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STEADY-STATE ANALYSIS OF PARALLEL-OPERATED
SELF-EXCITED INDUCTION GENERATORS
SUPPLYING AN UNBALANCED LOAD

Jordan Radosavljevi¢ — Dardan Klimenta — Miroljub Jevtié

This paper proposed a multi-objective genetic algorithm (MOGA) based approach for determining the steady-state
performance characteristics of three-phase self-excited induction generators (SEIGs) operating in parallel and supplying an
unbalanced load. The symmetrical component theory is used for the transformation of a complex three- phase generators-
capacitances-load system to a simple equivalent circuit. The MOGA has been employed for the determination of unknown
variables by minimizing the impedance module of the equivalent circuit. Using this approach, effects of various parameters
on the terminal voltage control characteristics are examined for two parallel SEIGs with C2C connection under a single

phase load.
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rotor speed
impedance
admittance
capacitance
complex voltage
complex current
air-gap voltage
complex operator e(727/3)
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Subscripts
A, B, C phases
W RM wound rotor machine

SCM squirrel cage machine

L load

14 line

S, T stator and rotor

p,n positive and negative sequence
m magnetising

c core loss

i index

1 INTRODUCTION

The application of induction generators follows the de-
velopment of distributed generation systems [1]. Advan-
tages of induction generators in regard to widely applied
synchronous generators are a lower unit cost, brush-less
cage-rotor construction, absence of a separate dc source,
good over-speed capability, better transient performances
and inherent overload protection. The inability of a direct
regulation of reactive power is a disadvantage of induction
generators.

An induction generator can operate in parallel with
the distribution network, when its rotor speed is greater
than the synchronous speed of the air-gap revolving field.
Better utilization of renewable energy may be achieved
by developing small-scale autonomous power systems like
wind and mini hydro power plants, which use the SEIGs
[2]. Likewise, it is well known that if an appropriate capac-
itor bank is connected across an externally driven induc-
tion machine, an EMF is induced in the machine windings
due to the excitation provided by the capacitor. The in-
duced voltage and current would continue to rise, until
the var supplied by the capacitor is balanced by the var
demanded by the machine. This results in an equilibrium
state being reached and the machine now operates as an
SEIG at a voltage and frequency assigned by the value of
the capacitance, speed of the prime mover, parameters of
the machine and the load.

A huge number of journal publications has so far been
dedicated to the steady-state analysis of an isolated three-
phase SEIG with three-phase balanced load [3-14]. The
performance of a SEIG is usually determined through its
equivalent circuit. An overwhelming majority of the afore-
mentioned researchers used either the loop impedance
approach, or the nodal admittance approach in analyz-
ing the circuit. Irrespective of the representation manner,
the analysis of three-phase SEIG requires a computation
of the generated frequency (F) and magnetizing reac-
tance (X,,) for the given operating conditions. Knowing
the values of X,,, and F', the steady-state performance of
the SEIG can easily be determined through their equiv-
alent circuit in conjunction with appropriate magnetiza-
tion characteristic.

Unbalanced operation of a three-phase SEIG may be
caused by manufacturing tolerances of excitation capaci-
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Fig. 1. Sequence equivalent circuits of the i*" induction machine: (a) positive sequence, (b) negative sequence
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Fig. 2. N parallel SEIGs feeding a unbalanced load

tances, failure of some excitation capacitance modules or
disconnection of loads by consumers [15]. The small-scale
autonomous power system with a three-phase SEIG often
supplies many single-phase loads, leading to a significant
degree of load unbalance. In addition, such autonomous
power systems usually employ single-phase distribution
schemes due to a low cost, easy maintenance and simplic-
ity in terms of protection. The steady-state analysis of
three-phase SEIG with unbalanced loads and excitation
capacitances is well documented [15-20].

In order to utilize the full potential of the hydro and
wind energy source, a number of SEIGs are required to be
operated in parallel. For parallel operation of SEIGs there
was only a simplified model described in [21] and steady-
state analysis in references [22-26]. These papers are fo-
cused on three-phase SEIGs with balanced excitation ca-
pacitances and loads. However, in practice, the conditions
for symmetrical and balanced operation of three-phase
SEIGs are often not achieved.

The steady-state analysis and performance character-
istics of parallel operated three-phase SEIGs with unbal-
anced load conditions are not reported in literature. The
aim of this paper is to contribute in this direction.

The key issue that needs to be solved at the parallel
operated SEIGs is the voltage and frequency regulation.
The voltage and frequency variables are nonlinearly de-
pendent on the speeds, magnetizing reactances, excitation
capacitances and loads. Any regulation strategy requires

Jic Jic

1 .
ZinEQV

Fig. 3. A simplified circuit of N parallel
SEIGs feeding a unbalanced load

an efficient procedure for computing of the frequency and
magnetizing reactances, that is, the steady-state condi-
tion of SEIGs.

In this paper, a MOGA-based optimization procedure
is applied to the determination of the steady-state condi-
tion of any number parallel operated SEIGs feeding un-
balanced load. The proposed approach enables practically
all cases of unbalanced operation of the parallel SEIGs to
be analyzed.

2 INDUCTION GENERATOR MODEL

If three-phase induction machines feed an unbal-
anced/asymmetrical external network, then a natural
analysis mode is to resort the system to symmetrical
components and rotating field concepts [2, 16]. Therefore,
the induction generator is modeled with its positive and
negative sequence circuits as it is shown in Fig. 1

In these circuits all parameters refer to the rated fre-
quency, and it is assumed that all inductive reactances
are proportional to the rated frequency; where F' is the
per-unit frequency — the ratio of the generated frequency
to the rated frequency, and v; is the ratio of the actual
rotor speed to the synchronous speed corresponding to
the rated frequency of the i*" machine. In these circuit
models, it is also assumed that all parameters, except
the magnetizing reactance X,,;, are constant and inde-
pendent of the saturation. The value of X,,; depends
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on the core flux which in turn depends on the ratio of
the air-gap voltage to the frequency. The variation of the
positive-sequence air-gap voltage with magnetizing reac-
tance X,,; can be expressed by an appropriate equation
based on the synchronous speed test data fitting.

According to Fig. 1, the positive-sequence and neg-
ative-sequence impedances of the i*® machine, that is,
impedances Z,; and Z,;, are as follows

R . iji R_”, JFij'
F G Xmi + (2 +3X0) (1)
ypi = ZI;LI ’
o Rsi . ijz(% +jXri)
Zpi = +]Xsi + - R... . )
F 3 Xmi + (755 +3Xn) (2)
yni = erll ’

where F is the per-unit frequency, v; is the per-unit
speed, Rg; is the stator resistance per phase in pu, R,;
is the rotor resistance per phase referred to the stator in
pu, X,; is the stator reactance per phase in pu, X,; is
the rotor reactance per phase referred to the stator in pu,
and X,,; is the magnetizing reactance per phase at the
rated frequency.

3 STEADY STATE ANALYSIS

The circuit connection of N three-phase delta con-
nected SEIGs feeding a three-phase unbalanced load are
shown in Fig. 2. Assigning appropriate values for the ter-
minal impedances Z4, Zp and Z¢, a specific unbal-
anced operating condition can be simulated.

The delta connection is deliberately selected herein
due to the fact that zero-sequence quantities do not exist.
However, the presented concept can easily be extended
to the star connection with the isolated neutral point
applying the star-delta transformation.

The circuit shown in Fig. 2 has no active voltage
sources. Accordingly, the SEIG may be regarded as a pas-
sive circuit when viewed across any two stator terminals
[15]. For convenience, A-phase is chosen as the reference
and the input impedance of the SEIGs across terminals
1 and 3 in Fig. 2 will be considered. In this manner, the
equivalent scheme shown in Fig. 2 can be transformed
into a simple circuit given in Fig. 3.

According to the marks given in Fig. 2, the current
and voltage balance equations may be written as follows

N N

ZJAi'F«%A_ZJBi_«%B:Ov (3)
i=1 i=1
N N

ZJArl-JeA—ZJC—jeC:O, (4)
i=1 i=1

Jea =Yalda, (5)

Jes = YBUB, (6)

Jec = Yclc . (7)
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Based on the symmetrical component theory, the follow-
ing equations are developed for the delta connected sys-
tem

Us +Up +Uc =0, (8)
Us =U, + U, , (9)
Uc = ady, + aUy, (11)
N N N
D Tai=Uy > Vpi+Un Y Vi, (12)
=1 =1 =1
N N N
S Tpi=aUy Y Vpitalhy Y Vuin  (13)
=1 =1 =1
N N N
S Joi=aly > Vpi+ Uy Y Vuio  (14)
=1 =1 =1
This follows from equations (3) and (4)
N N
«%AZ—ZJAZ‘—FZJBZ‘-FI@& (15)
=1 =1
N N
Ja==Y_ Jai+ Y Joi+Tic. (16)
=1 =1

Substituting equations (6, 7) and (12-14) into (15,16), it
is obtained that

Jea = AUy, + BU,, ,
Jea = ClUp + DU,

(17)
(18)

N N
A=(®=1)> Vpi+0*Vp, B=(a—1)) Vu+als,

i=1 i=1

N N
C=(@-1)> Vpt+ade, D=@>-1)> Vu+ade.

i=1 i=1

From equations (17) and (18), it is obtained that

A-C
Un = Z—plp- (19)
According with Fig. 3, the phase voltage U, is
Ua = —ZinpqvJia - (20)

Finally, by substituting equations (9), (17) and (19) into
equation (20), for the parallel SEIGs input impedance it
is obtained that

(A+D) - (B+0C)
BC — AD

ZinEQV = (21)
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The positive-sequence and negative sequence admittances
Ypi and Yy, that is the complex coefficients A, B, C and
D are functions of F' and X,,;. Therefore, the SEIGs
input impedance may by expressed as

aXmNaF)
7XmNaF)'

ZineqQv = Ringqv (Xm1, Xm2, ...

+ i XinbQv (Xm1, Xma, - .. (22)
In accordance with Fig. 3, the following voltage balance
equation can be written

(Za+ Zinpqv)Jia =0, (23)

ZioopTea = 0. (24)

Where: Zioop = Z4 + Zinpgv . For a successful self-

excitation it is required that Jy4 # 0, hence,

Zloop =0. (25)

In order to ensure that all generators have the same ter-

minal voltage (the common bus voltage), the following
equations must be satisfied

|Zp1| |~7p1| - |Zpi| |~7pi| =0 (Z =2,...

S N)-(26)

According to Fig. 1(a), the magnitude of the positive
sequence stator current for machine ¢ can be related to
the machine magnetizing reactance X,,;, provided the re-

Epi

F
and magnetizing reactance X,,; is known. The magne-
tizing characteristic relating the ‘i’; ‘ with the X,,; can
be obtained experimentally by a synchronous speed test.
Spi
F
tical region of operation can be approximated by linear
segments with expressions of the type

lationship between the forward field air-gap voltage

Generally, the variation of with X,,; over the prac-

Epi

—|=a; + b; X (i=1,...,N). (27)
Therefore, equations (26) can be expressed as
Z Zi
‘ P (a1 + 01 Xm1) | 2| (@i + b Xoms) = 0
me'r‘l pmri
(i=2,...,N) (28)

where Z,,-; is the total positive-sequence impedance of
the magnetizing and rotor circuit of the i*® machine. In
accordance with Fig. 1(a) it is

3 Xmi (e + 50

3 Xmi + (A + X0

—v

me'r‘i =
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4 METHOD OF SOLUTION

If the self-excitation requirement (25) and voltage-
balance equation (28) are treated as criterion functions
and the frequency, magnetizing reactance, excitation ca-
pacitance and speed as control variables within the spec-
ified limits, then the multi-objective optimization proce-
dure can be applied for the determination of the steady-
state condition of three-phase SEIGs operating in paral-
lel.

4.1 Objective functions

The equation (25) can be expressed as
f1=1Z100p| =0. (29)

The system of equations (28) is equivalent with following
expression

N
= {2 o+
i—2 merl
Zpi
- ‘ 2 |(a; +biXmi)} 0. (30)
pmri

The control of the common bus voltage can be achieved
by changing in the excitation capacitances as well as
changing rotor speeds of SEIGs. By controlling the volt-
age level one attain the voltage on the common bus of the
SEIGs, that is, on the load which has the value equal to a
previously specified one. This condition can be expressed
with the objective function in the form

f3:{|Vspec_V;f|}:O (31)
where: Vipe. — specified voltage,
Vi — common bus voltage (V; = |Ual).

Depending on the specific problem, a multi-objective
function whose minimization leads to the determination
of unknown variables at steady-state condition is created.
The unknown variables, that is, optimization parameters
can be magnetizing reactances (X,,;), frequency (F'),
excitation capacitance (C') and rotor speeds (v;).

4.2 Multi-objective optimization

A general multi-objective optimization problem (MOP)
can be defined as follows [27-30]

7fk(1')]—r

T

MinF(z) = [f1(x), fola),...

st.x €S, x=[x1,22,...,2y]
where [f1(x), fa(z), ..., fr(x)] are k objectives functions,
[x1,x2,...,2,] are the n optimization parameters, and
S € R™ is the solution or parameter space.

For MOP, the optimal solution can be defined as the
solution that is not dominated by any other solution
in the search space. Such an optimal solution is called
Pareto-optimal.
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Pareto-optimal solution: z* is said to be a Pareto-
optimal solution of MOP if there exists no other feasible
z (e x € §) such that, fj(x) < f;(z*) for all j =
1,2,...,k and f;(z) < f;(«*) for at least one objective
function f;.

In solving an MOP, two conceptually distinct types of
problem difficulty can be identified: search and decision-
making. The first aspect refers to the optimization pro-
cess in which the feasible set is sampled for Pareto-
optimal solutions. The second aspect addresses the prob-
lem of selecting a suitable compromise solution from the
Pareto-optimal set. A human decision maker is neces-
sary to make the trade-offs between conflicting objectives.
There are different ways to approach a MOP such as evo-
lutionary algorithms. Evolutionary algorithms seem par-
ticularly suitable to solve MOP, because they deal simul-
taneously with a set of possible solutions (the so-called
population). This allows finding several members of the
Pareto- optimal set in a single run of the algorithm. The
most local search method in MOP is GA. It has been
proven that MOGA is intelligent optimization algorithm
able to balance the trade-offs between conflicting objec-
tives.

The classical optimisation methods start from a single
possible initial solution and they reach the optimum by
applying the heuristic rules iteratively. The MOGA starts
from the population, which is a group of individuals. Each
individual represents a potential solution of the optimiza-
tion problem. The individuals are presented in the same
way, usually through a column or a string of data. The
quality of each solution or individual is determined based
on the fitness function values. Through a series of MOGA
operations a new population is obtained and its individ-
uals are engendered by the individuals from the previous
population according to the natural evolution principles:
the choice of parents, crossover and mutation. Basic op-
erations of the MOGA are:

1. Representation of individuals: All data (variables) that
make an individual are written in a string. A string is
composed of substrings. Each substring represents a bi-
nary encoded variable on which the process of optimisa-
tion is carried out. The number of substrings, therefore
the size of a string, depends on the number of variables
that are optimized.

2. Initialization: individuals with random strings are gen-
erated that set up the initial population.

3. Fitness function calculation: It is used to rate the qual-
ity of an individual and it represents an equivalent of
the function that should be optimised, that is, objective
function. The evaluation of the function is performed
by the MATLAB program based on the mathematical
model that is presented in sections 2 and 3.

4. Selection: During the selection process the individu-
als that will participate in the reproduction (parents)
are selected. The point of the selection is to store and
transfer good individuals to the next generation.

5. Crossover: Crossover is an exchange process of column
parts between two individuals, that is, “parents”. One
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or two new individuals engender by the crossover, that
is, a “child”. The possibility of inheriting the first par-
ent’s characteristics by a child is introduced during this
process.

6. Mutation: Mutation is a way to give a new piece of
information to an individual. Mutation represents an
accidental bit variation of an individual, generally with
a constant probability for each bit within a population.
The mutation probability can further vary depending on
the size of the population, application and preferences
of the explorer. A fixed value which is often kept during
the whole genetic algorithm is used for each generation.

7. Ending conditions: The process of finding the optimal
solution is an iterative process which ends when a maxi-
mum number of generations is achieved or when another
criterion is fulfilled, such as a minimum offset from the
best fitness value and medium fitness value of all in-
dividuals in a current population. If end conditions are
fulfilled, the best individual thus obtained is the semiop-
timal solution in question. Otherwise, return to 3.

In this paper, the MATLAB realization of the MOGA
is applied. The MOGA parameters implemented in this
paper are shown in Table 1.

Minimization of the above-formulated objective func-
tions using the MOGA yield a set of Pareto-optimal solu-
tions. For practical applications, it is need to select one so-
lution. In this paper a simple principle is applied, that is,
from the set of Pareto-optimal solutions should be choos-
ing one that meets the following criteria

k
minZ fil@*). (32)

4.3 Performance equations

The MOGA enables a simultaneous computation of
the unknown values of X,,; and F. Having thus deter-
mined the X,,; and F', the next step is to determine

the normalised air-gap voltage |=%

of X,,; based on the relevant magnetizing characteristic
for all induction machines. Because the phase angles of
the normalised air-gap voltages are not known, it can be
supposed that the angle of the SEIG with index 1 is equal
to zero. Knowing the air-gap voltage &,1 = E,1Z0°, in
accordance with Fig. 1(a), the positive-sequence current
of the SEIG can be computed as

Epi .
ﬂ‘ according to value

Ept
T = —=L—. 33
pl merl ( )
Now, the positive-sequence voltage is
Up = 5p1 - (Rsl +jFXsl)jp1 . (34)

When U, is calculated, the positive-sequence currents of
the other SEIGs can be determined,

Uy

Fi="TFz,

(35)



218

Table 1. MOGA Parameters

200*(Number of variables)
15*(Number of variables)
Feasible population
Tournament, Tournament size: 2
Heuristic, Ratio: 1.2

Adaptive feasible

Generation
Population

Initial population
Selection
Crossover
Mutation

Max generation:
200* (Number of variables)

Termination tolerance
on the function value: 10~*

Ending
conditions

Table 2. Machines parameters

Rs R7- Xs Xr Xmax

WRM 0.09175 0.06354 0.2112 0.2112 2.00
SCM 0.16543 0.09324 0.1060 0.1060 2.84

The phase angles of the normalised air-gap voltages of
the other SEIGs:

Im{% + (B +szi)jpi}
Re {% + (% +szi)in}

f; = arctan (t=2,...,N).

(36)
The negative-sequence voltage U,, can be determined by
Equation (19) and the negative-sequence currents in ac-

cordance with Fig. 1 (b) by equation

Uy,

Accordingly with Fig. 1(b)
sz RM.. + ‘X’I“’L'
g = A Xmi (7 +J ) 1,...,N). (38

Tni (1=
) (

G Xmi + (72 + 5 X

Finally, the terminal voltages and stator currents of the
SEIGs can be calculated by Egs. (9-11) and (12-14),
respectively; and the line currents by Eqgs. (5-7)

The output power ( Pgeni ) and the input power ( Pr; )
of the i*" SEIG is

Pgeni = Re{ltp Tp; +Un T} (i=1,...,N), (39)
E2 E2.
PI . — Re pt + ni
" { A =X, A X } (40)
(i=1,...,N)
and reactive power requirement
Qi =Im{U Ty + U Ty} (i=1,...,N).  (41)
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5 RESULTS AND DISCUSSIONS

The proposed procedure is tested on two three-phase,
380 V (line), four pole, delta connected, 1 kW induction
machines. Namely, a wound rotor machine (WRM) and
a squireel cage machine (SCM). The per-unit measured
parameters of the two machines are given in the Table 2
[22].

The measured per-unit variations of the air-gap volt-
ages |Ep|/F based on a 220 V with X, for the two ma-
chines approximated as follows over the practical range
of interest.

For the WRM

Ep

7= 1.0007 — 0.1741X,, for X,, < 1.3666,

Ep

7= 1.4298 — 0.4881X,, for 1.3666 < X,, < 1.7707,
Ep

= 3.0192 — 1.3857X,, for X,, > 1.7707.

For the SCM

Ep

7= 2.4408 — 0.6080X,, for X,, < 2.3839,

% = 3.4592 — 1.0352X,, for 2.3839 < X,, < 2.8116,
Ep

| =9.7841 — 3.2848X,, for X, > 2.8116.

5.1 Basic approach

For known values of the excitation capacitances (C’ A,
Cp, Cc) , the load impedances (ZLA, Z1B, ZLC) , the
SEIGs speeds (1)1, V2yeeny vN) and machines parame-
ters, unknown values of the magnetizing reactance’s
(Xml7 X, ... 7XmN) and frequency (F') can be deter-
mined by minimizing the following objective function

min Fobj = min{f; + fa}
X < X S X%, i =1
Fmin S F S Fmax

.. N,

subject to {

The steady-state analysis results of parallel operated
SEIGs for the different connections of balanced/unbal-
anced resistive loads and excitation capacitances are pre-
sented in Tables 3-5. It is considered that the SEIGs have
equal and constant speeds of 1.0 pu.

As shown in Table 5, WRM output power is less than
the output of SCM. This is due to the rotor impedance ra-
tio of the SEIGs. On the other hand, the reactive power of
the WRM is significantly higher than the reactive power
of the SCM due to smaller value of the magnetizing re-
actance. The result of it is that the phase current of the
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Fig. 6. Variation of VUF with Pr, and v for a constant terminal
voltage of Vz =1 pu

WRM is significantly higher than the phase current of the
SCM, as can be seen in Table 4. This clearly shows the
importance of the parameters of the individual SEIGs in
parallel operation.

The poor generator performance, such as phase im-
balance and poor efficiency, will result when single-phase
loads are supplied by three-phase SEIGs (cases 6 and 7).
This disadvantage are overcome to a large extent by the
use of the C2C connection (case 8).
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Fig. 9. Variation of VUF with PL and C for a constant terminal
voltage of Vt=1 pu

This approach has been applied for C2C connection.
Fig. 4 shows the variation of excitation capacitance C
required to maintain the constant terminal voltage of
V; = 1 pu with the change in the resistive load Pr, at the
constant generators speeds v for the C2C connection. The
excitation capacitance has to vary continuously in order
to keep the terminal voltage at a constant value. From
this figure, it is clear that C' increases with Py, . For fixed
values of V; and P, C increases as v is decreased.
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Table 3. Case studies for the different circuit configurations

Za < Rpal||Ca Zg < R1B||CB Z¢ + Ricl||Cc Results
Case Note Rpra Ca  Rie Cp  Rie Cc F Xm (pu) min i filz™)
Q) uF () uF (Q) uF (pu) WRM SCM i=1
1 Bal. Load; Bal. Cap. 100 60 100 60 100 60 0.9578 0.9314 2.3093  1.3234e-007
2 No Load; Bal. Cap. - 40 - 40 - 40 0.9964 1.1409 2.4590 3.8158e-008
3 Bal. Load; Unbal. Cap. 100 50 100 60 100 70 0.9576 0.9313 2.3087  3.4803e-007
4 Unbal. Load; Bal. Cap. 50 60 100 60 150 60 0.9522 1.0554 2.3729  4.4291e-007
5 Unbal. Load; Unbal. Cap. 50 50 100 60 150 70 0.9522 1.0334 2.3593  7.4905e-007
6 Single-ph. Load; Bal. Cap. 33 60 - 60 - 60 0.9620 0.9417 2.3283  2.9628e-007
7 Plain single-ph. connection 33 180 - - - - 0.9386 1.8268 2.7899  7.0679e-008
8 C-2C connection 33 60 - 120 - - 0.9551 0.9356 2.3043  8.9868e-007

Table 4. Phase voltage, voltage unbalance factor and currents for the circuit configurations listed in Table 3

Case Va Ve Ve VUF I (pu Ip (pu Ic (pu Ioa Iip Lic
(pu) (pu) (pu)  (Vu/Vp) WRM SCM WRM SCM WRM SCM  (pu) (pu) (pu)
1 0.9715 0.9715 0.9715 0 1.1194 0.6645 1.1194 0.6645 1.1194 0.6645 1.7584 1.7584 1.7584
2 0.9460 0.9460 0.9460 0 0.7050 0.3734 0.7050 0.3734 0.7050 0.3734 1.0782 1.0782 1.0782
3 0.9437 0.9946 0.9764 0.0305 1.0464 0.6257 1.1458 0.6172 1.1756 0.7696 1.4773 1.8000 2.0130
4 0.8881 0.9017 0.9718 0.0572 1.0665 0.8260 0.9398 0.5091 1.1753 0.7375 1.9802 1.6244 1.6622
5 0.8700 0.9321 0.9844 0.0712 1.0193 0.8116 0.9822 0.4576 1.2452 0.8401 1.7735 1.6791 1.9414
6 0.8636 0.9596 1.1070 0.1486 1.0198 0.9729 0.8662 0.1190 1.4382 0.9714 2.4440 1.5840 1.8274

7 0.5672 0.3412 0.6403 0.3439 0.9977 1.0313 0.3530 0.6793 0.6779 0.3959 3.0350 0 0

8 0.9939 0.9733 0.9364 0.0346 1.1665 0.6327 1.2020 0.8065 1.0551 0.6468 2.8059 3.1905 0

Table 5. Output powers and efficiency for the circuit configurations listed in Table 3

Case Power load Pgen (pu)

Efficiency Q: (pu)

Py (puyy WRM SCM WRM SCM WRM SCM
1 0.7159 0.3239 0.3920 70.6876 80.7330 —1.0381 —0.5129
2 0 —0.0092 0.0092 25.0589 28.3383 —0.6669 —0.3531
3 0.7164 0.3247 0.3917 70.5678 80.3282 —1.0416 —0.5159
4 0.7637 0.3620 0.4017 73.9621 79.0921 —0.9075 —0.4793
5 0.7659 0.3617 0.4042 73.2110 78.3864 —0.9388 —0.4937
6 0.5715 0.2756 0.2958 67.3593 70.9987 —1.0499 —0.5414
7 0.2465 0.1541 0.0924 71.4587 46.8577 —0.3032 —0.2150
8 0.7569 0.3430 0.4139 70.7812 79.8785 —1.0504 —0.5243

The variations of frequency F and output powers of
generators Pgen, with load Pr, at the corresponding val-
ues of the excitation capacitance are shown in Fig. 5.
With an increase in load, the frequency is decreases. The
range of change in frequency is approximately the same
for all three speeds. The power load must be equal to the
sum of output powers of parallel operated SEIGs. Figure 5
clearly shows that the power output of SCM generator is
greater than the output power of WRM generator, al-
though they have the same rated power. For fixed values
of Vt and PL, the ratio of the output powers is increases
as v is decreased.

Figure 6 shows the variation of the voltage unbalanced
factor VUF with load Pr, . For fixed values of v = 0.9 pu
and v = 1.0 pu, VUF decreases as Pj increases. For

generators speed of v = 1.1 pu, VUF decreases as Py,
increases from 0 to 0.8 pu, and VUF increases as Py,
increases from 0.8 to 1.2 pu Generaly, for fixed values
of V; and Pr, VUF decreases as v is increased. The
minimum values of VUF depends on the speed. With
increasing speed, the minimum of VUF moves to the
left (toward smaller Pp,).

5.2 Controlling terminal voltage by excitation
capacitance

It is well known that the voltage control of the SEIG
can be achieved by a change in the excitation capacitance
for constant values of the speeds and load impedances. In
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Fig. 10. ariation of vgopas with Pp, C and vy gps for a constant
terminal voltage of Vi = 1 pu

this case the multi-objective function can be expressed as

min Fobj = min {f; + f> + f3}
Xﬁ;nﬁszSXngfxa 2:17
Fmin S F S Fmax,
Cmin S C S Cmax .

"N’

subject to

5.3 Controlling terminal voltage by SEIGs
speeds

For a fixed value of C', it may be possible to achieve a
certain degree of voltage regulation by varying the speed
of one or more machines [21]. In this situation, two cases
can be analyzed: i) all SEIGs have common but variable
speeds, and ii) the speed of only one SEIG is varied while
keeping the speeds of the remaining (N — 1) SEIGs fixed.
There can also be used multi-objective function

min Fobj = min{f; + f2 + f3}

an{Ll;DSszSan{Llfxa izl?""N’
subject to ¢ Fmin < p < fmax
ot < vy < O i=L....,N.

(i) C2C connection, both SEIGs have common but
variable speeds

Figure 7 shows the variation of SEIGs speeds v re-
quired to maintain the constant terminal voltage of V; =
1 pu with the change in the resistive load P, at the con-
stant excitation capacitance C'. The SEIGs speeds has to
vary continuously in order to keep the terminal voltage
at a constant value. From this figure, it is clear that v
increases as P, increases. For fixed values of V; and Pr,
v decreases as C' is increased.

221
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Fig. 11. Variation of F with Pp, C' and vy pgrp for a constant
terminal voltage of V3 = 1 pu

VUF
0.6 (pw)

VWRM =0.9 pu

Fig. 12. Variation of VUF with P, ,C and vy ras for a constant
terminal voltage of Vi = 1 pu

The variations of frequency F' and output powers of
generators Pgen, with load Pr at the corresponding val-
ues of the generators speeds v are shown in Fig. 8.

With an increase in load, the frequency is increases.
The range of change in frequency is approximately the
same for all three excitation capacitances. As shown in
Fig. 8 the power output of SCM generator is higher than
the output power of WRM generator. The ratio of output
powers SCM/WRM decreases as Pr, increases. For fixed
values of V; and Pp, the ratio of the output powers
increases as C' is increased.

The effect of C' on the VUF under voltage control
by v is shown in Fig. 9. For fixed values of C' = 50 uF
and C' =70uF, VUF is decreases as P, increases. For
C = 100uF, VUF decreases as Pp, increases from 0 to
0.8 pu, and VUF increases as P, increases from 0.8 to
1.2 pu Generally, for fixed values of V; and Pr, VUF
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Fig. 13. Power outputs of SEIGs with P, C' and vy gy for a constant terminal voltage of V; = 1 pu

decreases as C is decreased. With decreasing C', the
minimum of VUF moves to the left (toward smaller Pr,).

(ii) C2C connection, vgcoar is variable and vwrwm
is kept constant

For the C2C connection SEIGs parallel system of an
SCM and a WRM, voltage control by the speed of SCM is
illustrated in Figs. 10-13. Based on these results it is clear
that voltage control by the speed of only one machine is
generally possible, but very limited.

Figure 10 shows the variation of the speed of the SCM
(vscar) required to maintain the constant terminal volt-
age of V; = 1 pu with the change in the resistive load Pp,
at the constant excitation capacitance C' and the con-
stant speed of the WRM (vwga ). The vsopm has to
vary continuously in order to keep the V; at a constant
value. From this figure, it is clear that the vgcps control
characteristics largely depends on values of Pr, C' and
vwrm - Generally, the control characteristics improves
as vwgrym and C is increased. However, as can be seen
from Figs. 13(a,b), the WRM output power is negative in
over range of Pp, which means that the WRM operate
as motor. For vywry = 1.1 pu, as shown in Fig. 13(c),
the SCM operate as motor or generator depending on Py,
and C'. For fixed value of Pj, the operating mode of SCM
greatly depends upon the C'. In addition to the value of
Pr, C and vwpga, the control caracteristics is highly
dependent on the SEIGs parameters.

6 CONCLUSIONS

A multi objective genetic algorithm-based approach to
evaluation the steady-state performance of three-phase
SEIGs operated in parallel under unbalanced and single-
phase load conditions is presented. The complex three-
phase induction generators-excitation capacitance-load

system is transformed to a simple equivalent circuit by us-
ing the symmetrical component theory. The MOGA has
been applied to the computation of the unknowns by min-
imizing the multi-objective function which includes the
self-excitation requirement, voltage balance for parallel
operation and common bus voltage control criterion. Ap-
plication of the MOGA gives great freedom in the choice
of objective function and control variables in the analysis
of the parallel operated SEIGs.

The voltage control of the parallel operated SEIG feed-
ing an unbalanced load has been investigated as well. The
methodology for voltage control has been implemented
for C2C connection under single-phase load. From this re-
sults it is clear that the voltage control can be achieve by
varying the excitation capacitance or by varying the com-
mon speeds of the SEIGs. The voltage control by vary-
ing the speed of only one SEIG is generally possible, but
very limited. In addition to the excitation capacitance and
speeds of the SEIGs, the voltage control characteristics is
highly dependent on the induction machine parameters.

The proposed approach enables practically all cases
of unbalanced operation of the parallel SEIGs to be ana-
lyzed. The methodology proposed in this paper can be ex-
ploited in planning and development of power generation
in autonomous small-scale power plant with the SEIGs.
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