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In this work, a computer Simulink model of a wind power plant has been developed, which uses a magnetic gearbox
instead of a mechanical gearbox and also contains a synchronous permanent magnet generator. A separate Simulink
model of a magnetic gearbox built on the basis of a modulated magnetic field in the air gap was developed, which al-
lows to study the stability of its operation both in steady-state and transient modes. Calculations of various dynamic
modes of the wind power plant’s operation were carried out, based on the developed model, such as the starting mode,
an instantaneous increase in the wind speed acting on the wind turbine, and an increase in the load of the electric gen-
erator. According to the results of the calculations, it is shown that in transient modes, when short-term overloads oc-
cur, both rotors of the magnetic gearbox can fall out of synchronous motion for a certain period of time and then, de-
pending on the parameters of the gearbox (as well as its other elements), the electromechanical system either reaches a
certain operating steady-state mode or loses the ability to transfer mechanical power from the wind turbine to the gen-
erator. It has been shown that the use of a more powerful magnetic gearbox, with an increased value of the maximum
magnetic torque, allows of a more overload-resistant operation of both: a gearbox and the wind plant as a whole. Ref-
erences 9, figures 10.

Keywords: wind power plant, magnetic gearbox, permanent magnet generator, computer modeling, plant operation
modes, stability of magnetic gearbox.

1. Introduction. Nowadays, the use of renewable energy sources is becoming more widespread due
to the increasing obstacles to the use of energy obtained from the combustion of natural substances. The use
of wind energy is a solution that helps to generate electricity in a rational way [1]. Any wind power plant
consists of two parts: mechanical and electrical; the mechanical part includes a wind turbine and a mechani-
cal gearbox, and an electric generator with a semiconductor converter and a load make up the electrical part.
As is known [2], the presence of a mechanical gearbox containing the contacting surfaces of two rotors rotat-
ing at different angular speeds significantly complicates the maintenance of such systems and prompts the
search for other alternative circuit solutions for the structure of modern wind power plants.

Over the past decades, experts in the field of electrical machines have paid much attention to the
creation and research of magnetic gearboxes (MG) [3, 4]. The peculiarity of their design is the absence of
contacting surfaces, and the transmission of mechanical power between two rotors is carried out due to the
contactless interaction between permanent magnets. At present, the best design is considered to be the MG
design with a modulated magnetic field in the air gap, which was proposed in [5]. To determine the possibil-
ity of using such MG in wind power plants, it is necessary to conduct preliminary researches of the operation
of such systems both in steady-state and transient modes. It should be noted that although electromechanical
processes directly in the MG have been considered in many works, for example, [6, 7], the dynamic proc-
esses in the MG which is as an element of a complex electromechanical system - a wind power plants - have
not been sufficiently researched.
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Considering the above,the purpose of this work is to develop a computer model and research the
related mechanical and electrical dynamic processes in the main elements of a wind power plant, which uses
a magnetic gearbox instead of a mechanical gearbox.

2. Computer model of the wind power plant. Fig. 1 shows the structure of a wind power plant
containing a wind turbine with a shaft connected to a low-speed rotor (LS) of a magnetic gearbox, a perma-
nent magnet synchronous generator connected to a high-speed rotor (HS) of a magnetic gearbox. The genera-
tor winding is connected to a rectifier with an active load. The developed Simulink model of such an installa-
tion corresponding to the above structure is shown in Fig. 2. Further, we present the mathematical models
and show the internal structures of the main blocks of this model.
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Fig. 1

2.1. Wind turbine. The mechanical power and mechanical torque of a wind turbine are calculated
based on the following expressions [1]:

P, =C,(\B)0,5pA4V

turbina wind °

Trbina = Burvina | Prarpina » (1, (@)
where p is an air density; 4=nR’ (R is a outer turbine radius); ,,,,. is angular speed of the turbine shaft,
dimensionless coefficient C, calculated as
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where A=, R/ V,.a s B 1s an angle of the turbine blades, degrees.

turbina w

The results of calculating the mechanical torque of the turbine according to expression (2) as a func-
tion of the angular speed of the turbine ® at different wind

Turbine power, relative units_ - turbind
Max_ power a basé wind speed (12 m/5) and befg = 0 deg . speeds V., and at =0 R=2,8 m, which corresponds to a
nominal power of the turbine of -10 kW, are shown in Fig. 3.
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e On the basis of expressions (1), (2), a Simulink block was
o T NN | developed, shown in Fig. 2 in blue, which allows the input val-
02 : ues located on the block on the left to calculate the output values

04 o - T P located on the right. This block is further used

turbina’* turbina >

T _0:? 06 08 1 12 as an element of the integrated model of the entire wind turbine.
urbine rotation speed, relative units . .

Fig. 3 2.2. Magnetic gearbox. The schematic structure of the

magnetic gearbox is shown in Fig. 4 and consists of a low-speed

rotor / connected to the wind turbine shaft, a high-speed rotor 2 connected to the electric generator shaft, and

a magnetic flux modulator 3. The rotors of the magnetic gearbox are equipped with permanent magnets 4.

The mathematical model describing the dynamics of the rotational motion of the magnetic gearbox rotors is
as follows [8]:
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do ;
d_ll_'_ klml = ];urbine _]:nax Sln(plel _pheh) >
do Tmax :
Tth"'khmh - G sin(p,0, - p,0,) T, , (3)

a6, a6,
— =0, — =0,
dt dt

where J, , is the moment of inertia of the LR (denoted by the index / is a low

speed) and HR (denoted by the index # is a high speed); w;;, 6, are the angu-
lar speed and angular position of both shafts; p,, is a number of pairs of

poles; k,, is a coefficient of viscous friction; 7,,,. is a maximum value of the magnetic torque acting on the

LR; G = p,/ p, is areduction ratio of the magnetic gearbox.
The developed Simulink model of the magnetic gearbox that implements the system of equations (3)

Lowveocts =

Fig. 5

is shown in Fig. 5. This model is
constructed as an  equivalent
mechanical circuit consisting of a
circle for the R and a mechanical
circuit for the HR, which are
interconnected by an information
signal corresponding to the
| expressionsin(p,0, - p,0,) in the

P mathematical model (3) and depends
Lo on the instantaneous position of both
rotors. Two torques are used here as
input values — 7,47, and the

angular rotation speeds ®;; of both
rotors are used as output values.

2.3. Model of an electric generator and rectifier. The basic model from the Simscape library of a

Induction, T

0 025 05 075 1 1,3 L5 18

Fig. 6

permanent magnet synchronous generator and a model of
a rectifier, built on the basis of the Universal bridge
block, were used in this work (Fig. 2). In the design and
calculation of the permanent magnet electric generator
(Fig. 6), the stator of a mass-produced AIR132MBS8
induction motor was used, the main technical
characteristics of which are as follows: rated power P, =
5.5 kW, rated voltage when the stator windings are
connected in a "star/delta" U, = 380/220 V, rated current
1, =8/14 A, rated speed n = 710 rpm, efficiency = 78.5%.
The stator has the following dimensions: outer diameter
D, =225 mm, inner stator diameter D; = 158 mm, number
of slots Z, = 48; height of slots 4, = 17.6 mm, length of
the active part of the core /r, = 160 mm. The air gap
between the stator and rotor is equal to & = 1.5 mm. The
rotor with permanent magnets has an outer diameter equal
to D,, = 155 mm, in which 8 permanent magnets of size

(160 x 40 x 10 mm) are placed. The magnets in the rotor have a tangential arrangement. Such an arrange-
ment of magnets in the rotor makes it possible to obtain the best specific characteristics [9]. Fig. 6 shows the
general view and pattern of the magnetic field at a current density of J = 8 A/mm’.

3. Calculation of steady-state and transient modes of operation of a wind plant with a magnetic
gearbox. The developed Simulink model of the plant as a whole, shown in Fig. 2, consists of a model of a
wind turbine, a magnetic reducer, a permanent magnet synchronous generator, and a rectifier connected to
the generator output and to a resistive load. The following initial data were used for the calculations.

— Wind turbine: rated power — 10 kW, rated speed — 400 rpm;
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— Magnetic gearbox: T, =406 N'm, k, =k, =0,008 N-m-s, p, =17, p, =3,J, =J, = 0,001 kg:m’, re-
duction ratio G = p,/ p, =5,67. To calculate these MG parameters, we used the finite element method of the

field problem in the Simcenter Magnet package;

— Generator: active phase resistance — 0,022 Q, phase inductance — 26.7 puH, number of pairs of
poles — 4, flux cohesion from permanent magnets — 0.26 V-s. To calculate these generator parameters, we
used the finite element method of the field problem in the Simcenter MotorSolve package. The active load
impedance is 20 Q. The following are the results of calculating the operation of the plant with the specified
parameters in different modes.

3.1 Startup mode of the wind turbine and steady-state operation. In this work, the starting mode
of the wind turbine under the condition that the wind speed slowly increases from zero to 12 m/s and then the
turbine operates in steady-state

<T Low[H*'m]> <T_High{H*m]> <P L Jocity[W]> = X
400 = N o sy mode was calculated. The active
1, Nm wt Iy Nm 10000 [ P\ .
300 wl 1 load of the generator is 20 Ohms.
20 " e ' The results of calculation the time
100 ' " ° characteristics of the MG — angu-
0 ' . 5000 lar wvelocity, mechanical torque,

and mechanical power for the LR
and for the HR are shown in Fig.

w, ; rad/ 10000
° - i 8000 B, W 7. It can be seen that at the begin-
. 0 s00 ning of the process (time interval
o o | | 2.3+3 s), all characteristics on the
50 - 0 0 LR shaft connected to the wind
4 1 2

' Yime,ss ? “Time, § turbine have oscillations that re-
flect the process of entering the
synchronism of the HR. After
reaching the steady-state mode, the
mechanical power on the turbine shaft and the LR shaft is 10 kW, and on the AR shaft and the generator shaft
is 9.5 kW (average value). Hence, the calculated

<w_Low[rad/s]> <w_High[rad/s]> <P_High velocity[W]>

Fig. 7
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TN 500 i S value of the gearbox efficiency is 95%. This

abe | 20— { 1 figure also shows that the ratio of speeds and

’ ’ 0 mechanical powers of the LR and HR is equal to
W:

500 | ool ] d al A a reduction ratio of 5.67. The electrical charac-
_____ — 1 / teristics of the generator in this mode of opera-
Tape A ® f tion are shown in Fig. 8. It can be seen that

R ’ I | wrp when the HR is drawn into synchronism, the

5000

0

three-phase voltages and currents at the genera-

©Eg) ‘Time, s T Ry T 0 T o)lme. s tor output increase to the steady-state value (Fig.
Fig. 8 8, a). The shape of these curves on an increased

time scale is shown in Fig. 8, b, and Fig. 8, ¢
shows the electrical characteristics of the resis-
tive load.

3.2 Operation of the system in the event of a wind gust. The preliminary mode of operation of the
wind plant is calculated with the difference that at a time point of 4 s, when the system has reached the
steady-state mode of operation, the wind speed increases from 12 m/s to 20 m/s. The results of calculating
the time characteristics of the MG are shown in Fig. 9, a. Here, all graphs show the same values as in Fig. 5.
It can be seen that when a wind gust occurs (at a time point of 4 s), both MG rotors fall out of synchroniza-
tion and the gearbox loses the ability to transfer mechanical power from the turbine to the generator. At the
same time, in the steady-state mode, the HR starts to rotate at a relatively high speed as a reaction to a strong
wind, and the LR rotates at a low speed, which is not the normal mode of operation of the MG.

To analyze the effect of the maximum torque of the MG on the stability of its operation, Fig. 9, b
shows the results of similar calculations at a doubled value of the maximum MG torque, equal to 812 N-m.
As can be seen from this figure, when a wind gust occurs, the MG falls out of synchronism for a certain pe-
riod of time after the startup, but then the gearbox returns to normal operation. Thus, according to these cal-
culations, it can be noted that in transient modes, when an overload occurs, both rotors of the MG can fall out
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of synchronous motion for a certain period of time and then, depending on the MG parameters, the system
either reaches a certain operating mode or loses the ability to transfer mechanical power from the turbine to
the generator. It should be noted that the process of falling out of synchronism is also affected by magnetic
losses in the MG, but this issue is not sufficiently researched and presented in the scientific literature and will
be investigated by the authors in the future.

E
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Fig. 9

In order to establish the general conditions for the stable operation of the MG in dynamic modes, let
us consider the system of equations (3). From the analysis of the first and second equations, which reflect the
balance of moments on the shaft, respectively, of the LR and HR, it can be assumed that for stable operation,
two conditions must be met simultaneously:

do T
, J—r+ko, +T, <o 4
max h d 1 h="h G ( )

turbine gen

79O e <T
dt

From these two expressions, in the absence of the first components corresponding to the moments of
inertia, the following conditions for the operation of the MG power plant in steady-state mode can be ob-

tained: T

turbine

Tmax
ko, +T,, < G

As noted in [3, 4], the use of a more powerful MG with an increased value of the maximum magnetic
torque to Tiax = (1.2+1.5)Tuwine allows for a more stable operation of both the MG and the wind power plant
as a whole.

3.3 Operation of the wind power plant with increasing electrical load. This mode was calculated
for the variant described in Section 3.1, pro-

Sl o L L bl 2 <P_Low velocityWI¥  vided that at a time of 4 s the active resistance
i of the generator's load decreases from 20
Ohm to 10 Ohm. The results of calculating the
time characteristics of the MG are shown in
Fig. 10, where all graphs show the same val-
<w_Lowfrad/s]> <w_Highlrad/s]> <P Highvelocitywp  Ues as in Fig. 7. It can be seen that the MG
P 20000 does not lose its stability under such an in-
creased load, while the rotational speeds of
the LR and HR decrease monotonically, and

-ko, <T,
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50 . 0 0 — the mechanical moments of both rotors in-
o 2 4 & 8 0 2 4 & 8 g g u crease. This leads to an increase in the me-
Fig. 10 chanical power consumed from the turbine

and transmitted to the electric generator in
normal operation. Such a stable operation of the MG in this mode is associated with the fulfillment of condi-
tions (4) in the dynamic mode.

Conclusions. In this work, the computer Simulink model of the 10 kW wind power plant has been
developed, in which the magnetic gearbox instead of a mechanical gearbox, was used in pair with a synchro-
nous generator with permanent magnets. The Simulink model of the magnetic gearbox was developed, which
allows to research the stability of its operation in dynamic modes. On the basis of the developed model of the
wind power plant, researches of the related mechanical and electrical processes in its main elements, in dif-
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ferent operating modes, were carried out - starting mode, instantaneous increase of wind speed acting on the
wind turbine and increase of the load of the electric generator.

According to the results of the calculations, it is shown that in transient modes, when short-term
overloads occur, both rotors of the MG can fall out of synchronous motion for a certain period of time and
then, depending on the parameters of the MG, the system can either reach a certain operating steady-state
mode or lose the ability to transfer mechanical power from the turbine to the generator. It has been noted that
using a more powerful MG with an increased value of the maximum magnetic torque to
Tmax = 1.2+1.5) Tiuwine allows for a more stable operation of both the MG and the wind power plant as a
whole.
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Y pobomi pospobneno komn'tomepry Simulink-moodens simpoenepeemuynoi ycmaHosKu, 6 AKUL 3aMiCMb MEXAHIYHO20 PeOYK-
Mopa GUKOPUCMOBYEMBCA MASHIMHUL, A MAKOIC MICMUMbCS CUHXPOHHULL 2eHepamop i3 nocmiinumuy maenimamu. Ilpu yoomy
oKpemo po3pobnero Simulink-mooens macnimnozo pedykmopa, nobyo008aH020 Ha OCHOBI MOOYIbOBAHO20 MACHIMHO20 NOJISL 8
NOGIMPAHOMY NPOMIJICKY, AKA OAE MOACTUBICMb 0OCIOUMY CMILKICMb 11020 pOOOMU AK 8 YCMANEHOMY, MAK i 8 Nepexionux
peoicumax. Ha ocHo8i Modeni ycmaHo8KY NPoseoeHo PO3PAXYHKU PISHUX OUHAMIYHUX PeXCumis ii pobomu — nycKkoeo2o, Mum-
mego2o 30INbUenHA WMBUOKOCMI 8IMpY, o 0i€ Ha 6IMpogy mypoiny, ma 30iNbUeH A HABAHMAICEHHS eNeKMPUUHO20 2eHepa-
mopa. 3a pesyromamamu npo8edeHUX pO3PAXYHKI8 NHOKAZAHO, WO 68 NEePEXIOHUX PedCUMax y pasi GUHUKHEHHS KOPOMKOUACHUX
nepesaHmanicenb 0bUO8a pomopu MAsHIMHO20 PeOYKMOpa Ha NEGHUL NPOMINHCOK HACY MOXCYMb UNAOAMU 3 CUHXPOHHO2O
PYXy i 0ani, 6 3a1edcHOCmi 8i0 napamempis pedykmopa (a maxkoxc iHwux ii enemenmie), eiekmpomexaniyna cucmema abo
docsizae nesHo20 poboH020 YCMANEHO20 PEXCUMY, AO0 8MPayac MOMCIUBICMb Nepe0asaHHsi MeXAHIYHOI NOMYHCHOCMI 8i0
8impo6oi myp6inu do eenepamopa. Ilokaszano, wo 6UKOPUCIAHHA OibUL NOMYHCHO20 MAZHIMHO20 PedyKmopa i3 30L1buleHUM
SHAYEHHAM MAKCUMAILHO20 MACHIMHO20 MOMEHMY 0d€ 3M02y ompumamu Oiibul CMIUKY 00 NepeHasaHmadxz#ceHb pobomy 5K
Yb020 pedyKkmopa, max i gimpoenepeemuynoi ycmanosxu 6 yiromy. bion. 9, puc. 10.
Knrouosi cnoea: BiTpoBa €IEKTPOCTAHLIS, MATHITHUI pELyKTOp, T€HEpaTOp 3 MOCTIHHUMH MarHiTaMu, KOMIT'IOTEpHE Mojie-
JIIOBaHHS, PeKUMH POOOTH YCTAHOBKH, CTIHKICTh MAarHITHOTO PEeIyKTOpA.
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