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ABSTRACT-The widespread industrial use of induction standalone or residential use [4] and [5]. In [7] and [8],
motor (IM) has been stimulated over the years by their
relative cheapness, low maintenance and high reliability.
This paper presents a novel fuzzy logic controller for cage
induction generator and presents a mathematical model,
through which its behavior can be accurately predicted.
The inputs to the fuzzy logic controller are the
linguistic variables of speed error and change of speed
error, while the output is change in switching control
frequency of the voltage source inverter. The two series
connected and oneisolated (TSCAOI) phase winding
configuration magnetically decouples the two sets of
windings, enabling independent control.

a self-excited and self-regulated single-phase induction
generator has been reported for the generation of singlephase electricity.
In contrast, the analysis of the self-excitation of a
dualwinding induction generator has been presented in
[21]. This paper, which uses a single-phase cage
induction machine with an auxiliary winding, has
been extended by connecting an inverter to the auxiliary
winding to achieve more flexibility in power control
[22]. All these reported schemes employed a singlephase induction generator and an auxiliary winding in
some cases or a three phase induction generator to gen
erate
single-phase electricity at constant or above
synchronous speed.

The proposed generator system employs a three-phase
cage induction machine and generates single-phase and
constant-frequency electricity at varying rotor speeds
without an intermediate inverter stage excitation to the
isolated single winding at any frequency of generation.
This proposed generator is easy to implement and low in
cost. It can be used for both energy storage and
retrieval through its excitation winding, and it is an
ideal candidate for small-scale renewable energy
applications. A dynamic mathematical model, which
accurately predicts the behavior of the proposed
generator, is also presented and implemented in
MATLAB/Simulink.
I.

INTRODUCTION

An induction motor being rugged, reliable, and relatively
inexpensive makes it more preferable in most of the
industrial drives. They are mainly used for constant
speed applications because of unavailability of the
variable-frequency supply voltage [1]. But many
applications
are
in
need
of variable speed
operations.Induction generators have been also employed
to generate single-phase electricity, particularly for
The schemes illustrated in Fig. 1, fixedspeed cage three
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phase induction generators are well known for their
simplicity and low cost and operated at constant rotor
speed to generate electricity at constant frequency for
both direct grid integration and standalone operation.
Usually, they are excited through a bank of capacitors
and are incapable of tracking maximum power that is
available from the wind turbine when operated at
constant speed [4]–[6]. Therefore, in order to extract
maximum energy under varying wind speed conditions, an
intermediate power conversion stage, comprising an
alternatingcurrent (ac)/direct-current (dc) and dc/ac
backtoback converter configuration, is employed
betweenthe generator and the grid or the load [7]–[15]. The
intermediate stage allows for the variable-speed operation
of the generator, but it essentially requires to be rated for the
same or a fraction (in the case of doubly fed induction
generators) of the power level of the generator itself.
Thus, such an intermediate stage is often found to be
economically unjustifiable for
some
applications,
particularly at micro power levels.In this work, the
conventional PI controller has been replaced by a fuzzy
controller (FC). The FC has been used in controller in
place of conventional PI controller for improving the
dynamic performance. The FC is basically nonlinear and
adaptive in nature. The results obtained through FC are
superior in the cases where the effects of parameter
variation of controller are also taken into consideration. The
FC is based on linguistic variable set theory and does
not require a mathematical model. Generally, the input
variables are error and rate of change of error. If the error
iscoarse, the FC provides coarse tuning to the output
variable and if the error is fine, it provides fine tuning to the
output variable. In contrast with single-phase cage induction
machines, three phase cage induction machines are less
expensive and small in size for a similar power rating.
According to literature, a single phase electricity
generation scheme, based on a variablespeed threephasecage induction machine without an intermediate
inverter stage, is yet to be reported.
This paper presents a novel technique [23], whereby a
three-phase cage induction machine can be used as a singlephase generator under both sub- and supersynchronous
variable-speed conditions without an intermediate inverter
stage. The technique uses one of the three windings in
isolation for excitation and the remaining two, whic h are
connected in series, as the power winding for the singlephase electricity generation. Alternatively, the two seriesconnected windings may be also used for excitation
while the power is generated through the isolated single
winding, as detailed in [24]. The three-phase cage
induction machine is mathematically modeled in the
proposed two-series connected- and-one-isolated
create separate or rather decoupled excitation and power
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(TSCAOI) phase winding configuration. The theoretical
performance is investigated under varying operating
conditions and compared with a prototype
2-kW single-phase electricity generator. Both simulated
and experimental results are in good agreement and
indicate that the machine can be operated both at suband super-synchronous rotor speeds to generate
electricity at constant frequency. The proposed technique
allows for both energy storage and retrieval through the
excitation winding and is expected to gain popularity,
particularly in small-scale applications, being relatively
simple and low in cost.
II. PROPOSED CAGE INDUCTION
GENERATOR AND CONTROL
STRUCTURE
Cage induction machines are undoubtedly the workhorse
of the industry and can be still regarded as the main
competitor to permanentmagnet machines. This is
because they are selfstarting, rugged, reliable, and
efficient and offer a long trouble free working life. Of
these cage induction machines, three phase machines are
significantly less expensive, more efficient, and smaller
in frame size in comparison with their singlephase
counterpart of similar power ratings. Consequently, threephase cage induction motors are economically more
appealing and have thus become the preferred choice for
numerous applications, even at de rated power levels as
encountered in the Steinmetz configuration [25], [26].

The novel technique proposed in this paper
also uses a three phase cage induction machine,
exploiting its economical advantage, to generate
single-phase electricity at variable rotor speeds
without an intermediate inverter stage. The technique
configures the three stator windings of the threephase
cage induction machine in a novel way to
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windings. In this configuration, any one of the three phase
windings is solely used in isolation for excitation,
whereas the remaining two are connected in series to
generate power at a desired frequency while the rotor is
driven at any given speed. Alternatively, the machine can
be also configured in such a way that the two seriesconnected windings provide the excitation while the
single winding generates. The proposed TSCAOI
winding configuration of a three-phase cage induction
machine is shown in Fig. 2. As mathematically shown in
the following section, the TSCAOI winding configuration
magnetically decouples both excitation and power windings
from each other and thus allows for independent control as
in the case of a singlephase induction motor with an
auxiliary winding. In the proposed technique, excitation for
the generator is provided through the single winding,
which is powered by a battery using either a simple
square- wave inverter or a controlled rectifier. The
former is the simplest and can be operated at the
desired generation frequency using a less sophisticated
controller to provide the reactive-power requirement of the
generator. In the latter case, as shown in Fig. 2, the
system is relatively sophisticated but facilitates bidirectional
power flow, allowing for both energy storage and later
retrieval. The level of excitation in both cases is
governed by the voltage generated in the power
winding. A controller, comprising of a voltage feedback,
can be employed to regulate the excitation. The
controller in the simplest form may provide only the
reactive power requirement of the generator (not the load)
and, at a more sophisticated level, may be used to control
both the active- and reactive-power flows in accordance
with the phase angle and the voltage magnitude between
the inverter and the excitation winding.In the proposed
technique, excitation for the generator is provided through
the single winding, which is powered by a battery using
either a simple square-wave inverter or a controlled
rectifier. The former is the simplest and can be operated
at the desired generation frequency using a less
sophisticated controller to provide the reactive-power
requirement of the generator. In the latter case, as
shown in Fig. 2, the system is relatively sophisticated but
facilitates bidirectional power flow, allowing for both
energy storage and later retrieval. The level of excitation
in both cases is governed by the voltage generated in
the power winding. A controller, comprising of a
voltage feedback, can be employed to regulate the
excitation. The controller in the simplest form may
provide only the reactive power requirement of the
generator (not the load) and, at a more sophisticated level,
may be used to control both the active- and reactive-power
flows in accordance with the phase angle and the
voltage magnitude between the inverter and the excitation
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winding.
III. MATHEMATICAL MODEL
Fig. 3(a) shows a three-phase cage induction machine
configured in the proposed TSCAOI winding
arrangement with no closed-loop control. For the
derivation of a model, it is assumed that the “α” axis of the
“αβ” frame is aligned with phase “a” of the stator
windings, as shown in Fig. 3(b). If the rotor phase “a”
is assumed to be at angle r from the αaxis, rotor
quantities can be transformed into the “αβ” frame using
the following transformation:
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Equation (12) represents the torque components due
to both load and excitation currents. At the steady
state, the torque given in (12) is equal to the turbine
torque. The equation of the motion of the generator is
given by

Where J (in kg · m2) is the inertia and Tp(in
nanometers) is the torque of the prime mover.

error (e) between the reference voltage and the output
voltage and the rate of change of error (del e) can be
labeled as zero (ZE), positive small (PS), negative
small (NS), etc. In the real world, measured
quantities are real numbers (crisp). The FLC takes
two inputs, i.e., the error and the rate of change of
error. Based on these inputs, The FLC takes an
intelligent decision on the amount of field voltage to
be applied which is taken as the output and applied
directly to the field winding of generator. Triangular
membership functions were used for the controller.

IV. CONTROL OF THE GENERATOR
Both the behavior and the performance of the machine
in the proposed TSCAOI generator configuration are
investigated through simulations, implementing the
previously
mentioned mathematical
model
in
MATLAB/Simulink using a 2-kW prototype generator.
This information was used to develop the closed-loop
controller, as shown in Fig. 4. The single-phase output
voltage VO is converted to a root-mean-square (RMS)
value and compared with the desired output voltage, in
this case, 230-V RMS. The voltage error is fed to a
proportional–integral
(PI)
controller
in
conventionalmethod.The disadvantage of PI controller is
its inability to react to abrupt changes in the error signal,
ε, because it is only capable of determining
theinstantaneous value of the error signal without
onsidering the change of the rise and fall of the error,
which in mathematical terms is the derivative of the
error denoted as Δε. To solve this problem by using Fuzzy
logic controller.
FUZZY LOGIC CONTROLLER
FLC contains three basic parts: Fuzzification, Base
rule, and Defuzzification. FLC has two inputs which
are: error and the change in error, and one output.
The Fuzzy Controller structure is represented in fig.4.
The role of each block is the following:
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Rule base stores the data that defines the input and
the output fuzzy sets, as well as the fuzzy rules that
describe the control strategy. Mamdani method is
used in this paper. Seven membership functions were
used leading to 49 rules in the rule base. Inference
engine applies the fuzzy rules to the input fuzzy
variables to obtain the output values. Defuzzifier
achieves output signals based on the output fuzzy sets
obtained as the result of fuzzy reasoning. Centroid
defuzzifier is used here

the rotor speed and current.

V. SIMULATION RESULTS
In order to verify the controller of the proposedconcept,
a prototype 2-kW generator was built using3-kW 400-V
cage induction machine. An extensive simulation study
is carried out using MATLAB/Simulink as shown in
fig.9. Induction motor using a variable speed drive (VSD) to
emulate the variable wind conditions. The controller in Fig.
8 was implemented, to supply power to a standalone and
electronic load at 230 V/50 Hz under varying rotor
speeds. A 30-μF capacitor, shown as C0 in Fig. 8, was
employed to reduce the reactive-power requirement of the
excitation source and to keep the magnitude of the
excitation current below the rated value of the
machine.Fig. 10 shows the variation of the excitation current
for different rotor speeds of the generator and three different
resistive loads. In all cases, the excitation control system
presented in Fig. 8 is used to regulate the output voltage
at 230-V RMS. The variation of the excitation voltage
versus the rotor speed is shown in Fig. 11. The impedance
seen by the excitation source is complex in nature, being
dependent on both the excitation frequency and the slip
frequency. The slip-frequency -dependent component of
the impedance changes with the rotor speed and is
therefore dictated by
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It appears from results that the variation of both the
excitation voltage and current is largely governed by the
rotor-speed-dependent impedance, and therefore, the trend
in the excitation voltage variationis expected to be similar
to that observed for the excitation current, as shown in
Fig. 10.
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under different conditions are shown in Fig. 14. The
situation, where the excitation source provides both real
power and reactive power to the generator, is
demonstrated in Fig. 14(a). As evident from the
waveforms of the excitation source, the phase angle
between the excitation voltage and current has settled to an
angle, which is less than the ideal 90◦, to cater for the activepower demand.

Fig. 12 demonstrates the variation of the real power of
the excitation source for different rotor speeds. The
negative power and the positive power indicate the
power supplied and absorbed by the source, respectively.
The rotor speed was simply increased or decreased by
increasing or decreasing the torque setting of the VSD.
It is clearly evident that, as described earlier, there is a
unique rotor speed for each load at which the excitation
source neither absorbs nor supplies real power but only
meets the reactive-power requirement of the machine. At
this speed, both the load power and the losses of the
generator are met by the turbine and thus correspond to the
minimum excitation current in Fig. 10. The operation of
the generator above or below this rotor speed is similar
to the operation of a doubly fed induction generator in
the super - or sub synchronous mode, respectively. Above
this rotor speed, the turbine power is more than that is
required by the load and the losses of the generator,
and hence, the excess power is absorbed by the excitation
source.By adding the load power to the excitation power in
Fig.12, the total real electrical power output of the generator
is obtained and shown in Fig. 13 with respect to
varying rotor speeds. Both the experimental and
simulated results are in good agreement except for
speeds below the synchronous speed of 50 Hz.

The voltage and current waveforms of the output of the
generator and the excitation source
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Fig. 14(b) shows the situation when the generator was
operated at the speed at which the excitation current is
minimum As no real power was supplied by the excitation
source at this speed, the phase angle is approximately 90◦.
As described earlier, at speeds where the turbine power
exceeds load power, the excess real power is absorbed
by the excitation source, and such an operation is
demonstrated in Fig. 14(c).
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frequency electricity at varying rotor speeds without an
intermediate inverter stage excitation to the isolated single
winding at any frequency of generation. The validity of the
proposed concept of generation has been verified using
MATLAB/SIMULINK. The simulation results are
indicate that the technique is viable and allows for the
generation of electricity at constant frequency while the
cage induction machine is operated at both suband super
synchronous speeds. The proposed generator is easy to
implement and low in cost. It can be used for both energy
storage and retrieval through its excitation winding, and it is
an ideal candidate for small-scale renewable energy
applications.
Fig. 15 demonstrates how the proposed generator can be
controlled under varying load conditions. Fig. 15(a)
shows the output voltage and the reactive power
supplied by the excitation source when the generator is
subjected to an increase in the load at approximately
0.5 s. Obviously, the load voltage drops as the current
reactive-power supply is inadequate to support the required
output voltage, but the controller quickly responds and
injects more reactive power to the generator, restoring
its output voltage. Similarly, Fig. 15(b) illustrates a
situation when the generator is subjected to reduction in
the load at approximately 0.5 s. As expected, an increase in
the load voltage is observed, but it is restored to its original
value by reducing the amount of reactive power injected
into the generator.
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