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Single-Phase Self-Excited Induction Generator with Static VAR
Compensator Voltage Regulation for Simple and Low Cost
Stand-Alone Renewable Energy Utilizations
PartIl : Simulation and Experimental Results

Tarek Ahmed*, Osamu Noro**, Koji Soshin*, Shinji Sato*, Eiji Hiraki* and Mutsuo Nakaoka*

Abstract - In this paper, the power conditioner composed of the stand-alone single-phase squirrel
cage rotor type self-excited induction generator (SEIG) driven by prime movers such as a wind turbine
and a micro gas turbine (MGT) is presented by using the steady-state circuit analysis based on the the
two nodal admittance approaches using the per-unit frequency in addition to a new state variable
defined by the per-unit slip frequency along with its performance evaluations for the stand-alone
energy utilizations. The stande-alone single-phase SEIG operating performances in unregulated voltage
control loop are then evaluated on line under the conditions of the speed change transients of the prime
mover and the stand-alone electrical passive load power variations with the simple theoretical analysis
and the efficient computation processing procedures described in the part I of this paper. In addition, a
feasuible PI controlled feedback closed-loop voltage regulation scheme of the stande-alone single-
phase SEIG is designed on the basis of the static VAR compensator (SVC) and discussed in experiment
for the promising stand-alone power conditioner. The experimental operating performance results are
illustrated and give good agreements with the simulation ones. The simulation and experimental results
of the stand-alone single-phase SEIG with the simple SVC controller for its stabilized voltage
regulation prove the practical effectiveness of the additional SVC control loop scheme including the PI
controller with fast response characteristics and steady-sate performance improvements.

Keywords: single-phase self-excited induction generator, static VAR compensator, thyristor phased
controlled reactor, thyristor switched capacitor, feedback terminal voltage regulation scheme, power
conditioner, rural renewable energy prime mover

1. Introduction

The wind Power generation has become increasingly
more and more popular in the past few years especially af-
ter the 1970s during the energy crisis, the use of the wind
power for electrical generation has been started in a major
way. Many applications are related to large-scale, utility-
size wind parks where thousands of wind turbines are in-
terconnected to generate large-scale electricity in the rural
residential applications. In some other parts of the world,
wind turbines are installed on a smaller scale. Most wind
turbines are equipped with line-connected induction gen-
erators. The squirrel cage rotor type induction generators
are very attractive as wind turbine generators due to their
low cost, ruggedness, high reliability and the need for little
or no maintenance. In the case of a utility connected gen-
erator, the output voltage and frequency have been already
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determined by the utility, but in case of a stand-alone gen-
erating plant, the generator must determine and establish
the output voltage and frequency by itself. Possible and ef-
fective applications for the power conditioning systcm in
variable-speed generation are currently under investigation.
The generated output voltage can be directly connected to
load facilities and equipment are non-sensitive to the fre-
quency which includes a heater, battery charger, super ca-
pacitor energy storage etc. for stand-alone applications or
can be connected through a double converter to get a fixed-
frequency AC output.

In this paper, we propose a new small-scale stand-alone
power generating system. In our proposal, the absolutc
constant output voltage can be obtained even though rotor
shaft speed changes in accordance with the load distur-
bances.

This paper presents the experimental performance re-
sults and the computer simulation results of the compara-
tive steady-state operating performance analysis algorithms
of the stand-alone single-phase self-excited induction gen-
erator (SEIG) on the basis of the two nodal admittance ap-
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proaches using the per-unit frequency in addition to a new
state variable defined by the per-unit slip frequency to ver-
ify the theoretical performance analysis in a certain iso-
lated stand-alone operation with the simple mathematical
computation effort[1-12]. The experimental performance
results are presented to support the frequency domain
analysis. In addition, a closed loop PI compensator for the
terminal voltage regulation of the single-phase SEIG
driven directly by constant-speed prime mover is estab-
lished using the SVC composed of the fixed excitation ca-
pacitor FC in parallel with thyristor phase controlled reac-
tor TCR and thyristor switched capacitor TSC. The per-
formances of the single-phase SEIG are evaluated and dis-
cussed as a stand-alone power conditioner on the basis of
the simulation and the experimental results. The effective-
ness of the power conditioner treated here is proved as ru-
ral renewable energy power utilizations.

2. Experimental Results and Discussions in Open
Loop Voltage Regulation Implementation

Assume that a single-phase SEIG with a passive electrical
load for the stand-alone renewable energy utilization is oper-
ating under no-load condition. In this case, the excitation ca-
pacitor capacitance 294 pF is used. The output frequency of
the single-phase SEIG vs. the prime mover rotor shaft speed
is illustrated in Fig.1 by using the conventional per-unit fre-
quency f and the proposed per-unit slip frequency sy state
variables and they are also verified by the feasible experi-
mental set-up in the laboratory of the single-phase SEIG.
Furthermore, the no-load generated terminal voltage of the
single-phase SEIG against the prime mover rotor speed
characteristics at the same mentioned above the excitation
capacitor capacitance is illustrated in Fig.2. From the above
figures, it is noted that the proposed per-unit slip frequency
based nodal circuit analysis approach it gives good results as
compared with the per unit frequency-based nodal circuit
analysis method. It has some merits over the per unit fre-
quency-based nodal circuit analysis method for simplicity of
the calculation and less computer requirement memory. For
resistive and inductive with 0.9 lagging power factor load
conditions, and the excitation capacitor capacitance designed
for 294 uF is connected to the single-phase SEIG output
terminal ports, the electrical output and the generated termi-
nal voltage of the mechanical variations with the rotor shaft
speed are plotted and shown in Fig.3, Fig.4, Fig.5 and Fig.6,
respectively. Moreover, Fig.7 and Fig.8 demonstrate the
generated terminal voltage of the single-phase SEIG vs. the
load current at excitation capacitor capacitance designed for
194.2 pF, and the rotor shaft speed N=1400 rpm, for both a
resistive load and an inductive load with 0.9 lagging power
factor, respectively. The experimental and the computer

Part I

simulation curves prove good agreements between the sin-
gle-phase SEIG operating performances using the proposed
per-unit slip frequency s; for the steady-state analysis and the
experimental results in addition to using the per-unit fre-
quency of steady-state operating analysis.
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Fig. 1 Single-phase SEIG output frequency vs. rotor shaft
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Fig. 2 Terminal voltage variations of single-phase SEIG
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Fig. 3 Single-phase SEIG output power against rotor shaft
speed for a resistive load
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Fig. 4 Terminal voltage variations of the single-phase
SEIG against prime mover rotor speed
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Fig. 5 Single-phase SEIG terminal voltage variation vs.
the load current for a resistive load
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Fig. 6 Terminal voltage variation of single-phase SEIG
against the prime mover speed

3. SVC-based Voltage Regulation Scheme of
Single-Phase SEIG in Parallel with Passive Load

The proposed stand-alone power conditioner voltage
regulation scheme is depicted in Fig 9. In this configura-
tion, a load is connected to the stator winding side of the
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Fig. 7 Terminal voltage variation of single -phase SEIG
against the load current
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Fig. 8 Terminal voltage variation of single -phase SEIG
against the load current

single-phase squirrel cage rotor type self-excited induction
generators and the static VAR compensator composed of
the fixed excitation capacitor; FC, the thyristor phase con-
trolled reactor TCR in paralle] with the thyristor switched
capacitor TSC which is controlled by a closed-loop feed-
back PI controller. The stator voltage is controlled to be
constant through the control of the reactive power required
for the power system from the static VAR compensator.
The single-phase 4 poles, 240 V, 2 kW, Y connected squir-
rel cage rotor type induction generator supplies to the resis-
tive or inductive load. The induction generator excited by
SVC composed the fixed capacitor FC in parallel with the
TSC and the TCR composed of single-phase phase control
anti-parallel thyristors connected in series with an inductor.
The thyristors triggering circuits and the PI controller cir-
cuits are designed and shown in Fig.10 and Fig.11, respec-
tively, for regulating the terminal generated voltage of the
single-phase self-excited induction generator[1-12]. Table
1 includes the design specifications and circuit parameters
of the voltage regulation system description for the single-
phase SEIG with SVC adjusted by the PI controller in the
feedback loop.
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Fig. 9 A schematic system configuration of single-phase SEIG wind turbine regulated speed with SVC voltage regulation
feedback closed loop scheme

Table 1 Design Specifications and Circuit arameters

Items Machine Rating and Machine Parameters
Rated Voltage 240V
. Rated Power 2 kW
Single-Phase

Star Connected
Induction Machine
with Squirrel Cage
Rotor

Number of Poles 4

Rated Frequency 50 Hz

Rotor Type Squirrel Cage
Induction Machine Parameters at S0 Hz
R;=1.40 ohm X;=2.10 ohm
R,=0.59 ohm X,=1.05 ohm

SVC composed of

XTCR at 50 HZ;LTCR 56 ohm, 0.178 H

Xc at50Hz; C 13 ohm,243.5 uF

FC, TCR &TSC Xrsc at 50 Hz; Crsc | 31.8 ohm,100 pF
Kp 0.38

PI Controller K, 12.5

Per-Phase Passive Ry 35-200 ohm

Load Components X, at 50 Hz 25-140 ohm

Fig.10 Designed thyristors triggering circuit

a7

Fig. 11 Designed PI controller circuit

4. Experimental and Simulation Results in Closed
Loop Voltage Regulation Implementation

Fig. 9 illustrates the terminal output voltage regulation
feedback closed-loop with the single-phase SVC including
the single-phase SEIG block diagram. To validate the prac-
tical effectiveness of the single-phase SVC for regulating
the generated terminal voltage of the single-phase SEIG,
the single-phase SEIG loaded by the electrical resistive
load for stand-alone applications. Next, the resistive load is
changed for observing the action of the SVC to regulate the
terminal voltage of the single-phase SEIG. Fig.12(a) illus-
trates the terminal voltage response of the single-phase
SEIG when the resistive load changes. The terminal volt-
age error during the closed loop voltage regulation re-
sponse period is shown in Fig.12(b). While Fig.12(c)
shows the per unit slip response and the thyristor triggering
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delayed angle o response of the TCR is illustrated in
Fig.12(d). Moreover, when an inductive passive load with
0.91ag. power factor is loaded for the single-phase SEIG,
the terminal voltage ,error voltage, per-unit slip and the
thyristor triggering delayed angle a responses in the TCR
are shown in Fig.13(a), Fig.13(b), Fig.13(c) and Fig.13(d),
respectively. Furthermore, The SVC composed of the TCR
and the FC could regulate the generated terminal voltage
under the conditions of the single-phase SEIG loading
conditions above. However, when its loading conditions
increase for loading impedance decreases, the SVC em-
ployed here can not stabilize and reinforce the generated
terminal voltage of the single-phase SEIG so as to follow
up the reference terminal voltage. To increase the allow-
able application range of the single-phase SVC, an addi-
tional thyristor switched capacitor; TSC is connected in
parallel with the TCR and the FC. For the terminal gener-
ated voltage response, its error response in feedback con-
trol system, per unit slip response and the thyristor trigger-
ing delayed angle response of TCR in the closed feedback
loop voltage regulation of the single-phase SEIG with SVC
composed of TCR in parallel with FC and then TSC in par-
allel with TCR and FC are shown in Fig.14(a), Fig.14(b),
Fig.14(c) and Fig.14(d) and Fig.15(a), Fig.15(b), Fig.15(c)
and Fig.15(d), respectively. The measured single-phase
SEIG voltage regulation response and thyristor trigging
delayed angle response due to the inductive passive load
variations under the conditions of increasing the values of
the load components of R, and X, and then decreasing the
values of the load components R, and X using the SVC
composed of (TCR&FC) as well as SVC composed of
(TCR&FC)in parallel with TSC are represented in Fig.16,
Fig.17, respectively.
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Fig. 13 Single-phase SEIG performance responses using
SVC composed of TCR and FC.
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Fig. 14 Single-phase SEIG performance responses using
SVC composed of TCR and FC.
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and thyristor triggering angle responses in case of
using SVC composed of FC and TCR under 0.9
lagging power factor load for load variations.
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Fig. 17 Single-phase SEIG experimental terminal voltage
and thyristor triggering angle responses in case of
using SVC composed of FC , TSC under TCR and
0.9 lagging power factor load for load variations.

5. Conclusions

The present paper has introduced the simulation operat-
ing performance results of the single-phase SEIG evaluated
by using the per-unit slip frequency state variable and
compared with those obtained by using the per-unit fre-
quency state variable. The comparative operating perform-
ance results have provided the close agreements between
two steady-state analysis performance algorithms based on
the electro-mechanical equivalent circuit of the single-
phase SEIG. The above results have proved a good agree-
ment between the characteristics of the single-phase SEIG
obtained from the computer simulation and experimental
results carried out for the single-phase SEIG. The coinci-
dence of the experimentally obtained results and theoretical
simulation results has proved the validity of the derived
approach using the per-unit slip frequency state variable.
Moreover, the PI controller-based feedback control scheme
using the single-phase SVC composed of the FC in parallel
with the TCR and the TSC was employed for the stable
generated terminal voltage regulation of the single-phase
SEIG loaded by different inductive loading conditions. A
single-phase SEIG prototype setup was established for the
low cost, ruggedness, reliable and simple control strategy
in stable wind turbine driven power conditioner in the rural
alternative energy effective utilization area from an earth
environmental protection point of view. The feasible ex-
perimental results in the operating performances in the
steady-sate of the single-phase SEIG have good agree-
ments with those obtained from the digital simulation ones.
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