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Modelling and Analysis of Grid Integrated TSCAOI
Generators for Renewable Distributed Generation Systems

Zhijia Wang and Udaya Kumara Madawala

Abstract—Behaviour of 3-phase cage induction machines,
operated in two series-connected and one isolated (TSCAOI)
phase winding configuration at variable speeds to generate single-
phase electricity, has been investigated in detail for standalone
applications. However, integration of TSCAOI configured 3-phase
cage induction machines into single-phase distributed power
systems is yet to be investigated. This paper therefore presents a
model to investigate the behaviour of grid-connected TSCAOI
generator systems and proposes a control strategy to regulate
the amount of electricity generation at unity power factor under
different operating conditions. Additionally, for further simplifying
the overall system, a slip estimation method is proposed to
enable the speed-sensorless operation of the generator. In order
to validate the system feasibility, a prototype grid-connected
TSCAOI generator is to be regulated, with balanced operation,
to generate electricity to the grid at unity power factor. Good
agreement between theoretical and experimental results under
various operating conditions indicates that the generator can be
successfully regulated by the proposed control scheme and are
expected to be suitable for applications, such as small-scale wind
and micro-hydro distributed generation systems.

Index Terms—Grid-connected mode, renewable energy conver-
sion, small-scale induction generator.

1. INTRODUCTION

USTAINABLE development is a major challenge at pre-

sent. Every new unit of economic growth is still attained
at the expense of depletion of the natural energy resources and
degradation of the environment. One of the major reasons for
this is the world’s heavy reliance on fossil fuels. Fossil fuels
are non-renewable energy sources, meaning that there is a
finite amount of fossil fuels available and they do not naturally
replenish fast enough. In addition, fossil fuels need to be burned
to release the stored energy. However, the burning of fossil
fuels also releases harmful particles and greenhouse gases into
the atmosphere, resulting in adverse environmental effects.
At present, for instance, around 91% of the world population
live amid unsafe outdoor air pollution, which causes more
than 4 million deaths each year [1]. Around 90% of the global
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greenhouse gases emissions are sourced from the burning of
fossil fuels [2].

In order to reduce the reliance on fossil fuels, it has become
a consensus among countries of the world to focus more on
renewable energy. Unlike non-renewable energy, renewable
energy comes from sources that are naturally replenished in a
relatively short timeframe. Sources of renewable energy mainly
include wind, hydro, solar, geothermal and biomass. Another
important advantage is that renewable energy is a clean source of
energy. Wind, hydroelectric and solar systems generate electricity
without air pollution and greenhouse emissions. Geothermal
and biomass systems emit some greenhouse gases, however the
emissions are much lower than those of burning fossil fuels.

Unlike the fossil fuels, which heavily relies on the transport
lines, renewable energy sources are broadly available and
distributed. Distributed generation therefore becomes a promising
paradigm for the renewable energy systems. Due to the
distributed nature of renewable energy sources, these distributed
generation systems are usually small-scale in terms of power
rating, thus may not be as efficient as large scale centralised
generation systems. However, this disadvantage is offset by the
cost reduction of the transmission and distribution grid.

In recent years, renewable distributed generation using small
scale generating units of power rating less than 200 kW has
drawn particular attentions [3], [4]. Because, on one hand, this
small scale renewable distributed generating system is quite
suitable to provide electricity for homes, businesses and farms
in remote areas. On the other hand, the global trend of energy
deregulation encourages the development of such systems.
More importantly, at present, about 1 billion people still lack
access to electricity, and the vast majority of them are living in
the rural areas of Africa and Asia-Pacific [5]. The small scale
renewable distributed generation system has great potential to
help provide basic electricity service to those people who are
living without electricity.

The majority of small scale renewable generation systems
use electric generators to convert kinetic energy into electrical
energy, except the photovoltaic (PV) systems. Among these
electric generators, squirrel cage induction generators (SCIGs)
are the cheapest and most rugged, thus most widely used. In
remote and rural areas, the population is sparsely distributed,
and the most of electric loads are of single-phase nature.
Therefore, single-phase SCIG is preferred over 3-phase SCIG
to make the whole system simple and cost-effective. Using
single-phase SCIGs means that for a given amount of capital
investment, more areas can gain access to electricity.



Z. WANG et al.: MODELLING AND ANALY SIS OF GRID INTEGRATED TSCAOI GENERATORS FOR RENEWABLE DISTRIBUTED GENERATION SYSTEMS 373

Fig. 1. 3-phase SCIG with single-phase output. (a) Smith connection. (b) Steinmetz connection. (c) Fukami connection.

Single-phase squirrel cage induction machines (SCIMs) can
be used for single-phase electricity generation [3], [4], but use
of conventional 3-phase SCIMs for single-phase electricity
generation is more advantageous over single-phase machines,
especially for machines with power ratings above 3 kW [5],
[6]. This is because 3-phase SCIMs are widely available in the
market, and more economical in terms of both size and cost
than its single-phase counterparts. Therefore, use of 3-phase
SCIMs for single-phase electricity generation has been of
interest to both academia and industry and consequently been
widely explored. However, when a 3-phase SCIM is operated
as a single-phase generator, the 3-phase stator currents are
generally unbalanced. Therefore, output power degradation is
normally inevitable. Furthermore, the adverse effects such as
mechanical vibration, poor efficiency, thermal overload and
uncontrollable power factor are also concerned [7]. Hence,
various phase balancing techniques have been proposed and
investigated to mitigate these concerns. In general, all these
techniques can be classified into two categories: namely based
on passive circuit elements and power electronic converters.

In the method proposed by [6], a steady-state power system
balancer was investigated to resolve the aforementioned
unbalanced conditions. By using a capacitance and an
inductance of identical reactance, the power system balancer
is able to balance the stator currents. However, the series
resonance between the capacitance and inductance caused
severe over voltages when the specified operating point is
changed. The 3-phase SCIM in Smith connection, shown in
Fig. 1(a), was proposed in [7]. It removed the danger of the
resonance effect using capacitors exclusively. Additionally, it
was capable of balancing stator phase currents for medium and
heavy loads [8]-[10].

The Steinmetz connection, shown in Fig. 1(b), is also
widely used to balance 3-phase SCIGs operated in single-
phase mode due to its simple configuration [11]-[13]. In
contrast to the Smith connection, this method is applicable for
3-phase SCIMs with stator windings configured in both star
and delta connections. With properly selected capacitance and
operating speed, the perfect phase balance can be achieved
through this connection. Another phase balancing scheme,
proposed in [14], is illustrated in Fig. 1(c). It introduced series

compensation capacitors to improve the regulation of output
voltage. However, with this technique, it is more difficult to
balance phase currents and the machine utilization is poor
[15], [16]. Current injection method [17] and SCIGs with
C-2C connection [18] have also been investigated as phase
balancing techniques. Although all these passive circuit
elements based techniques are able to balance the machine
at a specific operating speed and load, the regulation of both
power and voltage with balanced operating conditions is very
difficult to achieve under dynamic load and variable speed
conditions. Additionally, these techniques have some inherent
drawbacks such as self-excitation failure [19], [20], sensitivity
to operating parameters [21], [22] and poor voltage and
frequency regulations [23], [24]. Nonetheless, many attempts
have been made to overcome these difficulties through various
modifications to the existing techniques, including multi-mode
operation for SCIGs with Smith connection [8], [25], SCIGs
with different modified Steinmetz connections [26], [27] and
Fukami configuration with damping resistance [16]. However,
these modifications caused increased complexity and cost with
limited improvement in performance.

With both the advances and reduction in cost in semicon-
ductor devices, power electronic converters with active control
started to emerge as an alternative approach to improve
dynamic response as well as voltage and frequency regulation
capability of the 3-phase SCIM based single-phase electricity
generation systems. Methods in [28]-[30] employed two full-
bridge converters in back-to-back configuration, as shown
in Fig. 2(a), to improve the performance of the generator.
However, the use of two full capacity converters with a bulky
filter considerably increases the cost and size as well as the
complexity of the system. As illustrated in Fig. 2(b), single-
phase electricity could also be generated using a 3-phase SCIM
with a combination of 3-phase converters and dump load
[31], [32], but at the expense of significant power losses in the
dump load and large output voltage drop under heavy load
conditions. In [33], [34], an electronic load controller (ELC), as
depicted in Fig. 2(c), was proposed to assist 3-phase SCIM in
delta connection for standalone single-phase power generation,
and subsequently extended for star connected 3-phase SCIMs
with Fukami configuration [35]. Although this scheme
provides a relatively low-cost and simple solution for 3-phase
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Fig. 2. Plots for: (a) The back-to-back configuration for 3-phase SCIGs feeding
single-phase load. (b) The voltage source converter (VSI) and dump load based
configuration. (¢) The structure of electronic load controller (ELC).

SCIM based single-phase power generation system, it is only
applicable under constant input power conditions and suffers
from low-efficiency and high harmonic distortion at output.

The techniques, which are based on passive circuit elements,
have the advantages of low cost, low maintenance and
simple configuration. However, these techniques share two
common weaknesses. One is the poor output voltage and
frequency regulation and the other is the limited operating
range. Conversely, the techniques, which are based on power
converters, have better voltage and frequency regulation
capabilities and wider operating range but at the expense of
higher cost and complicated configurations.

As an alternative, a new winding configuration, that uses
one of the stator phases of a 3-phase SCIM as the excitation
winding and the remaining two phases connected in series
as the power winding, has been proposed [36]-[40]. This
decoupled winding configuration is named as two-series
connected and one isolated (TSCAOI) and shown in Fig.
3. In contrast to other power converter based techniques,
the TSCAOI configured generator also combines the cost
advantage of the passive circuit element based techniques, by
only using a bi-directional single-phase converter. In addition,
it enables direct single-phase electricity generation without
using a power conversion stage, thus also having the advantage
of low harmonic distortion.

The single-phase electricity is generated through the
power winding directly. Variable reactive power required by
the TSCAOI configured generator is provided through the
excitation winding by a small scale bi-directional converter.
The bi-directional converter is connected with an energy-
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Fig. 3. The TSCAOI configuration for 3-phase SCIMs feeding single-phase load.

storage-system (ESS). In practice, a PV panel can be integrated
into the ESS, enabling hybrid renewable energy generation
(HREG) which can significantly improve the system reliability
and energy utilization.

Behaviour of 3-phase cage induction machines, operated
in the TSCAOI winding configuration at variable speeds to
generate single-phase electricity, has been investigated in detail
for standalone renewable power generation systems [36]-[40].
However, integration of TSCAOI configured 3-phase cage
induction machines into single-phase distributed power system is
yet to be investigated. This paper therefore first investigates the
behaviour of the grid-connected TSCAOI generator, and proposes
a control scheme for integrating the TSCAOI configured
generators into the single-phase distributed power system.

Firstly, a steady-state model is presented to investigate the
behaviour of the grid-connected TSCAOI generator. Secondly,
the operating criterion is formulated for the grid-connected
TSCAOI generators, considering the following three aspects,
namely the grid-side power factor, the torque fluctuation and
the operating voltages and currents of the machines. From the
investigation of the proposed model, it is found that there exists
mutual coupling among these three aspects of the proposed
criterion. Moreover, the coupling makes it very difficult to
operate the generator to fulfil the proposed criterion at variable
speeds, using real-time computed excitation winding voltage.
In order to overcome this issue, this paper therefore proposes
a look-up table (LUT) method, using pre-computed optimum
excitation voltage at different operating speeds. Thirdly, to
further simplify the overall system, a slip estimation method is
proposed to enable speed-sensorless control of the generator.
Finally, the validity of the proposed generator concept is
verified through simulations, implementing the proposed
model in MATLAB/Simulink and experimental evidence of
a prototype generator in this paper. Good agreement between
simulated and experimental results under various operating
conditions indicates that the generator can be successfully
grid integrated by the proposed control scheme and is suitable
for applications, such as small-scale wind and micro-hydro
distributed generation systems.

II. MATHEMATICAL MODEL

As derived in [38], the dynamic behaviour of the TSCAOI
configured SCIM can be described by the following equations
in the stationary aff frame, with the a-axis of the frame being
aligned with the magnetic axis of the one isolated (OI) winding:
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In (1), variables v,, and i, are the referred voltage and current
of the power winding, and v,, and i, are the variables of the
excitation winding. Variables 7, and i;ﬁ represent the referred a
and f components of the rotor currents respectively. In addition,
p represents the differential operator d/d¢, parameters R, L,
L., R, and L, represent the stator resistance, the stator leakage
inductance, the magnetizing inductance, the rotor resistance and
the rotor leakage inductance of the 3-phase SCIM, respectively,
and o, is the electrical angular frequency of the rotor in rad/s.
The electromagnetic torque applied on the rotor shaft is given in
(2), where P is the number of poles. The motion of the machine
is described in (3) subsequently, where J is the rotor inertia in
kg » m’, T, is the electromagnetic torque, in N, and 7, is the
external torque, applied on the rotor shaft, in N,,.

The steady-state voltage equations of the gird-connected
TSCAOI configured generator can be readily obtained via
replacing the differential operator p by jw,q, Where @, is
the grid angular frequency, and consequently expressed using
phasor variables as:

grid
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Fig. 4. The steady-state equivalent circuit of the grid-connected TSCAOI
configured 3-phase SCIG.

The method of symmetrical components is employed to
develop the generalized steady-state equivalent circuit model
that will be used to investigate the behaviour and performance
of this grid-connected generator. By appropriately selecting the
transformation matrix [S] as:

J=J
[S] [ 11 ] )

The steady-state voltage equations in terms of the symme-
trical components can be obtained as:

5 5. . 1 1.
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(6)

where s is the slip. The positive sequence and negative
sequence symmetrical components are denoted by subscripts
s+ and s—, respectively.

The above equations can be represented by the steady-state
equivalent circuit shown in Fig. 4.

For clarity, let

S
6
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With the impedances defined above, the steady-state equivalent
circuit model shown in Fig. 4 can be accordingly simplified to
the model shown in Fig. 5.

The symmetrical components of the stator voltages can
therefore be expressed in terms of the stator currents symme-
trical components with newly defined impedances as:

+ 7,1 (10)
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The symmetrical components of the stator currents can be
accordingly obtained by solving (10) and (11) simultaneously as:

I=\zv._ -zVv_ )z, (12)

]S, = ( Zl ’I;S— - ZZ ’I>s+ )/Zm (13)

where Z, = 7,7, — (Z,)".
Based on the inverse of the transformation matrix given in (5),
the symmetrical components of stator voltages can be written as

V=+ - 2 Vsc + 2 Vso (14)
~ _ j ~ 1 ~
Vs— - 27Vsc + zivso (15)

For simplicity, the referred power winding phasor voltage
is fixed as reference to be V., = V., 2 0° =V, where V', is
the referred grid voltage amplitude; the excitation winding
phasor voltage is represented in terms of its real and imaginary
components as V,, = Vg + jV., where V and jV,, denote
the real part and the imaginary part of the excitation winding

phasor voltage, respectively.

Accordingly, the phasors of the stator voltage symmetrical
components, given in (14) and (15), can be further expressed,
in terms of its real and imaginary components, as:

V

s+

v, +V,)-

sel

TV (16)
i

Vol + 5V (17)

N‘»—~ N‘H

Vo=V,

Substituting (16) and (17) into (12) and (13), the phasors of the
stator current symmetrical components can be further given as:

L= %é(hl V=V

‘%%(V Ve Vo) (18)
L’%%W Vo 40V

_é Z Va4V, =iV (19)

m

Based on the transformation matrix [S], defined in (5), the current
flowing through the power winding can be obtained as follows:

VA

L 1 .
]‘°:Is++[s—:?7;(v +V ]VSCR)
1 Z :
’ Ti(‘/w Va4V | - i V. (20)

In practice, a parallel compensation capacitor C,, is
employed to compensate the reactive power requirement of the
generator, therefore the actual grid current can be represented as:

~ =\ JOaid i . %
I, =abs(l)e " = W +jo,C,,.V, (@Y

Where abs(/, o) represents the absolute value of the grid current
phasor and 8, is the grid current phasor angle.

The gird voltage phasor, being the same as the power winding
voltage phasor, is fixed as reference. Therefore, the power factor
(PF) at the grid side can be obtained by calculating the cosine of
the grid current phasor angle as:

PF = cos(agml ) (22)

Likewise, this asymmetrical winding arrangement will also
cause the unbalanced operation of the generator, leading to
torque fluctuation. As described previously, the difficulties
in the manipulation of the fluctuating torque, make voltage
unbalance factor (VUF) and current unbalance factor (CUF)
widely adopted to approximate the level of torque fluctuation.

According to (16) and (17), the VUF, which is defined as
the ratio of modulus of the negative-sequence to the positive-
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sequence components of the stator voltages, can be obtained as:

| [V V) iV
VUF = |—| = ; - : (23)
V (Vs(> - Vsel ) +-]VseR

st

Similarly, according to (18) and (19), the CUF, which is
defined as the ratio of modulus of the negative-sequence to the
positive-sequence components of the stator currents, can be
obtained as:

cuie || BVt Ve iV =BV, -V Ve
I, Z (Vsn -V +jVseR) -7 (le +V, —iVx )
(24)

It can be noted in (23) and (24) that the VUF is independent
of the system parameters; conversely, the CUF is dependent on
the system parameters.

The steady-state torque production of the generator, with a
specific excitation voltage, can be obtained through simulation,
implementing the proposed mathematical model in MATLAB/
Simulink. Then, the associated torque fluctuation amplitude
can be readily calculated from the obtained torque production.
By changing the real and imaginary part of the phasor of the
excitation winding voltage respectively, the variations of the
torque fluctuation amplitude with varying excitation voltages
can be simulated.

A 3-kW, 4-pole 3-phase cage induction machine, with
the parameters given in Appendix, was configured in the
TSCAOI winding arrangement for the following simulations.
Fig. 6 shows the simulated variations of the torque fluctuation
amplitude with changing excitation voltages, when s = —0.06,
Ceomp = 20 pF and the grid voltage is fixed at 230 V/50 Hz.

Where the VSCJm and VSUC are the imaginary and real part
of the excitation winding phasor voltage respectively. As
shown in Fig. 6, the torque fluctuation could be eliminated at
a specific excitation voltage. In addition, it is noticeable that
the larger the difference between the applied excitation voltage
and this specific voltage, the larger the amplitude of the torque
fluctuation will be.

The variations of VUF and CUF with changing excitation
voltages can be obtained through simulation in the similar way,
implementing (23) and (24) in MATLAB/Simulink respectively.
The variations of VUF and CUF with changing excitation
voltages are simulated, under the same operating conditions,
and shown in Figs. 7 and 8, respectively. As evident, the CUF
outperforms the VUF in approximating the level of torque
fluctuations. Hence the CUF is selected to an indicator to
represent the level of torque fluctuations approximately.

II1. DETERMINATION OF THE EXCITATION WINDING VOLTAGE

In this section, the strategies for selecting the excitation
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Fig. 6. Variations of the amplitude of the torque fluctuation with changing
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Fig. 7. Variations of VUF with changing excitation voltages.
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Fig. 8. Variations of CUF with changing excitation voltages.

winding voltage, which allows the generator to satisfy given
criterion, is described. In order to demonstrate the viability of
the proposed selection strategy, a 3-kW, 4-pole 3-phase cage
induction machine, with the parameters given in Appendix,
was configured in the TSCAOI winding arrangement, as a
prototype generator, for the following numerical analysis.

The formulation of the operating criterion mainly considers
three aspects, namely the grid-side power factor, the torque
fluctuation and the maximum operating voltage and current.

Firstly, for the grid-side power factor, it is desirable to
provide power to the single-phase grid at near-unity power
factor in a majority of application scenarios. Secondly, for the
torque fluctuation, in order to minimize the audible noise and
mechanical vibrations caused by it, the amplitude of the torque
fluctuation must be limited. Although, the torque fluctuation is
difficult to be manipulated mathematically, it has been proven
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that the CUF can effectively approximate the level of the torque
fluctuation in the last section. Hence, the CUF will replace the
torque fluctuation to be limited. Finally, both the maximum
operating voltage and current must be limited, considering the
machine ratings, operating conditions and operating range.

The detailed operating criterion for this prototype generator
is proposed according to the considerations above and listed as
following:

* Generating active power to the single-phase grid at near-

unity power factor (power factor < —0.98).
* Operating the generator with as small torque fluctuation as
possible by maintaining the CUF under 0.05.

» The operating phase currents and voltages are limited

within 8.5 A and 300 V, respectively.

It is important to note that the operating criterion can be
modified to suit different considerations, and is not limited only
to the above mentioned.

From (22), (24) and (4), it can be noted that the grid-side
power factor, the CUF and the operating currents are all only
dependent on the operating speed and excitation voltage, when
the grid voltage and system parameters are fixed. However,
it is still very difficult to regulate these three factors at the
same time under variable speed conditions, using real-time
computed excitation voltage. This paper therefore proposed
an approach, using the off-line method to pre-compute the
optimum excitation voltages at different operating speeds. The
obtained excitation voltages and corresponding speeds are
stored in a two-dimensional (2-D) LUT. This is used to provide
the optimum excitation winding reference voltage according to
different operating rotor speeds in practice.

The off-line computation mainly consists of two parts: firstly,
selecting the excitation voltages, satisfying all the requirements
included in the criteria, for different speeds respectively;
then, using the average filtering algorithm to obtain the final
excitation voltages applied for different speeds.

The detailed determination process of the excitation voltage
is described as follows:

i) Selecting the excitation voltages to generate power to
the grid at near-unity power factor for different rotor speeds
respectively.

The grid-side power factor can be calculated using (22), for
different real and imaginary parts of the excitation winding
phasor voltages, at any given rotor speed.

Fig. 9 shows the grid-side power factor variations with
varying excitation voltages, when s = —0.06 and a 20 uF
compensation capacitor is connected with the power winding
of the prototype generator in parallel. The blue shaded region
in Fig. 9 shows the collection of the excitation voltages that
satisfy near-unity power factor generation at this particular
speed. This process is repeated to obtain the excitation
voltages, satisfying the near-unity power factor generation, for
different speeds.
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Fig. 9. The variations of the grid-side power factor (PF) with respect to
different excitation voltages for s = —0.06, C,,, = 20 uF.
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Fig. 10. The variations of the CUF with respect to different excitation voltages
for s =-0.06, C,,,, = 20 uF.

ii) Selecting the excitation voltages to operate the generator
with CUF smaller than 0.05 for different rotor speeds
respectively.

Similarly, the CUF can be calculated using (24), for different
real and imaginary parts of the excitation winding phasor
voltages at any given rotor speed.

Fig. 10 illustrates the variations of the CUF with varying
excitation winding voltage for s = —0.06 and C,,, = 20 uF.
The collection of the excitation voltages which allow the CUF
smaller than 0.05 at this particular speed is marked by blue
shaded region. This process is repeated to obtain the excitation
voltages, satisfying the CUF requirement, for different speeds.

iii) Selecting the excitation voltages to operate the generator
with its phase voltages and currents limited to specific values
for different rotor speeds respectively.

For the phase voltages, due to this particular winding
arrangement, the excitation voltage is not allowed to exceed the
grid voltage when minimizing the unbalanced operation of the
generator. The requirement associated with the phase voltage is
therefore easily satisfied.

For the phase currents, both the power winding current and
the excitation winding current can be calculated using (4), for
different real and imaginary parts of the excitation winding
phasor voltage at any given rotor speed. Figs. 11 and 12
illustrate the variations of the excitation winding current and
the power winding current with varying excitation winding
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Fig. 12. The variations of the power winding current with respect to different
excitation voltages for s =-0.06, C,,,, = 20 uF.

voltage for slip = —0.06 and C,

omp = 20 uF, respectively. The
collection of the excitation voltages which makes the excitation
winding current and power winding current smaller than
8.5 A are marked by blue shaded region, respectively in Figs.
11 and 12. As shown in Figs. 11 and 12, the power current is
smaller than the excitation winding in general. This is because
the power winding has a greater number of turns, thus needs
less current. Likewise, this process is repeated to obtain the
excitation voltages, satisfying the phase voltages and currents
requirements, for different speeds.

iv) Selecting the collection of the excitation voltages which
can operate the generator satisfying all the requirements
included in the criteria for different rotor speeds respectively.

Once the excitation voltages, allowing the generator to
satisfy each individual requirement included in the criteria,
are selected respectively for a specific speed, the excitation
voltages which allow the generator to satisfy all the
requirements in the criteria can be readily obtained. Likewise,
this process is repeated to obtain the excitation voltages,
satisfying all requirements included in the criteria, for different
speeds.

v) Obtaining the final excitation voltages for different rotor
speeds.

Once the excitation voltages, allowing the generator to
satisfy all the requirements in the criteria for a specific speed,
are obtained, the final excitation voltage applied for this
specific speed can be determined, using the average filtering

160
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130f o ]
120f ]
110t 1

Excitation RMS voltage (V)

100 L L Il L L
1520 1540 1560 1580 1600 1620
Rotor speed (r - min™")

Fig. 13. The RMS values of the excitation voltages for different operating
speeds.

algorithm, by:
_ Sy o+ e+
Vse . - (\Vsel_re VseZ_re Vsen_re / (25)
- n
o = 2 ( sel_im * se2_im * + sen_im ) (26)
se_im n

Where, V., is the final excitation phasor voltage applied for this
specific speed, V.., Vo, ..., V.., are the selected excitation
phasor voltages which satisfy all the requirements included
in the criteria, n is the total number of these selected voltages.
Likewise, this process is repeated to obtain the final excitation
voltages applied for different speeds. The final excitation
voltages are represented in the form of the phasor. For the
practical use, these phasor values will be transformed into the
RMS values of the excitation winding voltages and the phase
difference between the excitation winding voltage and power
winding voltage. These transformed values will be stored in
the memory of the microprocessor as an LUT. Figs. 13 and
14 show the final RMS value of the excitation voltage and the
phase difference for different operating speeds respectively.
As shown in Figs. 13 and 14, the variations of the excitation
RMS voltage and the phase difference with the rotor speed
are smooth, thus ensuring the data continuity and smoothness
across the operating rotor speed.

IV. SLip ESTIMATION

As mentioned above, the operating speed of the generator
is required to determine which excitation voltage that will be
applied from the LUT. Although the operating speed can be
obtained directly by a speed sensor, it is undesirable because
this causes degradation of reliability and adds extra cost. It
is therefore quite necessary to propose a speed estimation
method. For the grid-connected TSCAOI configured
generator, its synchronous angular frequency is fixed with
the grid angular frequency, to allow the speed estimation to
be transformed into slip estimation. Thus, in this section,
a slip estimation method, which is based on the fast time
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domain symmetrical components decomposition algorithm, is
presented, considering the cross coupling effects caused by the
intrinsic asymmetry of the machine winding.

The space complex vector representation method, introduced
in [41] for dynamic analysis of variable frequency ac drives, is
used in this paper to simplify the derivations, and the machine
variable represented in space complex vector can be given by:

X(@) = X, 1) +jX,0) @7

Where X can represent any variable of the stator and rotor
circuits, X, and X} are o and # components of the variable X
in the stationary o8 frame respectively and j is the imaginary
unity. The X{(7) can also be expressed by the summation of the
positive and negative sequence components, as follow:

> Jwt+6) i +6)

X(t) = X, (t)e + X _(t)e (28)

In (28), subscript + and — represent positive and negative
sequence components, X,(f) and X (¢), which are assumed
to vary slowly with time, are the magnitudes of the positive
and negative sequence components respectively, o is
the synchronous angular frequency and @, and 6_ are the
corresponding phase angles. (28) can be rewritten as below
with y/w, delay.

e e e e

}(t_ wL) :X+(t— L‘) i +6) —j7+X (t_ %) i@t +0) jy

29

When the delay angle y is very small, above equation can be
approximated as follow:

it +0) jy

(it +6)
SR X (e ¢ G0)

)=X+te e

Subtracting ;((t)eiy from (30), equation below can be
obtained.

) Jot+0)
e

X[1= 2| - X" = -2jsinyX (31

Thus

(32)

(32) is the decomposition equation of the positive sequence
component from the original signals. The positive sequence
component can be described in terms of o and f components as
below by substituting (27) into (32).

j(w,t + 6 [ \
+L‘e]w +): ZSiln)/ Xﬂ(t)cos‘y+Xa(t)sin‘y—XB(l_ Z:TH
+L{X t—L) -X (L)cosy+X(t)siny}
2siny | ¢ w, “ A

(33)

The o and £ axis positive sequence components can be
readily obtained by (33) as below:

X 0= 3%,0 - S x[0= 2 - Xy 0e0sy | 39)

~ 2sin 0%

1 LXP_L
« w

X 2einy & ) - Xa(t)cosy} (35)

b0 = 3K,0 +

In the similar method, the negative sequence components in
the off frame can also be obtained as below:

X, @)= %Xa(t) + Zsilny {Xﬁ(l - wl) = X;(@)cosy | (36)
X = 3 5,0 - 5 X[t 0| - X eosy| @7)

From (34) to (37), it is noted that the smaller the time delay
y /w, 1s, the faster the response will be. However, the time
delay y ./, cannot be too small as it will then be susceptible to
the noise.

The block diagrams for decomposing the positive and
negative sequence components from original signals are
illustrated in Figs. 15 and 16, respectively.

The symmetrical components obtained from the above
mentioned method can be employed to estimate the operating
slip. The proposed slip estimation strategy is performed in
the reference frame fixed to the decoupled positive sequence
component of the stator flux linkage. This reference frame
is rotating at frequency w,,, which denotes the positive
synchronous frequency, and the estimation is based on the
positive sequence components only. The positive sequence
components based rotor circuit equations in the positive
synchronously rotating frame can be directly derived from
(1) in the stationary frame, due to the decoupled relationship
between positive and negative sequence components in rotor
circuits.

2 o+ "+
o ?R.-lm - (0, -o),, =0 (38)
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Fig. 16. The decomposition algorithm for negative sequence component.

+

dyy o+ '+
gt _ = 39
T T3 Ri,, + (@, -, =0 (39)

Where ', and i’ represent the referred rotor flux linkage
and rotor current respectively. The subscript + represents the
positive sequence components and superscript + represents
the components being evaluated in the positive synchronously
rotating reference frame. The subscripts d and ¢ are used
to denote the direct and quadrature axis components in the
reference frame respectively.

The positive sequence components of rotor currents in the
positive synchronously rotating frame can also be written as

o1 Ly
L1'<l+ = f¢1'<l+ - L LSFI+ (40)
O B P
o= A, = 21, @

Where L, equals (2L,/3 + L,,). The rotor currents in (38) and
(39) are inaccessible, they can be eliminated by substituting (40)
and (41) into (38) and (39) respectively as

(L+pT ), ~ Lyiy ~ T, 0, =0 (42)

"+

(1 + pTr )¢;’q+ - Lm isq+ + Trwalip¢l’(l+ = 0 (43)

Where p denotes d/dt, w;, denotes the slip angular velocity

slip

and 7, equals L,/2R/3) . In (42) and (43), v, and v, are to be
eliminated and replaced by v, and y,.. According to equivalent
circuit model proposed in Section II, the ;. and y,. can be
expressed as below. However, because of the intrinsic asymmetry
of the stator circuit, y,, and y,. comprise terms resulting from the
negative sequence components of stator currents.

+ 5 o+ + I+

W = (?Lls + L, i, + %Lls g+ Lty (44)
+ 5 + 1 + o+

lpg(ﬁ = (?LIS + L"l qu+ - 67le Lsd— + Lm Ln/+ (45)

The subscript—represents the negative sequence components,
and the terms arising from the negative sequence components
should be eliminated as only the positive sequence components
of the stator currents has a direct concern in positive sequence
components of rotor flux linkages production.

The positive sequence components of the rotor flux linkages
can be expressed as below:

v L

lpr{H = Ll lps{ltde('oup + (Lnx - i ) isd+ (46)
"+ L + Ll,LS | +
lpr{ﬁ = Lill//sqtdecoup + (Ln‘ - L lsq+ (47)

m \ m

Where L, equals (5L,/6 + L,,), Ve aecoup A0 Wi+ gecoup> Which are
the decoupled terms, can be written as below:

i (48)

m rd+

R
iy, +L

s

. 5
l7[fsd+.(lec0up = (?Lls + Lm

+ 5 o+ o+
Vo = gl + L i + Ly 49)

Substituting (46) and (47) into (43) obtains

A PT Wiy = (1 Ty, = T4, [y = 0Ll

s

(50)

where o= 1— L% /L L.. With direct axis of the reference frame
being fixed to the decoupled positive sequence component of
the stator flux linkage, q/:dtdmup =0 and wg,, can be therefore
written as:

slip

+

(1+o0pT )L‘iw
" — (51)
T, (lrbsrl+.<le(‘(vljyy -oLi,,

slip

Fig. 17 shows the block diagram of the proposed slip
estimation scheme, and the stator flux estimation can be easily
realized by

b= | L= Rid (52)

W= | [ - FRA Jar (53)
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Fig. 17. Block diagram of the proposed slip estimation scheme.
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Fig. 18. Step response of the slip estimation.

Fig. 18 shows the simulated step response of the proposed
slip estimation scheme. The estimated and real slip are in good
accordance. Furthermore, the proposed slip estimation scheme
shows a very good performance in settling and rising time.

V. TSCAOI CoNFIGURED SINGLE-PHASE GRID-CONNECTED
INDUCTION GENERATOR

The block diagram of the TSCAOI configured single-
phase grid-connected induction generator is illustrated in
Fig.19. As shown in Fig. 19, the excitation winding of the
TSCAOI configured generator is fed by the single-phase bi-
directional converter and the power winding, constructed
by the two series-connected windings, is connected with the
single-phase AC grid. The measured winding currents and
voltages are provided to the slip estimator to estimate the slip
angular frequency. The estimated slip angular frequency or
its equivalent rotor speed is fed into the pre-defined LUT to
select the reference voltage of the excitation winding. In order
to generate the actual excitation voltage, besides the reference

P Single- ||y

— phase z
*> grid J 1
[—' Slip

Stator currents

el

Single-phase PLL
converter erid

estimation

Ve 2
g

PWM signal |V .| Look-up!
lese]
generation table

Fig. 19. Block diagram of the proposed control scheme for grid connected
TSCAOI generator.
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Fig. 20. Experimental setup.
voltage, the grid phase angle 6, is also required, and it is
obtained from the phase-locked loop (PLL).

VI. RESULTS AND DiISCcUSSION

In order to demonstrate the viability of the proposed control
strategy and investigate both the behaviour and limitations
of the grid-connected TSCAOI generator, simulations and
experimental tests have been performed under various steady-
state and transient conditions.

A four-pole 3 kW, 400 V cage induction machine was
configured in the TSCAOI winding arrangement for both
simulations and experiments. The parameters of this cage
induction machine are given in the Appendix. Based on this
prototype generator, a small-scale generation system was
implemented on the experimental platform shown in Fig. 20.

In the experiment, the prototype generator was mechanically
coupled with another induction machine controlled by a
variable-speed drive (VSD) to emulate the variable-speed
prime mover. The 230 V/50 Hz single-phase grid was
connected with the power winding, and a single-phase voltage
source converter (VSC) was connected with the excitation
winding. The control software of the single-phase VSC was
developed on a TI Delfino 28335 controller board. Voltage and
current sensors were used to measure the grid voltage and the
winding currents of the generator, respectively. The feedback
signals of the gird voltage and the winding currents were
read by the controller board through A/D (analog to digital)
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converter. The LUT presented in Fig. 20 was stored in the
controller board to select the proper excitation winding voltage.
Based on the selected excitation winding reference voltage
and grid phase angle, the PWM signals for the switches in
the single-phase VSC were generated by the controller board,
accordingly.

Before the detailed simulated and experimental investiga-
tion, the value of the compensation capacitor must be first
determined. The compensation capacitor, connected with the
single-phase grid in parallel, is used to reduce the reactive
power requirement of the grid. Thus, it plays a vital role in
correcting the grid-side power factor, and then has a significant
impact on the system operating range.

Unlike the standalone TSCAOI configured generator, the
operating range of the gird-connected TSCAOI configured
generator is only determined by its speed range. The speed
range can be indirectly obtained, using the determination
method proposed for the excitation winding voltage in Section
iii. For a given rotor speed, the determination method can
find whether there exists an excitation voltage, allowing this
prototype generator to satisfy the criteria described above,
with a specific compensation capacitor. If there exists such
an excitation voltage, this particular rotor speed is applicable
for the generator; otherwise, this particular rotor speed is not
applicable.

Fig. 21 illustrates the simulated operating speed range
of the prototype generator with different compensation
capacitors using the proposed criteria. According to Fig. 21, the
20 uF capacitor providing the maximum operating range, was
therefore selected.

Fig. 22(a) and (b) shows the variations in the steady-
state currents of the excitation winding and power winding
respectively with varying rotor speeds. As shown in Fig. 22,
experimental and simulated results are in good agreement, and
both excitation winding and power winding currents increase
linearly with increasing rotor speeds. It is important to note
that, the excitation winding current is proportional to the
power winding current by a factor approximately equalling to
'3, which is the turns ratio between the power winding and
excitation winding, thus indicating the generator is operated
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Fig. 22. (a) Excitation winding current and (b) power winding current vs. rotor
speeds.

with minimum unbalance.

The variations in the active power provided by the excitation
winding and power winding versus the rotor speeds are
shown in Fig. 23(a) and (b), respectively. The negative power
indicates that the active power is supplied by both power
winding and excitation winding. Unlike the standalone
TSCAOI configured generator, which can be operated both at
sub- and super-synchronous rotor speeds, the grid-connected
generator is limited to be operated at only super-synchronous
speeds by the given operating criteria. Thus, the excitation
winding keeps generating active power, and the generated
power is fed back through the bi-directional converter to the
ESS under all operating conditions. However, if the operating
criterion is changed, the grid-connected generator is also able
to operate at both sub- and super-synchronous rotor speeds and
active power can also be provided from the converter side. The
similar variations of the generated active power versus rotor
speeds can be observed in Fig. 23(a) and (b), further indicating
that the generator is operated with minimum unbalance. In
addition, it is noticeable that the maximum generated active
power is about 2 kW, when the generator is operated at highest
speeds.

Fig. 24(a) and (b), respectively, demonstrates the varia-
tions of the reactive power supplied by the power winding and
excitation winding with different rotor speeds. As illustrated
in Fig. 24, the reactive power requirements increase with the
increasing rotor speeds. Furthermore, as expected, the presence
of the compensation capacitor significantly reduces the
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reactive power requirement of the grid side. Meanwhile, as the
generator is required to be operated with minimum unbalance,
the reactive power consumed by the compensation capacitor,
which is 332.2 VA in this case, is approximately equal to the
difference between the reactive power provided by the grid-
side and converter-side.

Fig. 25(a) shows the variation of CUF with different rotor
speeds. As shown in Fig. 25(a), the variation of CUF is strictly
limited within the given range, which is 0 to 0.05 in this case.
The small variations of CUF further indicate the generator is
operated with minimum unbalance. It is interesting to note that
the magnitude of unbalance is intensified when the operating
speed approaches to the lowest and highest speed limitations.
The variations of the power factor versus the rotor speeds are
shown in Fig. 25(b). As shown in Fig. 25(b), the experimental
and simulated results are also in good agreement and the power
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Fig. 27. Experimental transient waveforms of grid voltage and current at deceleration.

factor is well regulated below —0.98, ensuring that generated
power is delivered to the grid with near unity power factor.
However, the power factor becomes poor at the lowest and
highest speeds. The performance of the proposed generator
was also evaluated using the efficiency, as shown in Fig. 25(c).
The small difference between the experimental and simulated
results can be attributed to losses that were not included in the
mathematical model. A maximum efficiency of approximately
90% was achieved when the generator was operated at the
lowest rotor speeds with minimum load. However, as speed
and load increase, the efficiency begins to decrease linearly to
an approximately 80%.

Figs. 26 and 27 show the transient experimental waveforms
of the grid voltage and current of the proposed single-phase
grid-connected TSCAOI generator during the change of speed.
The acceleration test results, which are shown in Fig. 26, were
obtained by linearly increasing the rotor speed from 1540
rpm at 0.3 s to 1600 rpm within 0.5 s and the deceleration test
results, shown in Fig. 27, were obtained by linearly decreasing
the rotor speed from 1600 rpm at 0.3 s to 1540 rpm within 0.5 s.
As can be seen, the system behaves as expected. Under the
proposed control scheme, the grid current varies smoothly with
the varying speeds and the power is still delivered to the grid at
near unity power factor when the speed was changed.

VII. CoNCLUSION

A variable-speed grid-connected TSCAOI configured SCIG
for single-phase electricity generation has been described

in this paper. A mathematical model has been proposed to
investigate the behaviour and limitations of this grid-connected
generator. Based on the mathematical model, a control
scheme has been proposed for the grid-connected TSCAOI
configured generator. The control scheme incorporates an
LUT, enabling the electricity generation at near-unity power
factor and limiting the unbalanced operation of the generator.
In addition, a slip estimation method, which enables speed-
sensorless control of the generator, has also been proposed for
simplifying the system. The validity of the proposed generator
concept has been verified by using both simulations and
experimental evidence of a prototype generator. Both analytical
and measured results indicate the proposed technique is viable
and allows for variable-speed electricity generation at near
unity power factor. The proposed generator, which is easy to be
implemented and low in cost, is an ideal candidate for small-
scale renewable energy distributed generation.

VIII. APPENDIX

Prototype: A squirrel cage 3 kW TECO four-pole 400 V/50
Hz induction machine, which has the following parameters:

R=15Q
R=2Q
L,=0011H
L,=0011H
Ly=0214H
J=001kg + m’
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