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A Steady-State Equivalent Circuit of TSCAOI 
Configured Induction Generator for Renewable 

Energy Conversion Systems
Zhijia WANG and Udaya Kumara MADAWALA

Abstract—3-phase cage induction machines, operated in two 
series-connected and one-isolated (TSCAOI) winding configuration, 
have been proposed to generate standalone single-phase electricity 
at variable speeds for renewable energy conversion systems. 
However, the steady-state behaviour and performance of this 
particular generator are not yet to be theoretically investigated. 
This paper therefore presents the first theoretical investigation 
based on the steady-state equivalent circuit model for standalone 
TSCAOI configured generators. Moreover, this paper is the first 
to adopt the winding function approach to derive a dynamic 
mathematical model for TSCAOI configured generators. This 
approach not only eliminates the cumbersome mathematical 
manipulation required in all previous papers related to TSCAOI 
configured generators but also provides a visual insight into 
the resulting winding distribution of the machine. In order to 
investigate the load and excitation characteristics pertinently, the 
dynamic model is transformed into two different equivalent circuit 
models by appropriate selected transformation matrix. Using these 
two models, this paper identified the impacts of system parameters 
on the load and excitation characteristics, as well as on the level of 
voltage unbalance. Experimental results of a prototype generator 
under various operating conditions are presented, together with 
simulated results, to demonstrate the accuracy of the proposed 
investigations.  

Index Terms—Equivalent circuit model, induction generator, 
single-phase electricity generation, TSCAOI configuration.

I. Introduction

DURING the past two decades, clean and sustainable 
renewable energy resources have drawn wider attentions 

due to depleting reserves, increasing costs and adverse 
environmental effects of fossil fuels. Consequently, it has 
become a common practice within both academia and industry to 
focus more on renewable energy systems (RESs), emphasising 
on efficient energy utilization, conversion, transmission, and 
distribution. The majority of RESs transform kinetic energy into 
electrical energy, using an electric generator. Different types of 
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generators, such as squirrel cage induction generators (SCIGs), 
doubly fed induction generator (DFIGs), and synchronous 
generator (SGs) etc., have been employed in RESs and they 
differ from one another with respect to operating principles, 
characteristics, complexity, performance, cost, etc. In 
particular, SCIG is widely used in RESs due to its low unit 
cost, ruggedness and virtually free maintenance [1], [2]. 

Different types of SCIG based RESs have been proposed and 
implemented over the years, and they can be classified into two 
groups: (1) fixed-speed SCIG based RESs, and (2) variable-
speed SCIG based RESs. In fixed-speed SCIGs, the operating 
speed may only vary within a narrow band that is up to 1% and 
the reactive power requirement of SCIGs is normally provided 
through passive capacitors. The fixed-speed operation of the 
SCIGs causes a low energy conversion efficiency and the 
output voltage and frequency depend highly on the load and 
speed [3], [4], sudden changes of the load and operating speed 
may even result in collapse of excitation [5], [6]. Therefore, in 
order to achieve maximum energy conversion efficiency over a 
wide range of operating speeds and improve the output voltage 
regulation, the SCIG is normally connected to the utility grid 
or the loads through a power conversion stage. Such systems 
are called the variable-speed SCIG based RESs. The main 
advantages of the variable-speed SCIG based RESs include the 
improved power quality, increased power output and reduced 
mechanical stress while the main drawbacks are the increased 
cost and power losses associated with the power conversion 
stage. 

SCIG has also been employed to generate single-phase 
electricity, particularly for residential consumption in rural 
or suburban areas, where both distribution networks and 
loads are single-phase. Although single-phase SCIMs can 
be used to supply electricity to single-phase loads, it is more 
economical and feasible in terms of both cost and size to 
employ standard 3-phase SCIMs, operated in a single-phase 
mode, for power ratings above 3 kW [7], [8].  Therefore, use 
of fixed-speed 3-phase SCIM for single-phase electricity 
generation has widely been explored, proposing new 
techniques with successful implementations but with some 
inherent drawbacks [5]-[9].  To overcome these drawbacks, 
a number of attempts have been made. For example, power 
electronic converters were incorporated to improve the voltage 
and frequency regulation capability of 3-phase SCIM based 
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Fig. 1.  3-phase SCIG in TSCAOI configuration.

single-phase electricity generation systems. Use of two full-
bridge converters in back-to-back configuration has also 
been considered [10]-[12]. However, use of two full capacity 
converters with a bulky filter considerably increases the cost 
and size as well as the complexity of the system. Single-phase 
electricity was also generated using a 3-phase SCIM with a 
combination of 3-phase converters and dump load in [13]-
[14], but at the expense of significant power losses in the 
dumped load and large output voltage drops under heavy load 
conditions. In [15]-[16], an electronic load controller (ELC) 
assisted 3-phase SCIM has been proposed for standalone 
single-phase power generation, and subsequently extended 
for  star connected 3-phase SCIMs in Fukami configuration 
[17]. Although this scheme provides a relatively low-cost and 
simple solution for 3-phase 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.

As an alternative, a new winding configuration that uses 
one of stator phases of a standard 3-phase SCIM as the 
excitation winding and the remaining two phases connected 
in series as power winding has been proposed [18]-[22]. This 
decoupled winding configuration, named TSCAOI (two-series 
connected and one isolated) and shown in Fig. 1, generates 
regulated single-phase electricity at constant frequency under 
varying rotor speeds [20]-[22]. Variable reactive power for 
this generator is provided through the excitation winding 
by a small scale bi-directional converter, which is fed by an 
energy-storage-system (ESS), while single-phase electricity 
is generated through the power winding.  With storage and 
retrieval of energy under light and heavy load conditions, 
respectively, the combination of the ESS and the bi-directional 
converter allows the generation of constant frequency 
electricity under variable rotor speed.  The integration of 
photovoltaic (PV) panel in the ESS enables the hybrid 
renewable energy generation (HREG) [23]-[24] which can 
significantly improve system reliability and energy utilization. 

A detailed theoretical investigation into steady-state 
characteristics of TSCAOI configured generators is yet 
to be carried-out. This is primarily because the important 
load and excitation characteristics of TSCAOI generators 
cannot be directly obtained through the models that have 
been proposed in the past. Furthermore, the extent of phase 
unbalance and its dependency on system parameters have 
also never been analysed. In order to investigate the load and 
excitation characteristics pertinently, the paper first transforms 
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the dynamic model of TSCAOI configured generators into 
two different steady-state equivalent circuit models using 
symmetrical component method. Using these two models, 
this paper first identified the impacts of system parameters 
on the load and excitation characteristics, as well as on the 
level of voltage unbalance. Moreover, this paper is the first 
to adopt the winding function approach to derive a dynamic 
mathematical model for TSCAOI configured generators. In 
comparison to the previous modelling approach, the winding 
function approach is simpler and directly offers an explicit 
description of the resulting winding distribution of the 
TSCAOI configured machine. It is therefore easy to observe 
that the TSCAOI configured machines can be equivalent to an 
unsymmetrical 2-phase SCIM, ignoring the slight differences 
in the stator resistance and leakage inductance. The accuracy of 
the proposed unified equivalent circuit as well as the analytical 
expressions is demonstrated through good agreement between 
theoretical and experimental results. 

II. Dynamic Mathematical Model  
To obtain a dynamic model of a 3-phase SCIG in TSCAOI 

configuration, this paper proposes a winding function approach 
based modelling method, which is relatively simple and 
avoids lengthy mathematical manipulations in contrast to the 
approach presented previously. More importantly, the proposed 
approach also provides a physical insight into this particular 
generator concept that may not easily be gained from the 
previous method. First, consider the stator winding distribution 
of a conventional 3-phase SCIM and each stator phase winding 
is assumed to be sinusoidally distributed along the air-gap. The 
winding function can be treated as spatial distribution of the 
MMF by a unit current flowing in the winding [25]. Taking 
the magnetic axis of phase “a” as the reference, the winding 
function of stator phase windings “a”, “b” and “c” can be 
defined, respectively:

(1),

(2),

(3).

Where Ns is the per phase total number of turns, φ is the 
electrical angle with respect to the magnetic axis of phase 
“a”. Secondly, based on the TSCAOI winding arrangement, 
one of the three windings is separated as the one-isolated (OI) 
winding and the remaining two windings, being connected 
in series, constitute the two-series-connected (TSC) winding. 
Thus, as shown in Fig. 2, with phase “a” as the OI winding for 
excitation and phase “b” and “c” in series as the TSC winding 
for single-phase electricity generation, the winding function of 
these two sets of windings can be readily obtained. 

The winding function of the OI winding, being same as 
that of the phase “a” winding, is give in (4). The winding 
function of the TSC winding, which is directly related to its 
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MMF distribution, is given in (5)

,                             (4)

.     (5)

From (4) and (5), it is worthy to note that the TSC winding is 
still sinusoidally distributed along the air gap but with Ns 

turns. Furthermore, both the TSC winding and the OI winding 
are located with their magnetic axes 90 electrical degrees 
apart, hence, magnetically decoupled. The effective winding 
distribution of the 3-phase SCIG in TSCAOI configuration 
can therefore be represented as in Fig. 3. From Fig. 3, it is easy 
to observe that the TSCAOI configured 3-phase SCIG can be 
equivalent to the unsymmetrical two-phase SCIG by ignoring 
the slight differences in the stator resistance and leakage 
inductances. Thus, the analytical equations and techniques 
developed in this paper are also suitable for the power 
electronic converter based single-phase SCIGs proposed in 
[26]-[29] as well.   

The dynamics of the TSCAOI configured SCIG are 
modelled in stationary αβ reference frame. For derivation 
of the model, it is assumed that the α axis of the αβ frame is 
aligned with the magnetic axis of OI winding. Given that the 
number of turns of the equivalent two phase rotor winding can 
be arbitrarily selected [30], the 3-phase rotor circuit is referred 
to a 2-phase rotor circuit with each phase having Ns turns in 
series. Variables v′rα, v′rβ, i′rα and i′rβ represent the referred α and 
β components of the rotor voltages and currents.  Furthermore, 
with the series connection of phase “b” and “c” windings, the 
resistance and leakage inductance of the TSC winding must be 
twice as much as those of the OI winding. The dependence of 
voltage equations on the turns ratio between the TSC winding 
and OI winding can also be eliminated by referring the TSC 
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Fig. 2.  TSCAOI winding configuration.

Fig. 3.  Effective winding distribution of 3-phase SCIM in TSCAOI configuration.

winding to the OI winding in much the same manner as for 
rotor circuits. Variables v′so and i′so are the referred voltage and 
current of the power winding, and vse and ise are the variables of 
the excitation winding. Consequently, the voltage equations of 
the stator and rotor circuits in stationary reference frame can be 
written as: 

.

(6)

The p represents the operator d/dt, parameters Rs, Lls, Lm, Rr 

and Llr in (6) represent the stator resistance, the stator leakage 
inductance, the magnetizing inductance, the rotor resistance 
and the rotor leakage inductance of the 3-phase induction 
machine and ωr is the electrical angular frequency of the rotor 
in rad/s. The relationship between the referred variables v′so and 
i′so and actual variables vso and iso can be expressed as:

                                      (7)

.                                     (8)

The electromagnetic torque impressed on the rotor shaft can 
be expressed as:

.                        (9)

(6)-(9) describe only the electrical behaviour of the TSCAOI 
machine. The motion of the generator is described by

,                            (10)

where J is the inertia in kg·m2, p is the number of poles and   
Tload is the load torque in Nm which includes the torque of the 
prime mover. 

III. Proposed Steady-State Equivalent Circuit 
To derive the steady-state unified equivalent circuit model 

of this particular generator, (6) can be readily translated into 
steady-state voltage equation via replacing p by jωs, where ωs is 
the synchronous angular frequency. For unbalanced excitation 
and load arrangement, the method of symmetrical components, 
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as proposed in [31], is most commonly used to develop a 
generalized steady-state equivalent model. Using symmetrical 
components, the unbalanced phasor variables of the generator 
can be represented in terms of two sets of balanced phasor 
variables, each having opposite phase sequence, as given 
below

.                                  (11)

Phasor variables are represented by the tilde symbol (~) 
over the upper-case variables, and X~ in (11) represents any 
phasor variables of the stator and rotor circuits in the αβ 
reference frame, [S] is corresponding transformation matrix 
and the positive sequence and negative sequence symmetrical 
components are denoted by subscripts s+ and s-, respectively. 
However, according to the symmetrical components theory, 
the selection of [S] is not unique, and appropriately selected 
[S] will enable the derived equivalent circuit to pertinently 
investigate either the load or excitation characteristics of the 
generator, under the steady-state conditions.

A. Equivalent Circuit to Investigate Load Characteristics

In order to derive an equivalent circuit to investigate the load 
characteristics of the generator, the transformation matrix [S] is 
defined by

.                         (12)

Based on (12), voltage equations in terms of the symmetrical 
components are obtained by

(13)

where s is the slip. The referred output voltage V~′so is equal 
to -Z′I~′so and Z′ is the referred load impedance, equaling to 
Z/3. According to (12), the symmetrical components of stator 
voltages can be given as:

(14)

(15)

and, I~′so can be further replaced by (I~s+ + I~s-). Substituting (14) 
and (15) into (13), (16) is obtained by

(16)

(16) can be represented by the equivalent circuit shown in 
Fig. 4(a), with explicit relationship to load Z′. The theoretical 
and experimental results presented in the next section 
correspond to an operating range of ± 5% synchronous speed, 
which is reasonable for maintaining the voltage unbalance 
within acceptable limits. Therefore, the reflected rotor resistance 
4Rr/3s with the forward field is much larger than the reflected 
rotor leakage inductance and the corresponding reflected rotor 
resistance 4Rr/3(2 - s) with the backward field is comparable 
with the rotor leakage inductance. Consequently, as shown in 
Fig. 4(b), the rotor leakage inductance in the forward field could 
be ignored and the parallel combination of rotor circuit and 
magnetizing branch in the backward field could be replaced by 
the rotor circuit.

Furthermore, in practice, the referred load impedance 
Z′>>|-Rs/3 - jωsLls/3|. Thus, with above approximations, Fig. 
4(a) can be simplified as shown in Fig. 4(b). For clarity, let

(17)

(18).

Fig. 4(c) is the simplified version of Fig. 4(b), with new 
impedances defined above. A simple calculation shows that the 
voltage across the load impedance is

(19).

(19) can now be used to investigate the load characteristics 
of this generator. The excitation voltage in (19) is obviously a 
function of load impedance. Regardless of the change of the 
operating speed, the increased load impedance will reduce 
the amplitude of the excitation voltage for a specified load 
voltage. The major drawback of the TSCAOI configured 
SCIG is its asymmetrical excitation and load arrangement 
which inevitably cause unbalanced operation of the generator 
and the associated torque fluctuations. The fluctuating torque, 
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which is the major source of the audible noise and mechanical 
vibrations for the unbalanced operating induction generators, 
not only compromises the overall performance but degrades 
the operating life of the generator. 

However, the difficulties existing in the mathematical 
manipulation of the electromagnetic torque expression at 
unbalanced operating condition make it impossible to obtain 
the detailed approach to reduce the fluctuating torque [32]. 
Therefore, the voltage unbalance factor (VUF) (defined in (20)), 
which exhibits approximately proportional relationship with 
the fluctuating torque in Section IV C, is used to represent the 
level of the torque fluctuations. 

(20)

By substituting (19) into (14) and (15), the positive and 
negative sequence voltages can be both expressed in terms of 
V~′load, and VUF defined in (20) can be written as:

(21).

In practical use, the parallel combination of the resistive load 
Rload and a compensation capacitor Ccomp is often employed to 
constitute the load impedance. Thus, (21) can be expressed as:

(22),

where, R′load and C′comp are the referred Rload and Ccomp 
respectively. (22) provides not only a comprehensive view 
of the unbalanced operation of the generator but also a deep 
insight of how the parameter variations of the proposed 
equivalent circuit change the generator operation and 
fluctuating torque. In the practical scheme, the VUF should 
be maintained as small as possible to approaching the ideal 
balanced operating condition and minimizing the fluctuating 
torque and (22) will serve as the guideline for the parameters 
selection of such generator systems.

B. Equivalent Circuit to Investigate Excitation Characteristics

Similarly, in order to derive an equivalent circuit to 
investigate the excitation characteristics of the generator, the 
transformation matrix [S] should be appropriately defined by

(23).

Based on (23), the resulting equivalent circuit model, 
through which the terminal characteristics of the external 
excitation circuit can be explicitly evaluated, is shown in Fig. 
5(a). Similarly, with appropriate approximations, Fig. 5(a) can 
be replaced by Fig. 5 (b) and Fig. 5 (b) can be further reduced 
to its simplest form shown in Fig. 5(c).

In Fig. 5(c), both the load circuit and machine itself are 
represented as an equivalent impedance Zeq in series with the 
excitation voltage source. The expression of the excitation 
current can be readily obtained as:

.

(24)

In (24), the first two terms represent the active component 
of the excitation current and the last two terms represent 
the reactive component of the excitation current, these two 
components are of great importance in the study of this 
particular generator. From (24), it is clear that, for a given 
excitation voltage, the magnitude of no-load excitation current 
is always minimum at synchronous speed (s = 0) regardless 
of machine parameters, and when the load is connected, the 
minimum magnitude of the excitation current is achieved at s 
= -Rr/3R′load. In (24), it is observed that the reactive component 

Fig. 4.  The unified lumped equivalent circuit to investigate load characteristics 
(a) Complete equivalent circuit, (b) and (c) simplified circuits.
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of the excitation current is mainly influenced by both the 
magnetizing inductance and shunt compensation capacitance. 
In addition, a properly selected compensation capacitance will 
significantly reduce the reactive power requirement of the bi-
directional converter. 

IV. Results and Discussions

In order to demonstrate the practical viability of the standalone 
TSCAOI configured generator, a prototype generator was 
configured in the TSCAOI winding arrangement, using a 
4-pole, 3 kW, 400 V cage induction machine. The parameters 
of this cage induction machine are given in the Appendix. 
A small-scale generation system based on this prototype 
generator was implemented with the experimental platform 
shown in Fig. 6. 

In the experiment, the prototype generator was mechanically 
coupled with another induction machine controlled by a 
variable-speed drive (VSD) for emulating the variable-speed 
prime mover. A variable resistive load was connected with the 
power winding, and a single-phase voltage source converter 
(VSC) was connected with the excitation winding to regulate 

the load voltage at 230 V/50 Hz under varying rotor speeds. 
The control software of the single-phase VSC was developed 

on a TI Delfino 28335 controller board. The load voltage was 
measured by the isolated voltage sensor, and the feedback 
signal of the load voltage was read by the control board 
through A/D (analog to digital) converter. Then, the measured 
load voltages are converted to a root-mean-square (RMS) 
value and compared with the 230 V. The voltage error is fed 
to a proportional-integral (PI) controller. This PI controller 
regulates the excitation voltage magnitude by providing the 
reference of the excitation voltage magnitude. The frequency 
of generation is set by a fixed-frequency (50 Hz) oscillator, 
the output of which is multiplied with the excitation voltage 
magnitude reference to produce a sinusoidal excitation voltage 
reference for the full-bridge converter. Based on the excitation 
voltage reference, the controller board provides the pulse width 
modulation (PWM) signals to the VSC. 

Before the detailed simulated and experimental investigations, 
the value of the compensation capacitor must be first 
determined. The compensation capacitor, connected with the 
resistive load in parallel, was employed to reduce the reactive-
power requirement of the VSC, having a significant impact on 
the system operating range.  

For this particular generation system, its operating range is 
dependent on both its load range and speed range. Once the 
operating criteria and compensation capacitor are determined, 
a specified combination of the load resistance and rotor speed 
can be justified. 

The formulation of the operating criteria mainly considers 
two aspects, namely the maximum operating current and 
voltage and the VUF. The detailed operating criteria for this 
prototype generator are list as following:

• The operating phase currents and voltages are limited 
within 8.5 A and 300 V respectively. 

• Operating the generator with as small torque fluctuation 
as possible by maintaining the current unbalanced factor 
(VUF) under 0.15. 

The blue shaded region in Fig. 7 indicates the simulated 
operating range satisfying the above criteria, when the 
prototype generator was connected with a 20 μF compensation 
capacitor, supplying power to the resistive load at 230 
V/50 Hz. The area of the blue shaded region can be used to 
quantify the operating range of the generator. Therefore, the 
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Fig. 6.  Experimental setup.

Fig. 5.  The unified lumped equivalent circuit to investigate excitation 
characteristics (a) Complete equivalent circuit, (b) and (c) simplified circuits.
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compensation capacitor can be selected by comparing the areas 
of the blue shaded regions with respect to different capacitors. 
Fig. 8 illustrates the comparable quantified operating ranges 
of this prototype generator using different compensation 
capacitors. According to Fig. 8, the 20 μF capacitor provides 
the maximum operating range, was therefore selected.

Fig. 9 shows the contour plots simulated by Matlab for the 
current variations of the excitation winding and the power 
winding, respectively, with varying loads and rotor speeds, 
when the load voltage is regulated at 230 V/50 Hz. At light 
loads, it is clear from Fig. 9(a) that the minimum excitation 
winding current is achieved at rotor speeds slightly above 
the synchronous speed. At heavy loads, however, the speed 
corresponding to the minimum excitation winding current 
increases substantially with increasing load.  In contrast, the 
power winding current varies only with the changing loads, 
as shown in Fig. 9(b), because the load voltage is regulated at 
230 V/50 Hz for all speeds.

The contour showing the variations of the excitation winding 
voltage with the changing loads and rotor speeds are presented 
in Fig. 10, when the load voltage is regulated at 230 V/50 Hz. 
As shown in Fig. 10, the required excitation winding voltage 
should be augmented when the heavier load is connected, over 
a wide range of rotor speeds.

The detailed simulated and experimental variations of 
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the excitation winding voltage versus the rotor speeds are 
illustrated in Fig. 11, for three different resistive loads. The 
simulated and experimental results are in agreement and 
exhibit the same trend. As observed earlier in Fig. 10, Fig. 11 
consistently indicates that excitation winding voltage is 
needed to increase with the increasing of the load, when 
the output voltage is regulated at a fixed value. Besides, 
although the impedance seen from the excitation winding is 
complex in nature, being dependent on both the synchronous 
angular frequency and the slip frequency, the decrement in 
the required excitation winding voltage with the increasing 
of the rotor speed is obvious in Fig. 11.
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Fig. 12 illustrates the variations of the excitation winding 
current for varying rotor speeds and different resistive loads. 
It can be noted that, for each load, there exists a unique rotor 
speed, at which the excitation winding current is minimum.

The variations of the active power provided by the excitation 
winding for varying rotor speeds and different loads, is 
illustrated in Fig. 13. The positive power and negative power 
indicate that the active power is supplied and absorbed by the 
energy storage system (ESS), connected with the excitation 
winding, respectively. 

It can be noted that, there also exists a unique rotor speed for 
each load, at which the ESS neither supplies nor absorbs active 
power. This is because both the load power and losses of the 
generator, at this speed, are met by the prime mover. In addition, 
this speed is basically identical to the speed of minimum 
excitation winding current observed in Fig. 12. Because, when 
the rotor speed is increased beyond this unique speed, the driven 
power supplied from the prime mover is increased, and the 
excess power is therewith absorbed by the ESS, resulting in an 
increase in the excitation winding current. Similarly, when the 
rotor speed is reduced below the unique speed, the power of the 
prime mover is supplemented by the ESS, also resulting in an 
increase in the excitation winding current.

A. Load Characteristics

The equivalent circuit model, for investigating the load 
characteristics of the standalone TSCAOI configured generator, 
has already been obtained in Section III A. Using this model, 
the relationship between the load voltage and the excitation 
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Fig. 12.  Variations of the excitation winding current with the changing rotor 
speeds when three different loads are connected.

winding voltage can be explicitly described by (19). According 
to (19), the load voltage is proportional to the excitation winding 
voltage, while inverse proportional to the load impedance. 

Fig. 14 shows the simulated and experimental variations of 
the no-load voltage with the changing rotor speeds for three 
different compensation capacitors, when the excitation winding 
voltage is fixed at 135 V/50 Hz. It is clearly evident that 
there exists an inverse relationship between the load voltage 
and load impedance, when the excitation winding voltage is 
fixed. Combining with the results shown in Fig. 11, the load 
characteristics of the standalone TSCAOI configured generator 
can be comprehensively revealed. 

B. Excitation Characteristics

The simulated and experimental variations of the no-load 
excitation winding currents with the changing rotor speeds for 
three different compensation capacitors are shown in Fig. 15, 
when the excitation winding voltage is fixed at 135 V/50 Hz. The 
good agreements between the simulated and experimental results 
convincingly indicate that the proposed unified equivalent 
circuits are accurate and helpful. As could be expected in (24), 
Fig. 15 shows that the no-load excitation winding current 
requirement is always minimum at the synchronous speed even 
though the generator is connected with different compensation 
capacitors. Furthermore, Fig. 15 indicates that the reactive 
power requirement of the generator can be effectively 
compensated by the compensation capacitor, connected to the 
power winding. From the investigation of the reactive terms 
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Fig. 14  Variations of the no-load voltage with the changing rotor speeds 
when three different compensation capacitors are connected and the excitation 
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Fig. 15  Variations of the no-load excitation winding current with the changing 
rotor speeds when three different compensation capacitors are connected and 
the excitation winding voltage = 135 V/50 Hz.

Fig. 16  Contour showing the variations of the excitation winding current with 
the changing loads and rotor speeds.

in (24), it is notable that the selected compensation capacitor 
should be as close as to 2/3 ω2

s Lm, which is about 31.6 μF, in 
this case, in order to effectively compensate the reactive power 
requirement and reduce the excitation winding current.

Fig. 16 shows the simulated variations of the excitation 
winding current of the generator with varying speeds and 
different resistive loads, when the load voltage was regulated at 
230 V/50 Hz and a 20 μF compensation capacitor is employed. 
According to (24), the excitation winding current is solely 
determined by the resistive load and operating speed, with the 
fixed compensation capacitors. In addition, as explained in 
Section III B, with a given resistive load, the excitation winding 
current is always minimum at the operating speed, satisfying s 
= -Rr/3R′load. The thicker blue line, in Fig. 16, denotes the rotor 
speeds, satisfying s = -Rr/3R′load, and the red circles denotes the 
experimental operating speeds, at which the excitation winding 
current is minimum with the given resistive load. The good 
agreements between the theoretical and experimental results 
further indicate the validity of the analytical equations.

C. Fluctuating Torque and VUF

The major drawback of the TSCAOI configured SCIG 
is its asymmetrical excitation and load arrangement. This 
asymmetrical arrangement will inevitably cause unbalanced 
operation of the generator, which results in torque fluctuations. 
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The fluctuating torque produces audible noise and mechanical 
vibrations, limiting not only the operating life but also the 
operating range of generator. 

As discussed in [32], the fluctuating torque, which is 
fluctuating at the frequency of 2ωs, is produced by the stator 
and rotor currents with opposite phase sequence. This makes 
the electromagnetic torque of this particular generator very 
difficult to be mathematically manipulated. However, the V 
UF and CUF (current unbalance factor) are widely used for 
evaluating the level of the torque fluctuations, approximately. 
Fig. 17 shows the simulated variations of the amplitude of the 
torque fluctuations, with different rotor speeds and resistive 
loads, while the simulated VUF and CUF variations are shown 
in Figs. 18 and 19, respectively. 

The approximately linear relationship between the amplitude 
of the torque fluctuation and VUF can be observed from Figs. 
17 and 18, the VUF can therefore effectively measure the level 
of the torque fluctuations, and becomes an important indicator 
to evaluate the performance of the generator. However, from 
Fig. 19, it could be found that the CUF is not a good measure 
to evaluate the level of the torque fluctuations, comparing 
with the VUF, because, the negative sequence stator current is 
not always smaller than the positive sequence stator current, 
which makes the CUF even bigger than 1, especially when the 
generator is operated at sub-synchronous speeds.
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Fig. 17  Variations of the amplitude of the fluctuating torque with the changing 
loads and rotor speeds when a 20 μF compensation capacitor is connected.

0.05
0.05

0.05
0.05

0.05
0.050.1

0.1

0.1
0.1

0.1

0.1
0.1

0.15
0.15

0.15
0.15

0.15
0.15

0.15

0.2

0.2

0.2

0.2
0.2

0.25

0.25

0.25
0.25

0.25

0.3

0.3

0.3

0.35

0.35
0.35

0.4

0.4

R
es

is
tiv

e 
lo

ad
 (Ω

) 

1450 1500 1550 1600 1650

100

200

300

400

500

Rotor speed (r min-1) 

Fig. 18  Variations of VUF with the changing loads and rotor speeds when 
a 20 μF compensation capacitor is connected.



29

V. Conclusion 
In this paper, two different equivalent circuit models of 

the TSCAOI configured generator has been proposed to 
theoretically investigate the excitation and load characteristics 
of the generator, as well as the impact of machine parameters 
on performance. A winding function approach based dynamic 
model has been used to derive the proposed equivalent circuit 
models and it clearly reveals the equivalent relationship 
between TSCAOI configured 3-phase SCIG and single-phase 
SCIG. The techniques presented in this paper can also be 
applied to study the performance of the previously proposed 
power electronic converter based single-phase variable-speed 
SCIG for renewable power generation. Experimental results 
of a 3 kW SCIM, configured in TSCAOI, has been presented 
in comparison to theoretical results under various operating 
conditions to demonstrate the accuracy of the proposed 
equivalent circuits. According to results, the proposed 
equivalent circuits, which is unique being the first unified 
model, is a valuable tool that gives an accurate insight into the 
complex behaviour of TSCAOI configured SCIGs.   

Appendix 
Prototype: A squirrel cage 3 kW TECO four-pole 400 V/50 

Hz induction machine, which has the following parameters:

Rs = 1.5 Ω
Rr = 2 Ω

L1s = 0.011 H
L1r = 0.011 H
LM = 0.214 H

J = 0.01 kg·m2
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