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Abstract— The paper presents an iterative solution for the prob-
lems related to steady state performance of self-excited induc-
tion generators operating in parallel. The analysis is based on
voltage and current balance equations derived from an inverse-
model for steady state equivalent circuit of induction machines.
The non-linearity in the magnetization characteristics has been
taken into account by piece-wise linearisation. The proposed
method is general and can be applied for analysis of any number
of parallel connected machines. Theoretical predictions and ex-
perimental results are presented to study different performance
characteristics of the system.
L. INTRODUCTION

The rapid depletion and enhanced cost of conventional
fuels have given an impetus to the research on self-excited
induction generators as alternative power source converting
power from wind, biogas, mini and micro-hydro units etc.
However, except for the case of portable emergency power
supply units, it is unlikely that a single generator could
meet the power demand. Also, utilization of the full po-
tential of energy may require operation of many such units
in parallel. When induction generators are connected to
the power grid controlled by large rating synchronous gen-
erators, it draws the required VAR from the bus, voltage
and frequency of which are determined by the dynamics
of the synchronous generators. DeMello and Hannett [1]
worked on several aspects of such systems and concluded
favorably for a system consisting of many induction gener-
ators being operated in parallel.

Parallel operation of induction generators has the advan-
tage of elimination of the need for synchronization and of
the associated problems with hunting etc. Extensive stud-
ies have been carried out on self excited induction genera-
tors operating in stand alone mode [2]-[5], but very limited
references [6]-[8] are available on the parallel operation of
such units. The method of analysis in [6] is based on a
simplified equivalent circuit, and as a result the developed
expressions lack accuracy in certain situations, and also fail
to meet the requirements to study many aspects of paral-
lel connected generators. The methods suggested in [7]-[8]
set up non-linear equations, based on conventional circuit
model, and solve them by the Newton-Raphson method.
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This paper is addressed to the method(s) of investiga-
tion for certain aspects of operation of multiple self excited
induction generators connected to a common bus. Such
aspects are voltage regulation for given excitation capaci-
tances, load sharing as influenced by machine parameters
and speed, VAR requirements at a specified common termi-
nal voltage etc. Different algorithms for iterative solutions
of the steady state equations, under balanced operating
conditions, are developed to obtain performances of such
systems. Test results on an experimental setup are pre-
sented for comparison with the predictions.

II. BASIC EQUATIONS
A. Development of basic equations based on conven-
tional equivalent circuit:

The usual approach [6]-[8] to derive the equations to
study the performance of parallel-operated seli-excited in-
duction generators is based on steady-state stator-referred
T-equivalent circuit. In the analysis presented in this pa-
per, it has been found that the T-model makes the equa-
tions more complicated. As actual rotor variables are not
required, the inverse-I' model [9] may be used with advan-
tage for the analysis.

When N number of machines operate in parallel (Fig.1),
the terminal voltage (i.e. the common bus or load voltage)
and frequency for all the N machines remain same, what-
ever may be the individual machine speeds and loading
conditions. Fig.2 shows the ith generator connected to the
common load. All circuit elements except the magnetiz-
ing reactances, i.e. Xp,’s, are assumed to remain constant.
The magnetizing reactances change with speed and load,
and the changes are accounted using the rms saturation
characteristics of the machines. With reference to Fig.2,
the following voltage equation expressed in terms of com-
plexors, can be written for the ith machine.

V, .

= Bgly  fori=12,...N (1)
where

Ry . . R,
Z; = [“;—: +.7Xm'] + {JaiXmilla? (F__‘v:)}
in which
o = Xma
YT X+ Xini
Xoi = Xig+a;Xp

0885-8969,/99,/$10.00 © 1997 IEEE



210

[e ¥ 3 e IXL
R W2 2 o SR

L]

L ] n

. ~dXep

» '_""'{

v

Fig.1 Induction generators connected in parallel.
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Fig.2 Per phase equivalent circuit (inverse-I' model) of
the ith generator connected to common load terminals.

As the load current is the net contribution from all the
machines, the following current balance equation holds at
the common bus

. . N
Vt(.l___L_,_ IF =31 @)
Ry FX, Xa s

=1

Separating out (1) and (2) into real and imaginary parts

yields 2(N + 1) non-linear algebraic equations. With V; as
reference phasor, solutions to (1) and (2) would then give
the values of I, Iy, ... Iy, F and X¢, provided all the ma-
chine parameters in the circuit model are known. But the
values of X,,;’s are not known apriori and are regulated by
F, machine speeds and the effective loading on the system.
So additional N equations are required to determine the
values of X,,;;’s. For the current directions shown (Fig.2),
airgap voltages of the individual machines are related to
the terminal voltage by the following equation

Vi Vv Rg;
g1 t 51 .
==ty [ +.7th:] 3)
where
Vg = Vuld

The rms V— I saturation curve of each of the N machines
in terms of the magnetizing reactance may be represented

X = F, (V—;) @)

where F; indicates an explicit (implicit) non-linear relation.

Set
Vgi(K) = Vi, 8i(K) = ©

Y

Use (4) to estimate X mi(K) from
Vgi(K)/F for the current value of F

}
|—'Find Iy using (1) J

Set
K = K+1 l
Find V(K + 1) and
8;(K + 1) using (3)

|

|Vgi (K + 1) — Vgs(K“ < €y
18: (K + 1) — §;(K)| < es

Fig.3 Flow chart of the subprogram AIRGAP.

Solutions ‘to (1) and (2) demand a prior estimation of
Xni's, whereas (3) and (4), which determine the values of
Xmi's, can only be solved if I;’s and F are known. The
interdependency of the non-linear equations indicates that
a closed form solution for the machine quantities is not
possible. Hence, an iterative approach is required for the
solution.

In the iterative process, which involves successive im-
provement of the unknown variables, it is observed that
the per unit frequency (F) is the most important unknown
parameter. Whatever may be the sequence of solutions of
(1) through (4), an initial estimate for F and its successive
improvement is a must.

For the circuit model considered, the first estimation for
Fin the iterative process may be obtained [6] by neglecting
the stator impedance and rotor leakage reactance. The
basis for these assumptions arises from (i) comparatively
lower stator voltage drop and power loss and (ii) highly
effective resistive rotor circuit owing to low slip value. Thus
equating the generated and consumed power, the equation
to calculate the initial guess for the terminal p.u. frequency

N
ot
—_ = <
F‘(O) - N ) ) (‘))
Tt
=1
By reference to Fig.2, the exact power balance equation
for N number of self-excited induction generators in parallel
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which on re-arrangéfent becomes

N Vo :
iX—:l Ly g
F=5—5 ” @)
YA+ L LR+ 5t
=1 =1
where
Vemi = | Vgmi |
and .
X
R..= R, 2™
Tmi Rﬂ ( Xmi T Xln') (8)
ngi' may be found from the following phasor relation

ngi = Vt + Isi R + j-F(Xlsi + az'Xlﬂ')) (9)

Thus the analysis following the inverse-I' model has re-
sulted in an unique expression for F, whereas the same with
T-model would yield an Nth order equation in F, generat-
ing N number of roots. The problems associated with the
selection of proper value of F'from N number of solutions in
T-model justifies the formulation based on inverse-I' model.

III. METHODS OF SOLUTIONS

Investigation in the present instance is broadly divided
into two categories, viz. (i) operation under constant grid
voltage (i.e. constant voltage operation or CVO) and (ii)
operation at constant excitation capacitance (i.e. constant
capacitance operation or CCO). For both categories, so-
Jution to F is the pre-requisite, hence the computational
sequence to find Fis discussed first.
A. Computation for F

When induction machines are behaving like generators,
speeds are considered as independent variables. Thus, if F
in the circuit model of Fig.2 is known, the calculations of
respective power and VAR sharing become straight forward
for a specific grid voltage. For a desired or declared grid
voltage and load power, power sharing between generators
can only be found if Fis known. A direct evaluation for F
is not possible because of the non-linearity of the network,
hence the only alternative is to start with suitable initial
guess and its further improvement through iterations. As
Fis a very sensitive variable, so the initial guess and the
process of convergence should be formulated accordingly.
The expression for F (derived from (7)) given below is used
in the iteration process

"'ﬂ (z:l)
M) =

(10)

M- 1)

—i'ﬁr

So, for a specified V;, F may be improved at the Mth
stage from the knowledge of Vymi, Rom; and I; at the end

7]
~1)Ra+ 3
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alculate F(M) using 5,

Get the parameters and magnetising
characteristics of ith generator and
V; from MAIN PROGRAM

Set Call Subroutine AIRGAP
i=i4l
¥
‘Ca\culate Vami and Ry from 8 and %

Fig.4 Flow chart of the subprogram FINDF.

of the (M—1)th iteration. The process starts with an initial
estimate for F given by (5). Initially for all the machines
Vji's and §;’s (for i = 1,2,3...N) are assumed equal to
V; and zero respectively. The convergence of Vii’s and &’s
to their respective exact solution is achieved using (4), (1)
and (3) cyclically as illustrated in the flowchart AIRGAP
(Fig.3), for the considered value of F. After the conver-
gence of Vyni's and Rem’s for all the machines is achieved,
Fis calculated using (10). This sequence of computation
is given in flow diagram FINDF (Fig.4).
B. Convergence of F

The flowchart FINDF calls the subroutine AIRGAP, N
times to calculate the next value of F. As & is very close to
zero and Vj to V4, so the initial assumption V, = V; makes
the convergence in AIRGAP very fast. Incidentally in the
algorithm, F' decreases monotonically to converge to the
exact value. This makes the stator current of each of the
machines to converge in a reverse way taking increasing
magnitudes in the subsequent iterations. So a test of the
magnitude of I in the iterative process to avoid overload-
ing of any of the machines will not result in false termina-
tion of the program. If I; is greater than a set Img in the
earlier stage of convergence, the exact solution of I; must
be higher than I pez.

IV. CHARACTERIZATION OF PROBLEMS

Induction generators need an external source for lagging
VAR to maintain self-excitation and supply power at a de-
sired voltage level. The lagging VAR source could be either
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Read machine parameters
Magnetisation characteristics
of N Machines

Read V¢, Ry, X1, and
Vi, Vo, Vi VN
¥

Call Subroutine
FIND F or MOD F

Calculate X, from 2

Write vy, 1,.Q0,
F, X etc.

Fig.5 Flow chart to calculate capacitance requirement,
F, power and current sharing in CVO mode

(i) a static VAR controller which automatically adjusts the
required VAR to maintain terminal voltage at a desired
level, or (ii) fixed capacitor banks connected across the
machine terminals. Methods of solutions vary significantly
for the two cases and hence are separately discussed here.
A. Characterization-I (Constant voltage operation i.e.
CVO):

1. Capacitance requirement: This is the case when con-
trollable static VAR source is connected to the common
bus. The bus voltage is sensed and required amount of
VAR is supplied to maintain the bus voltage constant at
a desired level. As the VAR requirement undergoes a con-
siderable change depending on the load and speed of the
individual machines, hence an idea about the maximum
leading/lagging VAR needed for the system must be known
beforehand for a suitable design of static controlled VAR,
sources. Thus, this part involves calculation of F and the
net capacitance requirement for declared values of Vi, Ry
and individual machine speeds. The flowchart is shown in
Fig.5. Equating the imaginary parts in (2), capacitance
requirement for a given value of F is found to be

N \A
i=1
2r fy FV;

C= 105uF (11)
2. Speed range: To find the speed limit for a given
load and grid voltage, speeds of all the machines are kept
constant and that of the machine under consideration is
varied in steps from a low to a high value, until any of the
N machines attains its limiting current value.
B. Characterization-II (Constant capacitance opera-
tion i.e. CCO)

The envisaged study basically concerns the variation of
grid voltage as well as the load sharing for a given value of
common excitation capacitance. In this case also either the
speed or the load may vary. Each iterative step is carried
out in two stages to arrive at the solution. Initially for

Read Machine Parameter & magnetisation /

characteristics of N Machines
L2
Read Ry, X1, Co, and V1,
Va..... Vi, VN

Set Vi(J) = Vi(ratea)
e ]
Call Subroutine
FINDF or MODF

¥
L Calculate Vy(J + 1) from 12 ]

|__Use bisection Method to converge V; |
T

p F

Write Vi, I.iqv F, etc

Fig.6 Flow chart to compute voltage regulation, F,
power and current sharing in CCO mode.

/

any assumed voltage (usually rated voltage) the subroutine
FINDF gives the value of ¥, thus ending the first stage of
iteration, then at the second stage an improvement in V is
obtained by using the following relation, thus completing
the first iterative step.

. . N
=92, [0 (n3)] o

where

108
= —— 13
* = 3G, ()

Repetitive use of (12) is found either to converge Vt or
oscillate between two values. Once oscillation is detected,
convergence is achieved following the method of bisection.

Fig.6 shows the flowchart of the computer program de-
veloped to find V;, F, I’s, etc. of induction generators run-
ning in parallel with constant excitation capacitor across
the bus (CCO mode).

V. CASE STUDIES

To illustrate the applications of equations for predic-
tion of performances as well as for experimentation two
laboratory type machines, whose parameters are furnished
in Table-I and magnetisation characteristics in Fig.7, were
used. The results of investigations are presented in three
separate sections as discussed below. Base values for volt-
age and current are taken as 230 V and 10.9 A.
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Fig.7 Magnetisation characteristics of M-I and M-II.

TABLE-1
MACHINE RATING AND PARAMETERS
Machine Ratings:

Machine type | Vi I HP | Poles
SCM (M-I) [400V [ 109A [ 75 4
WRM (M-II) | 400V | 11.0A | 7.5 4
Equivalent Star Parameters (in ohms.):
Machine type R, R, Xis X
SCM (M-I) 1.23 1.105 | 2.756 | 2.756
WRM (M-II) [ 400 V | 11.0A | 7.5 4

A. Constant Voltage Operation (Case-I):

The VAR requirement, current distribution and power

sharing for a declared terminal voltage are the objectives
for this case. The calculations are based on the methods
detailed in section IV A.
1) VAR requirement: The design of Static VAR (SVAR)
sources need prior information about the maximum VAR
requirement of the system. Here the VAR requirements
in terms of capacitance for constant terminal voltage are
found for the possible range of operation of speed and
load. Fig.8 shows the individual as well as the total ca-
pacitance requirement to maintain 1 p.u. voltage across
the load, when M-I and M-II are operated at 1 p.u. speed.
The capacitance requirement is found to increase with the
load; the rate of increase for individual machine is lower
at low load and higher at high load. For an output at
a declared voltage, the capacitance(VAR) requirement by
parallel connected machines is more than that required by
any of the machines delivering the same output at the same
terminal voltage.

Situations may arise when speeds of the machines change
while supplying a constant power at constant voltage. To
find the range of variation of capacitance to supply a de-
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sired load, speed of one machine (M-II) is changed from low
to a high value, keeping the speed of the other machine (M-
I) constant. The lower speed and higher speed limit being
restricted by the set current limit (which has been 1.25
times the rated value in the study). Fig.9 shows the in-
dividual as well as total capacitance demand. The curves
take the form of "V" and at nearly the same speeds, de-

pending on the parameters of the machines, VAR demand
®.s minimum. It is also noted that for individual machines,

the capacitance demand is minimum when the machine is
on the verge of change over from motoring to generating
or vice-versa.

For the same machines running at 1 p.u. speed, Fig.10
presents capacitance variation with voltage for a few spe-
cific grid power. It is observed that at increased power
demand the plot assumes the form of "V" implying that at
voltages below a particular value, corresponding to mini-
mum capacitance, the capacitance demand again increases
until the excitation of the system collapses. On the other
band at low load the terminal voltage momnotonically de-
creases with decrease in the capacitance value until the
unsaturated state is reached. However, in practice, the op-
erating points at voltages lower than that corresponding to
the minimum capacitance could not be realized.

2) Load sharing: To find the nature of current and power
sharing, two machines of same rating but of different types
(M-I and M-II) are run at same speeds (1 p.u.). Fig.11
shows the variation in p.u. frequency (F), stator currents
(I; and I) and power outputs (P, and Pp) of both
the machines. Because of the differences in parameters
and saturation characteristics, one machine (M-1I) is found
to share higher current and power than the other. M-Il
reaches the set maximum current before than M-I, hence
the maximum power output reduces owing to the differ-
ences in parameters when two different machines of same
ratings are operated in parallel compared to the parallel
operation of two identical machines, with the same param-
eters and magnetization characteristics, running at same
speeds. For the same machines Fig.12 presents situation
when machine-1 is driven at 1 p.u. speed and the speed of
Machine-II changes from nearly 0.9 to 1.1 p.u. From the
sharing of power, it is noted that one machine beconies «
load on the other machine for a speed deviation by about
3%. Hence, a very close speed regulation with respect to
each other is almost essential for the effective utilization of
parallel connected machines having nearly identical ratings
and parameters.

B. Constant Capacitance Operation (Case II)

This case pertains to study for constant excitation ca-
pacitance connected to the common bus. Results presented
in this section follow the computational procedure(s) laid
down in section IV B.

Fig.13 shows the variation in terminal voltage, p.u. bus
frequency, current and power sharing with the increase of
load for a common capacitance of 44uF, when machines
I and II are operated in parallel at 1 p.u. speed. As in
the individual stand alone operation, here also, maximumn
power output is limited by the fall in terminal voltage.
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Higher value of terminal capacitance is found to increase
the power output limit at the cost of increased no-load ter-
minal voltage. Fig.14 shows the common terminal voltage
when M-I and M-II are operated in parallel each at 1 p.u.
speed. Voltage regulation for three different capacitances
viz. 36mF, 40mF and 44mF are considered for the study.

Speeds of the generator may also vary, while supply-
ing a common load with a common excitation capacitance.
Fig.15 shows regulation in voltage and terminal frequency,
and sharing of current and power, when speed of M-11 is
varied keeping that of M-I constant at 1 p.u.

VI. CONCLUSIONS

This paper has presented a new algorithmic method to
study the steady-state performance of N number of induc-
tion generators connected in parallel. The method uses the
inverse-I" circuit model to derive a closed form expression
for F from the power balance equation. The salient features
of the analysis and performances are presented below:
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e The proposed analysis is based on voltage and cur-
rent balance equations. The non-linearity in magneti-
zation characteristics has been taken into account by
piece-wise linearisation technique. The iterative pro-
cess starts with a justified assumption of F, which is
improved by the power balance equations. Computa-
tion and convergence of F have been discussed.

e Studies have been conducted both for “constant Volt-
age Operation” and “Constant Capacitance Opera-
tion”. Different performance characteristics viz. cur-
rent and power sharing, bus frequency, capacitance
requirement/voltage regulation have been found. Ex-
perimental results show excellent correlation with the
performances proposed by the analysis.

e Speeds of the machines operated in parallel have a
direct influence on bus frequency. Although frequency
decreases with the increase in load but for a constant
load, increased speeds of the machines increases the
bus frequency. Also, it is expected that the machine
speeds should be near to each other to avoid motoring
of machines running at low speed.
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