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Abstract––The project concerns the practical application of multipolar induction machines as generators for small and medium wind turbines. Such a multipolar generator should be built in a way that the primary and secondary windings are placed on the stator, and the rotor is tooth-like without windings, with each tooth equivalent to one pole pair. The most reliable design is that with a single-phase secondary winding, which provides efficient control of the generator.
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I. Introduction

Nowadays the use of wind energy is developing in the direction of large and medium wind generators, which are able to work in parallel with the grid or independently. The most common solution for such systems is a directly driven synchronous generator, which provides high efficiency and installed power factor [1]. 

A conventional induction generator possesses a number of advantages – such as high reliability and stability when working to the power grid. However, it also has some significant disadvantages – e.g. the low efficiency and power factor when the number of pole pairs is greater than ten. They are impossible to use as direct driven wind generators for small and medium wind turbines. Accordingly, the directly driven generators are based on synchronous machines with controlled or permanent magnet excitation systems [2]. 

 In this project we overview the practical application of multipole induction machines as generators for small and medium wind turbines. The prototype slow speed double fed induction generator was designed to combine two significant features – the double fed ability and the ability to operate directly with the turbine. The testing of the generator was done with the target to evaluate its nominal generated power and practical application for small and medium wind turbines. In the considered model all the windings are placed on the stator, rotor is tooth-like with no windings on it [3].
II. Special features of the multipolar induction generator 

Figure 1 shows the circuit diagram of an induction generator whose primary (A – X, B – Y, C – Z) and secondary (a – x) windings are situated in the grooves of stator 1. Accordingly rotor 2 is tooth-like and has no windings. Each tooth 3 of rotor 2 corresponds to one pole pair. The total number of teeth can be rather big, which does not lead to enlargement of winding coils of the stator and, therefore, of the magnetizing current. The secondary winding is single phased and is also placed in the stator’s grooves. In the secondary circuit capacitors and electrical devices (load) R​L1 –RL5 are arranged. The secondary winding plays a major role in magnetizing the system and reducing the losses of the electrical machine. The system requires neither brushes nor slip-rings. Owing to the single phase secondary winding the number of coils in the stator is limited. In this case, at the number of pole pairs equal to 26, there are four coils in each phase. The primary windings, A-X, B-Y and C-Z, are situated in pole extensions 4. Each pole extension between two grooves can have up to five smaller teeth with a step tzp, which is equal to the step tz for the teeth on the rotor [4, 5, and 6]. [image: image25.jpg]



Fig. 1. The construction and circuit diagram of the induction generator with primary and secondary windings on the stator: A-X, B-Y, C-Z – primary windings; a-x – secondary windings; 1 – stator; 2 – rotor; 3 – rotor teeth; 4 – pole extension; 5 – teeth on the pole extension; C1, C2 – capacitors in the primary and secondary circuit; RL1  – controlled secondary load resistance; tZ, tZP, t1, t2 – stator and rotor tooth steps; k1 – k2 – NC contacts
The practical application of the single-phase secondary winding is that it simplifies the transfer of energy to the load. At rotation the rotor teeth change their location with respect to the stator pole extension – from teeth to grooves, which, in turn, cause a periodical change in the magnetic conductivity from minimum to maximum. The conductivity of the K-th pole extension can be described by a Fourier’s periodic function series as
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To avoid the total harmonics distortion (THD), the width of stator’s teeth has to be tZ/3, and the gap between the teeth should be calculated assuming the radius of tZ/3 [7]. Accordingly, equation (1) can be rewritten as
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where

a0 is the constant magnetic conductivity of the pole extension;

a1 is the amplitude of first harmonics of a pole extension’s magnetic conductivity;

ZR is the number of rotor teeth (pole pairs);

φk is the phase angle.

The periodic change in magnetic conductivity causes a periodic change in the magnetic-flux linkage, which means the generation of energy transferred to the power grid and to the secondary load.

III. The basic equations of the induction generator and its operating modes

For creation of the required electromagnetic link between windings it is necessary to have appropriate phase shifts between the processes going in pole extensions. For this purpose (see Fig.1) the pole extensions are divided into four groups, each of them with a coil of secondary winding a–x. The step between the mixed pole extensions belonging to one group equals t1 = 2tZ/3, and that between the mixed pole extensions belonging to mixed groups equals t2=7tZ/6. This provides a phase shift of the pole extensions of 240 degrees within the same group, and of 60 degrees for mixed group. The equations are similar to those for the conventional induction machine having only one secondary winding on the rotor. 

According to the above mentioned and to Fig.1 it is possible to obtain equations for the magnetic flux linkage as
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(3)
Next, it is possible to calculate the equations for the EMF and currents:
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where

uAB, uBC, uCA  are the grid line voltages;

i1A, i1B, i1C are the grid currents;

iA, iB, iC are the phase currents of the generator;

ic1a, ic1b, ic1c are the currents of capacitor C1; 
R1, R2 is the active resistance of primary and secondary windings;

RL is the active resistance of the secondary load;

UC2 is the voltage drop on capacitor C2 [7]. 

With these equations it is possible to solve the most difficult tasks met in application of multipolar induction generators - e.g. analysis of transient process. 
The project is based on the idea that during the rotation the secondary winding generates the EMF proportional to the slip
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 (where f is the frequency of primary current) [8]. 
IV. The results of practical research

The practical research was carried out in the electrical machines laboratory in the faculty of Power and Electrical engineering. A special test bench was designed for the generator. The test bench consists of metal frame with the motor and the generator installed on it. The generator is driven by an induction motor, which controlled through the frequency converter as is showed in Fig. 2. 

[image: image17.jpg]



Fig 2. Carrying out the tests of the generator in the electric machines laboratory

The generated power is controlled through the control cubicle by switching the capacitors in the secondary circuit. The results of the practical research are collected in Table 1. The comparison is given between two generators – double fed induction generator with the secondary winding on the stator and conventional induction generator, but with the same amount of pole pairs as the prototype generator. There has been also done a magnetic field analysis to evaluate the magnetic losses and saturation effect [8]. 
During the tests the primary circuit was switched directly to the grid, the secondary circuit was switched to the active load resistance. The generated power was measured at three different capacitance C2 values and the power curves are showed in Fig. 3. 
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Fig. 3. The generated power Pgen and PL of the prototype machine
The maximum power is generated when the generator operates in the resonance mode [8].
The design of the proposed machine is showed in the Fig. 4. 
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Fig. 4. Multipolar double fed induction machine

It is possible to obtain the magnetic flux density Bz in the tooth zone. From the Fig. 5., which equals 1,9 T, when the magnetic conductivity λk achieves its maximum value. The magnetic field analysis was done with the aim to control the saturation of tooth zone. As it can be seen from the Fig. 5 the saturation of the tooth zone is in within limits of conventional induction machine [9, 10]. 
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Fig. 5. The Magnetic field at nominal load

It should not exceed 1,90 T and should not be lower than 1,80 T, when the generator operates at its nominal power. The magnetic field analysis was done at the slip s = -1 when capacitance C2 in the secondary circuit equals 50 µF.
Table I.

The comparison of measured values and parameters between the multipolar induction generators

	No
	Parameter
	unit
	Value DFIG with secondary windings on the stator
	DFIG with a single phase secondary winding on the rotor (with slip rings)

	1
	Stator diameter, D
	mm
	300
	300

	2
	Stator length, l
	mm
	250
	220

	3
	Number of pole extensions
	-
	12
	-

	4
	Number of teeth in one pole extension
	-
	2
	-

	5
	Number of teeth in the rotor, ZR  / pole pairs
	-
	26
	26

	6
	Number of phases in the primary winding, m1
	-
	3
	3

	7
	Number of phases in the secondary winding, m2
	-
	1
	1

	8
	Mains  Voltage, U1
	V
	380
	380

	9
	Nominal speed, n
	min-1
	230
	230

	10
	Grid frequency, f1
	Hz
	50
	50

	11
	Slip, s
	-
	-1
	-1

	12
	Nominal Power transferred to the grid, P1
	W
	3000
	2850

	13
	Nominal Power transferred to the secondary circuit, P2
	W
	1521
	1000

	14
	Nominal primary Current I1
	A
	11
	9

	15
	Nominal Secondary Current, I2
	A
	19,5
	15

	16
	Losses in the primary winding, ΔP1
	W
	762
	-

	17
	Losses in the secondary  winding, ΔP2
	W
	608
	-

	18
	Magnetic losses, ΔPm
	W
	234
	-

	19
	Efficiency factor, η
	-
	0,74
	0,48


V. Conclusions

The research was targeted at extension of the practical application of directly driven induction machines in the wind turbines. For small powers (400 – 500 W) it is possible to use a generator with 8 – 10 pole pairs and a squirrel cage rotor. The conventional design cannot provide increasing output power with simultaneous decrease in the number of pole pairs. 
In the proposed slow-speed induction generator all windings should be placed on the stator, with a tooth-like rotor without windings. 
To increase the output power of such a generator it is recommended to use a double fed system. The number of pole pairs in a generator can reach ≥ 50. 
The research was done for a 52-pole induction machine with three-phase primary and one-phase secondary windings, and with tooth-like unwound rotor. 
The results have shown that with such a machine a reliable power generation can be achieved. 
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