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SELF-EXCITATION OF LOW-SPEED INDUCTOR GENERATOR
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The authors propose using the inductor generator with electromagnetic
excitation in a wind-hydrogen independent power system for generation of the base
load. They show that the remanent magnetic flux in such a generator is unable to
create the electromotive force sufficient for its excitation from the cold start. This
force and, therefore, power generation could be raised by introducing NdFeB
permanent magnets in the slots of generator. Comparison of the conventional
contactless generator and the generator with permanent magnets shows that the latter
outperforms the former by such parameters as rotational speed range, efficiency and
output, having at the same time smaller weight. The results of practical studies
evidence that the inductor generator with a combined excitation system (electro-
magnetic excitation plus permanent magnets) can be a reliable power source in the
independent wind-hydrogen systems.
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1. INTRODUCTION

Nowadays, the renewable and CO, emission free energy sources are be-
coming increasingly more employed in the autonomous power systems. The most
advanced solutions involved relate to the parallel operation of several power
sources, such as wind-diesel, wind-photovoltaic, wind-hydrogen, etc..

As concerns the use of wind energy, it is now developing in the direction of
large and medium wind generators which are able to work in parallel with the grid
or independently. In small-scale applications, the most common solution is a
direct-drive synchronous generator with excitation from permanent magnets, which
provides high efficiency and high installed power factor. However, its output
voltage is unstable and depends on the rotational speed. The advantage of the
electromagnetic excitation system is a stable output voltage control [1].

In this paper, we discuss the possibility to use a low-speed synchronous
generator with contactless electromagnetic excitation for a wind-hydrogen in-
dependent power system. In the considered generator model all the windings are
placed on the stator, and the rotor is tooth-like with no windings. The generator
shown in Fig. 1 was designed at the Institute of Physical Energetics and
manufactured at the Riga Electrical Machine factory.
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Fig. 1. Low-speed contactless synchronous generator.

2. DESIGN OF THE GENERATOR

Figure 2 shows a circuit diagram of the generator whose primary (A—X, B—
Y, C-Z) and excitation (a—x) windings are placed 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 the stator winding coils, and, therefore, of the
magnetizing current. The primary windings are situated in pole extensions 4. Each
pole extension between two slots can have up to five smaller teeth with pitch t,
which is equal to pitch t, of the rotor teeth [2, 3].
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Fig. 2. Circuit diagram of the induction generator with primary (A-X, B-Y, C-Z) and secondary
(a—x) windings on the stator. 1 — stator; 2 — rotor; 3 — rotor teeth; 4 — pole extension; 5 — teeth on the
pole extension; C,, C, — capacitors in the primary and secondary circuits; R, ; — controlled secondary
load resistance; t, tzp, t1, t, — Stator and rotor tooth pitches; k;—k, — NC contacts.

At rotation, the rotor teeth change their location with respect to the stator
pole extension — from teeth to grooves; this, in turn, causes 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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A =89 +8,C08(Zgar — ¢y )+ @, c0s2(Zgar — ¢ ) +
+83C083(Zga— @ ) +---+a, CosV(Zga — ¢ ). (1)
To avoid the total harmonics distortion (THD), the width of a stator’s tooth

is to be t;/3, and the gap between the teeth should be calculated assuming the
radius of tz/3 [4]. Accordingly, Eq. (1) can be rewritten as

A =ay +a cos(Zgar—dy ), 2)

where a, is the constant magnetic conductivity of the pole extension;
a; is the amplitude of first harmonics of a pole extension’s magnetic
conductivity;
Zg is the number of rotor teeth (pole pairs);
ok is the phase angle [5].

The periodic change in the magnetic conductivity causes a corresponding
periodic change in the magnetic-flux linkage, which means variations in the power
transferred to the grid and to the secondary load. According to the above mentioned
and to Fig. 2, it is possible to obtain equations for the magnetic flux linkage as

¥, —w, [(21+/17)(Wk1iA+Wk2ia)+ J:

A +( g + 410 ) (Wicti o — Wiz )
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° +( 6 + A1z ) (Wiaig — Wi, )

= 4agWig + 48 Wy Wi, COS( Zgar ~120°);

We —w, ((/12 + g ) (Wiaic +szia)+J:
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Next, it is possible to calculate the equations for the EMF and currents:

. d¥v
Uag =1aRA + th ;
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where Uag, Ugc Uca  are the grid line voltages;
i1p, I1B, I1c are the grid currents;

ia, i, ic are the phase currents of the generator;

ic1a, ic1s, icic  are the capacitor C, currents;

Ry, Ry are the active resistances of primary and secondary
windings;

Ry is the active resistance of the secondary load;

Ue, is the voltage drop on capacitor C, [6].

With these equations it is possible to solve the most difficult tasks met in
application of low-speed generators — e.g. to perform analysis of transient
processes.

Our proposal is based on the idea that during the rotation the secondary

winding generates the EMF proportional to slip s =1—2§—$ (where f is the primary

current frequency). This generator can operate as synchronous with
electromagnetic excitation. For this it is necessary to supply DC current to the
secondary winding (a—x). In this case, capacitors C, and load resistance R, are
eliminated from the circuit [7].

3. PHYSICAL BASIS OF THE PRACTICAL STUDIES

The wind-hydrogen based independent energy supply system is applicable in
the rural regions isolated from the power grid. Its total power is 10 kW, which is
enough for the needs of small autonomous locations; the system provides the
possibility to connect more consumers. In the basic solution a 5 kW wind generator
is equipped with a low-speed generator connected through the voltage control
device to a 540 VDC bus, from where a hydrogen production unit is supplied. The
unit has a hydrogen storage tank. When wind is blowing and the electrical energy
is produced while the consumer does not use it, this energy is used to produce
hydrogen. The next in importance is a fuel cell supplied from the hydrogen tank
and performing the opposite operation — the conversion of hydrogen to 540 VDC
electrical energy. This latter works in the time when the wind turbine is not
producing electrical energy. In this case the energy is supplied from the hydrogen
tank. The consumer is connected through a converter and receives electric energy
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(3-phase 400 VAC) for the household needs. These modules are basic for such an
autonomous system; it is also possible to add a solar panel or batteries and another
power converter as well as accumulating or consuming units. If needed, a special
converter would provide the possibility to connect such an autonomous system to
the power grid.

In the basic case, the main energy supply unit is a 5 kW wind turbine. In this
autonomous system the electric machine is employed as a synchronous generator
with self-excitation. The use of such a machine is the best solution for an
independent system in the absence of power grid.

The practical studies were carried out for a contactless inductor generator
with electromagnetic excitation operating in the autonomous operation mode. Its
output voltage was 400 VAC, while the operation conditions for the permanent
magnet synchronous generator (PMSG) were set to keep the 566 VDC output. The
criteria for comparison were: stable output voltage of 400 VAC for the inductor
generator and of 566 VDC for the PMSG. The generated power curves are shown
in Fig. 3. The power curve for the inductor generator is reduced for a constant
excitation current and variable speed [8].

Comparison of the generators (Table 1) was done at the constant excitation
current I; = 21 A.
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Fig. 3. Curves of power generated at different rotation speeds for a) inductor generator; b) PMSG.

Table 1
Comparative parameters of inductor generator and PMSG

Parameter Inductor generator PMSG
Rotation speed range, min™ 160-320 175-250
Efficiency factor 0.60-0.71 0.9-0.8
Maximum possible power at constant 2-5 1-6.3
output voltage, KW
Generator weight, kg 250 140

It is obvious that the PMSG has higher efficiency (taking into account the
mass and efficiency factors), while the operation speed range of the inductor
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generator is wider because of the electromagnetic excitation, although it is easier to
control its output voltage. The PMSG output voltage is only related to the load of
generator and its rotational speed [9].

4. REMANENT MAGNETISM OF THE INDUCTOR GENERATOR

The remanent magnetism plays an important role in the requirements
imposed on the synchronous generator with electromagnetic excitation to be used
in the above described independent power system. However, the remanent
magnetism of this type generator is insufficient to create voltage from the cold start
(as shown in Fig. 4).
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Fig. 4. Remanent electromotive force for the inductor generator.

The proposed solution to this problem is to introduce a thin layer of
permanent magnets into the slots of excitation winding in order to increase the
remanent EMF. The requirements for the permanent magnets were: NdFeB
magnetic material, thickness 1/10”, H = 900000 A/m% The results of magnetic
field modelling are shown in Fig. 5.

Fig. 5. The magnetic field modelled for the remanent magnetic flux ® which generates emf in the
primary winding.

The magnetic flux ® through one stator pole extension (created by a pair of
magnets placed in the slots of the excitation winding) equals to 0.003 Wb. The
corresponding EMF induced in the coils of a primary winding at the generator
rotation frequency of 115 RPMs is shown in Fig. 6.
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Fig. 6. Electromotive force induced in the primary winding by permanent magnets.

5. CONCLUSIONS

The practical studies on the inductor generator with electromagnetic
excitation have shown that it can be applied as a wind generator in the proposed
wind-hydrogen independent power system.

Since the remanent magnetic flux is insufficient to create electromotive force
for excitation of the generator, NdFeB permanent magnets are placed in its slots to
provide the power generation from the cold start.

The inductor generator with a combined excitation system (electromagnetic
excitation plus permanent magnets) is shown to be a reliable power source in the
independent wind-hydrogen systems.
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PASIEROSMES UZLABOSANA
LENGAITAS INDUKOTRGENERATORAM

G. Dilevs, B. Ose-Zala, E. Jakobsons
Kopsavilkums

Tiek piedavats izmantot induktorgeneratoru autonomaja energoapgades
sistéma, kas balstita uz v€ja energoiekartas un tidenraza energoiekartas paralélo
darbibu, bazes jaudas radiSanai. Publikacija minéti tehniskie nosacijumi $adam
generatoram. Izklastitas praktiskas izp&tes rezultati un dotas rekomendacijas
konstrukcijas uzlaboSanai pasierosmes nodro§inasanai.
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