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The object of research is electromagnetic and 
mechanical processes in magnetic transmission for 
an autonomous wind power plant of small power.

The use of magnetic transmission as part of an 
autonomous wind power plant makes it possible to im- 
prove the reliability and efficiency of such a system.

In the current work, a study of magnetic trans-
mission as part of an autonomous wind power plant 
was carried out to investigate the parameters and 
characteristics of magnetic transmission.

This paper reports the construction of a nume-
rical simulation mathematical model of a magnetic 
reducer operating as part of an autonomous wind 
power plant with a permanent magnet generator. 
The model takes into account discrete structure of 
internal and external rotors and modulator; changes 
in model parameters when input parameters change. 
It also takes into account losses, change of load 
angle and electromagnetic moment; the effect of 
changing the generator load.

The built model of the magnetic reducer system 
differs in that the change in the generator load leads 
to a shift of the operating point on the mechani-
cal characteristics of the rotor of the wind power 
plant (WPP). The model also works in the opposite 
direction: changes in wind parameters affect power, 
voltage, current, and electromagnetic moment.

With the help of the model built, the parameters 
and characteristics of not only the magnetic reducer 
but also other components of the system were inves-
tigated. The efficiency at the output of the electric 
generator was determined, which is ≈75 % at a load 
of 2.0 kW. The magnetic transmission moment at 
a wind speed of 7.8 m/s for the high-speed rotor is 
0.91 N∙m, and the low-speed rotor is 7.8 N∙m, which 
corresponds to a transmission ratio of 8.6. This 
expands opportunities for exploratory research

Keywords: magnetic transmission, mathemati-
cal modeling, simulation modeling, permanent mag-
nets, electromechanical system

UDC 621.548
DOI: 10.15587/1729-4061.2024.302008

How to Cite: Kovalenko, M., Kovalenko, I., Tkachuk, I., Reutskyi, M., Harford, A., Zhuk, S. (2024). Construction of the 

mathematical model of magnetic transmission for an autonomous wind power plant. Eastern-European Journal of Enterprise 

Technologies, 2 (5 (128)), 22–32. https://doi.org/10.15587/1729-4061.2024.302008

Received date 19.01.2024

Accepted date 04.04.2024

Published date 30.04.2024

1. Introduction

Magnetic transmissions (multipliers) are a separate class of 
electromechanical energy converters with permanent magnets. 
Designing this class of converters became possible owing 
to the increase in power and the development of new types 
of highly coercive permanent magnets. Magnetic transmis-
sions [1] are used in mechanisms and devices characterized by 
a low speed of rotation: wind energy, automobile construction, 
shipbuilding, oil production, chemical and food industry, etc. 
These mechanisms are characterized by a low rotation fre-
quency. The frequency of rotation of the shaft of the working 
mechanism can be tens of revolutions per minute.

The use of magnetic transmissions for autonomous wind 
power plants appears promising, especially considering that 
over the last decades (from 2001 to 2023), the share of power 

from wind generation increased by almost 75 times. Tradi-
tional wind turbines use a mechanical reducer to transmit 
torque [2]. This device converts the low rotation speed of 
the wind generator blades into the high rotation speed of the 
generator shaft. However, manual transmissions have their 
drawbacks, including low reliability. They consist of rotating 
gears, between which all the torque is transmitted through 
the point contact of the teeth, which leads to significant 
friction. This requires regular lubrication and maintenance, 
which increases operating costs. As the temperature drops, 
the fluid lubricant becomes thicker in manual transmissions 
and the gear metal becomes more brittle, greatly limiting the 
efficiency of wind turbines, especially in cold climates. In ad-
dition, the production of large gears increases the cost of the 
reducer, operating costs, weight, and reduces its reliability. 
It is advisable to use wind turbines when the average annual  
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wind speed exceeds 4–5 m/s. At lower wind speeds, it is ad-
visable to use special systems for converting low-potential 
mechanical energy into electrical energy.

The use of a multiplierless design of wind turbines [3] with 
a direct connection of the generator shaft to the wind turbine 
rotor is costly from an economic point of view, as well as im-
practical or impossible from a technical point of view. Such  
a design leads to an excessive increase in the size of the generator, 
its cost, weight, and reduced reliability, as well as possible prob-
lems with transportation and installation of such a generator.

One of the options for solving this problem is to reduce the 
dimensions of electric machines, which leads to an increase in 
their rated speed. However, this requires the use of gears. The 
effectiveness of this approach is due to the fact that the rated 
mechanical moment of the gear transmission is much higher 
than in modern synchronous electric machines with permanent 
magnets. This gives the best overall performance for high-speed 
electric machines compared to a direct drive system.

Mechanical coupling in gears has its disadvantages, such 
as low reliability, need for lubrication and maintenance, fire 
hazard, high noise level, and limited overload capacity. The 
share of failures of wind turbines due to failure of the me-
chanical system is about 15–25 %, depending on the power 
of the system. Designing new devices that would eliminate 
these shortcomings while preserving the advantages of trans-
missions is an important task in the field of electromechanics. 
One such device that helps solve this technical problem is  
a magnetic transmission, in which the torque is transmitted 
not by mechanical engagement but by the interaction of mag-
netic fields [4]. This makes it possible to achieve non-contact 
conversion of speed and torque, while eliminating some of 
the disadvantages inherent in their mechanical counterparts, 
while maintaining overall dimensions [5].

To evaluate the efficiency of the rotor-magnetic reducer- 
electric generator system and take into account dynamic modes 
of operation, it is necessary to build a numerical simulation 
mathematical model with further analysis of various modes of 
operation of the system when the wind speed changes.

Therefore, an urgent scientific and technical task is the 
construction of a numerical simulation mathematical model 
of a magnetic reducer that works as part of an autonomous 
wind turbine with a classical permanent magnet generator 
and a radial magnetic flux.

2. Literature review and problem statement

Most works on numerical simulation modeling of mag-
netic transmissions consider mathematical modeling using 
numerical field mathematical models using the finite ele-
ment method. In [6], the authors optimize the design of the 
coaxial magnetic reducer and the brand of magnet material 
at different temperatures and gear ratios. It is known that 
when the temperature changes, the properties of permanent 
magnets change and, therefore, the properties of magnetic 
transmission. The model built makes it possible to determine 
the characteristics when the temperature changes but does 
not fully take into account a change in the demagnetization 
curve of permanent magnets.

The authors of [7] conducted a study on reducing the torque 
of the gear transmission of the integer gear ratio of the axial flux 
of the magnetic reducer for wind power plants with the help of 
two new types of pole tips. However, the design of the magnetic 
conductor with an axial magnetic flux has significant disad-

vantages associated with axial uncompensated electromagnetic 
forces. This significantly limits their use. In addition, the work 
lacks an analysis of the physical processes occurring in the fer-
romagnetic core at different rotation frequencies.

A three-speed coaxial magnetic reducer for wind turbine 
applications: an introduction and a comprehensive analysis 
were investigated by the authors of [8]. The principle of con-
struction of a three-speed magnetic transmission is presen-
ted, its parameters and characteristics are analyzed. How-
ever, in order to evaluate the behavior of the hysteresis loop 
at different rotational speeds, additional studies are needed.

Other studies of magnetic transmissions are being con-
ducted for high-speed drive systems. In [9], the authors 
report their research into a new magnetic reducer with flux 
switching for the drive system of a high-speed motor. In the 
work, appropriate mathematical models were built for the 
study of processes in magnetic transmissions at high frequen-
cy of operation. Experimental studies were conducted to 
confirm the adequacy of the results. In the cited work, there 
are no models and methods of research of dynamic modes of 
operation of magnetic gears.

Numerous powerful studies consider the analysis of to-
pologies of magnetic transmissions for various fields of appli-
cation. In paper [11], the authors study magnetic transmisd-
sion technologies used in mechanical energy transmission. In 
the work, the use of magnetic transmissions of powerful com-
plexes was analyzed using numerical modeling methods. It is 
shown that the influence of the magnetic core configuration 
on losses in steel can be much greater for this application. 
The work does not evaluate the calculation error and com-
pare the effectiveness of each type of magnetic transmission.

The authors of [10] consider a dynamic model of a coaxial 
magnetic reducer implemented in MATLAB. The model is 
based on linearized systems of differential equations. How-
ever, this model is designed with the assumption that the drive 
motor is a source of ideal mechanical torque, which limits its 
use to static modes only. With a constant change in the speed 
of rotation of the drive shaft of the magnetic reducer, which is 
characteristic of wind generators, and the variable nature of 
the wind speed, the use of the constructed model is ineffective.

In [11], the authors consider a two-stage magnetic trans -
mission with precession of the axis of rotation. It is obvious 
that the authors combine the results of numerical field ma-
thematical modeling with the tools of the MATLAB-Simu-
link software package. However, the fluctuations of the 
electromagnetic moment, which naturally occur during the 
operation of the magnetic reducer, are taken into account in 
the developed model by an additional module. This is a cer-
tain limitation since the amplitude and frequency of these 
oscillations will change when the speed and load of the drive 
rotor of the reducer change.

Designing magnetic transmissions is an urgent scientific 
and practical task. In [12], the authors consider the design 
and characteristics of an axial magnetic transmission using 
a rectangular magnet. The rectangular shape of permanent 
magnets makes it possible to significantly reduce the cost of 
manufacturing a magnetic transmission. To calculate the ef-
ficiency, the loss curves in the magnetic material at different 
frequencies and for different values of the peak flux densities 
are used. This data is important for the analysis, design, and 
evaluation of the effectiveness of this technical solution. 
There is no analysis in the work of the processes in the active 
zone in which uncompensated forces, pulsations occur, and 
their influence on the magnetic transmission characteristics.
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In [11], the authors analyzed the dynamics of two-stage 
magnet-precessional transmission. The authors investiga-
ted the dynamic properties of magnetic transmission under 
a gear mode using field methods. The load in this case is 
a high-speed electric generator with permanent magnets. 
This solution makes it possible to reduce the dimensions of 
the generator and the dimensions of the system as a whole. 
However, numerical field methods are completely insensitive 
to the source of mechanical energy and load.

Work [13] considers the modeling of a six-speed mag-
netic transmission as part of a car transmission. Magnetic 
transmission is simulated by solving a system of differential 
equations in MATLAB. As a result, the model built makes 
it possible to control the transmission power from the drive 
motor to the axles and wheels of the car. 

However, this model is built on significant assumptions 
and simplifications, and the simulation model itself is based 
on mechanical modules.

The above simulation models of magnetic transmission 
do not take into account:

1) electromagnetic oscillations of the torque of the inner 
and outer rotors due to the discrete structure of the magnetic 
transmission;

2) change in the model parameters (pulsations, losses in 
the magnetic circuit and permanent magnets, changes in the 
load angle and transmitted electromagnetic moment) with 
a variable change in the input moment;

3) the effect of changing the load of the electric generator 
connected to the high-speed (output) shaft of the magnetic 
transmission;

4) the presence of a full-fledged source of mechanical 
energy in the form of a wind generator rotor and changes in 
wind speed.

Given this, it is necessary to conduct a study of magnetic 
transmission under the dynamic mode of operation as part of 
an autonomous wind power plant of small power.

3. The aim and objectives of the study

The purpose of our work is to construct a numerical simula-
tion model of magnetic transmission as part of an autonomous 

low-power wind power plant. This will make it possible to 
study the dynamic and operational parameters and characteris-
tics of the magnetic transmission and to eva luate the efficiency 
of its operation.

To achieve the goal, the following tasks were set:
– to build a numerical simulation model of magnetic 

transmission in MATLAB/Simulink software;
– to construct a functional diagram of the system for con-

verting mechanical wind energy into electrical energy with 
magnetic transmission in MATLAB/Simulink;

– to analyze the static and dynamic modes of operation of 
the magnetic transmission.

4. The study materials and methods

The object of research is electromagnetic and mechanical 
processes in magnetic transmission for an autonomous wind 
power plant of small power.

The research hypothesis assumed that the use of magnetic 
transmission in combination with an autonomous low-power 
wind power plant makes it possible to increase the reliability 
and efficiency of such a system.

The following assumptions were accepted: the material 
of the magnetic transmission core is isotropic; temperature 
properties of materials are constant.

The following simplifications were adopted: physical 
objects are replaced by a system of nonlinear differential 
equations; the demagnetization curve of permanent magnets 
is assumed to be linearized.

Research materials: magnetic transmission, autonomous 
wind generator.

Research methods: methods of numerical simulation 
modeling, methods for solving nonlinear differential equa-
tions, methods for calculating the electromagnetic field.

A structure with 26 pairs of poles on a low-speed rotor, 
3 pairs of poles on a high-speed rotor, and 29 segments of 
a magnetic modulator was used as a prototype of magnetic 
transmission [14, 15]. The gear ratio of this gearbox is 8.67. 
The main structural parameters of the magnetic transmission 
prototype used for the construction of a simulation mathe-
matical model are given in Table 1. 

Table	1
Main	parameters	of	the	magnetic	transmission	under	study

No. Parameter Value

1 The number of pole pairs of the high-speed rotor 3

2 The number of pairs of poles of a low-speed rotor 26

3 The number of steel segments of the modulator 29

4 Axial length, mm 80

5 Residual magnetic induction of permanent magnets (PM), Tl 1.26 (N38UH)

6 Gear ratio 8.67

7 Stator magnetic core material 2,411

8 The material of the magnetic conductor of the low-speed rotor Samoloy

9 The material of the magnetic circuit of the high-speed rotor Steel 21850

10 Electrical conductivity of permanent magnets, MSm/m 0.56

11 Electrical conductivity of Samoloy, MSm/m 0.14

12 Height of permanent magnets, mm 22

13 The width of the ferromagnetic inserts of the magnetic flux modulator, mm 12

14 Rotational speed of the internal (high-speed) rotor, rev/min 1,735

15 The speed of rotation of the external (low-speed) rotor, rev/min 200

16 The size of the air gap, mm 4
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The design of the magnetic transmission uses sector per-
manent magnets with uniform magnetization in the radial 
direction, made of N38UH type NdFeBr alloy with a residual 
magnetic induction of 1.26 Tl [16, 17].

The data given in Table 1 are used to build a numerical 
simulation mathematical model and are given in more de-
tail in [18].

5. Results of investigating magnetic transmission

5. 1. Numerical mathematical model of magnetic trans-
mission

The operation of the magnetic transmission is considered 
under a multiplier mode, that is, the drive torque is applied 
to the low-speed rotor, and the load torque is applied to the 
high-speed rotor. However, all of the following consider-
ations apply to gear mode as well. 

Thus, in a general form, the equations describing the 
movement of low- and high-speed rotors are written accord-
ing to Newton’s second law:
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where Je, Ji are moments of inertia of low- and high-speed 
rotors, kg·m2; ωe, ωi – angular velocities of low- and high-
speed rotors, rad/s; Tt – torque of the drive motor (wind 
turbine rotor), N·m; Ti is the electromagnetic moment of 
the high-speed rotor, N·m; Te – electromagnetic moment of 
the low-speed rotor, N·m; Tle is the loss moment of the low-
speed rotor, N·m; Tli is the loss moment of the high-speed 
rotor, N·m; Tl is the load moment of the generator with 
permanent magnets, N·m.

If we assume that the load moment is determined by 
the parameters of the wind turbine, then in the system of 
equations (1) the unknown variables are ωe, ωi, Ti, Te, Tle, Tli. 
Thus, four additional equations must be added to solve (1). 
The first two additional equations to system (1) reflect the 
dependence of the loss moments on the speed of rotation of 
the rotors:
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where k2e, k2i are power loss coefficients caused by eddy 
current losses in the magnetic core of low- and high-speed 
rotors; k1e, k1i are power loss coefficients caused by hysteresis 
losses in the magnetic core of low- and high-speed rotors.

The ratio of the electromagnetic moments acting on the 
low- and high-speed rotors of the magnetic system remains 
constant and equal to the transmission ratio, from which the 
third additional equation to system (1) follows:

T
T

ie

i

= − . (3)

In the air gaps of the magnetic reducer, the magnetic 
field has a complex nature of distribution and has a large 
number of harmonic components, among which the work-
ing harmonic, which participates in power transmission, 
stands out. The rotation angle of the magnetic field excited 

by the rotor-modulator system for a low-speed rotor in the 
internal non-magnetic gap can be written as follows:

j ωe e ep i t t= ⋅ ( )∫ d . (4)

Expression (4) is valid for any harmonic rotating in the 
non-magnetic gap of the magnetic reducer. Obviously, for the 
transmission of the main torque, the first or main harmonic of 
the magnetic flux is of interest.

The angle of rotation of the field of the high-speed rotor 
in the internal non-magnetic air gap:

j ωi i ip i t t= ⋅ ( )∫ d . (5)

Knowing the dependence of the rotation angles on time 
for both rotors of the magnetic reducer (4), (5), it is possible 
to determine the load angle (the angle between the magnetic 
fields) at each time point:

θ j j ω ω= − = ⋅ ( ) − ( )( )∫ ∫e i i e ip i t t t td d . (6)

Since the magnetic reducer operates under a multiplier 
mode, the moment acting on the low-speed rotor will be 
braking. The dependence of the moment on the load angle is 
represented by the following expression:

T Te e= − max sin ,θ  (7)

where Temax is the maximum electromagnetic moment of the 
low-speed rotor.

Together, (6), (7) form an additional fourth equation for 
system (1). Thus, the complete system of equations describ-
ing the dynamics of the magnetic transmission takes the 
following form:
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The solution of the nonlinear system of equations (8) is 
carried out in the MATLAB-Simulink software environment. 
The equivalent circuit of the magnetic transmission is built 
according to the principle that the mechanical and electro-
magnetic moments in the system are phase variables of the 
flow type, and the rotation frequency is of the potential type. 
The structure of the constructed magnetic transmission mo-
del is shown in Fig. 1.

The main components of the model built: moments of 
inertia of the rotors Ji, Je are represented by the correspond-
ing modules; hysteresis losses and eddy currents in steel 
elements of the magnetic transmission design k2e, k2i, k1e, 
k1i are represented by modules that contain simulation of 
losses in the magnetic core. The load is further simulated 
by connecting to the output, high-speed shaft, a generator 
with permanent magnets. The connection of the mechanical 
subsystems of the low- and high-speed rotors of the magne-
tic transmission is implemented by adding the ratio between 
the electromagnetic moments Ti, Te acting on each of the 
rotors (module 2, Fig. 1).
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5. 2. Functional diagram of the system for converting 
wind mechanical energy into electrical energy with mag-
netic transmission in MATLAB/Simulink

The construction of a simulation model of the system, which 
includes the rotor of the wind turbine – magnetic transmis-
sion – electric generator, was carried out using the tools from 
the MATLAB/Simulink software package. Mathematical mo-
dels of the wind turbine rotor, load, measuring devices, etc. are 
available in the package. To build a simulation model, a model 
of a synchronous machine with permanent magnets is used. 
The electric generator module makes it possible to simulate 
both generator and engine operation modes. The electrical and 
mechanical components of the generator are described by alge-
braic and differential equations. When building a mathematical 
mo del of a machine with permanent magnets, the following 
assumptions were adopted: the air gap is uniform, the stator 
winding is evenly distributed. The general system of equations 
includes a description of the operation of a synchronous ma-
chine with permanent magnets in the d–q coordinate system:
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where Lq, Ld are the inductances of the armature winding 
along the axes d, q; R1 – active resistance of the stator wind-
ing; iq, id – current components of the generator armature 
winding along the d, q axes; Vq, Vd – voltage components of 
the armature winding along the axes d, q; ωr is the angular 
velocity of the rotor; Ф is the amplitude of the magnetic flux 
created by the permanent magnets on the rotor, which in-
duces electromotive force (EMF) in the generator armature 
winding; p is the number of generator pole pairs; Tem is the 
electromagnetic moment of the generator.

The position of the rotor affects 
the magnitude of the inductances 
Lq and Ld. These values are deter-
mined by the phase inductance. For 
example, the inductance between 
phases a and b can be described by 
the following expression:

L L L

L L

ab d q

q d e

= + +
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where θe is the electrical angle of 
the generator rotor position.

The rotor of the wind turbine 
is the source of mechanical torque 
for the low-speed shaft of the mag-
netic reducer. The stiffness of the 
wind turbine drive is assumed to 
be infinite, and the friction coef-
ficient and inertia of the turbine 
are agreed and implemented with 
the corresponding coefficients at-
tached to the turbine. The output 
power on the wind turbine ro-
tor shaft is given by the following 
equation [18]:

P c
A

vt p w= ( )λ β
ρ

, ,
2

3  (11)

where Pm is the output mechanical power of the wind turbine 
rotor (W); сp is the efficiency factor of the wind turbine;  
ρ is the air density (kg/m3); A is the area of the wind turbine 
rotor; vw is the wind speed (m/s); λ is the coefficient of the 
ratio of the turbine rotation speed to the wind speed; β is the 
angle of inclination of the blade.

The input parameters of the wind turbine in the en-
vironment defined in the MATLAB-Simulink simulation 
model are:

– rated output mechanical power on the rotor shaft of the 
wind turbine;

– rated power of the electric generator (WEE). This pa-
rameter is used to calculate the output rated torque;

– the rated wind speed (m/s) is used in the v.o. system. 
the value of the expected (average) wind speed for a given 
region or the speed at which the rated power of the wind 
turbine develops is set;

– maximum power at basic wind speed;
– basic wind speed;
– the angle of attack of the wind turbine blades.
Based on the simulation model of magnetic transmission, 

a numerical mathematical model of a magnetic reducer as 
part of an autonomous low-power wind turbine operating 
on an electric generator with permanent magnets has been 
constructed. The appearance of the model built in the MAT-
LAB/Simulink software package is shown in Fig. 2.

That is, each of the elements of the simulation model in 
the environment is represented by a separate module, which, 
in turn, is described by a system of nonlinear (linearized) 
differential equations. For example, the block diagram of the 
rotor of the wind turbine in the MATLAB-Simulink system 
has 3 logical inputs and one output, the output value of the 
wind turbine model is the value of the mechanical moment 
directly applied to the magnetic transmission shaft.

Fig.	1.	Magnetic	transmission	model	in	MATLAB/Simulink:	1	–	low-speed	magnetic	
transmission	rotor;	2	–	magnetic	connection	between	the	rotors	of	the	magnetic	

reducer,	i.e.,	the	magnetic	flux	modulator;	3	–	high-speed	rotor
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A feature of the model built is that when the generator 
load changes (module 4, Fig. 2), the electromagnetic moment 
of the generator changes (module 3, Fig. 2). This leads to  
a change in the operating point on the mechanical characte-
ristics of the wind turbine rotor, which is an important fea-
ture of the model built. Conversely, when the wind parame-
ters change, the output parameters of the generator change: 
its output power P1, voltage U1, current I1 and electromag-
netic moment of the generator Tem.

5. 3. Results of simulating the static and dynamic 
modes of magnetic transmission operation 

During magnetic transmission operation, there are vari-
ous changes in both the drive torque and the load. This leads 
to a change in the load angle θ and causes an oscillating pro-
cess of the rotors. 

To simulate the processes that occur when the drive 
torque changes sharply (for example, during sudden gusts of 
wind), in the mathematical model of the magnetic transmis-
sion, a time-varying torque is applied to the low-speed shaft 
function shown in Fig. 3.

 
Fig.	3.	Dependence	of	drive	torque	on	time

At 1.5 seconds, the drive torque is reset by 50 %, which 
causes pulsations in the speed of rotation and the electromag-
netic moment of rotors (Fig. 4).

The frequencies of oscillations occurring in both rotors 
are the same, while their amplitude on the high-speed rotor 
is much smaller than on the low-speed one (Fig. 5).

 
Fig.	2.	Simulation	model	of	a	wind	power	plant	with	a	magnetic	reducer:		

1	–	wind	turbine	rotor	unit	with	specified	NASA	40	blade	parameters	and	a	random	number	generator	that	simulates	a	change	
in	wind	speed	in	the	range	of	3–8	m/s.	The	unit	works	according	to	(11);	2	–	module	that	implements	nonlinear	differential	
equations	(8)	of	magnetic	transmission;	3	–	module	of	parameters	of	an	electric	generator	with	permanent	magnets,	which	

implements	the	system	of	differential	equations	(9)	and	(10);	4	–	module	in	which	the	generator	load	is	implemented		
in	the	form	of	a	three-phase	load;	5	–	unit	for	measurement,	control,	recording,	and	processing	of	output	parameters		

of	the	electric	generator,	load	and	mechanical	parameters	of	the	system

 
Fig.	4.	Calculation	dependences	of	rotational	speed	for	a	low-speed	rotor
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Fig.	5.	Estimated	speed	pulsations	for	a	period	of	time	from	
3.5	to	4	s:	1	–	low-speed	rotor,	0	–	high-speed	rotor

With variable wind speed, the corresponding parameters 
of the magnetic transmission and the output parameters of 
the electric generator also change. Fig. 6 shows a change in 
the speed of rotation of the low-speed and high-speed rotor 
of the magnetic transmission.

 
 

 

a

b

Fig.	6.	Change	in	rotation	speed	with	change		
in	wind	speed:	a	–	high-speed	rotor;		

b	–	low-speed	rotor

When the wind speed and the load of the 
generator with permanent magnets change, the 
magnitude of the electromagnetic moment of the 
magnetic transmission changes proportionally, 
which is shown in Fig. 7.

When the wind speed changes, the output 
parameters of the synchronous generator with 
permanent magnets also change. The change in 
the instantaneous values of the phase voltage and 
current when the wind speed changes on the ge-
nerator clamps is shown in Fig. 8.

Fig. 9 shows a change in the instantaneous power value 
in the phases of the generator when the wind speed changes.

 
 

 

 
 

 

a

b

Fig.	7.	Dependence	of	electromagnetic	moment		
of	magnetic	transmission	for:	a	–	high-speed	rotor;		

b	–	low-speed	rotor

 
 
 

 

 
 
 

 

a

b
Fig.	8.	Instantaneous	values:	a	–	current;	b	–	voltage	at	the	output		

of	a	generator	with	permanent	magnets
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The model built has wide functionality for analyzing the 
output parameters of both the electric generator and the 
magnetic transmission operating as part of an autonomous 
wind power plant.

The time dependence of the drive torque under an emer-
gency mode is shown in Fig. 10.

 

Fig.	10.	Dependence	of	the	drive	torque	on	time	under		
an	emergency	mode

To analyze the behavior of magnetic transmission under 
emergency modes, it is necessary to consider the speed pat-
tern of the rotation of low-speed and high-speed rotors of the 
magnetic reducer, which is shown in Fig. 12.

The calculated dependence of the moment acting on  
the high-speed rotor in the region of «disruption» is shown 
in Fig. 12.

Loss of the magnetic transmission from synchronism is 
not considered a disadvantage when used as part of an auto-
nomous wind power plant. 

 
Fig.	12.	Estimated	dependence	of	the	moment	acting		

on	a	high-speed	rotor	in	the	«disruption»	region

This effect makes it possible to preserve the mechanical 
part of the wind turbine and helps smooth out sharp mecha-
nical fluctuations. Similar phenomena when using mechani-
cal multipliers would lead to an emergency stop of the instal-
lation or its failure altogether.

6. Discussion of results of investigating magnetic 
transmission for an autonomous wind power plant

When the torque increases from zero to rated in 0.1 s (Fig. 4),  
it has a constant value that is maintained for 1.5 s. During 
this time, the rotor rotation frequency reaches the set value. 
Under the influence of the driving moment of the rotor of 
the wind turbine, both rotors begin to rotate in opposite 
directions, according to the principle of planetary coaxial 
magnetic transmission.

The frequency spectrum of oscilla-
tions also contains subharmonics associ-
ated with the nonlinearity of the angu-
lar characteristic of the electromagnetic 
moment, but their amplitude is small 
compared to the amplitude of the main 
harmonic (Fig. 5). The presence of elec-
tromagnetic torque fluctuations (Fig. 5) 
of the magnetic transmission and their 
consideration in the developed nume-
rical simulation model is another char-
acteristic feature of the constructed 
magnetic transmission system, which 
distinguishes it from known analogs.

The zone from 0–1 s in Fig. 6 corre-
sponds to a wind speed of 4.4 m/s, and 

 
Fig.	9.	Instantaneous	power	value	of	each	generator	phase

 
 

 

 
 

 
a b

Fig.	11.	Estimated	dependence	of	rotation	speed	on	time:	a	–	for	a	low-speed	rotor;	
b	–	for	a	high-speed	rotor
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the rotation frequency of the wind turbine rotor and the low-
speed rotor of the magnetic transmission is 21 rpm. At the same 
time, the rotation frequency of the high-speed rotor (output 
rotor) is 183 rpm, which corresponds to a transmission ratio  
of 8.7. This corresponds to the data in Table 1.

It is obvious that the moment of the high-speed rotor is 
smaller than the moment of the slow-speed rotor. For exam-
ple, for a time interval of 2–4 s, at a wind speed of 7.8 m/s, 
the torque of the high-speed rotor is 0.91 N·m, and the torque 
of the slow-speed rotor is 7.8 N·m, which corresponds to  
a transmission ratio of 8.6 (Fig. 7). It is worth noting that the 
transmission coefficient in this case differs from the value ob-
tained above since the model takes into account losses in the 
magnetic transmission line and mechanical losses. Since the 
low-speed rotor is a drive rotor, it produces a braking torque 
and has a «+» sign, while the high-speed rotor is subjected to 
generator torque, so it has a «–» sign.

At a wind speed of 4.4 m/s (at time point of 0–1 s), the 
amplitude value of the current in the armature phase of the 
synchronous generator is 0.82 A, and the amplitude value 
of the voltage at this point is 5.2 V (Fig. 8). When the wind 
speed changes, the voltage, current, and power at the output 
of the generator change accordingly, a change in frequency is 
observed, which corresponds to real physical processes and 
indicates the adequacy of the constructed simulation model.

Fig. 9 demonstrates that with a weak wind <3 m/s, the 
effective value of the output power is ≈0 W. In this case, most 
of the usable power developed by the wind turbine rotor is 
used to cover mechanical and electrical losses in the magnetic 
transmission and the electric generator.

The efficiency is obtained with an active load of the 
generator of 2.0 kW and is ≈75 %; when the active load is 
reduced (for example, at 1.0 kW), the calculated efficiency 
value is 81.3 %. This corresponds to the trends and the ge-
neral theory of electromechanical energy converters.

During the operation of the magnetic transmission, there 
are modes of operation when the drive or load moment ex-
ceeds the maximum value of the electromagnetic moment. 
Such modes are typical for sudden gusts of wind (>12 m/s) 
or emergency modes of operation of the electric generator: 
sudden short circuit, overload, sudden load shedding, etc. 
This leads to the cessation of energy transfer between the 
rotors. This mode is similar to the desynchronization mode 
of a synchronous electric machine. To analyze this mode of 
operation, a torque from the load is applied to the low-speed 
shaft of the simulation model of the magnetic transmission. 
At a time of 1.5 s, the torque of the drive increases to 90 N 
m, which exceeds the maximum torque of the gear under 
study (Fig. 10).

When the drive exceeds the maximum torque value, the 
magnetic transmission goes out of synchronism, and its in-
put (low-speed) rotor begins to accelerate sharply (Fig. 11, a), 
and the output (high-speed) rotor begins to brake (Fig. 11, b) 
and, finally, loses the constant component of the rotation 
speed, oscillating around zero.

The torque of the magnetic transmission also loses its 
constant component and oscillates around zero with an am-
plitude equal to the maximum torque on the corresponding 
rotor (Fig. 12), that is, it actually becomes reactive since it 
does not participate in energy transfer.

Existing wind farms are mainly built using multiplier or 
multiplierless systems. Multiplier systems, on the one hand, 
have proven successful in practice, and on the other hand, 
they require regular maintenance and have worse mass-di-

mensional indicators. Multiplierless installations have the 
simplest design, but the technical execution leads to a signi-
ficant increase in price. The proposed system is free of these 
shortcomings, has higher reliability, does not require regular 
maintenance, and has a number of operational advantages 
under emergency conditions.

The use of a magnetic transmission, in contrast to [18, 19], 
makes it possible to abandon the mechanical gear transmis-
sion. This will reduce the overall weight of the system and 
increase its reliability. This becomes possible due to the sim-
plicity of the design of magnetic gears and contactless energy 
transfer between the input and output shafts. The model 
built makes it possible to study the parameters and cha-
racteristics of not only magnetic transmission but also other 
components of the system: electric generator, wind generator, 
load, etc., which increases variability and opportunities for 
conducting scientific research of an exploratory nature.

Owing to our model of magnetic transmission as part 
of an autonomous wind power plant, the reliability of auto-
nomous electric power complexes has been increased. An 
assessment of the dynamic modes of operation of the mag-
netic transmission in emergency modes of operation was also 
carried out.

The limitations of the proposed conversion system with 
magnetic transmission are related to the saturation of the 
steel ferromagnetic elements of the magnetic transmission 
when designing the latter with a high transmission ratio. 
The task of optimal design of such gears requires a balance 
between geometrical parameters, minimum torque ripples, its 
weight, and final cost.

The disadvantages of using magnetic gears are due to the 
limitations of using permanent magnets, as they are sensitive 
to mechanical influences and shocks, high temperatures, 
and demagnetization. There are also technological disad-
vantages associated with the complexity of manufacturing 
the elements of the magnetic modulator and ensuring its 
mechanical strength, as it is affected by significant amounts 
of transmission forces.

This research may be advanced from the point of view 
of developing magnetic transmissions with a variable trans-
mission ratio, which could increase the flexibility of such 
systems. Also, on the basis of our results, a number of further 
studies related to experimental studies of magnetic transmis-
sions for autonomous energy complexes would follow.

7. Conclusions

1. A numerical simulation model of magnetic trans-
mission was built in MATLAB/Simulink software. The 
constructed simulation model of the magnetic transmission 
takes into account the pulsations of the electromagnetic 
moment due to the discrete structure of the magnetic trans-
mission. Also, the model parameters change when the input 
torque changes: losses in the magnetic circuit and permanent 
magnets, changes in the load angle and transmitted electro-
magnetic torque.

2. A functional diagram of the system for converting 
mechanical wind energy into electrical energy with magnetic 
transmission was developed in MATLAB/Simulink using 
the example of an autonomous low-power wind power plant. 
The use of magnetic transmission for autonomous wind ener-
gy systems makes it possible to increase the reliability of 
such installations, reduce operating costs, and increase their  
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efficiency. Under emergency modes of operation, the use of 
magnetic transmission makes it possible to avoid the destruc-
tion or emergency shutdown of electrical equipment. A fea-
ture of the built model of the magnetic transmission system 
is that a change in the generator load leads to a change in the 
operating point on the mechanical characteristics of the wind 
turbine rotor. Conversely, when the wind parameters change, 
the output parameters of the generator change: power, volt-
age, current, and electromagnetic moment.

3. We have analyzed the static and dynamic parameters 
and characteristics of magnetic transmission with changing 
wind speed. With light wind <3 m/s, the effective value of 
the output power is ≈0 W, which covers active and mecha-
nical losses. The efficiency at an active load of the generator 
of 2.0 kW is ≈75 %, with a decrease in the value of the active 
load, the calculated efficiency value is 81.3 %. At a wind speed 
of 7.8 m/s, the moment of the high-speed rotor is 0.91 N·m, 
and the low-speed one is 7.8 N·m, which corresponds to  
a gear ratio of 8.6. At a wind speed of 4.4 m/s, the amplitude 
value of the current in the phase of the armature winding of 
the synchronous generator is 0.82 A, the amplitude value of 
the voltage at the same moment of time is 5.2 V. At higher 
values, the wind speed, voltage, and current of the genera-
tor increase and are ≈2.8 A and 234 V. When the magnetic 
transmission operates within the rated transmission torque, 
its operation is stable in strong and gusty winds. When the 

maximum transmission torque is exceeded, the inner and 
outer rotors go out of sync.
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