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Abstract. The article considers a propeller-type wind power plant, which uses an asynchronous generator with a
short-circuited rotor and a synchronous reversible machine as a generating system. The synchronous machine is
connected on one side to the shaft of the wind turbine, on the other side to the rotor of the asynchronous generator.
The synchronous machine contains permanent neodymium magnets and a magnetic wire located on the outer and
inner rings of the rotor. This solution allows to increase the power and energy efficiency of the synchronous
machine. With an excess of wind load, the synchronous machine operates in generator mode and accumulates
electricity in the batteries, thereby providing additional braking torque on the wind turbine shaft and achieving
stabilization of the rotation speed of the rotor of the asynchronous generator, as a result, voltage stabilization at its
phases. If there is a lack of wind load, the synchronous machine operates in the motor mode using the energy
stored in the batteries, which allows to stabilize the rotor speed of the asynchronous generator and the voltage at
its phases when the wind changes. Power supply to consumers is carried out from an asynchronous generator,
voltage stabilization at the phases of the asynchronous generator, when the wind load and power of consumers
change, by changing the operating mode of the synchronous machine. The power of the asynchronous generator
is 1.1 kW at a nominal speed of 1100, the power of the synchronous machine is 1.2 kW. A block diagram of a
wind power plant is presented, on the basis of which an electromechanical scheme of the plant is constructed. The
article presents a mathematical model of its operation developed on the basis of an electromechanical scheme of a
wind power plant, presents the results of mathematical modeling and makes the main conclusions and suggestions.
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Introduction

The development of agricultural facilities that are remote from centralized power supply systems,
the high cost and the constant increase in prices for traditional energy sources make the use of alternative
energy sources, such as wind, the most acceptable option for autonomous power supply to consumers.

Autonomous power supply systems based on a wind power plant in modern conditions should
provide energy to both single-phase and three-phase consumers. According to the criteria of reliability,
maintainability, cost and prevalence in agriculture, an asynchronous generator with a short-circuited
rotor is best suited for these requirements. However, the use of an asynchronous generator in a wind
power plant is associated with the problem of stabilizing the rotation speed of the rotor and, as a result,
the voltage at its phases, when the wind load and the power of electric energy consumers change.
Moreover, it should be noted that the critical dependence of the voltage in the phases of an asynchronous
generator with a short-circuited rotor on the rotor speed, which after its excitation is + 2-5% of the
nominal values of the rotor speed, in which the voltage deviation requirement is maintained [1-6].

The use of an asynchronous generator with a short-circuited rotor as part of a wind power plant is
due to its high reliability, durability, maintainability and low cost, which directly affects the duration of
operation of the autonomous power supply system, the cost of electricity generated and the cost of the
wind power plant as a whole.

Thus, for the use of an asynchronous generator with a short-circuited rotor in a wind power plant,
it is necessary to use a device for stabilizing the rotation of the generator rotor, which is proposed to use
a reversible synchronous machine with a double-circuit magnetic system with increased energy
characteristics.

Materials and methods

The diagram of a wind power plant is proposed is shown in Figure 1. The wind power plant works
as follows. With an excess of wind load, the torque from the wind turbine shaft through the overrunning
clutch enters the rotor of the synchronous machine, which rotates freely relative to the stationary stator
of the synchronous machine. The rotor of the synchronous machine is divided into two rings, external
and internal, on which the magnetic core with permanent magnets and pseudo poles are located. This
solution allows to increase the power of a synchronous machine by 4 times compared to a single-circuit
magnetic rotor system. IN more detail, the design and principle of operation of a synchronous machine
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with increased energy characteristics are discussed in the article [7; 8]. The resulting torque from the
wind wheel and the torque generated by the synchronous machine is fed to the rotor of the asynchronous
generator. A battery of starting capacitors is used to excite the asynchronous generator, the energy from
which is supplied to the consumer.
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Fig. 1. Combined scheme of a wind power plant: 1 —wind turbine; 2 — overrunning clutch;

3 — synchronous machine; 4 — magnetic circuit; 5 — permanent magnets; 6 — stator winding of a
synchronous machine; 7 — bearing; 8 — asynchronous generator with a short-circuited rotor;

9 — battery of starting capacitors; 10 — load; 11 — control system; 12 — charge controller;
13 — ballast load; 14 — battery; 15 — inverter; 16 — switching unit

The synchronous machine can work in the motor and generator mode, when working in the
generator mode, the excess energy coming from the wind turbine is converted by the synchronous
machine into electricity and through the control system, the charge controller and accumulated in the
battery. When the battery is fully charged, the electric power from the synchronous machine is
transferred to the ballast load. In this case, the synchronous machine creates an additional braking torque,
thereby stabilizing the rotation speed of the rotor of the asynchronous generator and, as a result, the
voltage at its phases with an excess of wind load.

In the event of a lack of wind load, the synchronous machine operates in the motor mode, using the
energy stored in the battery, through the inverter and the switching unit the voltage is applied to the
stator windings of the synchronous machine, and the level of voltage and current supplied to the stator
winding of the synchronous machine is formed by the control system depending on the voltage at the
stator phases of the asynchronous generator.

Figure 2 shows an electromechanical diagram of a wind power plant.

Based on the electromechanical scheme of a wind power plant, the balance of mechanical torque
can be determined from the expression (1), while in the steady-state mode their algebraic sum is zero.

My £ Msy — Mag =0, (1)
where My — torque on the wind turbine shaft, N-m;

Mswm — synchronous machine torque, N-m;
Mag — torque of the asynchronous generator, N-m.

The power of a synchronous machine is determined by the expression (2).
Psy = Msmwsm = UsinlsmNsmCOSPsm, 2

where wgy — angular velocity of the synchronous machine rotor, rad-s™;
Uy~ stator voltage of the synchronous machine, V;
I, stator current of the synchronous machine, A,
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nsm— efficiency of the synchronous machine;
cos@q,— power factor of the synchronous machine.
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Fig. 2. Electromechanical circuit

The torque on the wind turbine shaft is defined as
3
My = 2 pV2c,(v), (3)

where R — radius of the wind turbine, m;
Z — speed of the wind turbine;
p — air density, kg-m?3;
V —wind speed, m-s?;
Cp (V) —wind flow utilization factor of the wind turbine.

The speed of the wind turbine is determined by:
wWR
where  — angular velocity of the wind turbine rotor, rad-s™.
The power of a three-phase asynchronous generator with a closed-loop rotor is defined as:
Pye = Mpgwag = \/guaglagnagcosq)ag’ (5)

where w,¢ — angular velocity of the rotor of the asynchronous generator, rad-s™;
Uqg— Voltage at the stator phases of the asynchronous generator, V;
1,4~ stator current of the asynchronous generator, A;
nqg— efficiency of the asynchronous generator;
cos@q4 — power factor of the asynchronous generator.

Taking into account the expressions (1-5), we will express the parameter of interest — the voltage at
the phases of the asynchronous generator:
0,57TR2PV3C17(V) T UsmlsmNsmCOSPsm

U =
ag \/?_’IagnagCOS(Pag

(6)

As it can be seen from the expression (6), the voltage at the phases of the asynchronous generator
depends on the parameters of the wind turbine, wind speed and power of the synchronous machine
operating in the motor or generator mode, as well as on the load current. Since the parameters of the
voltage and current of the synchronous machine are interrelated, we represent from, as the power of the
synchronous machine, we get:
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0,5TR*pV3Cp (V) + Py
ﬁlagnagcoswag

Ugg = ()
Based on the obtained dependence (7) of the voltage at the phases of the asynchronous generator,
depending on the system parameters, we will conduct mathematical modeling.

Results and discussion

Consider the case of a lack of wind load for the operation of an asynchronous generator. Let us take
the following parameters: the radius of the wind turbine is 2.3 meters, the stator current of the
asynchronous generator varies from 0.4 to 2.4 amps, the wind speed is 4 m-s?, the power of the
synchronous machine is 0.4, 0.8 and 1.2 kW. In this case, the synchronous machine operates in the motor
mode and, as it were, adds the missing power to the power developed on the wind turbine shaft, which
leads to an increase in the voltage at the phases of the asynchronous generator.

The simulation results are shown in Figure 3.
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Fig. 3. Phase voltage of the asynchronous generator: 1 — operation from a wind turbine;

2 — operation from a wind turbine and a synchronous machine with a power of 0.4 kW in the motor
mode; 3 — operation from a wind turbine and a synchronous machine with a power of 0.8 kW in the
motor mode; 4 — operation from a wind turbine and a synchronous
machine with a power of 1.2 kW in the motor mode

The phase voltage of the asynchronous generator at a wind speed of 4 m-s™, depending on the load
current, is represented by curve 1, the value is less than 380 V. To increase it, the synchronous machine
works together in the motor mode and the asynchronous generator, which leads to an increase in the
voltage at the generator phases to the required value.

As it can be seen from these graphs, with an increase in the power of a synchronous machine
operating in the motor mode, the voltage at the phases of the asynchronous generator also increases.
When the power of the synchronous machine in the motor mode is 1.2 kW, the asynchronous generator
produces a power of 1.4 kW.

The voltage changes in the phases of the asynchronous generator with an excess of wind load are
shown in Figure 4. The wind speed is assumed to be 8 m-s™. The synchronous machine operates in
generator mode, creating an additional braking torque on the wind turbine shaft.

To reduce the voltage at the phases of the asynchronous generator to 380 V, the synchronous
machine and the asynchronous generator work together in the generator mode. The synchronous
machine creates an additional braking torque on the wind turbine shaft, which leads to a decrease in the
transmission of torque to the rotor of the asynchronous generator, as a result of which the voltage at the
phases of the asynchronous generator decreases.

From the graphs shown in Figure 4 it can be seen that with an increase in the power of a synchronous
machine operating in generator mode, the voltage at the phases of the asynchronous generator decreases.
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By setting the power level of the synchronous machine by changing the voltage and current of its

stator winding, voltage stabilization is achieved in the phases of the asynchronous generator when the
wind load and the power of electric energy consumers change.

U,V 1

1000 -+
900 -1
800 T
700 —+
600 -1
500 T

400 +

300 -+

200

100

I, A
Fig. 4. Phase voltage of the asynchronous generator: 1 — operation from a wind turbine;

2 — operation from a wind turbine and a synchronous machine with a power of 0.4 kW in generator

mode; 3 — operation from a wind turbine and a synchronous machine with a power of 0.8 kW in

generator mode; 4 — operation from a wind turbine and a synchronous
machine with a power of 1.2 kW in generator mode

Conclusions

1.

2.

The proposed block diagram of the wind power plant allows to get a three-phase stabilized voltage
at the level of 380 V at a change in the wind load and power of consumers.

On the basis of a mathematical model of the operation of a wind power plant, graphical dependences
of the voltage changes in the phases of an asynchronous generator with changes in the load power
and wind speed are obtained, and the operation of a synchronous machine in the motor and generator
modes is shown. From the obtained graphical dependences, it can be seen that the voltage
stabilization at the phases of the asynchronous generator is possible, when the load current changes
to 2.2 A.

For an asynchronous generator with a power of 1.1 kW, a synchronous machine with a power of
1.2 kW is adopted, which allows to stabilize the voltage on the stator of the asynchronous generator,
when the wind speed changes from 0 to 25 m-s™.
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