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Abstract. In this paper, theoretical background and the method for easy calculation of
static performance characteristics of a three-phase self-excited induction generator under
varying loading conditions have been presented. Symmetrical, three-phase load of
resistive type, constant rotor speed and constant value of excitation capacitors have been
considered. Calculated characteristics have been verified through experiment in laboratory,
using three-phase squirrel-cage 1.5 kW induction machine. Good agreement between
experimentally obtained results and calculated performance curves has been achieved.
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1. INTRODUCTION

In certain situations, when connection to the electrical grid is not available, induction
generators can be still used for power generation, but have to be supplied with external
source of reactive power. It is usually done by connecting a symmetrical capacitor bank in
parallel with the stator of a generator. If the value of capacitance is properly chosen, along
with rotational speed, an unloaded generator will be able to build up stable voltage on its
terminals, thus becoming a self-excited induction generator (SEIG). This phenomenon has
been identified almost one century ago, but during a long period of time it had become
usual to consider SEIG as a specific mode of operation that was theoretically possible, but
practically unacceptable, due to unstable voltage and frequency under loading conditions.
Great mathematical difficulties that had follow any attempt to perform serious analysis of
SEIG operation, made additional contribution to such negative opinion. For those rea-
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sons, for a long time small synchronous generators were favorite solutions for off-grid
power generation.

The previous way of thinking was abandoned when it became obvious that three-
phase squirrel-cage induction machine operated as a SEIG had many advantages com-
pared to conventional synchronous generator. Low starting investments and maintenance
costs, simplicity, robustness and extremely good behavior during short-circuits are just
some of them [1]. Modern numerical-based methods for solving high-order nonlinear
equations offer new, more sophisticated approach in the analysis of SEIG [12, 13]. In a
few recent years, great advances in theoretical research [2, 3], [8, 9], [13, 14] and also
towards practical improvements [4]-[7] in performance of a SEIG have been made. How-
ever, the proposed technical solutions are mostly based on intensive use of power elec-
tronics. It is still interesting to search for less complex methods, in order to overwhelm
the weakness of voltage and frequency regulation in the future.

This paper presents the results of theoretical and experimental research that was per-
formed in order to identify the most important performance curves of the SEIG whose
rotor is driven at constant speed. Such regulation is relatively simple and is basically ex-
ploited on hydro turbines driving synchronous machines. The main goal of our work was
to develop a mathematical model capable of predicting deviations in voltage and fre-
quency of a SEIG whose turbine is regulated in the described manner, while the load of a
generator is changed. It has been assumed in analysis that symmetrical three-phase ca-
pacitor bank of constant per-phase capacitance is connected to the stator’s terminals.
Also, it has been considered that SEIG is feeding symmetrical, but also variable, three-
phase resistive load.

2. CALCULATION OF PERFORMANCE CHARACTERISTICS

The starting point in calculation of performance characteristics is the equivalent cir-
cuit of a SEIG. Compared to grid-connected operation mode, there are few significant
differences, caused by the fact that voltage and frequency are not constant. Both of them
are unknown variables whose values change, but depend on rotor speed, capacitance of
excitation capacitors and loading conditions. In such circumstances, magnetizing induc-
tance cannot be considered as constant, and standard equivalent circuit of an induction
machine cannot be exploited. Suitable modification, shown in Fig 1. has to be used in-
stead.
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Fig. 1. Modified equivalent circuit for analysis of a three-phase SEIG
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Symbols used in Fig. 1 have the following meaning:

R, — load resistance;

R, X, — stator resistance and leakage reactance;
R, X, — rotor resistance and leakage reactance;
R, X, — magnetizing resistance and reactance;
Xe — capacitor reactance;

U — stator voltage;

E . .

7 (X,) — normalized air-gap voltage;

F — per-unit value of stator frequency;

Q — per-unit value of rotor speed.

All reactances in the modified equivalent circuit are given for machine’s rated
frequency. Per-unit stator frequency F and per-unit rotor speed (2 are expressed in terms
of rated frequency of the machine and rated synchronous speed, respectively.

It should be noticed that magnetizing reactance at rated frequency is considered as
variable. This is important in order to take variation of magnetic flux saturation into
account. Normalized air-gap voltage is represented as function dependant on actual value
of X,,. Identification of this function can be performed by processing results obtained
from ideal no-load test at rated frequency and several different voltages.

When operating in stable steady state, SEIG can be treated as an oscillator with stator
current of constant effective value. Total impedance seen by stator current [ is defined by:

Ztot :Zs +Zl +Z2 (1)
Rs . RL . _jXC Rc . Rr :
ZmzZFJr]Xszf(?JFJXL]H E +F||JXm I F—Q+1X” (2)

and has to be equal to zero, otherwise self-excitation will not exist. After some mathematical
transformations, total impedance can be separated into real and imaginary part, which leads
to the definition of the two basic equations of a SEIG:

Re{Z,, }=0 3)
m{Z,,}=0. )

If all parameters of the equivalent circuit (except magnetizing reactance X,) are
known, and relative rotor speed Q is fixed (due to regulated turbine), the system defined
by Egs. (3) and (4) can be solved for any given value of load resistance R;. As it has been
explained in [15], the pair of calculated roots (F, X,,), has to be real and has to fulfill the
criterion:

(F>0A0<X, <X,,,), )

where X,,,,s is magnetizing reactance of unsaturated machine at rated frequency. Otherwise,
self-excitation is not possible for the selected combination of values (R;, X,Q2).
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In order to obtain a numerical solution, it is necessary to use an iterative method, since
Egs. (3) and (4) are high-degree nonlinear equations. If any of the standard methods is
selected for this purpose (e.g. Newton-Raphson iterative method), it will demand long-
lasting mathematical transformations in order to get appropriate form of equations [10,
11]. Even if this work is properly done, serious problems related to convergences of the
iterative process may occur.

In this paper, the system of two nonlinear Egs. (3) and (4) is solved using the approach
proposed by Haque in [13]. This approach is based on user-friendly numerical routine
from MATLAB Optimization Toolbox, named fsolve, using nonlinear least-squares
algorithm that employs Levenberg-Marquardt method. Unlike the standard iterative
methods demanding long-lasting and fatiguing mathematical transformations, the
proposed approach is very simple and fast. Also, it has extremely good convergence, and
if no serious mistake is made during the definition of starting vector values, the roots of
the system are easily calculated.

When F and X, are calculated, it is easy to solve equivalent circuit and to determine
all other quantities that are of interest. From Fig. 1, it can be written:

L-—t ©)
F(Z,+Z))
Z F
Z,+Z,
and
2
P = 3|Q| (8)
L RL .

Note that generated power P, has to be calculated regarding the original circuit in
which resistive elements are not divided by F, since the modified equivalent circuit is
valid only for calculation of voltages and currents.

If parameters Q2 and X¢ are fixed (i.e. constant rotor speed and constant excitation
capacitance conditions are considered), while load resistance R; is being varied in small
steps using program loop, simultaneous calculations of stator voltage U, stator current g
and load power P, will result in identification of desired performance curves. In order to
avoid problems related to convergency, it is good to start with the highest value of R; that
is of interest.

3. EXPERIMENTAL VERIFICATION

The explained theoretical approach is verified through the experiment performed in
the laboratory, using three-phase squirrel cage, Y-connected induction machine as SEIG.
The machine’s rated values for motor mode of operation are: 1.5 kW, 380V, 50 Hz,
3.2 A, 2860 rpm. The parameters of the induction machine used in the experiment are
given in Table 1.
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Table 1. Machine parameters

R, 4,050
R, 2750
X, X, 4340
X, X, 2770
Kovins X puns 226 Q)
R.R. 1200 Q

Nonlinear function E/F =f(X,) describing magnetic flux saturation for the test
machine can be represented in a form of a third-degree polynomial function:

% =348.1-2.34X, +0.0156X2 —0.00004861X ©9)

Graphic representation of this polynomial function, as well as experimental points
obtained from no-load test at synchronous speed, can be found in [15].

Induction machine was mechanically coupled to the separately excited, regulated DC
motor, which had the role of regulated hydro turbine. Regulation of speed has been
performed by adjusting the armature voltage.

Symmetrical, three-phase capacitor bank of constant per-phase capacitance C = 30 uF
was connected in parallel with stator of induction machine, in order to enable self-
excitation.

The machine was loaded with symmetrical, three-phase, Y-connected resistive load
with ability of discrete regulation. The experiment was performed for seven different
operating points, and values of used load resistances R; are given in Table 2.

For each experimental point, rotor speed was set to rated synchronous speed
n=3000 rpm, and then line stator voltage Uj;,, stator frequency f, stator current /; and
generated active power P, were measured.

Table 2. Experimental points

exp. 1 2 3 4 5 6 7
R; [Q] 0 517 309 205 104 69 52

4. EXPERIMENTAL RESULTS AND DISCUSSION

Experimentally obtained results (except no-load points) are shown in Figs. 2-5, to-
gether with calculated performance curves.
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By observing Figs. 2-5, one can conclude that a fairly good agreement between ex-
perimentally measured values and calculated performance curves has been achieved,
which proves the validity of the exploited calculation method. The best agreement be-
tween calculated and measured values can be noticed for stator current /i in Fig. 4, and
also for stator line voltage Uj;, (Fig. 2). The measured points for generated active power
P, are somewhat lower than the predicted values, but the agreement can still be consid-
ered as acceptable (Fig. 5). The largest disagreement between the measured and calcu-
lated values can be noticed in Fig. 3, related to the stator frequency f. It is obvious that the
actual measured values are always higher than the predicted curve on the whole studied
range of load variation. Knowing that the active power transferred from the rotor to the
stator via rotating magnetic field is proportional to the slip frequency, which is, at con-
stant rotor speed, lower if stator frequency is higher, one can conclude that less active
power than predicted is actually generated. This is in agreement with the results shown in
Fig. 5. The explanation for the noticed disagreements could be found in the fact that, be-
sides nonlinear function E/ F' =f(X,,) describing magnetic flux saturation, more nonlin-
earities also exist in an induction machine [16]. The final conclusion is that, if perfect
matching between predicted and calculated values is imposed as an imperative, some
further modifications of the used equivalent circuit should be done. The authors will try to
deal with this problem in their future work.

Neglecting these slight disagreements at this point, the calculated curves and experi-
mental results show that, if excitation capacitance is fixed and rotor speed is regulated to
a chosen constant value (as for a synchronous generator), increasing of load connected to
terminals of a SEIG will lead to significant changes in electrical quantities that are of in-
terest. The voltage on the stator will be at highest value when generator is not loaded
(R, — ), and will decrease along with decreasing of load resistance R;. At the begin-
ning, significant variations of load resistance cause just slight decrease in stator voltage,
but later, when R; comes in the region close to the minimum acceptable value R, the
decrease of stator voltage is extremely fast. If R, is further lowered under R, the SEIG
would be completely de-excited. Frequency on the stator has a similar way of change,
however to a much lower extent. From Figs. 2 and 3 it is clear that the significant drop of
stator voltage is accompanied by a notable, but not so significant, drop of stator fre-
quency. This conclusion suggests that the tracing of stator voltage would be a better solu-
tion during synthesis of some type of regulator in future work.

Compared to stator voltage and frequency, the current of the stator windings /; and the
generated active power P, change in a different manner when load resistance is varied. At
the beginning, while R, is decreasing from no-load regime, both /; and P, are growing.
Both curves have their maximum at values of R; that are close, but not exactly equal. For
the studied case, stator current has the maximum value /;,,, =2.79 4 at R, = 70.6 Q, while
generated power has the maximum of P, =1210 W at R, = 76.2 Q. After passing through
maximum values, both curves experience extremely fast drop with further decreasing of load
resistance. This behavior can be easily explained by the fact that in the considered region
stator voltage decreases very fast.

It is useful to graphically represent the change of stator line voltage Uy, versus gener-
ated active power P, as it is done in Fig. 6. At this point, we should focus on the solid
line representing calculated performance curve Uy, =f(P;) and the accompanying ex-
perimental results measured at rated synchronous speed (2 =1 p.u.).
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In this graph, the measured value of no-load voltage is also shown, proving the state-
ment that voltage is highest when SEIG is not loaded. The shape of the curve suggests
that there are two significant regions, the first where generated power grows along with
the decrease of load resistance, and the second one where generated power starts to de-
crease. There is certain operating point at which generator delivers maximum active
power Py, for the chosen combination of rotor speed and excitation capacitors. The up-
per part of the curve should be considered as the normal operating region, while the lower
part is the region characterized by stable, but abnormal operation.

It is obvious that, even in normal operating region, voltage has a decrease of almost 25
percent, when load is being varied from the point with P, = 0 (U, =394 V) to the point of
P, =P;,,. (U;,=303 V). As such deviation is not acceptable for practical use of SEIG,
clear conclusion can be made that if constant rotor speed regulation is applied, voltage
regulation is very poor. However, if calculations are performed for different values of
constant relative rotor speed, Q; =0.9 p.u. and ), = 1.1 p.u., one can conclude that an
increase in rotor speed leads to increased stator voltage, and also to increased maximum
of generated power (Fig 6). This is a very important conclusion, which suggests that, if
the turbine is regulated according to a different law of regulation (i.e. controlled increas-
ing of rotor speed along with decreasing of load resistance), a much better voltage regula-
tion could be achieved. Such kind of regulation would have an impact on stator frequency
to some extent, but resistive load, which is the subject of consideration in this paper,
would not be significantly affected. Such operating regime will be the subject of detailed
investigation in future work.
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5. CONCLUSIONS

The main performance characteristics of a SEIG driven by a constant speed turbine
and excited with capacitor bank of fixed capacitance have been successfully identified.
The validity of the proposed theoretical approach has been verified through experiment,
whose results were in a good, but not a perfect, agreement with the calculated curves. The
research showed that if SEIG is driven by hydro turbine whose speed is regulated to a
specified, constant value, neither voltage, nor frequency will remain constant when the
generator is loaded. While the changes of frequency are relatively small, voltage varia-
tions can be very large and thus unacceptable. The analysis of the obtained results pointed
out that somewhat different type of regulation could be used, in order to minimize voltage
variation with the change of resistive load connected to the stator. In future work, this
subject will be studied in detail, in order to understand if the stator voltage can be held at
constant value by means of turbine regulation only.
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RADNE KARAKTERISTIKE TROFAZNOG SAMOPOBUDNOG
ASINHRONOG GENERATORA POKRETANOG REGULISANOM
TURBINOM KONSTANTNE BRZINE

Milan Radié, Zoran Staji¢, Nenad Floranovié

U radu je prikazana teorijska osnova i metod za jednostavan proracun stacionarnih radnih
karakteristika trofaznog samopobudnog asinhronog generatora koji je opterecen promenljivim
potrosacem aktivnog karaktera. Razmatran je rezim rada karakterisan konstantnom, regulisanom
brzinom rotora i konstantnom kapacitivnoséu pobudnih kondenzatora, uz pretpostavku simetricnog
opterecenja po fazama. Proracunate karakteristike su proverene eksperimentalnim putem u
laboratoriji, na trofaznoj asinhronoj masini sa kaveznim rotorom nazivne snage 1.5 kW. Postignuto je
dobro medusobno slaganje vrednosti dobijenih racunskim i eksperimentalnim pristupom.

Kljucne reci: samopobudni, asinhroni generator, konstantna brzina, turbina
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