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MATHEMATICAL MODELING OF A MAGNETIC GEAR FOR
AN AUTONOMOUS WIND TURBINE

Purpose. Development of a two-dimensional field mathematical model of a magnetic gearbox operating as part of a low-
power wind turbine for the purpose of evaluating its parameters and characteristics and optimizing geometric parameters from the
point of view of electromagnetic torque pulsations.

Methodology. To carry out the research, the methods of the general theory of electromechanical energy converters, numerical
methods of mathematical modeling based on the finite element method, numerical solution of nonlinear differential equations,
and methods of spectral analysis to estimate pulsations of the electromagnetic torque were used in the work.

Findings. The paper developed a two-dimensional numerical field mathematical model of a magnetic gearbox for an autono-
mous wind turbine. The model was developed to evaluate the parameters and characteristics of the magnetic gear, as well as to
evaluate the influence of the design parameters on the magnitude of the electromagnetic torque and the magnitude of the pulsa-
tions of the electromagnetic torque. The effect of the configuration of permanent magnets, the parameters of the ferromagnetic
inserts of the magnetic flux modulator and the size of the air gap was investigated in the paper. The obtained results show that there
is an optimal configuration of permanent magnets and ferromagnetic elements of the magnetic flux modulator in which the maxi-
mum electromagnetic torque and minimum pulsations are achieved. Changing the parameters of the magnetic system affects the
dynamics of the magnetic gear, its reliability and efficiency, therefore configuration optimization is an important task in the design,
development and implementation of such systems.

Originality. A two-dimensional field mathematical model of the magnetic gear has been developed, which makes it possible to
estimate the change in its parameters and characteristics when the geometric dimensions change. This allows investigating the
influence of various parameters of the magnetic system, such as the height of the permanent magnets and the width of the ferro-
magnetic inserts, on the electromagnetic torque. This makes it possible to obtain the optimal configuration of the system to achieve
the optimal value of the torque and minimal pulsations and to determine the regularity of the change of the electromagnetic torque
and other parameters of the gearbox under different operating modes in the future.

Practical value. The simulation results indicate the prospects of industrial implementation of magnetic gaers as part of a wind
power plant, and the obtained research results indicate the possibility of optimizing the design of magnetic gears in order to in-
crease their reliability and efficiency.

Keywords: magnetic gear, permanent magnets, wind energy, wind-power engineering, electromagnetic torque, torque pulsations

Introduction. The specific weight and dimensions of elec-
tromechanical energy converters (EMCs) largely depend on
the rated rotor speed; the higher the speed, the smaller the di-
mensions. The ability to select the rated speed from a wide
range when designing an EMF allows obtaining optimal
weight, size, and cost parameters of the electrical installation
as a whole [1]. However, the rated speed is often determined
not so much by the desire to create an optimal EMF as by the
requirements of the mechanical energy consumer, when it is
an electric motor or its source in the case of an electric genera-
tor. Applications of electric machines, such as automotive,
wind power, shipbuilding, oil production, and others, are
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characterized by low rotational speeds, which are usually only
a few tens of revolutions per minute [2, 3]. In such cases, the
direct connection of the electric machine shaft to the load be-
comes too costly from an economic point of view, and in some
cases even impossible [4]. For example, in wind energy instal-
lations, there is a tendency to increase the installed capacity of
a single object, which leads to the refusal of direct drive of the
wind turbine generator due to the increase in the size and
weight of the generator to levels that complicate the transpor-
tation and installation of such installations [5, 6]. Reducing
the weight and dimensions of electric machines in such cases
is possible only by significantly increasing their rated speed,
which leads to the need to use gears. The effectiveness of this
approach is due to the fact that the nominal mechanical torque
of a gear transmission is more than twice as high as that of a
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modern synchronous electric machine excited by permanent
magnets [2, 7]. This ensures the best weight and dimensions of
the high-speed electric machine complex — a reduction gear-
box compared to the direct drive system. Mechanical meshing
in gear transmissions causes a number of disadvantages, such
as low reliability, the need for lubrication and regular mainte-
nance, fire hazard, high noise level, and limited overload ca-
pacity. The development of new interacting devices that do not
have these disadvantages and at the same time retain the ad-
vantages of gears is an important task in the field of electrome-
chanics. One of these devices is a magnetic gearbox, in which
torque is transmitted by the interaction of magnetic fields
rather than through mechanical engagement [8, 9]. This makes
it possible to achieve a non-contact conversion of speed and
torque, which, on the other hand, allows magnetic transmis-
sions to get rid of certain disadvantages that are characteristic
of their mechanical counterparts and at the same time main-
tain comparable overall characteristics [10, 11].

In power plants with an installed capacity of several mega-
watts, such as wind power, the use of magnetic gears instead of
reduction gearboxes can be aimed at achieving technical ad-
vantages and overcoming the technological difficulties existing
in the industry in the production of high-quality large-diame-
ter gears for multi-megawatt class gearboxes [12, 13]. The
complex technology of gear production increases the risk of
using these devices [14]. At the same time, the production of
magnetic gears as electromechanical devices requires the de-
velopment of advanced technologies in machining and can be
carried out on the existing base for the production of electric
machines.

Traditional wind turbines with and without a multiplier
operate at different points of the mechanical characteristic of
the wind turbine rotor when the load and wind speed change
[15, 16]. Wind turbines with a multiplier use classical perma-
nent magnet generators with radial main magnetic flux, while
systems without a multiplier use electric generators with axial
magnetic flux, which have a number of advantages.

In previous studies, the authors investigated wind power
plants with a permanent magnet generator of a non-multiplier
type [15, 17]. According to the results of these studies, the high
efficiency of using magnetization by additional capacitance of
the generator armature winding and the use of magnetization
by an additional winding of the magnetoelectric generator was
revealed. The use of additional capacitance allows increasing
the generator output active power by about 7—16 %. And the
effect of increasing the generator’s active power by magnetiz-
ing with an additional winding is approximately 32—35 %.

However, despite the undeniable advantages provided by
the use of gears in technical devices, they have a number of
disadvantages, such as high noise level, low reliability, the
need for lubrication, the need for regular technical inspec-
tions, unstable to sudden gusty winds, and low overload capac-
ity [18, 19]. In addition, at wind speeds exceeding 12—14 m/s,
special braking devices are required to protect the mechanical
gearbox from failure [20, 21].

The use of magnetic gearboxes is promising [22, 23]. They
make it possible to abandon the mechanical gearbox in favor
of a magnetic gearbox and use a classic high-speed and more
compact, cheap, affordable, and easy-to-maintain electric
generator on the output shaft of the wind turbine [24, 25].

Summarizing the results of the literature search, it can be
concluded that the main purpose of scientific research in this
area is to study the parameters and characteristics of magnetic
gears used as multipliers/gearboxes or as part of autonomous
power plants, such as wind power systems.

Therefore, it is an urgent scientific and practical task to
evaluate the parameters and characteristics of a magnetic gear-
box at variable wind speeds. This will make it possible to aban-
don the mechanical gearbox in favor of a magnetic one with a
subsequent increase in the operational reliability and efficien-
cy of such a system.

The purpose of this work is to develop a two-dimensional
field mathematical model of a magnetic gearbox operating as
part of a low-power wind turbine in order to evaluate its pa-
rameters and characteristics and optimize geometric parame-
ters in terms of electromagnetic torque fluctuations.

Basic material. A magnetic gear is an EMF that uses the
interaction of magnetic fields of permanent magnets to trans-
mit torque between two shafts with different rotational speeds.
The interaction of the magnetic fluxes of the permanent mag-
nets of the driving and driven rotors of the magnetic gear oc-
curs in a special structural element — the modulator. The
modulator consists of alternately arranged ferromagnetic ele-
ments (such as teeth) and non-magnetic inserts.

The design of the magnetic gear studied in this paper is
shown in Fig. 1.

In Fig. 1 the following are indicated: 7 — outer rotor; 2 —
permanent magnets of the outer rotor; 3 — filling of ferromag-
netic elements with a non-magnetically conductive compos-
ite; 4 — modulator grooves intended for the location of ferro-
magnetic elements of the modulator; 5 — inner rotor; 6 — per-
manent magnets of the inner rotor.

The magnetic gearbox increases the rotational speed from
the wind wheel to the electric generator, which increases the
efficiency of converting mechanical wind energy into electrical
energy.

According to the speed ratio for coaxial planetary mag-
netic transmission, the gear ratio is defined as [26].

i=ta M
D,
where p,, is the number of pole pairs on the stator; p; is the
number of pole pairs on the high-speed rotor
. N,
i= . )
b

The gear ratio is positive, which indicates the directional
rotation of the magnetic transmission rotors.

The prototype used was a magnetic transmission variant
with 26 pairs of poles on the stator, three pairs of poles on the
high-speed rotor, and 29 segments of the low-speed rotor.
Thus, according to (1, 2), the gear ratio was 8.67. The main
design parameters of the prototype magnetic gear used to de-
velop the mathematical model are shown in Table 1. The per-
manent magnets are made of sectoral magnets with homoge-
neous magnetization in the radial direction of the neodymi-
um-iron-boron alloy N38UH with a residual magnetic induc-
tion of 1.26 T at 20 °C.

The stator magnetic circuit yoke is made of cold-rolled
isotropic electrical steel grade 2,411, and the high-speed rotor
magnetic circuit yoke is made of electrical steel grade 21,850.
The segments of the low-speed rotor are made of Somaloy-
based composite magnetically soft material. The shaft of the
high-speed rotor is made of structural steel grade 45.

The main stages of developing a field mathematical model
of a magnetic gear are as follows:

(3%

Fig. 1. Design of the studied magnetic gear
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Table 1
Main parameters of the magnetic system

No Parameter Value
1 | Number of pole pairs of the high-speed rotor 3
2 | Number of pairs of low-speed rotor poles 26
3 | Number of steel segments of the modulator 29
4 | Axial length, mm 80
5 | Residual magnetic induction of the PM, T 1.26 (N38UH)
6 | Gear ratio 8.67
7 | Stator magnetic circuit material Steel 2411
8 | Material of the magnetic circuit of the Samoloy
low-speed rotor
9 | High-speed rotor magnetic circuit material Steel 21850
10 | Electrical conductivity of permanent 0.56
magnets, MSm/m
11 | Electrical conductivity of Somaloy, MSm/m 0.14
12 | Height of permanent magnets, b,,,,, mm 22
13 | Width of ferromagnetic inserts of the 12
magnetic flux modulator, mm
14 | Rotation speed of the internal (high-speed) 1,735
rotor, rpm
15 | Rotation speed of the outer (low-speed) 200
rotor, rpm
16 | Air gap size, mm 4

1. Development of a geometric model of the magnetic
gearbox under study according to the data from Table 1 and its
subsequent import into the COMSOL Multiphysics numerical
modeling environment.

2. Formation of a system of nonlinear differential equa-
tions characterizing the materials of the computational do-
main of the studied magnetic gear.

3. Determination of the physical properties of the compu-
tational domain of the object under study, formulation of the
physical problem and boundary conditions.

4. Formation of a finite element mesh of the design area
and, if necessary, optimization of its parameters.

5. Conducting a series of numerical calculations.

6. Processing and analysis of the results.

The software package used in this work implements the
finite element method and is designed to simulate various
physical and engineering processes. The modeling of the static
characteristics of magnetic transmissions is performed in a
two-dimensional approximation, taking into account the fol-
lowing simplifications and assumptions:

1. The axial length of the magnetic gear is taken into ac-
count empirically, i.e., longitudinal end effects are not taken
into account.

2. The phenomenon of magnetic hysteresis is not taken
into account, and the properties of electrical steel are deter-
mined using the basic magnetization curve.

3. Since it is a difficult technical task to take into account
the full magnetization and demagnetization curve of perma-
nent magnets, their properties were determined only by the
residual magnetic induction and coercive force.

4. Within the computational domain, the magnetic induc-
tion vector was assumed to be tangent to any point.

The distribution of the electromagnetic field in the com-
putational domain of the studied gearbox is described by equa-
tions and boundary conditions with respect to the vector mag-
netic potential and known sources of the magnetic field

VA=uv - M;
" (A= Ay =0;

n-([ng'V-A=M1-[ug'V-A-M));
n-A,=0,

where A is the vector magnetic potential, Vb/m; M is the mag-
netization vector, A/m; 4,, is the vector magnetic potential at
the outer boundary of the computational domain, Vb/m; 4,,
A, are the vector magnetic potentials at the boundary of adja-
cent domains 1 and 2, Vb/m; # is the normal vector.

To calculate the electromagnetic torque, the Maxwell’s
magnetic tension tensor is used, which has proven to be a reli-
able method for determining this kind of force. The magnitude
of the force acting on the inner and outer rotor of the mag-
netic gear was determined by the following equation

f=w((nH)H —0.5nH),
where H is the magnetic field strength, A/m.
H=u'V-A-M.

The total electromagnetic torque is the result of integrating
the electromagnetic forces acting on the inner and outer rotors
of the magnetic gear, calculated as follows

T=[(r-r)-fds, 3)
SI!

where S, is the area of integration, which is the area of the
circle bounding the outer and inner rotors of the gearbox; f'is
the distribution of electromagnetic force on the surface of the
studied magnetic gearbox rotor.

The total number of finite element mesh elements in the
computational domain of the developed two-dimensional
model is 296,840 triangular elements, 880 vertex elements,
and 62,661 edge elements. A general view of a fragment of the
finite element mesh of the developed model of the magnetic
gear is shown in Fig. 2.

The distribution of magnetic induction B and vector mag-
netic potential 4 in the computational domain of the studied
magnetic gear is shown in Fig. 3.

Fig. 3 shows that the magnetic system is not saturated,
while the average value of magnetic induction in the structural
elements of the gearbox does not exceed the permissible values
for the selected materials and steel grade. Namely: in the yoke
of the high-speed rotor, the average magnetic induction value
is 0.91 T; in the yoke of the low-speed rotor, the average mag-
netic induction value is 0.47 T; in the ferromagnetic cores of
the magnetic flux modulator, the average magnetic induction
value is 0.94 T, the average induction value in the air gap bor-
dering the high-speed rotor and the modulator is 0.75 T, the
average induction value in the air gap bordering the low-speed
rotor and the modulator is 0.63 T.

The time dependence of the electromagnetic torque of the
inner and outer rotors of a magnetic reducer at a constant speed
of rotation of the inner and outer rotors is shown in Fig. 4.

Fig. 4 shows that the average value of the electromagnetic
torque of the outer (high-speed) rotor is 7.4 N - m, while the

Fig. 2. Finite element mesh of a fragment of the computational
domain of the investigated magnetic gear
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Fig. 4. Time dependence of the electromagnetic torque of the
inner and outer rotors

value of the electromagnetic torque for the outer rotor is
~66 N - m. The ratio of the torques of the outer and inner ro-
tors is 8.67, which correlates with the reduction ratio of the
studied gearbox (Table 1).

Electromagnetic torque fluctuations are one of the op-
erational disadvantages that occur during the operation of a
magnetic reducer, as they lead to an increase in noise and
vibration levels, and negatively affect the service life of the
bearings, reduce operational reliability, and when operating
on an electric generator are a source of distortion of the
shape of the output EMF curve. The source of electromag-
netic torque pulsations is the interaction of permanent mag-
nets of the rotor with ferromagnetic elements of the mag-
netic modulator

K, =20n
N

s

where p, is the number of pairs of poles of the high-speed rotor
of the magnetic reducer; # is the number of ferromagnetic ele-
ments of the magnetic flux modulator; N is the least common
multiple between the number of poles of the high-speed rotor
and the number of ferromagnetic elements of the magnetic
flux modulator.

Investigating the influence of the configuration and design
parameters of a magnetic reducer on the magnitude of electro-
magnetic torque fluctuations is an urgent scientific and practi-
cal task. The following parameters affect the magnitude of
pulsations: the configuration and number of permanent mag-

bl

nets on the rotor, the configuration and number of ferromag-
netic modulators, and the size of the air gap.

Results of studying the electromagnetic torque when changing
the configuration of permanent magnets and a ferromagnetic
modulator. The estimate of the electromagnetic torque value is
determined by expression (3), the magnitude of the torque
fluctuations is determined by expanding M,,,(7) into a Fourier
series and analyzing the corresponding harmonic. It is obvious
that the main torque fluctuations are directly proportional to
the rotational speed of the inner rotor and the number of ele-
ments of the ferromagnetic modulator. The decomposition of
the torque curve for the inner rotor is as shown in Fig. 5.

The zero frequency corresponds to the average value of the
electromagnetic torque for a high-speed rotor and is
~7.4 N - m, the harmonic value at a frequency of 1,675 Hz is
0.113 N - m and is directly proportional to the product of the
inner rotor rotation speed and the number of magnetic flux
modulator elements.

In this study, the height of the permanent magnets was
changed with the configuration of the steel elements of the
magnetic modulator unchanged and with the width of the
magnetic inserts of the ferromagnetic modulator changed in
the range of 50, 100 and 200 % of the base value (Table 1) in
order to study the electromagnetic torque fluctuations and its
average value.

The results of calculating the electromagnetic torque for
the inner rotor of a magnetic reducer are shown in Table 2.

Fig. 6 shows the dependence of the electromagnetic torque
on the height of the permanent magnets and when the width of
the ferromagnetic inserts of the magnetic modulator is
changed.

The curves in Fig. 6 correspond to a change in the width of
the ferromagnetic inserts of the magnetic modulator relative to
the base width (shown in Table 1) by 50, 100 and 200 %.

According to the results obtained from Fig. 6, it can be
concluded that with a decrease in the height of permanent
magnets, the value of electromagnetic torque decreases, which
is explained by a decrease in the energy of permanent magnets,
and hence the electromagnetic force. At the same time, with an
increase in the height of the permanent magnet, the expected
value of the electromagnetic torque should increase; however,
the relative magnetic permeability of the permanent magnet
material is p,,,, ~1.05 and an increase in the height of the per-
manent magnets leads to an increase in the equivalent air gap,
an increase in the magnetic flux of the magnetic circuit, and a
decrease in the level of magnetic induction. Therefore, Fig. 6
shows that with an increase in the height of permanent mag-
nets, the electromagnetic torque increases by ~10—15 %.

When the width of the ferromagnetic inserts was reduced,
their number remained unchanged. This also leads to a de-
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Fig. 5. Decomposition of the electromagnetic torque curve into a
spectrum
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Table 2

Results of the torque calculation on the inner rotor from the
width value ferromagnetic insert when changing the thickness

of magnets

50 % 0.75 1.24 2.7 4.5 5.1 5.75
100 % 1.3 3.54 5.7 7.4 7.92 8.5
200 % LIL | 293 | 48 | 6142 | 6.78 | 8.04
Bprgg MM 5 10 15 22 30 40

9

8

7

6

—_—100°

zg 5 100 %
4 —50%

3 200 %

2

1

0 by, MM

0 5 10 15 20 25 30 35 40

Fig. 6. Dependence of the inner rotor torque on the width of the
ferromagnetic insert when changing the height of the magnets

crease in the electromagnetic torque, which is explained by
their saturation and, accordingly, an increase in the size of the
equivalent air gap. When the width of the ferromagnetic inserts
increases, the distance between them decreases (since the ra-
dius remains unchanged), part of the magnetic flux begins to
be tongue and groove between adjacent ferromagnetic inserts,
and this also leads to a decrease in the electromagnetic torque.

Therefore, it can be concluded that there is an optimal
width of ferromagnetic inserts and an optimal height of per-
manent magnets at a constant air gap and overall geometric
dimensions. This reduces electromagnetic noise and vibra-
tions, increases bearing life, and reduces losses in the electri-
cally conductive elements of the magnetic gearbox (ferromag-
netic elements of the modulator, electrical steels).

Changing the configuration of permanent magnets and the
width of the ferromagnetic elements of the magnetic modula-
tor also affects the magnitude of the electromagnetic torque
fluctuations. Fig. 7 shows the dependence of the electromag-
netic torque for a high-speed rotor on time at a permanent
magnet width b,,,, = 22 mm and the number of ferromagnetic
elements 29.
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Fig. 7. Dependence of the internal rotor torque on time

The pulsations shown in Fig. 7 are caused by the discrete-
ness of the magnetic modulator in interaction with the perma-
nent magnets of the inner rotor. Table 3 shows the dependence
of the electromagnetic torque ripple coefficient corresponding
to the torque ripple frequency on the ferromagnetic inserts of
the modulator and permanent magnets at a constant rotation-
al speed of the magnetic gearbox rotors.

Fig. 8 shows the character of the change in the electromag-
netic torque ripple coefficient depending on the height of per-
manent magnets and when the width of ferromagnetic inserts
of the magnetic modulator changes.

The curves in Fig. 8 correspond to a change in the width of
the ferromagnetic inserts of the magnetic modulator relative to
the base width by 50, 100 and 200 %.

It is obvious that the smallest value of electromagnetic
torque fluctuations is observed with an increase in the width of
ferromagnetic modulators. This is due to the reduction of the
internal boring of the magnetic modulator and, accordingly,
the reduction of torque fluctuations. This is one of the effec-
tive methods to combat the radial end effects inherent in this
class of EMFs. However, with an increase in the width of the
ferromagnetic inserts, the magnitude of the electromagnetic
torque decreases (Fig. 6) relative to the base width of the fer-
romagnetic elements of the magnetic modulator.

At the same time, with the increase in the height of perma-
nent magnets, there is a tendency to reduce the electromag-
netic torque fluctuations. This is due to an increase in the val-
ue of the equivalent air gap (due to an increase in the height of
the permanent magnets) and a corresponding increase in the
MPF for the “tooth” harmonics of the magnetic modulator.
Further increase in the height of permanent magnets (over
35 mm) leads to an increase in torque ripples, since the induc-
tion in the air gap increases due to the increase in the volume
and energy of permanent magnets.

‘When the width of the ferromagnetic inserts of the modu-
lator is 50 % of the base width and the height of the permanent
magnets is reduced, the magnitude of the electromagnetic
torque fluctuations is obviously the largest and reaches ~16 %

Table 3
Electromagnetic torque ripple coefficient

50 % 16.533 | 12.419 | 6.4814 | 4.3777 | 4.176 4.33
100 % 3.6153 | 1.8361 | 1.3859 | 1.5270 | 1.477 2.517
200 % 0.9909 | 0.5802 | 0.4375 | 0.390 | 0.398 | 0.398
Bgey MM 5 10 15 2 30 40

18

16 \

14 \\

12 \
< 10 \\ 50 %
< g ——100%

6 \\\ w200 %
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NEEAN
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Fig. 8. Dependence of the electromagnetic torque ripple coefficient
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of the average (effective) torque. As the height of the perma-
nent magnets decreases, the size of the air gap decreases, the
magnetic flux of the magnetic circuit decreases, and the influ-
ence of the ferromagnetic modulator’s discreteness increases
(Fig. 9).

The upper curve (Fig. 9) corresponds to the electromag-
netic torque of the inner (high-speed) rotor, and the lower
curve to the torque of the outer (low-speed) rotor at a mini-
mum height of permanent magnets b,,,, = 5 mm and a mini-
mum width of the ferromagnetic insert of 6 mm.

In addition, as the height of permanent magnets decreases,
the effective value of the electromagnetic torque decreases
with the simultaneous appearance of harmonics in the torque
spectrum, the effect of which begins to manifest itself at a sig-
nificant decrease in the equivalent air gap. The decomposition
of the moment distribution curve for the inner rotor (Fig. 9) is
shown in Fig. 10.

Fig. 10 shows that with a decrease in the size of the air gap,
other harmonics of the electromagnetic moment begin to ap-
pear, which do not appear with an increase in the air gap, in-
cluding the equivalent one.

From this it can be concluded that, depending on the con-
figuration of the magnetic system of the magnetic reducer, there
is an optimal configuration of permanent magnets and ferro-
magnetic inserts at which higher harmonics are minimized.

The results of the study of electromagnetic torque when the
size of the air gap changes. Magnetic gearboxes are character-
ized by significant electromagnetic attraction forces and elec-
tromagnetic torque fluctuations. For this purpose, when de-

-26 i i

0 0.0 02

1 .
Time (s) °
Fig. 9. Dependence of the inner and outer rotor torque on time
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Fig. 10. Fourier expansion of the moment distribution curve for
the inner rotor

signing magnetic reducers, a larger value of the air gap between
the inner and outer rotor and the fixed magnetic modulator is
chosen compared to classical electric machines. In the studied
prototype of the magnetic reducer, the nominal value of the air
gap 6 = 4 mm was chosen. The paper investigates the depen-
dence of the electromagnetic torque of the inner and outer ro-
tors on the size of the air gap and analyzes the effect of the gap
size on the pulsation coefficient. Fig. 11 shows the dependence
of the obtained torque values on the size of the air gap.

Obviously, when the air gap decreases, the resistance to
magnetic flux decreases, the magnetic flux of the magnetic cir-
cuit increases, which leads to an increase in electromagnetic
torque. Reducing the air gap by a factor of 2 leads to an in-
crease in torque of ~55 %, while increasing the air gap by
2 mm leads to a decrease in torque by =3 %. The distribution
of electromagnetic torque for the inner and outer rotors of the
studied gearbox at 6 = 3 mm is shown in Fig. 12.

Another criterion that changes when the air gap changes is
the magnitude of torque fluctuations. The dependence of the
rotating harmonic, a multiple of the number of steel elements
of the magnetic modulator and the rotor speed, when the air
gap changes is shown in Fig. 13.

Fig. 13 shows that the smaller the air gap, the greater the
magnitude of electromagnetic torque fluctuations. However, a
further increase in the size of the air gap (>5 mm) no longer
leads to a significant reduction in torque fluctuations, but at
the same time, the value of the useful electromagnetic torque
decreases.

Conclusions. The study of magnetic gearboxes for their use
in wind power systems is of great scientific and practical value
due to the growing interest in renewable energy sources and
autonomous power plants.

In this paper, a two-dimensional field mathematical mod-
el of a magnetic reducer is developed that allows estimating the
electromagnetic torque and pulsation when parameters such

160
140
120

M, N-m

0 2 4 6 8 10 8, mm

Fig. 11. Torque dependence on air gap

1 .02
Time (s) 0.0

Fig. 12. Dependence of torque on air gap
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as the height of permanent magnets, the width of ferromag-
netic inserts of the magnetic flux modulator, and the size of the
air gap are changed.

The optimal configuration of permanent magnets and fer-
romagnetic elements of the modulator was obtained to achieve
maximum efficiency and reduce electromagnetic torque fluc-
tuations. When the height of permanent magnets is reduced by
2.2 times, the torque value decreases by ~2 times, while the
electromagnetic torque fluctuations increase by 30 %. Reduc-
ing the air gap by a factor of 2 leads to an increase in torque of
~55 %, while increasing the air gap by 2 mm leads to a de-
crease in torque by =35 %.

The research results provide practical recommendations
for the design of magnetic gearboxes to improve efficiency, re-
liability, and reduce electromagnetic torque fluctuations.

It was found that there is an optimal value of the air gap at
which the electromagnetic torque fluctuations are reduced and
the manifestation of higher harmonics of electromagnetic
torque fluctuations is minimal.

The obtained results allow us to improve the design of
magnetic gearboxes, ensure optimal parameters and improve
their functional characteristics, which can positively affect the
development of wind power systems.
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Meta. Po3pobka IBOBHMMIpHOI MOJIHOBOI MaTeMaTUYHOL
MOJIeJIi MAarHITHOTO pelyKTopa, 1110 Tpalloe y CKIIai BiTpoyc-
TAaHOBKM MaJIOi MOTYXKHOCTI, 3 METOIO OLIIHKM HOro rapame-
TPiB 1 XapaKTEePUCTUK Ta ONTUMIi3allil FTeOMETPUYHUX IMapamMe-
TPiB 3 TOYKU 30Dy MyJIbcalliii eJIeKTPOMAarHiTHOrO MOMEHTY.

Meroauka. s npoBeaeHHs AOCTIIKEHHS B pOOOTi BU-
KOPUCTOBYBAJIMCh METOMIM 3arajbHOI TEOpii eJIeKTpOMeXaHiu-
HUX MEPETBOPIOBAYIB €HEPTil, YUCEIbHI METOIU MaTeMaTUY-
HOTO MOJIE/IIOBAaHHSI, B OCHOBI SIKUX JIEXUTh METOM CKiHUEH-
HUX €JIEMEHTIB, YMCe/IbHE PO3B’sI3aHHSI HEJNiHIMHUX nude-
PEHUIMHMX PiBHSHb i METOAM CIIEKTPAJbHOTO aHaIi3y ISt
OLIIHKU MyJIbCALlill eIEKTPOMArHiTHOIO MOMEHTY.

PesyabTaTu. ¥ po6oTi po3pobieHa IBOBUMipHA YK CEIb-
Ha IOJTbOBa MaTeMaTUYHAa MOJEJb MarHiTHOTO peayKTopa
JIJIs1 aBTOHOMHOI BiTpOyCTaHOBKM. Mojesib po3po0JieHa st
OLIIHKM TapaMeTpiB i XapaKTePUCTUK MArHITHOTO PeayKTO-
pa, a TAaKOX /ISl OLIIHKY BIIMBY KOHCTPYKTUBHMX IMapame-
TPiB Ha BEJIMYMHY €JIEKTPOMArHiTHOTO MOMEHTY il BETUIM-

Hy TyJibCallili eJIeKTPOMAaTrHiTHOIO MOMEHTY. ¥ po0oTi 10-
CJIIKEHO BIUIMB KOHGirypaiii mocTiliHMX MarHiTiB, mapa-
METpiB (PEpOMarHiTHUX BCTABOK MOJIYJSITOPA MarHiTHOIO
MOTOKY ¥ BEJIMYMHU TOBITPSIHOrO TpOMiXKYy. OTpumaHi
pe3yJbTaTh TOKAa3yIoTh, 10 iCHYE OonTUMaIbHa KOHDirypa-
LIis1 MOCTIMHUX MarHiTiB i (hepOMarHiTHUX eJeMEHTIB MOIY-
JIATOpa MAarHiTHOTO TIOTOKY, 3a SIKMX JOCSTAEThCS MaKCH-
MaJIbHUI €JIEKTPOMArHiTHUIA MOMEHT i MiHiMaJIbHi IyJibca-
1ii. 3MiHa mapamMeTpiB MarHiTHOI CUCTEMU BIUIMBAE Ha JIU-
HaMiKy MardiTHOro peaykropa, Moro HaaiiiHiCTb i e(peKTUB-
HICTb, TOMY ONTUMI3allisg KOHMIirypallii € BaXJIMBOIO 3a/1a-
Yyelo MpU NMPOEKTYBAHHI, pO3po0LIi Ta BIPOBAIKEHHI TaKUX
CHCTEM.

Haykosa HoBu3Ha. Po3po6ieHa 1BOBMMipHa MOJbOBA Ma-
TeMaTMYHAa MOJENIb MarHITHOTO PeayKTopa, IO J03BOJISIE
OLIIHUTU 3MiHY 1OT0 MapaMeTpiB i XapaKTEPUCTUK MPU 3MiHi
reoMeTpUYHUX po3MipiB. Lle 103BoJISIE NOCTIAUTHU BIUIUB Pi3-
HUX TapaMeTpiB MarHiTHOI CUCTEMM, TaKMX K BHCOTa IO-
CTIHUX MAarHiTiB i 1IMpUHA (HEepOMArHiTHUX BCTABOK, Ha
eJIEKTPOMArHiTHU1 MOMeHT. Lle nae MOXJIMBICTh OTpUMATU
ONTUMAaJIbHY KOH(DITYpallito CUCTeMHU TSI TOCSITHEHHSI OTITH-
MaJIbHOTO 3HAYEHHSI MOMEHTY i MiHiMaJbHUX TyJibcalliii Ta
BU3HAUYUTU 3aKOHOMIipHICTb 3MiHU €JIeKTPOMAarHiTHOro Mo-
MEHTY Ta iHIIMX MapaMeTpiB pelyKTopa 3a Pi3HUX PeXUMiB
po6OTH B MOJATBIIIOMY.

IIpakTiyna 3HaumMmicTb. Pe3ynbrat MoneatoBaHHS CBifl-
YaTh MPO MEePCNEeKTUBHICTh MPOMUCIIOBOI peai3allii MarHit-
HUX PEAyKTOPIB y CKJali BiTPOEJEKTPUYHOI YCTAaHOBKHU, a
OTPUMAaHi Pe3yIbTaTH MOCIIIKEHHST BKa3YIOTh Ha MOXKJIM-
BIiCTb ONTHMI3allii KOHCTPYKIIil MATHITHUX PEAYKTOPIB 3 Me-
TOIO MiIBULLIEHHS 1X HAIIMHOCTI Ta e(PEeKTUBHOCTI.

KunrouoBi ciioBa: maenimnuil pedykmop, nocmiini maeHimu,
gimpoeHepeemuKa, eneKmpomMazHimHull MOMeHmM, NYAbCayii Mo-
MeHmy
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