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The purpose of this paper is to reinforce with theoretical and experimental evaluation the effectiveness of employing an induction
generator to enhance the performance of a small wind energy converter (SWEC). With this generator, the SWEC works more
efficiently and therefore can produce more energy in a unit turbine area. To verify the SWEC performance, a model has been
proposed, simulated, built, and experimentally tested over a range of operating conditions. The results demonstrate a significant
increase in output power with an induction generator that employs an auxiliary winding, which is only magnetically coupled to the
stator main winding. It is also shown that the operating performance of the induction machine with the novel proposed technique
is significantly enhanced in terms of suppressed signal distortion and harmonics, severity of resistive losses and overheating, power
factor, and preventing high inrush current at starting.

1. Introduction

Wind energy has been shown to be one of the most feasible
sources of renewable energy. It presents attractive oppor-
tunities to a wide range of people, including investors,
entrepreneurs, and users. Wind along with other renewable
energy sources such as bio and hydro require electrome-
chanical systems to convert naturally available energy sources
to rotation through prime movers and then to electricity
through electric generators. The prime movers and gener-
ators are critical components of such systems that must be
affordable, reliable, environmentally safe, and user-friendly.

Self-excited induction generators (SEIG) (squirrel cage
and/or wound rotor) are strong candidate for such applica-
tions. The fact that they are not yet widely used in the field
reflects a major gap in knowledge. An attractive option is
to take an “off-the-shelve” induction machine and modify
it suitably to provide optimized performance in terms
of efficiency, suppressed signal distortion and harmonics,
resistive losses and overheating, and power factor.

In the 1935s, Bassett and Potter [1] demonstrated
the possibility of using an induction machine, in the

self-excited mode. Since then, the use of induction machines
as generators is becoming more popular for the renewable
sources [2–5]. The simplicity and flexibility exhibited by the
induction machine in providing electromechanical energy
conversion make it the favoured choice for wind systems
operating with an existing utility grid. Induction generators
in general have many advantages: simple, cheap, reliable,
brushless (squirrel cage rotor), no synchronizing equipment,
absence of DC power supply for excitation, good over-
speed capability, inherent protection against short circuit,
easy to control, not producing sparks like DC motors,
and require very little maintenance [6–8]. The induction
machine, however, is not without its drawbacks including
the need for a high starting current, reactive power for
operation, and poor voltage regulation under varying speeds.
Thus its power factor is inherently poor, and it is worse
especially at starting and when running with light loads
or when operating with power electronics converters. At
starting, the input power to an induction motor is mainly
reactive. It draws up to 6 times of its rated current at
about 0.2 power factor and takes some time to come to its
rated speed, where the power factor improves significantly
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to above 0.6 depending on the load. This high starting
current at a poor power factor usually affects the loads and
limits the application range of the machine; accordingly, new
techniques should be developed to enhance its performance.

In the literature, several techniques to improve the
power factor and accordingly the performance of induc-
tion machines have been suggested, including the syn-
chronous compensation, fixed capacitors, fixed capacitors
with switched inductor, solid-state power factor controller,
and switched capacitors [9–13]. A three-phase induction
motor equipped with a three-phase auxiliary winding in
delta configuration, which is magnetically coupled to the
main winding connected in a star configuration, has recently
been proposed as well [9–11]. This scheme uses thyristor
switched capacitors connected in parallel to each phase of
the auxiliary winding. A three-phase asynchronous machine
which employs an auxiliary three-phase winding in wye
configuration together with a pulse width modulation
(PWM) inverter to supply the excitation to the machine has
also been suggested [9–11, 13]. However, these techniques
suffer several drawbacks. The synchronous compensation
technique is complex and not cost effective. Other techniques
incorporate directly the connection of capacitor and lead
to the problems of voltage regeneration and over voltages
and a very high current inrush during starting. In addition,
techniques incorporating controlled switches in the stator
winding circuit generate large harmonic current in the
machine and in the line.

In this paper, an enhanced squirrel cage induction gen-
erator (SCIG) model with an auxiliary winding is proposed,
analyzed, and verified experimentally. A simple and low-cost
scheme where resonance can be achieved without connection
to the terminals is proposed. This may be achieved by using
an LC resonant circuit as an auxiliary winding which is
only magnetically coupled to the stator main winding to
supply leading reactive power to the machine. Due to its
high improved characteristics, this generator can enhance the
performance of the SWEC.

2. Induction Generator for Wind Power

An induction machine operates as a generator if a supply of
reactive power is available to provide the machine’s excita-
tion. A SEIG, although known for more than a half century,
is still a subject of considerable attention. The interest in this
topic is primarily due to the application of SEIG in isolated
power systems. When an induction machine is driven at a
speed greater than the synchronous speed (negative slip) by
means of an external prime mover, the direction of induced
torque is reversed and theoretically it starts working as an
induction generator [14]. Self-excitation in an induction
machine occurs when the rotor is driven by a prime mover
and a suitable capacitance is connected across the stator
terminals, allowing the induction machine to be used as a
standalone generator [15]. An induction generator does not
develop reactive power but it consumes it, so it is required
to connect a capacitor with the auxiliary winding for self-
excitation. This capacitor develops the required reactive
power needed by both generator and load, and any reactive

power diverted to the load causes a major drop in the
generator voltage. Nonetheless, because of its inherently poor
voltage regulation and efficiency, the single-phase induction
generator has had few applications in a wind generation. One
attempt at addressing the voltage regulation weakness is a
self-regulated self-excited single-phase induction generator
which uses two capacitors connected in shunt and in series
with the main and the auxiliary winding of the machine,
respectively [16, 17]. On the other hand, incorporation of
copper for the rotor bars and end rings in place of aluminum
would result in improvements in motor energy efficiency
[18, 19].

The induction generator can work in two modes (e.g.,
grid connected and isolated mode). In case of a grid-
connected mode, the induction generator can draw reactive
power either from the grid but it will place a burden on the
grid or by connecting a capacitor bank across the generator
terminals [20].

The main factor which characterizes the induction
machine is its power curve. The shaft power from the electric
generator is calculated using loss separation as follows:

Pshaft = Poutput + Pohmic + Pcore + Pfriction. (1)

The output power (Poutput) is measured using a power
analyser. The analyser determines the power, electrical fre-
quency, and stator currents from the generator to a variable
resistive load bank. The load bank is used to vary the load on
the generator, at a particular incident wind speed, in order
to determine the maximum power point. The shaft power
(Pshaft) is then determined by incorporating resistive losses
(Pohmic) associated with power loss in the stator resistance,
core loss (Pcore) associated with hysteresis and eddy-current
losses in the iron core of the machine, and friction and
windage losses in the generator (Pfriction).

The emergence of new grid codes will pose wind turbine
developers to new challenges, mainly with a high penetration
of wind power in the network, the wind turbines should
be able to continuously supply the network during voltage
sags. These new grid codes which are being proposed in
Norway [21] and other countries will most likely influence
the topology of the electrical system (generator and network
interface) of future wind turbines. To cope with these new
challenges, several industries have already directed research
efforts to the development of machines through capability.
Among the technology choices, SCIGs are a very attractive
for wind power generation because they are robust, inexpen-
sive, and have low cost and maintenance requirement.

Since the SCIG draws reactive power from the grid, this
concept was extended with a capacitor bank for reactive
power compensation. Smoother grid connection was also
achieved by incorporating a soft starter. Because the gen-
erator operation is only stable in the narrow range around
the synchronous speed, the wind turbine equipped with this
type of generator is often called fixed-speed system. The grid
connection scheme of a fixed speed wind turbine with SCIG
is shown in Figure 1.

The need for reactive power support and poor power
factor are the two major drawbacks of induction generators.
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Figure 2: A three-phase generator with auxiliary winding.

Induction generators as well as the load, which are generally
inductive in nature, require the supply of reactive power.
Unbalanced reactive power operation results in voltage
variation. Reactive power control by using VAR compensator
(SVC) [22], or static-synchronous compensator (STAT-
COM) [23], work well but they may add harmonics to
the electrical network while compensating reactive power
continuously and may not be able to provide the adequate
amount of reactive power under varying input and/or load
conditions such as wind energy sources which fluctuate
highly in nature. On the other hand, several techniques
to improve the power factor of induction machines have
been suggested, namely, capacitors, capacitors with switched
inductor, and solid-state power factor controllers [10, 11].
The initiation of the induction machine excitation can be
viewed as the response of a resonant circuit, comprising
the machine and the capacitance connected to its terminals.
Once resonance is approached, the generated voltage will
grow [24].

3. Proposed Technique

In this paper, a passive technique is proposed to overcome
most of the drawbacks noted above. The proposed technique
makes use of an auxiliary winding connected in wye
configuration (with capacitors) as shown in Figure 2. It is
only magnetically coupled to the main winding. Therefore,
the performance can be increased without any additional

active mass. This method uses combined (two three-phase)
windings on the stator similar to the scheme used in delta-
star connected three-phase transformer (neglecting the rotor
effect). The main stator winding is the primary connected in
delta to the source and the auxiliary winding is the secondary
in wye. It means that the third harmonics component would
be short circuited by the delta side with the result that
there will be no third harmonic voltage across the lines.
In addition, the above two sets of windings have the same
poles, so they share the same operating frequency. Basing
on delta-wye transformation of the auxiliary windings and
on transformer approach of the induction machine, the
electric model per phase of the proposed strategy is shown
in Figure 3. In the proposed scheme, a three phase induction
machine with a dual stator winding is employed. One set
of the three phase windings (main) is directly connected to
the supply while the other set of the three phase windings
(auxiliary) is connected to a capacitor. Both windings (main
and auxiliary) are magnetically coupled but electrically
isolated. The main idea of the proposed scheme is to connect
suitable capacitor in auxiliary windings such that the main
winding will carry mainly active power while the auxiliary
winding will carry mainly reactive power.

The couplings between the elements of the machine are
presented as ideal transformers with Na: the turn’s ratio
between auxiliary winding and stator (Na less than 1); Nr :
the turn’s ratio between rotor and stator (Nr less than 1);
Nra: the turn’s ratio between rotor and auxiliary winding (Nra

less than 1). Because of no electric connection between the
two sets of windings and the usage of the properly designed
windings, the electromagnetic compatibility (EMC) of the
machine is improved significantly.

With sufficient ampere-turn capability of the auxiliary
winding, it is possible to obtain nearly unity power factor
operation at the terminals of the main winding over a range
of load conditions including a rated load. The auxiliary
winding gives priority to the harmonic suppression, and also
has the function of a reactive compensation which provides
the means for maximum energy conversion and efficiency.

The winding geometry of the modified generator (Trias)
combines inductive and capacitive effects into the machine,
thereby creating an effect comparable to a resistive load as
shown in Figure 4. To compute the reactance needed for
power correction of a typical induction machine, we need
to estimate the negative reactance power and therefore the
capacitance along the operating conditions of the machine.
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Figure 3: Model per phase of the proposed strategy.
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Figure 4: Power triangle of an induction machine.

It is important therefore to determine the capacitor value
for a minimum and maximum compensation of the power
factor and also to take into consideration the value of the
current that flows in the auxiliary winding as the size of
the wire depends strongly on it. Usually, the current in
auxiliary winding is leading over the stator current but it is
lower in magnitude compared to the stator current. This is a
must situation during operation as the auxiliary winding has
smaller wire size in order to be accommodated in the same
slots with the main winding Consider.

Xceq = |V |2
Qc

,

C = − 1
ωXceq

,

(2)

where Xceq is the reactive impedance, V is the rms voltage
across the load, Qc is the capacitive reactive power, and ω
is the angular frequency. As an induction motor, all the
energy supplied by the power utility goes into creating real
work (kW). In doing so, the machine will operate at near
unity power factor, almost with all kinds of loads. Also, the
machine has the same characteristic when operating as a
generator.

Stable operating points for the SEIG under balanced
conditions may be determined from a standard equivalent
circuit by simply balancing the real- and reactive-power
flow between the machine, the excitation capacitance, and
load. One method for solving at these operating points
has been presented in [25]. The amount of inductance and
capacitance required to maintain the generated voltage at
a rated value can therefore be determined for a range of
operating conditions. To determine operating points when

−0.5 −0.4 −0.3 −0.2 −0.1−0.45 −0.35 −0.25 −0.15 −0.05 0

0.04

0.02

0

−0.02

−0.04

−0.06

−0.08

−0.1

Xceq

Im
ag

(z
)

slip = 0.05slip = 0.04
slip =

0.03
slip =

0.02

slip =
0.01

Figure 5: Imaginary part of the total impedance Z as a function of
Xceq for different values of the slip.

the loading on the generator is unbalanced, it is necessary to
use generalised electric machine theory.

Since both the windings (main and auxiliary) occupy
the same slots and are therefore mutually coupled by their
leakage flux, they can be modeled by two branches each
having separate leakage reactance and resistance with a com-
mon mutual inductance. The effect of capacitor in auxiliary
winding is represented by Xceq. For a 920 hp, 460 V, 6 poles,
and 60 Hz induction motor, Figure 5 shows the variation of
imaginary part of the impedance (Z) with respect to Xceq for
different values of slip and also demonstrates that a unity
power factor can be obtained at different values of the slip.
It can be observed that for a particular slip, a unity power
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Figure 7: Signal acquired from an induction machine. (a) Standard. (b) With auxiliary winding.

factor can be obtained at two different values of Xceq. The
larger value of Xceq (smaller capacitance) corresponds to a
small value of current and a smaller value of Xceq (larger
capacitance) corresponds to a higher current. It may also
be concluded from Figure 5 that to obtain a unity power
factor at higher load requires smaller value of Xceq than that
required for lighter load.

4. Experimental Results

There exist several standards for testing electric machinery.
For induction machines, the three most important ones are
IEEE Standard 112, currently in use in USA and some parts
of the world; JEC 37, in Japan; IEC 34-2, in use in most
European countries. In Canada, the standard specified in the
Energy Efficiency Regulations is “Method for Determining
Energy Performance of Three-phase Induction Motors: CSA
C390-98.” This Standard is equivalent to the well-recognized
standard “IEEE 112-1996, Method B: Test Procedure for
Poly-phase Induction Motors and Generators.”

A typical experimental test to compare a standard SCIG
with the proposed one (standard SCIG with a passive
auxiliary winding: Trias) is shown in Figure 6. A DC motor

Table 1: Experimental test results of a standard and trias induction
machine.

Quantity Standard Trias

Voltage (V) 117 117

Current (A) 2.69 0.426

Power (W) 43.2 43.7

Power factor −0.130 −0.870

Reactive power (VAR) −311 −24.1

is connected to the shaft of the two induction machines as a
drive. By varying the load from 10% up to 125% of the full
load, different values of input power, power factor, reactive
power, and apparent power are, respectively, obtained. The
experimental results recorded during the experimental tests
are given in Table 1 and Figures 7 and 8. It is shown that the
induction machine with auxiliary winding (Trias) provides
higher operating performance in terms of signal distortion
and harmonics, resistive losses, overheating, starting, and
operating power factor. At full load, the Trias SCIG provides
a power factor of almost 0.99. In addition, the machine shows
a decrease in losses of approximately 27% and reduction of
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in-rush current, the fact that the machine avoids the problem
of overheating.

5. Discussion and Conclusion

The performance of an off-the-shelf three-phase induction
machine can be enhanced for implementation as a generator
in a SWEC to produce electricity to feed grid-connected or
off-the-grid loads.

To facilitate the design of such machine, simulation and
experimental procedures are presented to predict the steady-
state performance of a three-phase induction generator
with its stator windings connected under various loading
conditions at any power factor. A passive auxiliary winding
(LC excitation circuit) connected in wye configuration and
magnetically coupled to the main winding of the induction
machine has been successfully designed and implemented.
The LC-excited induction machine uses capacitance and
inductance to match or “tune” the natural occurring im-
pedance in the inductive elements of a machine—allowing
the machine to sustain its own magnetic energy internally,
virtually independent of the power source. Also, the machine
reduces load current up to 30%. Because the utility does not
need to supply the magnetization current in the modified
induction machine, the full load current is reduced. By
reducing peak demand current up to 25%, the net inrush
current is reduced. This creates a soft start, extending the life
of the machine as well as the life of the SWEC.

The proposed technique involves mathematical modeling
and simulation to calculate the values of capacitor and
inductor. Experimental results obtained on the laboratory
verify the validity of the technique.
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