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Abstract:

This paper presents the performance study of self-excited single phase induction
generator. This generator consists of a three-phase squirrel-cage induction machine and
three capacitors connected in series and parallel with a single-phase load. An experimental
set up of single phase induction generator driven by dc motor is presented to show the
performance of the generator. The generator is tested with resistive, inductive, dynamic and
non-linear loads. The results of voltage, frequency and efficiency of induction generator
with respect to the output power with different types of loads are obtained. The results show
good voltage regulation, small variation in the frequency and high efficiency of induction
generator. The harmonic spectrums of output voltage with different types of load are
obtained. These spectrums show no waveform distortions (sinusoidal output voltage).

Keywords. Single-phase induction generator, capacitor self-excitation, all types of single-
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1. Introduction

The squirrel cage induction generators are being used for power generator from
renewable energy sources, such as, wind, biomass, biogas and mini-hydro plants. Since, in
remote and rural aress, the electric loads are usually of single-phase types, the single-phase
power supply is preferred over three-phase one in order to make the distribution system
simple and cost effective ¥ 2. The single-phase ac generators fall into two types:
synchronous and induction generators. Traditionally, the single-phase synchronous generator
has been shown to be the preferred choice due to clear performance advantage, principaly its
good voltage characteristics. However, the single-phase induction generator can perform
certain benefits over the single-phase synchronous generator such as maintenance-free, simple
and inexpensive structure due to its squirrel-cage rotor type, Also the induction generator is
self excited (no need to external supply for excitation like synchronous generator) ' Three
capacitors are externally connected in series and parallel with the stator winding of three-
phase squirrel cage induction machine, and they will provide a self-regulating feature as well
as a self-excitation, thus in the single-phase capacitor self-excited induction generator based
on this scheme, a good voltage-regulation will show with respect to resistive, inductive and
nonlinear loads without any control P If this generator is adopted, a high reliability,
high-performance are obtained compared with the single-phase synchronous generator.

In this paper, the system configuration, operation principle of the self-excited single
phase induction generator are presented. The performance and basic characteristics with
resistive, inductive, dynamic, and nonlinear (Thyristor controlled ac chopper) loads are
investigated by means of simple analysis and experiments with a laboratory squirrel cage
induction machine driven by dc machine.

2. System configuration and operating principle
2.1 System configuration

Figure(l), shows a schematic diagram of the generator. The generator consists of a'Y -
connected squirrel cage three-phase induction machine and three capacitors, Cs Cp,, connected
in series and parallel with a single-phase load. Excitation with the three capacitors Cs and C,,
the generator will produce an excitation MMF efficiently, and so it can be obtained a stable
excitation system even in the induction load. Moreover, since the two capacitors Cs are
connected in series with the load, the generator can obtain the self-regulating feature.
Furthermore, employing a Y -connected stator winding, the suppression of harmonic voltage
will be easy, and the output voltage can be made sinusoidal.
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Fig.(1) Schematic diagram of the capacitor self-excited single-phase induction
generator 1.

2.2 Operation principle and method of voltage build-up

When the rotor of the generator is rotated using dc motor as a prime mover, the output
voltage V will be build up across the load terminals by the self- excitation phenomenon due to
the residual magnetism of the rotor and leading current flowing in the three capacitors Cs and
C,. The output voltage can be expressed see Figure.(1) as™:

V=V, -V

u o'o

=V, - 1V, + () 2 +1,)]

. I
=V (WCC 2 H10) s &

Where V, |y and | are the phasor quantities of v, i and i respectively. V, and Vg, are
vector representations of v, and vy, respectively. By assuming that the exciting current |l is
constant independent of the load, it is seen from equation(1l) that the voltage Vo'o which
expresses the vector difference of line voltage V, and the voltage drop of C,, acts so as to
increase the output voltage. V with the increase of load due to the effect of Cs (I IS constant
and lg/2 increases with load). The output voltage V is loading condition becomes larger
theoretically. However, in redlity, it decreases due to the influences of the magnetic saturation
and demagnetization of the air gap flux under load that are neglected in this study. Therefore,
if the values of Cs and C, are properly selected, the variation of the output voltage can be
automatically compensated with respect to resistive and inductive loads.

The voltage is built up across the output terminals of the generator by using either the
method shown in Figure (2-A) Or Figure (2-B). Rotating the rotor by prime mover (DC
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motor in this study) to its rated speed then the switch S is turned on as shown in Figure(2-
A)The voltage is built up due the residual magnetism of the rotor core. Although it is enough
with this method, there is a case where the voltage does not generate due to a small value of
residual magnetism. In such case, it is desirable to use a method shown in Figure (2-B) by
which, supplying dc current to the stator winding with a battery for short time, the voltage can
be easily built up.

Initial excilation circui

i
Cs s | .

Fig(2-a) Fig(2-b)

Fig .(2) Circuit diagram showing the methods of voltage build-up .

3. Experimental Results

In this section, the experimental setup is presented in order to obtain the performance of
the induction generator by illustrating the basic characteristics in the resistive, inductive,
dynamic and nonlinear load conditions.

3.1 Experimental setup

The schematic diagram of the system is shown in Figure(3). The system consists of a 4-
pole, 5.5 kW,50 Hz, 380V,Y - connection squirrel cage three-phase induction machine driven
by dc motor. The speed is adjusted by varying the field current or armature voltage of dc
motor. The characteristics described below show the results when the power rating of the

tested machine for a single-phase load is estimated as a 3.17 kW(=5.5/+/3) .The maximum

output power taken from induction generator is limited to 1.5 kW due to the limitation of the
power rating of drive machine ( dc motor). In this test, the values of Cs and C, so as to
minimize the voltage regulation were aso taken as 100uf by experiment. Further, the rotating
speed was maintained constantly as 1500rpm.
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Fig .(3) Schematic diagram of the experimental setup with resistive load.

3.2 Results and discussion

The performance of the induction generator is experimentally studied for all types of
load, and the results are shown as follows:

3.2.1Results for resistive load

Figure (4) shows the output voltage, efficiency (I]), load current () and frequency (f)
with output power. The series capacitors (Cs) and parallel capacitor (Cp) are chosen as 100pf
and 80uf respectively. The speed is maintained constant as 1500 rpm. From figure 4, it is
confirmed that the voltage regulation of the generator is very small due to the effect of two
series capacitors Cs. The frequency is approximately constant with very small variation
around the 50-Hz value (about 0.37Hz at 1.37 kW). As shown in the figure, the maximum
value of efficiency I] of tested machine is equal to 86.6%.
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Fig .(4) Load characteristics for resistive load with Cs=100 pF and C,=80 pF .
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Figure (5) shows the output voltage, efficiency, load current and frequency with
output power for Cs=C,=100uF and the speed is maintained constant at 1500rpm. In this case
the maximum efficiency of the tested machine is equal to 92%. The variation of the frequency
was small about 0.4 Hz at 1.35kW.
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Fig .(5) Load characteristics for resistive load with Cs=C,=100 pF .

Figure (6) shows waveform and harmonics spectrum of the output voltage at 1.35 kW. In
the used induction generator, since the stator winding is Y- connected three-phase the output
voltage (load voltage) waveform is sinusoidal, which has no waveform distortions due to odd
harmonics of multiple of 3.

RIGOL STOPR = = . @aEml)

Fig .(6) Waveform and harmonics spectrum of output voltage at output power
of 1.35Kw .
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3.2.2 Results for inductive load

Figure (7) shows the output voltage, frequency, efficiency, load current and power
factor with output power for Cs= C,=100uF. For output power less than 800W , the
regulation of output voltage is small (+5V around operating voltage of 220V), the regulation
becomes larger at power higher than 800W.The variation of output frequency is very small
around operating frequency (0.4-Hz at 0.88kW). The maximum efficiency of the tested
machine is equal to 76% at 0.828kW.

250
W
J————. L -I—-.\.
w 200 _p.f 100% 0.8
L P r—y ey
‘zru Eﬂiﬂ 75% & EE' EL; S
4 m b "E ) 2
a E L) i / . .g 5 E 0.5 E
[=] il . [
% 60{ = 100 — 500545 1048
a a P 1 ; 3§ 035
S 50+ E 50 — I - — 25% 2 0.2
» _— Cs=Cp =100HF 1
n=1 SDGrﬁWM n 0.1
0 200 400 600 800 1000 0

output power(W)

Fig .(7) Load characteristics for inductive load with Cs=C,=100 pF

Output voltage, frequency, efficiency and load current with output power are shown in
Figure (8) for Cs=C,=100pF and constant power factor of 0.8 value. The regulation of the
output voltage is better compared with Figure (7). The variation of the output frequency is
small (0.5Hz) and the maximum efficiency is equal to 68.8% at 0.927kW. Comparing figure7
and figure8, we can notice that voltage regulation is better (small) for power factor equals or
larger than 0.8 and bad voltage regulation is obtained at power factor smaller than0.7.The
reactive power that is required for induction generator to excite it and reactive power for
inductive load depend on the values of capacitors. For higher load, the need to reactive power
becomes more, this cause a drop in the output voltage and more current drawn from the
motor which causes aso adrop in the efficiency. Therefore for the same values of capacitors,
the output power for good voltage regulation and efficiency are higher for resistive load .If
one needs to increase the load (output power) for inductive load ,the values of capacitors must
be increased to obtain small voltage regulation.
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Fig .(8) Load characteristics for inductive load with Cs=C,=100uF and constant
power factor of 0.8

Figure (9) shows waveform and harmonic spectrum of the output voltage at 0.927kW

output power and 0.8 power factor, no odd harmonic are noticed and the waveform of output
voltage is sinusoidal.

RIGOL T O

Fig .(9) Waveform and harmonics spectrum of output voltage for output power
of 0.927Kw.
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3.2.3 Results for dynamic load (load is single phase induction motor)

The schematic diagram of the single-phase induction generator feeding dynamic load is
shown in Figure (10).

PF

THO—
®

Dynamic load

prime mover single phase induction
generator

Fig .(10) Schematic diagram of single feeding single phase induction generator
phase induction motor.

The generator consists of a three-phase star- connected induction machine with three
capacitor, C, and two Cs and a single-phase induction motor as aload. Two capacitors (C) are
connected in series with the two phases of the stator winding and one (C,) is connected in
parallel with the motor load.

Two type of single phase induction motor are used : permanent capacitor motor and
capacitor start motor. The specifications of permanent capacitor motor are (220V,
0.37kW(0.5hp), 2.5A, 2900rpm and C=10uF/450V).The results for permanent capacitor
single phase induction motor are shown in Table (1)

Table (1) Results for permanent capacitor single phase induction motor as a
load

Generator voltage(V) IL(A) f(Hz) Pf la(A) Ih(A) I.(A)

235 1.0 49.8 0.8 3.25 5.2 3.6

Figure(11) shows waveform and harmonics spectrum of the output voltage of generator
for permanent capacitor single phase induction motor as a load. Clearly one can see that the
voltage is sinusoidal with no waveform distortion at starting and steady state.
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REIGOL T° D

Fig .(11) Waveform and harmonics spectrum of output voltage of single phase
generator feeding permanent capacitor single phase induction motor

The specifications for capacitor- start single phase induction motor that isused as a
load are:220 V, 50Hz, 1400rpm, 1.6A, 0.25hp, starting capacitor = 9uF/450V .The results for
this type of load are shown in Table (2).

Table (2 )Results for capacitor-start motor as a load
Generator voltage(V) IL(A) f(Hz) Pf la(A) Ih(A) I.(A)

235 16 50 0.95 3.47 475 | 5.87

Figure(12) shows waveform and harmonics spectrum of the output voltage of
generator for capacitor start single phase induction motor as a load. The waveform of the
voltage is sinusoidal with no harmonics at starting and running.
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Fig .(12) Harmonics spectrum of output voltage for single phase induction
generator feeding capacitor-start single phase induction motor.
3-2-4 Results for non-linear load using thyristor AC chopper

Figure (13) shows the schematic diagram of non-linear load fed from single phase
induction generator. An ac chopper is used and single phase firing circuit is presented to fire
thyristors of ac chopper with different firing angles through control voltage. The output of ac
chopper is applied to resistive load. Table (3) shows the results for different firing angles and
R=200Q2

+15v

% 0
-
W Ll

r
[}

From single phase
Induction generator «——

Fig .(13) Schematic diagram of nonlinear load (thyristorac chopper in series
with resistive load)fed from single phase induction generator.

69



Journal of Engineering and Development, Vol. 18, No.2, March 2014, ISSN 1813- 7822

Table (3) Results for different firing angles and R=200Q

Firing angle a in Generator Load Pf f(Hz) Load voltage(V)
degrees voltage(V) current(A)
18 240 1.0 0.98 49.9 238
90 241 0.6 0.65 49.9 145

From above table we can notice that the power factor and load voltage are reduced with
increasing firing angle.

Figure (14) shows the waveforms and the harmonics spectrum of the load voltage and
generator voltage for firing angle of 18° value. Fig. 15 and fig. 16 are similar to fig. 14 but
with 90° and 144° firing angles respectively. The generator voltage is not affected (remains
sinusoidal) by varying the firing angle but the load voltage is chopped and its RMS value is
reduced depending on the firing angle.

RIGOL

Time S5.000ms W0 . 0000

RIGOL

Fig .(14-b)
Fig .(14) Waveform and harmonics spectrum of a-load voltage , b-generator
voltage .Firing angle=18°
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Fig .(15-h)

Fig .(15) Waveform and harmonics spectrum of a-load voltage ,b-generator
voltage .Firing angle=90°.
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RIGOL

Fig .(16-h)

Fig .(16) Waveform and harmonics spectrum of a-load voltage, b-generator
voltage. Firing angle= 144°.
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4. Conclusions

In this paper, we tested a single-phase induction generator with self-regulating feature
that consists of the three-phase induction machine and the three capacitors. Different types of
load are used such as resistive, inductive, dynamic (single-phase induction motor) and
nonlinear (thyristor AC chopper) loads.

The operating principle and basic characteristics are clarified by experiments. The generator
has the following advantages:

(1) Exciting with the three capacitors, it can be obtained a stable excitation even in the
inductive, dynamic and non-linear loads.

(2) Its voltage regulation is very small due to the effect of three capacitors with all types
of load.

(3) Since the Y-connected stator winding is employed, the waveform of the output
voltage can be made sinusoidal.

(4) With operation of constant speed, the regulation of frequency is very small and is not
affected by the output power for all types of load.

(5) The obtained results show that the self-excited single-phase induction generator has
good performance with different types of loads (low voltage regulation and small
frequency variation with constant speed). A good application for this generator is a
portable engine generator with a few hundred watts to about 5-kilowatts.Rectifier-
inverter cascade is required for wind energy application to obtain 220V, 50 Hz output
voltage across the load due to variation of wind speed( the frequency of generator
voltageis varied with speed).
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Appendix :Setup Photos

Fig .(A-1System setup) : (a) DC motor , induction generator and measurement
instruments. (b)Series and parallel capacitors.
(c) AC chopper circuit and firing circuit. (d) Oscilloscope showing the
waveform and spectrum of generator voltage.
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