG. This means that criterion Kj is insensitive
to an increase in the required AC-DC converter power due to a decrease in the losses in the FSG. The
expression for Kj is

V3

KZ - 7 'Iampl,mted,o : uDC,mted,O/ (2)

where Lyl rated,0 and Upc rated,0 are the current amplitude and the required DC voltage of the AC-DC
converter required at the rated conditions (T = 100%, n = 100%) calculated without taking into account
the losses in the FSG.

The third objective is determined by expression K3 = L-(hyagn + 0.001 m)-lyqq, where Ly = Ry —
Rz —2-A3 is the radial length of the magnets. K3 is to decrease the cost of the magnets and is similar to
the volume, that is, equal to the product of three dimensions of the magnets but the magnet thickness
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is increased by 0.001 m (meter) to take into account that thin magnets cost more per kg than thick
ones [16].

The fourth objective K4 is the average of the relative value of the peak-to-peak torque ripple which
is also taken over the two-mode substituting profile.

4. Initial Design FSG with Ferrites Magnets

The main geometric dimensions of the FSG are given in Figure 2. The FSG parameters fixed
during the optimization are given in Table 3. The parameters a; and «; are given in the stator tooth
pitch, t; = 360°/24 = 15° and the angular size of the rotor teeth are given in the rotor tooth pitch,
t, = 360°/22 = 16.4°. Table 4 shows the parameters that varied during the optimization. To reduce the
reactive power, the current angle varied. The current angle was assumed to be proportional to the
torque; the zero angle of the current corresponds to the maximum torque when the current is small
and does not influence the steel saturation.

(b)

Figure 2. Optimization parameters: (a) 1/4 cross-sectional area of Flux-Switching Generator (FSG);
(b) stator tooth.

Table 3. The fixed FSG parameters during the optimization.

Parameter FSG with Rare-Earth Magnets [7] FSG with Ferrite Magnets
Air gap, 5, mm 0.35 0.35
The stator and rotor stack length, 100 110
L, mm
The stator stack outer radius Ry, 80 110
mm
The volume occupied with the 5 40
lamination stacks, 7-Rq2-L liters ’
Rotor slot depth (R3 — 6 — R4), mm 9 9
Rotor yoke thickness (R4 — Rs), 5 5
mm
Az, um — 500
Ay, pm — 500
Remanent flux density of the 12 0.4

magnets, T
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Table 4. The varied FSG parameters during the optimization.

Parameter FSG with FSG with
Rare-Earth Magnets [7] Ferrite Magnets
Radius of the stator slot bottom R,, mm 77.2 87.2
Inner stator radius R3, mm 66.3 73.3
Angular size of the stator slot ay, t; 0.261 0.325
Angular size of the stator slot ay, t; 0.55 0.45
Magnets thickness, mm 2.43 3.3
Angular size of the rotor tooth surface facing the air gap, t, 0.33 0.33
Current angle in the rated mode, el. radians 0.087 0.087

The remanent flux of ferrite magnets is 0.35-0.4 T while that of rare-earth magnets (NdFeB) reaches
1.2-1.3 T. Therefore, FSG with ferrite magnets must have larger sizes than that with rare-earth magnets.
Particularly, the inner stator diameter R3 must be increased. Besides, to collect required flux, it is
necessary to increase the magnets’ areas transversal to the flux, that is, to increase the stack length L
and radial length of the magnets ~ Ry — R3.

The magnetic flux in the air gap is determined not only by magnets remanent flux and their aria
transversal to the flux but also the reluctance of the parts of the magnetic circuit. An increase in this
aria and rather high permeability (p) of ferrite magnets (u = 1.11 for ferrite magnets and p = 1.03 for
rare-earth magnets) are the factors decreasing their reluctance. Therefore, despite increased size of the
FSG with ferrite magnets, increasing the air gap is not desirable.

Also, despite increased sizes of FSG and its magnets, the magnetic flux induced by the magnets in
FSG with ferrite magnets is expected to be lower than that in FSG with rare-earth magnets. Therefore,
to obtain the same power, the slot current is to be increased, which together with decreased reluctance
of the magnetic circuit results in increasing reactive power and decreasing the power factor of the FSG
with ferrite magnet.

The decrease in the magnetic circuit reluctance and the probability of the magnet demagnetization
can be mitigated by increasing the thickness of the magnets, which results in a decrease in the slot
thickness (parameters «; and «y), an increase in the slot leakage and reactive power. Therefore,
whereas in the FSG with neodymium magnets, the stator yoke is rather saturated, it is expected to be
unsaturated and to have a superfluous thickness in the case of FSG with ferrite magnets.

Tables 3 and 4 provide the values of the fixed and varied parameters for the initial design of the
FSG with ferrite magnets. Those parameters for FSG with rare-earth magnets [7] are also given as
an example.

Some parameters of the initial design of the FSG is as follows: Py = 3.86 kW, Ky = 3.67 kW,
K; =106 W, its efficiency is 80.3%, K4 = 4.7%. Hence, the initial design has rather high efficiency and
low torque ripple but the required AC-DC converter power is unacceptably high. More information
on the initial design is in Table 5.

Table 5. FSG objectives at various stages of optimization.

Parameter Initial Design 1st Stage 2nd Stage 3rd Stage
Pjyss at underload, W 514 33.8 34 35.0
Pjyss at rated mode, W 487 215 201 207
< Pjpss >, W 107 56.8 55.2 56.9
Required AC-DC converter power P, V-A 3666 2470 2222 2093
Kz, m3 1.74 x 1075 2.25x 1075 227 x 1075 2.67 x 1073
TR at underload, % 4.8 3.0 3.7 2.7
TR at rated mode, % 3.8 2.2 2.9 1.8
<TR>,% 47 29 3.6 2.6
Efficiency at underload, % 85.7 90.6 90.6 90.3
Rated efficiency, % 72.7 88 88.8 88.4

Average Efficiency, % 80.3 89.5 89.8 89.5
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Table 5. Cont.

Parameter Initial Design 1st Stage 2nd Stage 3rd Stage
Power factor 0.356 0.638 0.716 0.756
Number of the objective function calls - 56 46 95
Parameter z in (3) - 2 3 4

The initial to the best value ratio of the

objective function a given stage B 417 135 120

Figure 3 shows the magnitude of the magnetic flux density of the FSG at two modes of the
substituting load profile. Although the remanent flux density of ferrite magnets is only 0.4 T, the flux
concentration effect results in rather high values of magnetic flux density (there are rather large areas
with flux density over 1.2 T) even at underload mode.

£

(b)

Figure 3. The plot of the flux density magnitude in the initial FSG design: (a) underload mode of the

two-mode profile; (b) rated mode.

In FSG with rare-earth magnets, the flux was created mainly by magnets and the flux densities
in two modes of the two-mode substituting profile almost coincided. In contrast, in FSG with ferrite
magnets, the rated mode is much more saturated than the underloaded one. The magnetic flux of the
winding current produces reactive power, which increases the required AC-DC converter power. The
required AC-DC converter power is the most significant problem to solve at designing a FSG, which is
demonstrated below.

5. Optimization FSG with Ferrite Magnets and its Results

A multi-objective optimization is widely used in designing an electrical machine [17].

Some multi-objective methods are aimed to build the Pareto front, that is, the set of the solutions
in which no objective can be improved without worsening other objectives. In this case, an engineer
chooses such a solution among the Pareto front in which the objectives reach their values according
to their merits in the given task. Usually, such an approach requires a large number of function calls
(3000 as reported in Reference [17]).

Another approach to multi-objective optimization is implemented on the basis of one-criterion
methods of optimization. In this case, the objectives merits should be set to construct the optimization
criterion as a function of these objectives.

So, in any case, the importance of the objectives must be assigned either at the optimization
beginning or at its end.

To reduce the calculation efforts, the multi-objective optimization implemented on the basis of
the one-criterion Nelder-Mead method is used in the paper. Such an approach for the optimization
of the high-speed single-phase flux reversal machine developed in Reference [18] requires only 115
function calls. In contrast, the approach based on a genetic algorithm, described in Reference [17]
requires 3000 function calls, which is 26 times higher.

Nelder-Mead method was used in design optimization of several electrical machines [7,19]. In
Reference [19], rated motor efficiency much higher than IE5 efficiency class level (according to IEC
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60034-30-2 “Rotating electrical machines-Part 30-2: Efficiency classes of variable speed AC motors
(IE-code)”) was obtained using Nelder-Mead method. In addition, other important characteristics
of the motor included in the objective function such as torque ripple and efficiency at underload
were improved.

Therefore, Nelder-Mead method does not provide with assurance the global optimum but the
method makes it possible to find good practical solutions with a reduced computational cost. For this
reason, in this work, Nelder-Mead method and the objective function (3) are used.

In this paper, the optimization is carried out in three stages. First two stages are tentative and have
only 56 and 46 objective function calls. The rest stage has 95 objective function calls. The Nelder-Mead
method is used at each stage.

The objective function is constructed so as to make K3 and Ky the most insignificant objectives
because of cheapness of ferrite magnets and low torque ripple in the initial design. Namely, decreasing
K3 and K4 by 10% is assumed to be as valuable as decreasing K; by 1%. The objective function is as
follows:

F = K;-K* K301 k,01,. (3)

The parameter z determines the merit of the criterion K;. Since the required AC-DC converter
power of the initial design is too high, K; is the most valuable objective. At first stage, z = 2, which
means that decreasing K, by 0.5% is as valuable as decreasing K1 by 1%.

The merit of K, was corrected at each stage with the help of the parameter z. The parameter z
increased from stage to stage and took the values 2, 3, 4 until the acceptable values K; and the power
factor greater than 0.75 were obtained. It means that the reduction of the losses in the generator < Pjyss
> by 1% is as valuable as the reduction of the required AC-DC converter power by 1/3% at the second
stage and by 0.25% at the third stage.

The weight of the electric generator is only about 5%-16% of the overall weight of the wind turbine
mast-mounted equipment and much less than the wind turbine overall weight [20]. In addition, the
FRG with ferrite magnets that is considered in our paper has much higher specific torque (torque
per weight unit) than that of generators without permanent magnets. However, generators without
permanent magnets are also used in wind energy applications [21,22]. For this reason, the weight of
the generator active materials was not included in the objectives of the optimization function (3).

Changing the main characteristics of the FSG as well as the parameters included in the objective
function (3) during the optimization is shown in the Figures 4-7. Vertical lines delimitate different
stages. Figures show that the scattering of the parameters value becomes lower during the optimization
that is the optimization converges.
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Figure 4. Changing the parameters during the optimizations: (a) the generator’s power factor; (b) the
required AC-DC converter power.
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Figure 7. Changes in the parameters of the magnets during the optimization: (a) the FSG torque ripple;
(b) the objective function.

Figure 4 shows changes in the FSG power factor and the required AC-DC converter power.
Figure 5 shows changings in various energetic parameters. Figure 6 shows changes in the parameters
of the magnets.

The torque ripple change is shown in the Figure 7a. The change in the objective function (3)
during optimization is shown in Figure 7b.

Since the objective function changes from the stage to the stage and, consequently, its values
change by several times, Figure 7b shows the ratio of the its value to the best value at the given stage.
As it can be seen from the figure, the best value is achieved not necessarily in the end of the stage.

The geometry of the FSG designs obtained at three stages and the magnetic flux density are shown in
Figure 8.

(b)

(c)

Figure 8. Changes in the generator geometry during the optimization: (a) stage 1; (b) stage 2; (c) stage 3.

Table 5 shows the main characteristics of the FSG from the stage to the stage. The first stage is
most productive: the losses reduced significantly, the efficiency increases both in the rated mode and
in the underload mode. The required AC-DC converter power is reduced and the power factor is
increased. The further decrease in the required AC-DC converter power was obtained in the second
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stage. The remained objectives rested almost unchanged. The averaged losses decreased at third stage
which is a compromise for decreasing the required AC-DC converter power and the power factor.
Table 6 shows the changes in the main geometric parameters and in the active material masses.

Table 6. Design parameters.

Parameter Initial Design 1st Stage 2nd Stage 3rd Stage

Slot current, A (amplitude) 705 512 487 490

Inner stator radius Rz, mm 73.3 76.5 81.5 80
Angular size of the stator slot «, £ 0.325 0.176 0.181 0.193
Angular size of the stator slot oy, ts 0.45 0.341 0.339 0.358
The stator slot depth, mm 139 24.6 28.5 21.7

The stator yoke thickness, mm 22.8 8.8 4.8 8.3

Total radial thickness of the stator, mm 36.7 33.4 33.3 30
Stator magnetic core mass, kg 13.3 10.1 7.93 7.96
Rotor magnetic core mass, kg 3.7 3.87 4.14 413
Copper mass, kg 1.2 1.75 1.73 1.66
Magnets mass, kg 2.38 3.36 3.47 4.19

Magnets thickness, mm 3.3 5.1 6.2 7.1

The magnet’s mass increased significantly during optimization due to their thickness. It is
supposed that it affects their const just a little because thin magnets cost more than thick ones per kg.

At optimization stages 1 and 2, the stator slot depth increased, which made it possible to increase
the copper mass and, consequently, the efficiency. At stage 3, the stator slot depth decreased because
of increased thickness of the yoke, which reduced the slot leakage and increased the power factor.
However, this results also in decreased copper mass and efficiency.

6. Results Comparison using the Substituting Two-Mode Profile and the Initial Nine-Mode
Profile

Checking the applicability of the two-mode substituting profile was done by comparing the
calculation results and that under 9-mode initial profile. Pj,; calculated at the modes of the 9-mode
profile and 2-mode substituting profiles, as well as its average values over these profiles are given in
Table 7. These averages accurately coincide.

Table 7. The calculated losses of the optimized FSG design.

Plusst W, Plussr w
2-mode Profile 9-mode Profile

35.0 111
207 16.3
- 24.3
- 34.8
52.0
- 74.8
- 106
- 147

9 - 207
Average 56.9 56.6

Mode

R IOUTH= WDN =
|

To explain this excellent coincidence of the averages over the two load profiles, the dependence
of the losses on the mechanical power and its approximation by a quadric trinomial obtained with
the least square method are given in Figure 9. As it can be seen in Figure 9, the quadric trinomial
approximates the dependence very well (the error is less than 0.5%). Therefore, the average losses
calculated over the two-mode and nine-mode load profile coincide well.
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The losses at 9 values of the machanical power
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Figure 9. The calculated losses of the optimized FSG design and their quadric approximation.
7. Conclusions

In this paper, the optimal design of an FSG with ferrite magnets based on a two-mode substituting
load profile for a gearless wind generator is considered. A one-criterion Nelder-Mead method is used
to optimize the FSG design. The optimization function is constructed mainly so as to minimize the
losses in FSG and the required converter power. Also, the FSG torque-ripple and the ferrite magnets
volume is minimized. Initial substituting profile contains 9 modes while the substituting profile does
only two ones which reduces the calculation efforts by 4.5 times.

The initial design of the FSG with ferrite magnets is a modified design of the FSG with rare-earth
ones. Since remanent flux of ferrate magnets is approximately thrice as low as that of rare-earth one,
the volume of the FSG with ferrite magnets has increased by 2.1 times.

Obtaining acceptable required converter power and power factor is not easy in FSG with ferrite
magnets. Therefore, the optimization was carried out through three stages and the merit of the required
AC-DC converter power was adjusted from stage to stage.

To collect the necessary flux, the magnets areas transversal to the flux must be rather large.
Although the slot depth increased during the optimization, it cannot be too high and even decreased at
the third stage to reduce the slot leakage. Therefore, although the stator yoke is reduced during the
optimization it is still overabundant and unsaturated.

The increase in the magnets areas transversal to the flux results in the decrease in their magnetic
circuit reluctance. To compensate this effect, the magnets thickness increased.

In future researches, comparison of a FSG with other types of gearless generators (synchronous
generator with rare-earth magnets, synchronous reluctance generator with ferrite magnets, flux reversal
generator etc.), as well as comparison of the results of the generators optimization obtained with
Nelder-Mead method and genetic algorithm are planned.
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