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Abstract. In the paper, a new concept of the cooperation between a cage induction generator and the three-phase grid
is presented. The induction generator is excited by a capacitor battery connected to the stator winding terminals.
In order to ensure a stable operation, the battery capacity should be continuously adjusted. Three appropriate selected
capacitors are connected to the stator winding terminals by means of two bi-directional controlled switches.
The generator output voltage is stabilized by a suitable control of these switches. The stator winding terminals are
also connected to the diode bridge rectifier. Energy in the DC bus is converted to the parameters of the three-phase
grid (400 V, 50 Hz) by means of a three-phase voltage source inverter. Examples of numerical calculation results
of the proposed energy generation system are presented in the end part of the paper.

1 Introduction
Two basic types of electrical generators are applied
in wind plants and small water plants. Induction
generators belong to the first group; the second one
includes synchronous generators, first of all, the
permanent magnet synchronous generators [1, 2].
Existing systems of energy generation should fulfil,
among other, the following conditions [3]:
- generators can operate at a wide range of the turbine
velocity; it refers especially to the wind turbines,
- energy generation systems should have a high
efficiency of energy conversion,
- higher harmonics of the generator currents should
be relatively low; otherwise a certain variable
component of the generator torque occurs,
- energy generation system should be inexpensive,
reliable and simple in operation.
Energy generation systems in wind and small water
plants are often built on the basis of a squirrel cage
induction generator (SCI generator) or a double fed
induction generator (DFI generator). In the first systems,
the SCI generators have been connected to the threephase grid directly or by means of a soft-starter (Fig. 1).
The soft-starter has been used to reduce an inrush current
which occurs during connection of the generator to the
grid; usually the soft-starter is by-passed in normal
operation conditions [4 - 9]. In this case the velocity
of the SCI generators can vary within a narrow range;
a generator slip is equal to 1 - 2 %. Due to this fact it is
not possible to completely use wind energy or water
stream energy in a wide range of the generator velocity
changes. Mentioned drawbacks of the SCI generator
operation do not occur when the generator is connected
to the grid by means of a back-to-back converter

Figure 1. Energy generation system with the SCI generator
directly connected to the three-phase grid.

(AC/DC/AC converter) [1 - 4, 8 - 15]. This energy
conversion system is shown in Figure 2. With the use
of this system, the wind or the water stream energy can
be converted to the grid in a wide range of the generator
velocity. Reactive power which is necessary to produce
a magnetic flux in the SCI generator is provided from
a capacitor in the DC bus by means of a PWM rectifier.
Vector control methods are usually implemented in these
systems in order to keep the DC voltage at an assumed
level [11, 13].

Figure 2. Energy generation system with the SCI generator
connected to the three-phase grid by means of the back-to-back
converter.

Quite frequently in energy generation systems the DFI
generators are used. In this case the stator of the given
DFI generator is directly connected to the three-phase
grid, whereas the rotor is connected to this grid by means
of the back-to-back converter [1, 4, 6, 8, 9]. In these
systems the generator velocity can change in the range
± 30 % with respect to the nominal velocity [1].
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The presence of slip rings and brushes requires relatively
frequent maintenance and it can cause failures in these
generators.
The synchronous generators, especially generators
excited by permanent magnets, are almost always
connected to the three-phase grid via the back-to-back
converters [2, 4, 9, 16-20]. These energy conversion
systems can operate even at low wind or water stream
speed.

The complete use of the mentioned properties requires
an application of the back-to-back converters. However,
it results in significant complication of the control
method of this converter. The advantageous properties
of the SCI generators have encouraged us to develop
a simpler energy generation system with the use of this
generator.
It is worth underlining that a voltage source inverter
(VS inverter) and an additional transformer has
to be applied on the grid side because the content
of higher harmonics in the current flowing from the VS
inverter to the three-phase grid should be limited to the
level specified by the relevant regulations. However, the
requirements for the harmonic content in the generator
currents are not critical. Therefore, instead of the PWM
rectifier we propose to apply a simpler system whose
topology is shown in Figure 3.

2 Topology of a novel energy generation
system with the SCI generator
Considering various energy generation systems,
the squirrel cage induction generators seem to be
an advantageous solution in wind and small water plants,
because they have simple construction, low costs and low
requirements for the operation and maintenance.

Figure 3. Topology of the proposed energy generation system: G – SCI generator, SG – full-controlled bidirectional switches.

3 Principles of the system operation and
control strategy

The stator terminals of the given SCI generator are
connected to the diode bridge rectifier. Additionally,
these terminals are connected to the three capacitors CA,
CB, CC via two full-controlled bidirectional switches SG;
the capacitors are connected in a star configuration. These
switches can be implemented as the two series connected
Insulated Gate Bipolar Transistors or as only one
transistor of this type which is included in the transverse
branch of the Graetz rectifier. It is necessary to stress that
both switches are turned on and turned off simultaneously
by a common control signal. The diode rectifier
is connected to the three-phase VS inverter which
is coupled to the three-phase grid by means
of a transformer, similarly as in existing energy
conversion systems that use the back-to-back converter.
Some doubts may appear due to the occurrence
of capacitors on both sides of the diode rectifier.
However, during the normal operation of the proposed
system, the voltage on the DC bus capacitor is higher
than the resultant phase-to-phase voltage of the capacitor
battery. Otherwise, a high current impulse could occur
after the turn-on of the switches causing their damage.
Due to the switching frequency of a few several kHz,
the diode rectifier should be constructed on the basis
of fast diodes. Requirements for the VS inverter,
cooperating with the three-phase grid, are the same
as in existing systems of the energy conversion.

The basic assumption of the proposed system operation
and control method is the possibility of the energy
generation in a wide range of the wind or water stream
speed. It was assumed that the generator velocity usually
can vary from 50% to 150% with respect to its nominal
angular velocity.
Conversion of the wind or water energy by the SCI
generator has to be preceded by its self-excitation. Before
beginning of this process the capacitors CA, CB, CC have
to be pre-charged to the voltage of several dozen volts.
This can be done using a simple electronic circuit and
accumulator batteries, which should be installed in each
energy generation system. During the self-excitation
process the switches SG are still turned on. This process
can take up to a few seconds, but this is insignificant
in relation to the time period of the energy generation.
The self-excitation depends not only on the initial voltage
on the capacitor battery. The generator parameters and
wind or water stream speed also influence this process
significantly. The capacity of the battery capacitors
is determined for the assumed minimum value of the
generator angular velocity. It is known that the lower the
generator velocity is, the higher should be the battery
capacity. The required capacity is determined with taking
into account the nonlinear magnetization characteristic
of the SCI generator. It should be noted that the capacitor
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in the DC bus is charged to a voltage which results from
the connection between the VS inverter and the threephase grid.
When the generator output voltage reaches
the assumed value during the self-excitation process then
the switches SG are turned off, and the capacitor battery
is disconnected from the generator. From this moment the
generator currents flow through diode rectifier to the DC
bus and electrical energy is transferred from the SCI
generator to the three-phase grid by means of the VS
inverter (Fig. 4a). At the same time, the magnetizing
current of the SCI generator begins to slowly decrease,
thereby the generator magnetic flux and the voltage on its
terminals also decrease. When the generator magnetic
flux drops to the minimum value, which depends on the
current generator velocity, then the switches SG are
turned on again and the capacitor battery are connected
to the generator terminals. Thus, the generator magnetic
flux and the output voltage increase; at the same time the
energy provided to the grid via the VS inverter causes
a certain decreasing of the voltage on the capacitor CDC
in the DC bus (Fig. 4b).

To avoid this risk, the input current of the VS inverter has
to be additionally dependent on the DC voltage.
The capacity of the capacitors CA, CB, CC should
be determined due to the possibility of the generator selfexcitation. The largest capacity is required at the lowest
assumed angular velocity at which the generator can still
operate correctly. It is known, that the higher the angular
velocity is, the smaller can be the battery capacity.
The required capacity is determined by the intersection
of the nonlinear characteristic of the voltage induced
in the generator with a linear characteristic representing
the dependence of the capacitor voltage on its current
(Fig. 5). It should be emphasized that the normal
operation of the SCI generator takes place below the
intersection point of these characteristics. Assuming that
the voltage in the DC bus can vary within a certain range,
the scope of the normal generator operation is shown
in Figure 5 as the highlighted area.

a)

b)
Figure 5. Dependences of the voltage E induced in the
generator and the voltage UC of the capacitor battery on the
magnetizing current Im: P – point of the generator stable
operation after its self-excitation.

The self-excitation process should take place
in an unloaded state. So, we can assume with a certain
approximation that the magnetizing and capacitor
currents are equal to each other. On the basis of this
condition, we can write the following relationship for the
intersection point of the above mentioned characteristics
(point P in Figure 5):

Figure 4. Simplified schematics of the proposed energy
generation system: a) switches SG are turned on, b) switches SG
are turned off.

In practice, the switching frequency is in the range
from several hundred Hz to a dozen kHz. Ensuring higher
voltage of the capacitor CDC with respect to the highest
voltage of the capacitor battery constitutes the basis
for the system correct operation. In the time period when
the switches SG are turned off, the voltages of the battery
capacitors have a constant value. Due to inductances
of the stator windings, the generator currents cannot
change its value abruptly. Hence, these currents flowing
to the diode rectifier are different from zero; almost
always three diodes conduct, unlike the typical operation
of such rectifiers. Due to the fact, that the sum of the
battery currents is always equal to zero, the current
flowing to the DC bus does not change its value during
the switching process. It is worth underlining that
the capacitor in the DC bus can be discharged by the
input current of the VS inverter. As a result, the voltage
in the DC bus can be lesser than the maximum voltage
of the capacitor battery; it could lead to an unacceptable
state of the system operation after the turn-on of the
switches SG (danger of a high impulse current between
the capacitor battery and the capacitor in the DC bus).

ψ (I m ) ω rmin 

1
I
2π f G C P

(1)

where: ψ(Im) – magnetic flux, ωrmin – assumed minimum
value of the generator angular velocity, fG – frequency
of the generator current, C – required capacity, IP –
magnetizing current of the SCI generator for the point P,
Hence, the capacity should fulfil the condition:
C

Im
2 π f G ψ( I m ) ω rmin

(2)

The capacitor in the DC bus is selected due to the VS
inverter operation. However, voltage fluctuations on this
capacitor depend also on the operation of the generator
and capacitor battery. The largest increase in DC voltage
occurs when the capacitor battery is permanently
disconnected from the generator. In this case the almost
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total magnetic energy associated with the leakage
inductances of the generator stator is transferred to the
DC capacitor. Hence, it can be written:

3
1
2
2
2
Lsσ IGmax
 CDC (UDCmax
U DCmin
)
4
2

Figure 5 because the capacitor battery is disconnected
when the generator magnetic flux reaches the required
value resulting from the assumed DC voltage and current
angular velocity. From this moment the normal operation
of the proposed energy generation system begins.

(3)

where: Lsσ – leakage inductance of the generator stator,
IGmax – maximum amplitude of the generator current,
UDcmax , UDcmin – admissible maximum and minimum
values of the DC voltage, respectively.
So, the capacity should be equal to:

CDC

3
2
Lσs I Gmax
2
 2
2
U DCmax  U DCmin

(4)

It is necessary but insufficient condition referring to the
DC capacitor because its final selection depends on the
assumed operation parameters of the VS inverter.
The main principle of the control method
is to maintain a constant voltage in the DC bus;
in practice, this voltage can vary within a relatively
narrow range. The control system generates a control
signal, as the PI controller output signal, which
is compared with the saw-tooth signal of a frequency
of several kHz (Fig. 6). When the voltage induced in the
generator should increase (it requires an increase in the
magnetic flux), then the value of this control signal has
to be appropriately higher. As a result, the time interval
in which the capacitor battery is connected to the
generator is longer. In time interval t1 - t2 the switches SG
are turned on and the capacitor battery is connected to the
generator, while in the interval t2-t3 these switches are
turned off.

Figure 7. Waveforms of voltages, currents and the generator
torque in the proposed energy generation system during the selfexcitation process: UDC = 500 V, ωr = 1500 rpm, CG = 1.0 mF,
CDC = 0.5 mF, f s = 3 kHz; u GA, u GAB – phase and phase-to-phase
generator voltages, respectively, iGA – generator current, Te –
generator torque, u CA, iCA – voltage and current of the capacitor
battery, respectively, iDC, u DC – current and voltage in the DC
bus, respectively, ma – ratio of turn-on time of the switches SG
to the switching period.

Figure 6. Principle of the capacitor battery switching.

4 Numerical
calculations
proposed system operation

of

the

A monoharmonic model of the squirrel cage induction
machine was used in numerical analysis of the proposed
system operation [21]. It was assumed that the
magnetization characteristic
is nonlinear but
unambiguous. Numerical tests were carried out for the
generator with the nominal parameters: power – 22 kW,
phase-to-phase voltage – 400 V, angular velocity –
1470 rpm, current – 41 A. For this generator, parameters
of its equivalent circuit were following: resistivity of the
stator windings – 0.241 Ω, leakage inductance –
1.864 mH, magnetizing inductance – 27.8 mH.
The process of the self-excitation is shown in Figure 7
(the angular velocity is equal to 1500 rpm). The capacity
required to the generator self-excitation is equal
to 0.32 mF. This process does not last to the point P in

Figure 8 presents waveforms of chosen voltage and
currents and changes of the generator torque during
normal operation with the following conditions: UDC =
500 V, ωr = 1500 rpm, CG = 1.0 mF, CDC = 0.5 mF, fs =
3 kHz. In turn, Figure 9 presents analogous waveforms
for the minimum value of the generator angular velocity
which was assumed as 750 rpm. In this case the number
of switching processes is two times higher than before.
It should be noted that the smaller the generator velocity
is, the higher is the content of higher harmonics in the
generator current. Consequently, the variable component
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Figure 8. Waveforms in the proposed energy generation system
for ωr = 1500 rpm; descriptions of waveforms as in Fig. 7.

Figure 9. Waveforms of voltages, currents and the generator
torque in the proposed energy generation system: ωr = 750 rpm;
descriptions of waveforms as in Fig. 7.

Figure 10. Harmonic spectrum of the generator current
presented in Figure 8; amplitude of the first harmonic is equal to
60 A.

Figure 11. Harmonic spectrum of the generator current
presented in Figure 9; amplitude of the first harmonic is equal to
40 A.

of the generator torque is higher; it negatively influences
the torque transfer system. Figures 10 and 11 show
harmonic spectra of the generator currents presented
in Figure 8 and Figure 9 respectively. The fifth and
seventh harmonics are significant higher harmonics
in both cases. However, in the first case (1500 rpm) the
amplitudes of these harmonics are respectively around
10% and 5% with respect to the amplitude of the basic

harmonic; in the second case (750 rpm) these amplitudes
are higher than previously and they are approximately
16% and 8%. This leads to an increase in the variable
component of the generator torque, which is undesirable.
The content of higher harmonics in the generator
current depends on its load; analytical description of this
dependence is currently a subject of further studies,
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which allow us to take into account different parameters
of the induction generator.

5 Conclusions
In this paper the novel concept of the energy
generation system with the use of the squirrel cage
induction generator is presented. Numerical calculation
results allow us to state that the proposed energy
generation system operates correctly for the assumed
conditions, especially for different values of the generator
angular velocity.
This system can be treated as an alternative to existing
solutions which use the cage induction generators and the
back-to-back converter. This proposal has several
advantages in comparison to existing systems. The
control method is simpler because the switches are turned
on or turned off at the same time by one common signal.
Moreover, the capacitor battery can be switched
on by means of only two Insulated Gate Bipolar
Transistors.
The proposed energy generation system can operate
at various generator angular velocities. It is significant
in the cases when the speed of the wind or the water
stream varies within a wide range. In order to convert the
total energy provided by the wind or the water stream
into the electrical energy, the mechanical characteristics
of the given turbine should be taken into the control
method.
It should be notified that the validation
of the correctness of the proposed energy generation
system requires comprehensive research with the use
of a laboratory stand. This system is especially dedicated
to small wind and water plants. It is necessary to stress
that the proposed method of energy generation can also
be used in autonomous operation systems (island
systems). However, in this case the control method of the
output voltage source inverter should be modified due
to the lack of the external grid.
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