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The object of the study is the electro-
mechanical part of a wind turbine with
a horizontally arranged gearless rotor
and an AC generator with a capacity of
up to 40 kW. The study solves the prob-
lem of analyzing the electromechanical
processes that occur during an inter-
phase short circuit in a wind turbine
generator.

The article presents the results of
theoretical studies of the short-circuit
mode of the power circuit of an AC gen-
erator of a gearless type wind turbine
with a capacity of up to 40 kW. The rel-
evance of the study is due to the need to
increase reliability and reduce accidents
caused by interphase short circuits in
wind turbines.

The choice of equations for the
mathematical model of the electrome-
chanical part of the turbine is justified;
a simulation model was developed using
the MATLAB package; the adequacy of
the simulation model was assessed by
comparing transient processes obtained
theoretically and experimentally on a
laboratory bench under similar initial
conditions and the moments of inertia
of the mechanical part of the rotating
elements of the wind turbine rotor and
generator; a theoretical study of tran-
sient processes during interphase short
circuits has been performed.

Distinctive features: the proposed
energy discharge equation and the
developed model allow for the estima-
tion of the energy characteristics of a
wind turbine, taking into account the
dynamic characteristics of the rotor and
the generator, which increases the accu-
racy of the analysis of the energy char-
acteristics in the mode of interphase
short-circuit of the stator windings of
the generator.

Practical significance: the research
results can be used in the design, mod-
ernization, and adjustment of protec-
tion systems for wind turbine generators
with a capacity of up to 40 kW

Keywords: wind turbine, generator,
short circuit, mathematical model, sim-
ulation modeling, dynamic processes
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1. Introduction

nificantly affected by climatic conditions, including the nega-

To ensure the efficient and reliable operation of gearless
wind turbines with a capacity of up to 40 kW, it is necessary
to conduct research into short-circuit conditions in the power
circuit of an alternating current generator. It is known that
during the operation of wind turbines, their reliability is sig-

tive factor of high dynamics of changes in ambient tempera-
ture. The presence of salt solution in precipitation in coastal
areas also has a significant impact. The above factors lead to
a decrease in the insulating properties and plasticity of cable
products. As a result, the probability of a short circuit in the
generator power circuit and the occurrence of a fire increases.




Research into the dynamic characteristics of short-cir-
cuit modes will enable the implementation of an effective
short-circuit protection system for wind turbines.

Therefore, research aimed at analyzing and modelling
short-circuit modes in wind turbine generators is highly relevant.

2. Literary analysis and statement of the problem

The program [1], part of the «European Green Deal»
project, substantiates the relevance of green energy. Reduc-
ing environmental risks should be a priority. The paper [2]
presents an analysis of the growth in the number of wind
turbines in technologically advanced countries and justifies
the need to improve their reliability, increase their service life
and minimize the number of failures. The results of studies on
the dynamic and operational characteristics of wind turbines
of various capacities are presented. It has been shown that
the share of energy generated by wind turbines is currently
on a steady upward trend: over the past 20 years, the number
of new modern turbines commissioned each year has been
increasing, and the share of renewable energy sources has
reached 18% in the European Union, 20% in the United States,
28% in China, and 35.9% in Australia [3].

However, there are still unresolved issues related to the
operation of small-capacity wind turbines (up to 40 kW),
which mainly operate in autonomous mode. The reasons
for this may include: objective difficulties associated with
instability of voltage and frequency at the generator output;
a design feature of gearless turbines — the absence of an
automatic blade angle correction system depending on wind
speed; the high cost of implementing additional stabilization
systems, which makes research and development of practical
solutions relevant.

Ways to overcome these difficulties may include the use
of inverters in the load power circuit to stabilize the voltage
amplitude and frequency, but the impact of climatic factors
and mechanical vibrations on the reliability of electrical
equipment remains insufficiently studied. All this leads to the
conclusion that it is advisable to conduct research on improv-
ing the reliability and technical and economic performance of
low-power gearless wind turbines.

Wind turbines with a capacity of more than 40 kW
usually operate on the general power supply system, while
turbines with a capacity of up to 40 kW mainly operate in
autonomous mode. Modern low-power turbines are showing
a trend towards an increase in the number of mass-produced
gearless types, which significantly improves their reliability
and technical and economic performance. An additional
design feature of such turbines is the absence of a system for
automatically correcting the angle of the blades relative to the
plane of rotation depending on wind speed. In this case, the
frequency and amplitude of the voltage at the generator out-
put vary depending on the wind speed, and the presence of an
inverter in the load power circuit ensures their stabilization.

The paper [4] present the results of research on the design
and operation of gearless wind turbines with AC generators
with a capacity of up to 30 kW. It is shown that the develop-
ment of such installations addresses the issues of increasing
energy efficiency, reducing the negative impact on the en-
vironment, and reducing the impact of climatic factors on
turbine reliability.

However, there are still unresolved issues related to ensur-
ing the stability of the generator in transient and emergency

modes, as well as increasing the durability of the electrome-
chanical system components during long-term operation un-
der variable loads and temperatures. The reason for this may
be due to objective difficulties associated with the complexity
of modelling non-stationary processes in the turbine-genera-
tor system, as well as the high cost of conducting full-scale ex-
perimental research. A way to overcome these difficulties may
include the development of simulation models that allow the
analysis of electromechanical processes under various operat-
ing conditions without the need for costly field experiments.
An important step in conducting simulation experiments is to
assess the adequacy of the simulation model.

The papers [5, 6] present the results of studies on the in-
fluence of climatic and operational factors on the reliability of
wind turbines. It is shown that in coastal areas characterized
by high humidity, elevated salt content in the air and signifi-
cant temperature fluctuations, the reliability and trouble-free
operation of wind power plants is significantly reduced. But
there were unresolved issues related to assessing the com-
bined impact of these factors on the power electrical equip-
ment of wind turbines and developing methods to protect
them from emerging emergency conditions. The reason for
this may be due to objective difficulties associated with the
need for lengthy operational observations and the high cost
of experimental research, which makes it difficult to conduct
such research in real-world conditions.

A way to overcome these difficulties may include the cre-
ation of mathematical and simulation models [7] that allow
for the study of dynamic processes in wind turbines under
various conditions, including emergency modes. In paper [8],
a mathematical model and a modern automatic control
system for a multi-motor electric drive were developed. In
paper [9], a system of indirect protection against emergency
mode, overheating of the stator windings with the develop-
ment of a temperature sensor is considered. In paper [10],
the object of research is an electromechanical system with
three motors, interconnected and operating according to the
“electric working shaft” system. In paper [11], a resource-sav-
ing emergency protection system is presented, the purpose of
which is to protect high-voltage electric motors from external
and internal short circuits. The studies conducted do not fully
take into account the impact of mechanical vibrations and
climatic factors on the reliability of electrical equipment and
cable line insulation.

The paper [12] examines the factors that have the most
significant impact on the reliability of wind turbine power
supply systems, including mechanical structure vibrations,
resonance phenomena at certain wind speeds, lightning
strikes, and switching surges. All of the above factors lead to
the destruction of cable insulation and short circuits in three-
phase power transmission systems, which in some cases is
accompanied by the ignition of equipment components.

All this leads to the conclusion that it is advisable to con-
duct research on the analysis of dynamic processes during a
short circuit in the stator winding circuit of a gearless wind
turbine generator. To achieve this goal, it is necessary to justi-
fy the relevance of theoretical studies of short-circuit modes,
develop mathematical and simulation models of the electro-
mechanical part of a wind turbine, evaluate the adequacy of
the simulation model based on comparison with experimental
data, and perform theoretical studies of short-circuit modes
using the similarity method.

The paper [13] presents theoretical studies conducted
on the short-circuit mode of a doubly fed wind turbine that



transmits energy to the grid. The aim of this work is to present
the technical implementation of a short-circuit protection de-
vice in a dual-power generator. A simplified generator model
was used in the study of the dynamic characteristics of the
short-circuit mode. The model is abstract, numerical values
for the coefficients, and the generator power values are not
presented.

In paper [14], the short-circuit mode of the output ter-
minals of a wind turbine generator that transfers energy to
the grid was studied. The research was conducted for wind
turbines with a capacity of 1 to 5 MW. The paper presents
an analysis of transient processes for various values of pow-
er line resistance, as well as the dynamic characteristics of
short-circuit currents in the generator circuit and power in
the protection circuit.

But there were unresolved issues related to lack of equa-
tions for the transfer of wind energy to the generator, as well
as equations for the kinetic energy stored in the rotating ele-
ments of the wind turbine structure. The absence of a section
assessing the adequacy of the mathematical model indicates
the low accuracy of the results of theoretical studies.

There are theoretical studies results on of the short-circuit
mode in the power transmission system of a wind park with
wind turbines in the power range of 0.66 to 3 MW. The pa-
per [15, 16] presents a simulation model on the PSS/E platform.
The results of theoretical studies reflect the transient processes
of a short-circuit mode in a power source with energy charac-
teristics significantly exceeding the capacity of a single wind
turbine [17, 18]. It should be noted that works [13-15] justify
the expediency and adequacy of using mathematical and simu-
lation modelling of wind turbines as the most suitable method
for studying transient processes in short-circuit mode.

In previous works, much attention has been paid to the
study of short-circuit modes of wind turbines with direct
connection to the grid. Very few works have been devoted to
the study of the interphase short-circuit mode of a standalone
wind turbine generator.

an AC generator with a capacity of up to 40 kW. The main
hypothesis of the study is to confirm the danger of an inter-
phase short circuit at the output terminals of a wind turbine
generator.

To solve the tasks set, classical methods of mathemati-
cal and simulation modelling of dynamic processes in the
electromechanical part of the wind turbine were used. The
relevance and adequacy of the methods used are justified in
works [13-15]. When developing the mathematical model,
the basic equations of an alternating current generator and
a horizontal rotor were used, allowing the interaction of the
current values of the coordinates of the alternating current
generator and the rotor in transient modes to be described.
Simulation modelling was performed using the MatLab appli-
cation package, which made it possible to investigate dynamic
processes during interphase short circuits and assess the im-
pact of generator and wind turbine parameters on the nature
of transient processes.

The theoretical and experimental studies are limited by
the following conditions:

- the power of the wind turbine is limited to 40 kW;

— the studies were conducted exclusively for rotors with a
constant optimal angle of attack;

- the output voltage of the wind turbine generator was
limited in the range of 12-48 V and the values of 220 V and
380 V of three-phase voltage.

When developing a mathematical model of a three-phase
generator with permanent magnets, the following simplifi-
cations were made: the amplitude values of the generated
voltages, as well as the values of the active resistances and
inductances of the three phases, are identical.

It is assumed that the energy characteristics of an in-
terphase short circuit are determined by the kinetic energy
stored in the rotor and generator masses of a wind turbine.

In the course of the work, the international standard
Implementation of IEC Standard Models for Power System
Stability Studies was used [19].

3. The aim and objectives of the study

The aim of this study is to identifying the dynamic processes
of the interphase short-circuit current of a wind turbine genera-
tor with a capacity of up to 40 kW operating in standalone mode.

To achieve this aim, the following objectives are being
addressed:

- to substantiate a mathematical model of a gearless wind
turbine, taking into account the dynamic properties of its
rotor and generator;

- based on a mathematical model, to develop a simula-
tion model of the electromechanical part of a gearless wind
turbine operating in standalone mode, taking into account
interphase short circuits;

- to evaluate the adequacy of the simulation model by com-
paring the dynamic characteristics obtained theoretically and
experimentally for similar initial conditions and numerical val-
ues of the moment of inertia of the mechanical part of the ro-
tating elements of the rotor and generator of the wind turbine.

4. Materials and methods

The object of the study is the electromechanical part of a
wind turbine with a horizontally arranged gearless rotor and

5. Research results of dynamic processes of the
interphase short-circuit current of a wind turbine
generator

5.1. Mathematical model of a wind turbine

At the first stage of theoretical research, based on
known dependencies, it is necessary to obtain a mathemat-
ical model that takes into account the dynamic properties
of the rotor and the electromechanical part of the wind
turbine.

As is known, the equation of the aerodynamic power P,
as a function of wind speed, developed by the wind turbine
rotor, is

3
n=c,(5)22- o

where Cp(Z) - wind energy efficiency; p — air density; S - total
swept area of turbine blades; V — wind speed.

The torque developed by the rotor is determined by the
expression

a

P
M =2 @)
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where w - angular velocity of rotor shaft.



Torque balance equation on the generator shaft is present-
ed by the following expression

]7:M0_Mem_Mc’ (3)
dt

where J - inertia moment; M,,, — electromagnetic torque of
the generator; M, — the resistance (loss) torque, accounting for
friction and other losses.

When developing a mathematical model of a three-
phase generator with permanent magnets, the following
assumptions were made, among others: the voltage ampli-
tude values of the generated electrical energy, as well as the
values of active resistances and inductance of three phases
are the same.

The equation system of three-phase generator with per-
manent magnets looks like the following:
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where: e(A, B, C) — electromotive force induced in each phase
of generator winding; i(A, B, C) — phase winding current of
the generator; R4, Ly — active resistance and inductance of
the phase winding of the generator; Uy, 5 ¢ — phase voltage
at the generator output terminals; k — constructive constant;
2p — number of pole pairs. Thus, expressions (1)-(4) describe
the dynamic properties of a wind turbine operating in stand-
alone mode.

5. 2. Simulation model of a wind turbine

In order to carry out theoretical studies of the dynamic
processes in a wind turbine, a simulation model of the electro-
mechanical part of a direct-drive wind turbine has been devel-
oped based on equations (1)-(4). The simulation model was
developed using the MATLAB (California, USA) application
package (Fig. 1). The functional purpose of the wind turbine
simulation model blocks is presented in Table 1.

Table 1
Functional purpose of simulation model blocks
Designation . . .
. . Functional purpose of simulation model
No. | of simulation block
model block
1 Constant 1 Setting the wind speed value

Modelling of wind turbine
mechanical part

Model of generator

2 Subsystem 2

3 Subsystem 1

Model of gearless three-phase

4 Subsystem double half-period rectifier

In the process of developing the simulation model, the
following assumptions were made: when studying dynamic
processes in the wind turbine electromechanical part, the
speed value was constant within the entire experiment. The
wind speed value was set by the Constant 1 parameters.

The dynamic changes of the rotor angular speed, voltage
at the rectifier output and load current were recorded using
Scope 1, Scope 5 and Scope 12 oscilloscopes respectively.

The adequacy of the simulation model was assessed in
two process modes: wind turbine acceleration mode and load
resistance stepwise change at the output of uncontrolled dou-
ble-half-period three-phase rectifier Subsystem mode. The wind
speed value was set by the parameters of the Constant 1 block.

Step1 E
—LLy + Scope9
s
Step3 *
Scope 1 Subtract
]
g Constant2
Scopeb
Out1 In1
0 —»] > N[
Constant1
Out1 » Oout3 ——P» In3 out2
vy
- X +
Outs ——P» In5 Divide14
Scope12
Subsystem2 Subsystem1 Subsystem
L
-«
X Transfer Fcn3
Divide1 1
0.00175s+1

Fig. 1. Simulation model of a wind turbine



The response of the wind turbine to a step change of the
generator electrical load is modeled using the Constant 2, Step 1,
Step 3, and Subtract blocks. The generator load current, tak-
ing into account the load resistance, is modeled by the Divide
14 block. Using the rules for transferring functionally complete
model blocks - an inertialess double-half-period three-phase
rectifier and an aperiodic element modeling the inertia of each of
the three phases of generator stator windings - is modeled by the
Transfer Fcn 3 block. A particular feature of the double-half-peri-
od three-phase rectifier operation is its commutation properties —
sequential load connection between each of the three phases of
the three-phase voltage source. Due to this, the Transfer Fcn 3
aperiodic element is sequentially connected to each phase. Since
the electric arc that arises during a short-circuit mode is mainly
characterized by thermal processes, the load under these condi-
tions represents only an active component. The value of the elec-
tric power consumed by the load was calculated by the Divide
1 block. The value of the active power component P consumed by
the load was calculated from the expression P = Ui, where U and
i are the load voltage and current of the double-half-period three-
phase rectifier of Subsystem block in the generator power circuit.

In order to develop simulation model of the wind turbine
mechanical part the equation (3) is presented in the integral
form. The simulation rotor model is presented by Subsys-
tem 2 block in Fig. 1.

This solves the problem of developing a simulation model
of the electromechanical part of a gearless wind turbine.

After conducting simulation modelling, experimental re-
search must be carried out on a laboratory test bench. The
results of simulation and experimental tests will allow the
adequacy of the simulation model to be assessed.

5.3. Evaluation of the adequacy of the simulation
model of the electromechanical part of the wind turbine

The adequacy of the wind turbine electromechanical part
simulation model was evaluated by comparing the transient
processes for similar model and laboratory stand parameters
under identical control and disturbance inputs.

Experimental studies were conducted using a laboratory
stand, the structural diagram of which is shown in Fig. 2.

By varying the control signal U2, wind speed is controlled
within the range of 0 -10 m/s.

A three-phase permanent magnet synchronous generator
was used in the laboratory stand as the electromechanical con-

verter of wind energy into electrical energy. Technical charac-
teristics of synchronic generator are presented in Table 2.

Al —:>V %V A2 S1 Rrj
M. P]

~Ul

‘ P2
PR

u2

Fig. 2. Structural scheme of laboratory stand:
A1 — controlled frequency converter with a DC link;

M — squirrel—cage induction motor; G — AC voltage
generator with permanent magnets; A2 — uncontrolled
double-half-period three-phase rectifier; P1 — voltmeter;
P2 — ammeter; A3 — anemometer; P3 — digital wind speed
indicator; S1 — load commutator; R1 — load resistance;
U2 — wind speed control signal; V — wind speed

Table 2
Technical characteristics of synchronic generator
No Designation of rotor and Numerical value of
) generator parameters parameter
1 Nominal rotational speed, rpm 300
2 Nominal generator capacity, W 110
3 | Nominal voltage at generator terminals, V 48
4 Number of phases 3
Stator winding
3 resistance (Rg), Ohm 0.57
6 Stator winding inductance (Lg), H 1.01*1073
7 Generator rotor inertia moment, kg/m? 0.00161
Wi - P
3 ind turbine rotor 1;1ert1a 0.0127
moment, kg/m
Mechanical time constant
.14
? Ty=Js*w,/ M, c 0.1408
Electrical time constant
1 .001
0 Ty= Lg/Rg ¢ 0.00177

Registration of dynamic processes is implemented by
means of control and indication sensors, the technical char-
acteristics of which are presented in Table 3.

Table 3
Technical characteristics of control and indication sensors
Sensor type Model Manufacturing country Technical characteristics
Input signal range, V +0...50
Output signal range, V +0...4
Voltage sensor LEM LV-25P Switzerland Current consumption, mA 15
Absolute error, % +0.9
Nonlinearity of readings, % 0.2
Input signal range, A +0...3
Output signal range, V +0...10
. Frequency passband, Hz 0...50000
Current sensor LEM HX-03P Switzerland -
Current consumption, mA 15
Absolute error, % +1
Nonlinearity of readings, % 1
Wind speed measurement range, m/s 0...10
Wind speed MK-1-BEI Russia Output signal range, V 0...10
sensor A3 Current consumption, mA 200
Accuracy, m/s +1




The software for visualizing dynamic processes was de-
veloped in conjunction with the laboratory test bench and
provides visualization of the experimental results.

The laboratory test bench is shown in Fig. 3.

Fig. 3. External view of the laboratory test bench: 1 — assembly field for configuring
various versions of the wind turbine test bench; 2 — laptop with software for visualizing
dynamic processes; 3 — electromechanical part of the wind turbine

The adequacy was assessed by comparing the transient pro-
cesses during the wind turbine acceleration in no-load (oscillo-
grams 2 and 3) and under load modes (oscillograms 4 and 5),
as shown in Fig. 4.

wind speed and load values. The transient acceleration pro-
cesses of the wind turbine, in no-load (position 3) and under
load (position 5) modes, obtained during the simulation
experiments, are presented in Fig. 4. During the time interval
At2, after the wind speed reached
10 m/s, the wind turbine brake
was released and the angular ve-
locity began to increase, which
correspondingly led to the rectifi-
er output voltage increase. In this
interval, the maximum transient
voltage error (position 3, Fig. 4) at
the terminals of the uncontrolled
three-phase rectifier does not ex-
ceed 18%, and under load does not
exceed 10%. The increase in error
at the initial stage of wind turbine
acceleration is explained by the
absence in Subsystem 2 (Fig. 1) of
a dependency between the wind
energy utilization coefficient and the angular velocity of the
wind turbine. The model uses an optimal value of the wind
energy utilization coefficient. During the time interval At3,
the modeling error does not exceed 3%, and under load, 1.5%,
which fully meets the requirements for engi-
neering calculations.

Additionally, the adequacy of the simu-

lation model was assessed by comparing the

V, m/s; Ug-10, V

127—4¢, At At
1 .

10

transient processes obtained theoretically (po-

sitions 1, 4) and experimentally (positions 2, 3)

during the stepwise change in load (Fig. 5).
In the interval Atl1, the wind turbine acceler-

[

” M

ated under full load (switch S1 is closed, Fig. 2).
At the time t = 2s, a stepwise partial load dis-

[ex}
3

connection occurred (switch S1 is open, Fig. 2).
At the time t = 3.8 s, the load was connected
stepwise.

] When the load is disconnected at the
output of the uncontrolled rectifier, a voltage
increase at its output terminals is observed,
following a law close to exponential. This

effect is explained by the increase in angular
velocity after the load is disconnected, which
t,s leads to the energy accumulation in the fly-

0 2 4 6 8

Fig. 4. Transient processes during the wind turbine acceleration:

1 — graph of wind speed versus time; 2, 3 — graphs of the transient processes
of the wind turbine’s acceleration at idle speed, obtained experimentally and
through simulation, respectively; 4, 5 — graphs of transient processes under

load, obtained experimentally and by simulation, respectively

During the time interval At;, an increase in wind speed up
to 10 m/s was implemented linearly using an asynchronous
electric motor M and a controlled frequency converter Al.
During this time interval, the wind turbine was braked me-
chanically. During the time intervals At, and At;, the wind
flow speed remained constant. After the brake was released,
the wind turbine was accelerated. The transient acceleration
processes of the wind turbine obtained experimentally, in
no-load (position 2) and under load (position 4) modes, are
presented in Fig. 4.

In order to assess the adequacy of the simulation mod-
el (Fig. 1), simulation experiments were carried out for similar

10 12

wheel mass of the wind turbine rotating parts.
After the load is reconnected at time t = 3.8 s,
a short-term increase in current by 40% rela-
tive to the steady-state value is observed. After
the complete discharge of the energy stored in
the wind turbine flywheel masses, the voltage
reaches a value corresponding to the time in-
terval At,. The error of the simulation results
relative to the experimentally obtained results for similar
input and disturbance values did not exceed 10%.

Thus, experimental studies of the wind turbine’s dynamic
modes were conducted, and the adequacy of the developed
simulation model was confirmed.

Previous studies have presented information on the dy-
namic processes of electric arc development during short
circuits in cable power supply systems [12]. In the initial stage
of arc formation, an increase in current is observed in the in-
terphase circuit of the three-phase power source. According to
the method of A. R. Warrington, the resistance of the electric
arc changes from 0.1 to 0.3 Ohms within 10 seconds.



SOU’“"Z’ Vii/10, A tion 3), and the root mean square current
of the generator stator winding, on which a
short circuit was simulated (position 1).

The simulation experiment was carried
out according to the following algorithm:
the rotor, and consequently the generator,
was accelerated without load to an angular
velocity of 14.4 rad/s, and at time t = 0.1 s, an
interphase short circuit was simulated using
a stepwise function. A characteristic feature
of the angular velocity transient process (po-
sition 2, Fig. 6) is its exponential decrease af-
At Aty At; ter the short circuit occurs. According to the
equation (4), the root means square voltage
value changes according to a similar law (po-
S sition 3, Fig. 6).

0 5 3 4 5 ¢ 7 In Fig. 6, Aty = 3T; + 37T — time interval,
characterizing transient process of energy
transformation stored in the generator stator
windings and the wind turbine flywheel mass

40

W—1—7

20

10

-10

Fig. 5. Response of wind turbine parameters to stepwise load change: energy.
1, 2 — voltage diagrams at the wind turbine generator terminals obtained, On the laboratory stand, the time con-
respectively, through simulation modeling and experimentally; stant characterizing the inertia of rotating
3, 4 — diagrams of the wind turbine generator stator current obtained inertial masses of the rotor and generator

experimentally and through simulation modeling, respectively is two orders greater than the inertia of the
generator stator electrical circuit. This fact

In paper [12], dynamic processes occurring in a power is reflected in the current rise dynamics in
cable with an unlimited power source were considered. the stator circuit (position 1) after the short circuit occurs.
In contrast to the studies presented in paper [12], the  The energy processes occurring in the generator stator cir-
following characteristics of wind turbines must be taken into  cuit, in the case where T, « T;, with sufficient accuracy for

account in wind turbine generators: engineering calculations, can be determined using the equa-
- limited power of the energy source stored in the rotating tion for the discharge of energy stored in the wind turbine
masses of the wind turbine; rotating parts.

—influence of active-reactive compo-
nents of wind turbine generator windings. [, A: @/2, rad/s; U, V

In wind turbines, the dynamic char-
acteristics of the electromechanical part ‘
of the wind turbine significantly influence ¢ =
the energy parameters of the power source.
Therefore, conducting theoretical studies 40
of the short-circuit emergency mode in the \ 1
wind turbine power supply system can be
considered a relevant and important task. 20

This study has the following limita- . : \\S L I e
tions: T T

- the object of study is a gearless wind 0 005 01 015 02 025 03 035 04 045 05 0.55
turbine, which means that when the wind a
speed changes, the frequency of the volt-
age at the generator output terminals also 6(6)/ 2, rad/s
changes;

—the power of the wind turbine is At,
limited to 40 kW and, as a result, the total 40 \
moment of inertia of the wind turbine
corresponding to this power is also limited. 201 \& ' ' ‘

All parameters of the simulation model
of the electromechanical part of the wind 0
turbine (Fig.2) corresponded to the pa-
rameters of the laboratory stand (Fig. 3).

As a result of simulation experiments, b

transient processes were obtained (Fig. 6)
for the angular velocity of the wind tur- Fig. 6. Transient processes during a short circuit on the terminals of the generator
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The study was conducted under the following assumption:

- in the simulation model (Fig. 1), the nonlinear relation-
ship between the wind energy utilization coefficient and the
angular velocity of the wind turbine rotor is neglected, as this
introduces only a negligible error within the steady-state volt-
age interval at the generator terminals.

In the future, to develop an effective short-circuit protec-
tion system taking into account the dynamic features of the
wind turbine, an equation was obtained for the energy char-
acteristics of the generator stator circuit over the time interval
Aty (Fig. 6) during a short circuit

Ly b)) 2

W=i Uy [||1-€ " |e ™ |dt, (5)

Iy

where W - energy released in the wind turbine generator sta-
tor during interphase short circuit; isy - steady current value
in the generator stator winding over a period of time equal
to 3T,; Ujy — initial voltage value, preceding to short-circuit
time; tX - time period corresponding to the discharge of en-
ergy stored in the wind turbine flywheel masses, taking into
account transient processes in the generator stator windings;
t;y - time of short-circuit mode starting; ¢ — current time.

In the future, using the characteristics of transient pro-
cesses in the electrical part of the wind turbine obtained
during the research and the system of equations (1)-(4),
taking into account the design features of the cooling system
of the generator of the analyzed type of wind turbine, it is
possible to develop a short-circuit protection system.

A potential area of application of the proposed method
for determining the moment of fault development, taking into
account the dynamic characteristics of the wind turbine, is
the development of integrated generator protection systems.

6. Analysis of the transient processes of a wind turbine
generator during an interphase short circuit

The obtained results allow to explain the dynamics of
transient processes in the electromechanical part of a wind
turbine during an interphase short circuit. An analysis of the
mathematical model equations (formulas (1)-(4)) and simula-
tion experiments (Fig. 1, 4-6, Tables 1-3) showed that the de-
crease in the rotor and generator angular velocity after a short
circuit follows an exponential law, and the root-mean-square
voltage at the phase winding terminals changes synchronous-
ly with the angular velocity (Fig. 6). This paper discusses the
dynamic processes occurring in the power circuit of a wind
turbine generator, taking into account the limited power of
the energy source stored in the wind turbine’s flywheels and
the influence of the active and reactive components of the
resistance of the generator’s stator windings.

A feature of the transient process is the exponential de-
crease in the angular speed of the rotor and the corresponding
change in the average square value of the stator voltage and
current, which reflects the influence of the limited energy
stored in the turbine’s flywheel masses and the generator’s
windings. The time intervals of the transient processes allow
to determine the moment when an emergency situation de-
velops and to assess the dynamics of changes in the system
parameters after a short circuit occurs.

Comparison of the simulation results with the experimen-
tal data showed that the model adequately reproduces the

dynamics of transient processes: the maximum error does not
exceed 18% at idle speed and 10% under load.

The obtained characteristics of transient processes al-
low to use this method to develop comprehensive generator
protection systems that can timely prevent damage to the
turbine’s electromechanical components.

The proposed approach differs from existing approach-
es [8] in the following features:

- the limited power of the energy source stored in the ro-
tating masses of the wind turbine is taken into account;

- integrates the influence of the active and reactive com-
ponents of the generator windings;

- the simulation model implemented in MATLAB (Fig. 1)
allows for the simulation of real transient processes, including
step changes in load and the acceleration of a wind turbine.

Comparison with known studies shows that traditional
models of short circuits in power cables [12] do not take
into account the complex resistance of the generator and the
energy stored in the turbine’s flywheel masses. The proposed
approach allows these limitations to be eliminated and the
reliability of the results of emergency mode studies to be
improved.

The study has the following limitations:

- the object of the study is a gearless wind turbine with
a capacity of up to 40 kW; the results cannot be applied
to turbines with gear transmission or a capacity exceed-
ing 40 kW;

- the simulation model assumes a constant wind speed
throughout the experiment, which limits the reproducibility of
transient processes under dynamically changing wind flows;

- transient processes are only adequate within the limits
of the nominal values of the rotor and generator moments of
inertia, as well as the nominal load;

Prospects for further research include:

- development of an integrated generator protection sys-
tem taking into account the dynamic characteristics of the
wind turbine;

- extending the simulation to turbines with gearboxes and
higher power ratings;

- creating adaptive protection algorithms based on the
analysis of transient processes.

7. Conclusions

1. A mathematical model of the electromechanical part of
awind turbine was obtained in the form of equation system of
three-phase generator with permanent magnets, taking into
account the wind speed, the dynamic properties of the rotor,
and the generator of a horizontal-type wind turbine.

2. Based on the mathematical model, a simulation model
of the electromechanical part of the wind turbine was devel-
oped in the MatLab software environment. During the simu-
lation, the following assumptions were made: the rotor speed
was constant throughout the experiment; the parameters of
the three-phase generator windings were identical.

3. The adequacy of the developed simulation model was
confirmed by comparing the dynamic characteristics obtained
during simulation and experimental studies during idle and
load acceleration. In the operating range of the generator’s ro-
tational speed at idle, the error did not exceed 10%, and under
load, it did not exceed 1.5%. In addition, the simulation error
was determined during a step-by-step load change: the error
did not exceed 10%.
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