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Abstract

This paper presents an optimization based scheme to derive the maxi-
mum power transmission capability of a self-excited six-phase induction
generator (SPIG). For execution of this proposed scheme, an easy and
straight forward method has been developed here for figuring out the
maximum amount of power which can be transmitted by SPIG consid-
ering different functional conditions. An optimization based problem is
formulated with the help of multi-variable constraint, for finding out the
maximum power transmission capability of SPIG. The total impedance of
SPIG, calculated from its equivalent circuit, is considered as the objec-
tive function. Fmincon optimization toolbox of MATLAB has been used
to solve this numerical based problem. The critical power and the max-
imum power transmission capability have been investigated for varia-
tions of capacitor, load power factor and speed. The power transmis-
sion capability of SPIG directly depends on the factors like machine
parameters, rotor speed, power factor of the load and the capacitance
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value of self-excitation. From the analysis of the simulated results, it is
found that the performance of SPIG is satisfactory for various operating
conditions.

Keywords: Six-phase induction generator, excitation capacitor, renewable
energy sources, optimization, maximum power transmission, rural area
electrification.

1 Introduction

Presently, our earth is encountered by two major problems, which are energy
crisis and pollution. Higher uses of renewable energy like small hydro, wind
and solar is the best and probably the single solution to this problem. It
is known to everyone that renewable energy resources have several advan-
tages over conventional energy resources [1, 2]. Till now, one fifth of the
entire world population has no access to electricity because of their remote
location where the national grid is unavailable. But the interesting thing
is that 80% of this remote area has huge availability of non-conventional
energy resources. Hence, the development of small-scale power generating
system using these renewable energy sources is the best solution for electri-
fication of this kind of remote un-electrified area [3, 4]. The SPIG may be
used in such systems because of its easy availability, little maintenance and
low cost.

Now a days, a lot of research is going on multi-phase induction generator
(more than three phases in stator) because of its several advantages over
conventional three-phase induction generator like increased total power rating
keeping per phase power rating same as previous, higher fault tolerance
capability and less torque ripple [5]. SPIG is a special type of multi-phase
induction generator; where two different three-phase windings are placed
inside of its stator which are electrically isolated from each other but mag-
netically coupled as they are placed in same slots of the stator. As the total
power generation is subdivided into two winding sets, this proposed system
allows the uses of power electronic switches of lower rating. One of the major
advantages of this configuration is that the fault tolerance capability is very
high. If the fault occurs at any three-phase set out of six-phases, then the
SPIG is still capable to supply power to load with lower power rating [6, 7].
Nounou et al. [8] developed dynamic model of SPIG based standalone power
generation system and carried out the analysis of this system under different
operating conditions in simulation as well as experimentally.
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In case of induction generator, an external capacitor bank is required for
supplying the reactive power which helps to build up the stator voltage. The
reaction in between this capacitor bank and stator parameters is known as self
excitation process which is well explained in [9—-11]. Krishna et al. [12—14]
proposed different methods of determining the values of the excitation capac-
itors and various topologies of self-excited induction generator. In case of
standalone system, the system frequency and the stator voltage are unknown
because they are varying with the variation of machine parameters, mag-
netization characteristics, speed of the rotor, type of load and the value of
excitation capacitor. For this reason, the assumption of the frequency and
stator voltage of SPIG is very much difficult task. The performance evaluation
of SPIG can be determined with the help of steady-state per phase equivalent
circuit. There are basically two ways to analyse this equivalent circuit, one
is the loop impedance method and the other one is the nodal admittance
method [15-18]. Loop impedance method is commonly used by researchers
for the analysis of three phases or six-phase induction generator. But the
loop impedance method has been proposed in this paper for finding out the
maximum power delivery capability of SPIG. By using the loop impedance
method, the calculation complexity can be reduced and the analysis becomes
simple.

For a known capacitance, the load characteristic of SPIG is nearly same
as the P-V curve for a load bus of power system [19]. It can be alternatively
stated that the SPIG has maximum power transmission capability, known as
critical point, which directly depends on the value of excitation capacitor.
Murthy et al. [20] determined the value of excitation capacitor along with
maximum power transmission capability of a wind driven SEIG. But the
authors mainly focused on the wind turbine not the generator for finding
out the maximum power output. Mahato et al. [21] found out the optimized
value of excitation capacitor for extracting maximum power from a three-
phase self-excited induction generator feeding single-phase load. Generally it
is seen that at critical point, the stator voltage is much less than its rated value.
That is why, to ensure the minimum pre-specified stator voltage, the machine
should be operated away from its critical point. Hence, for the successful
and effective operation of SPIG, it is very important to find out the critical
point as well as maximum power transmission capability while maintaining
the minimum pre-specified stator voltages.

Accordingly, the main contribution of this paper is to find out the crit-
ical power point and the maximum power generation capability of a SPIG
for different operating conditions with the help of a simple and easy loop
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impedance method. An optimization based algorithm has been formulated
to determine these critical power and maximum power transmitting capa-
bility while maintaining the minimum pre-specified terminal voltage. The
optimization problem has been solved very easily using Fmincon toolbox
of MATLAB. The effects of capacitor, load power factor and speed on
the critical power and the maximum power transmission capability have
been studied. Moreover, the variation of the terminal voltage has also been
analyzed with respect to the different values of capacitor and load.

This paper is sub-divided into five sections. Section — I contains intro-
duction part, a brief literature survey and the main contribution of the paper.
Section — II explains the machine modeling based on its equivalent circuit and
also describes the load characteristics. The optimization problem formulation
is discussed in Section — III. Section — IV describes the simulation results
followed by conclusion in Section — V.

2 Modeling of SPIG and Load Characterization

Figures 1 and 2 show the schematic diagram of the six-phase induction gener-
ator (SPIG) system and the steady-state per-phase equivalent circuit of SPIG
respectively in which all machine parameters including excitation capacitor
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Figure 1 Schematic structure of proposed self excited six-phase induction generator.
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Figure 2 Per-phase equivalent circuit diagram of six-phase induction generator.

and load impedance for both windings have been shown. In Figure 2, R1, Rjo,
X1, X2 represent the stator resistances and leakage reactances respectively
for both windings. R; and X, represent the rotor resistance and leakage
reactance respectively. The core loss resistance and magnetization reactance
are mentioned by R, and X,,,. The reactances of the excitation capacitances
for both the windings are denoted by X.; and Xc. Two individual load
impedances are connected in both the windings which are mentioned by Zj;
and Zj». F and u represent the per unit frequency and per unit speed of SPIG
respectively.

All the parameters of the SPIG are constant except the magnetizing
reactance, X, as it depends on the magnetic saturation. For establishing
a relation between V,/F and X,,, the synchronous speed test is conducted
on the generator. The variation between V,/F and X, is non-linear due
to the magnetic saturation. For this system, the relation between X, and
V,/F is expressed with the help of a third order polynomial equation
[22-24].

V

where, K; = 0.0002, Ky = 0.0657, K3 = 8.0427, K4 = 550.81.

The per phase equivalent circuit diagram of SPIG, shown in Figure 2, can
be expressed in simplified form with the help of six impedances (Zs1, Zs2, Zi1,
Zy9, Zis and Z,), as presented in Figure 3. The expressions of the impedances
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It is seen that for each stator winding, the stator parameters and the load
impedance are connected in series and both of the series components of two

windings are connected in parallel.
From Figure 3, by applying KVL, it can be written as

Ir(Zr + ((Zsl + le)”(ZsZ + ZZQ))) =0

®)
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Since the total circuit current, I, cannot be zero in normal operating
condition, it implies that the total impedance should be zero.

Zr + ((Zs1 + Zn)|(Zs2 + Zi2)) = 0 9)

This impedance equation can be sub-divided in two parts, one is the real
part and the other is the imaginary part.

Zreal = real(Z, + ((Zs1 + Zn)|[(Zs2 + Zi12))) = 0 (10)
Zimag = imag(Zr + ((Zs1 + Zn)||(Zs2 + Z12))) =0 (11D

Equation (9) is the main fundamental equation of SPIG, which should sat-
isfy each and every operating condition. When load impedance is connected
across the stator terminals, then there are total seven unknown parameters of
SPIG (X, F, u, Xc1, X2, Zi1 and Zj2). With the help of two independent
Equations (10) and (11), the values of X;, and F can be solved by using a
suitable iterative method after assuming the rest five unknowns (u, X1, Xc2,
711 and Z2). Once Xy, and F are known, then the value of V, can be evaluated
easily with the help of the magnetization Equation (1). By knowing the value
of Vg, the voltages, currents and power of SPIG can easily be evaluated.

The load characteristics (stator voltage with respect to output power) of
SPIG can be found out by repeatedly solving the Equations (10) and (11)
associated with Equation (1) for different values of load impedance and pre-
assumed values of excitation capacitor and speed. Figure 4 represents the
basic load characteristics of a SPIG. It is seen from this figure that, when no
load (i.e., load impedance is infinite) is connected across the stator terminals,
the output power is zero and the terminal voltage is at its maximum value,
known as no-load voltage (V ;). By reducing the load impedance gradually, it
is noticed that the output power is increasing and the corresponding voltage is
decreasing. This process continues until the point O is reached in the graph,
which is known as critical point at which the power reaches its maximum
value. Up to this point, it is the stable operating zone of SPIG. With further
reduction of load impedance, the system enters to an unstable operation zone
where both the voltage and power are reduced. Corresponding voltage and
power of point O is known as critical voltage (V.,) and critical power (P.;)
respectively.

At the critical point, the terminal voltage is very low as compared to the
required range of the output voltage, which is highly undesirable. Due to this,
a pre-specified minimum voltage (Vpi,) needs to be maintained at the time
of operation of SPIG. Hence, the power transmission capability is reduced to
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Figure 4 Stator voltage versus power characteristics of SPIG.

P.ax Which is less than P... The difference between V., and V;, is known
as voltage margin and the difference between P.; and Py, is known as the
power margin. So for a typical and effective operation of SPIG, the amount of
power transmission and corresponding voltage should be in their respective
region.

3 Problem Formulation

The value of V, can easily be obtained with the help of the magnetizing
characteristics of the machine and the total impedance Equations (10) and
(11). Once V, is known, then the stator terminal voltage (V) can be evaluated
as per the equations given below based on the equivalent circuit of the SPIG.
As per the equivalent circuit of SPIG, Zs; and Zgo are in series with Z;; and
Z)5 respectively. Also they are parallel to each other and in series with Zls.
Equation (12) is used to find out the voltage across Z;; with the help of simple
voltage division rule.

Vi = (Vg/(Zs1 + Z0)l[(Zs2 + Z12)) + Zis))

Z
# ((Zar + Zn)l|(Zez + Z2)) * (m”zu> (12)
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To satisfy the pre-specified minimum stator terminal voltage (Viin), the
following constraint should be maintained at the time of operation.

Vinin — V2 <0 (13)

As both of the windings are parallel to each other, the voltage V across
the windings is same. The current passing through the individual load of both
windings can be written as:

In =Vi/(Rn + jXn) (14)
where, the individual load admittance can be written as
Yin=1/(Rin +j5Xn) (15)
So the total real power transmission capability of SPIG is given as:
P=6xI3%Rpy (16)

The critical power (P;) can be found out by optimizing the Equation (16)
while satisfying the basic fundamental Equations (10) and (11) of the SPIG.
For execution of this process, the load impedance of both windings needs
to vary during the optimization process. For transmitting the maximum
power (Ppax) while maintaining the pre-specified minimum voltage (Vpin),
the optimization process must include the Equation (13), which acts as an
inequality constraint. So by assuming the values of excitation capacitance
for both the windings and speed, finally the optimization problem can be
written as

Minimize f(X) = —6 * I} * R (7)
Subject to
real(Zy + ((Zs1 + Zn)||(Zs2 + Zi2))) = 0 (18)
imag(Zy + ((Zs1 + Z11)||(Zs2 + Zi2))) =0 (19)
Vinin = V¢ <0 (20)

where,
X = X F Zyy Zpo) T

This above numerical based formulated problem is solved by using
Fmincon toolbox of MATLAB. This Fmincon method is used to find out
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the minimum value of objective function with the help of several variables
with an initial estimate. This is basically considered as a non-linear problem
formulation or non-linear optimization algorithm. Here, Equation (17) is
considered as the main objective function of Fmincon optimization toolbox.
Equations (18), (19) and (20) are considered as non-linear constraints of
this numerical based formulation problem. For execution of this Fmincon
toolbox, the starting assumption, lower and upper bounds of X matrix needs
to be assumed. For finding critical power (P.;), minimum voltage (Vi)
should be set to lower then critical voltage (V) and for finding the maximum
power (Ppax), the minimum voltage (Vy,in) should be set to higher then
critical voltage (V;).

4 Results Analysis and Discussions

The detailed modeling of the SPIG based system is implemented in MAT-
LAB. All the machine parameters are given in Appendix. The developed
MATLAB model is run under different operating conditions, such as,
with and without pre-specified Vi, variation of excitation capacitor, load
impedance and per unit speed. All the results obtained are explained in the
following parts:

First of all, the value of critical power (P.;) is derived by optimizing the
Equation (17) with the help of the constrained Equations (18) and (19) while
the load is purely resistive (unity power factor). Figure 5 shows the variation
of the critical power with the excitation capacitance considering Vi, as zero.
It is found that when the value of excitation capacitor is low (say, 10 uF),
then P, is also very low. With the increase of the excitation capacitor, P,
is increased. When the value of the excitation capacitor is 60 uF, the critical
power is high but the terminal voltage is very much reduced from its rated
value. Here, the equation of the critical power is: Critical power = (41.67 *
capacitance) + 4623. Hence, the slope of the critical power line is 41.67.

As the above part deals with the value of critical power, Vyin is consid-
ered as zero or the constrained Equation (20) is neglected. But at the time of
finding out the maximum power (Py,,y) for a pre-specified minimum voltage
(Vmin), the Equation (20) should be considered as one more constraint in the
problem formulation of maximum power. Generally at the time of loading,
the terminal voltage is little bit dropped from its rated value. In this study,
the value of pre-specified minimum terminal voltage is set to five different
values for this analysis. Once minimum terminal voltage is specified by
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Figure 5 Critical power variation with respect to excitation capacitor.
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Figure 6 Critical and maximum power variation with respect to excitation capacitor for
different values of Viin.

Equation (20) and then by varying the excitation capacitor, the maximum
power delivery capability of SPIG can be determined by the optimization
algorithm. From Figure 6, it is seen that when the value of Vi, is set to
lower value, then the maximum power is closed to the critical power (Pc;).
With the increase of the pre-specified Vi, values, the difference between the
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Figure 7 Critical power variation with respect to excitation capacitor for different values of
load power factor.

critical power and the maximum power is increased. It is seen that maximum
output power of the SPIG is approximately reached to its critical power when
the minimum voltage is set to 360 V and the excitation capacitor is set to
60 pF, but when the minimum voltage is preset to 415 V, then the maximum
power delivery is reduced to nearly 6 kW.

In the previous cases, for finding out the critical power, the resistive load
(unity power factor) has been considered. Now, considering inductive load
(lagging power factor), the variations of the critical power with change in
capacitance is shown in Figure 7 for different power factors. The excitation
capacitor mainly supplies the reactive power required for both the SPIG
and the load. Now when the inductive load is connected, the reactive power
demand by load is higher compared to the resistive load. For this reason, less
amount of reactive power is available for SPIG and due to this the critical
power is reduced from the unity power factor condition. It is also seen that
the critical power is reduced with the reduction of power factor as the reactive
power demand by the load is increased. It is clearly seen that when power
factor is considered as (.5, then the critical power is much less as compared to
its rated value. For 0.9 power factor, the equation of critical power is: critical
power = (28.03 * capacitance) + 3111. Hence, the slope is 28.03.

Figure 8 gives the variation of critical power with respect to speed
variation. It is noticed that the critical power is increased with the increase
in per unit speed. For 0.75 per unit speed, the equation of critical power is:
critical power = (39.68* capacitance) + 4457. Hence, the slope is 39.68.
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Figure 9 Terminal voltage variation with respect to excitation capacitor (with and without
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Figure 9 presents the variation of terminal voltage with the variation of
excitation capacitor for different values of load resistances. It is found that
the terminal voltage increases with the increase of the capacitance. Also, the
terminal voltage is reduced with the increase of load for a fixed capacitance
value. From the figure, it is seen that, when SPIG is connected with excitation
capacitor of 45F, the no-load terminal voltage is very high, nearly 500 V. For
35 uF excitation capacitor, the no-load terminal voltage is nearly its operating
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Figure 11 Terminal voltage variation with unbalanced loading.

region. When a load of 295 € is connected across the SPIG terminals, the
load terminal voltage is little bit dropped. At 35 uF, the load voltage is nearly
410 V which is approximately 40 V less as compared to its no load voltage.
When the load resistance isdecreasedto 280 €2, then the load voltage is further
reduced to nearly 400 V.

Till now, for all the analyses, the excitation capacitor banks were con-
nected in both the winding sets. Figure 10 presents the variation of the no-load
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terminal voltage for the cases when the excitation capacitor bank is connected
across (i) one winding set and (ii) both the winding sets. It is observed that
when the both winding sets contain the capacitor bank, the operating voltage
is reached with per phase capacitor of 35 uF at no-load. Now when only one
excitation capacitor bank is used in any of the winding sets, then that same
operating voltage is reached with per phase capacitor of 40 yF.

Till now, for all the analyses, the load across both the windings is same.
Figure 11 presents the variation of the terminal voltage with unbalanced load-
ing in both windings. It is observed that voltage across the loaded winding is
less compared to the winding which is at no-load.

5 Conclusions

The modeling of SPIG and loop impedance method based simple procedure
to find out the maximum power transmission capability of SPIG, have been
presented in this paper. An optimization based problem has been formulated
while maintaining the basic fundamental equations of SPIG and the pre-
specified minimum value of terminal voltage. This formulated problem has
easily been solved by using Fmincon optimization toolbox of MATLAB.
Depending on the pre-assumed value of V iy, the critical power and the max-
imum power transmission capability of the SPIG are easily obtained using
this same formulated problem. It is noticed that power delivery capability
of SPIG is reached to its peak point when pre-specified terminal voltage is
set to zero but the terminal voltage is very much reduced as compared to its
rated value. For this reason, this operating region is not suitable for practical
application. Hence, for a real time operation, the value of V,,;, should not
be kept as zero. From the entire analysis, it can be also noticed that the
power transmission capability of SPIG not only depends on the excitation
capacitor but also the load power factor and per unit speed. This type of power
generating system is a promising solution for supplying power to remote
location and rural areas.

Appendix
Machine Parameters

Rated power 7.2 kW, Rated voltage 415 V, Rated speed = 960 rpm.
Stator resistances (R; = Ry = 4.12 ), Stator leakage inductances (L; and
Lo, = 0.0216 H),
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Rotor resistance (R, = 8.79 (), Rotor leakage inductance (L, = 0.043 H),
Mutual inductance between two set of stator (Lig = 0.0736 H).
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