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Abstract

The paper presents the performance analysis-based reliability estimation of a self-excited
induction generator (SEIG) using the Monte-Carlo simulation (MCS) method with data
obtained from a self-excited induction motor operating as a generator. The global accep-
tance of a SEIG depends on its capability to improve the system’s poor voltage regula-
tion and frequency regulation. In the grid-connected induction generator, the magnetizing
current is drawn from the grid, making the grid weak. In contrast, in the SEIG stand-
alone operation, an external capacitor arrangement is implemented to render the reactive
power support. This capacitor arrangement is connected across the stator terminals during
the stand-alone configuration of SEIG. The capacitor serves two purposes, which include
voltage build-up and power factor improvement. Therefore, the paper deals with obtaining
the minimum capacitor value required for SEIG excitation in isolated mode applications,
including stand-alone wind power generation. The SEIG performance characteristics have
been evaluated for different SEIG parameters. The simulation and experimental results are
then compared and found satisfactory. Then, SEIG reliability is estimated considering the
MCS method utilizing SEIG excitation’s failure and success rates during experimental work
in the laboratory. Finally, the SEIG reliability evaluation is performed considering different
wind speeds.

1 INTRODUCTION

The performance of self-excited, induction generator (SEIG)
depends on many factors including machine parameters, type
of loading, rotor speed, voltage regulation (VR), frequency reg-
ulation (FR) and methods to implement the excitation system.
The prime mover speed, value of the capacitance, impedance
load, etc., depends on SEIG frequency and voltage. The SEIG
performance badly suffers from the poor voltage and frequency
drop due to loss in residual magnetism (RM). This loss phe-
nomenon is briefly explained in subsequent sections of this
paper. Furthermore, it is also observed that most of the previ-
ous theoretical and experimental researches were performed to
improve the poor VR and FR for enhancing the performance
of SEIG. In previous studies, the performance characteristics,
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VR and FR, construction and design, capacitance requirements,
steady-state (SS) and dynamic performances of SEIG were
described. The aforementioned parameters are well discussed
in the present research work.

To achieve the optimum SEIG performance, especially in the
SS and transient conditions [1–3], the combinational arrange-
ment of speed, shunt, and serial capacitances is done, and the
ideal VR and FR values are obtained [4]. Recently, authors of [5]
have explained the experimental analysis of an isolated three-
phase SEIG in SS to provide a regulated voltage in an eco-
nomical manner. The voltage at the SEIG terminal and system
frequency is unknown in a far-flung power system. The fre-
quency and voltage have to be evaluated at a constant capac-
itance value, speed and load. To harness the maximum wind
energy under wind speed variation, a suitable pole changing
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method of SEIG is described in [6]. Authors in [7] have pre-
sented an approach to predict required self-excitation capacitor
value of SEIG. The wind turbine driven parallel operated SEIG
performance under unbalanced loads is described in [8]. The
authors present these performance characteristics for a given
SEIG and the characteristics are validated on an experimental
laboratory setup.

The SEIG performance under unbalanced conditions repli-
cates power loss, extra heating, insulation failure due to winding
stress and shaft vibrations [9]. Authors in [10] have presented
the transient performance analysis of SEIG considering short-
shunt configuration. The voltage erection in SEIG at the rated
speed is critical due to the switching of the 3-𝜙 capacitor hub at
no-load. Authors in [11] have introduced the transient analyses
under the voltage buildup process [12] of a stand-alone SEIG
by switching-off (i) single capacitor for excitation, and (ii)
multiple capacitors for excitation. It is observed that the SEIG
constantly maintains self-excitation and produces terminal
voltage sufficiently on the two phases when any one of the
phase capacitors is out of service. The SEIG with a long shunt
configuration is having undesirable fluctuations while the SEIG
with a short-shunt configuration gives a better VR [13]. The
transient performance of a series-compensated 3-𝜙 SEIG with
a dynamic load is described in [14]. Therefore, the voltage
formation and self-excitation processes for an available SEIG
can be defined mathematically with experimental validation, as
explained in this work.

Furthermore, the technical implementation and design
aspects of an Electronic Load Controllers (ELC) for optimum
voltage and frequency of a three-phase SEIG driven by unregu-
lated turbine feeding variable loads in remote locations are pro-
posed in [15, 16]. This controller is proposed for a stand-alone
application of SEIG. Besides of using costly speed-governor
during electrical power generation, the load controller may be
implemented to regulate the frequency of SEIG. The speed and
frequency are maintained at a constant level using a load con-
troller that sinks the excess power of the SEIG into the resis-
tive load [9]. Authors in [17] has proposed a method in which
the magnetizing reactance and capacitance values are needed
for self-excitation phenomena in SEIG to improve the perfor-
mance in terms of voltage, frequency, power factor, active and
reactive power and other parameters.

It is well known that for Volt–Ampere Reactive (VAR) com-
pensation, Flexible Alternating Current Transmission System
(FACTS) device is used in an electrical power system. Inte-
gration of Static Compensator (STATCOM) and variable fre-
quency drive in [18] is presented to control the SEIG voltage
and frequency, respectively. A current synchronous detection
method using STATCOM is proposed in [19] and Dynamic
Static Compensator (DSTATCOM) in [20] for SEIG voltage
and frequency management. A proportional-resonant control
method using DSTATCOM for VR of three-phase/one-phase
SEIG driven by variable micro-hydro turbine is proposed in [21,
22].

The research work explained above mainly focuses on VR
and FR due to the uncertainties in voltage and frequency in
wind turbine driven SEIG. Therefore, the performance analysis

of SEIG as an isolated generation mode is necessary. The self-
excitation methodology in [23] presents that by using a capacitor
hub externally in an isolated mode, the induction machine can
be operated as a Induction Generator (IG) [24]. The required
magnetization current for SEIG is provided by the following
excitation methods [25]:

(i) By fixed capacitor,
(ii) By switched capacitor,
(iii) By controlled capacitors and
(iv) With controlled reactance and capacitors.

Security and adequacy are the main attributes in the relia-
bility evaluation (RE) of the electrical generation system [26].
The RE is focused only on the generation system adequacy
[27–32]. In addition, the literature describes the SEIG genera-
tion RE method. It also provides a detail of the success and fail-
ure probability of RM in the SEIG. The reliability indices like
Mean Time To Failure (MTTF), Mean Time Between Failure
(MTBF) and Mean Time To Repair (MTTR) are commonly used
in this process and are evaluated experimentally. The compari-
son of present work with previously published work is described
in Table 1. The main contributions are highlighted as follows:

∙ The performance of a laboratory-based SEIG is evaluated at
variable load impedance (ZL) and variable rotor speed.

∙ The requirement of minimum capacitor value for the SEIG
is calculated mathematically with experimental verification of
results. The results show that the method is effective to get
better performances of a given SEIG by selecting the optimal
excitation capacitance.

∙ The probabilistic RE is performed for the SEIG used in the
experimental setup. The common attributes in RE of any
equipment include success probability, adequate function, the
period of time and operating conditions.

∙ The reliability functions are evaluated for RM failures and
safe operational regions of 3-𝜙 squirrel cage induction
machine operated as SEIG in remote areas, where arrange-
ments for the restoration of RM are not available.

∙ Reliability analysis of SEIG under different wind speeds
is performed, and the impacts on the SEIG reliability are
studied.

Furthermore, the paper has been organized as follows. In
Section 2, a detailed description of SEIG is described. The
self-excitation process, voltage build-up process and the opti-
mal value of the capacitor required at a particular rotor speed
are briefly discussed in Section 2. Section 3 includes the cal-
culations of Xm and f using the two equations to obtain the
air gap voltage. In this section, constant terminal voltage char-
acteristics and critical characteristics are also graphically pre-
sented. The reliability estimation of RM in the SEIG rotor core
using a probability distribution approach and a Monte-Carlo
method is implemented and discussed for success and failure
probability evaluation in Section 4. The SEIG circuit model,
its variable and constant parameters, its third-order equation
with coefficients are expressed, discussed and determined in
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TABLE 1 Comparison to previously accomplished work

Reference Previously accomplished work Present work

[5] The experimental analysis of an isolated 3-𝜙 SEIG in steady state
to provide a well-regulated voltage in an economical manner

The MATLAB simulation results are verified by experimental results
in an economical manner

[6] Harness the maximum wind energy under wind speed variation
using a suitable pole changing of SEIG.

Applicable to harness maximum wind energy at variable wind speed
only using a capacitor hub in the remote area for stand-alone
operation

[7, 17] To predict the required self-excitation capacitor value of SEIG To obtain the initial RM a proper excitation capacitor value is
obtained using simulation and verified by laboratory experiment

[9, 10] Wind turbine driven SEIG performance characteristics under
unbalanced loads

SEIG performance characteristics are obtained and verified for
unbalanced loads

[11, 14] Transient analysis undervoltage build-up process of a stand-alone
SEIG by switching off single and multiple capacitors

Only a 3-𝜙 capacitor hub is implemented for initial RM and voltage
build-up

[13] Short-shunt configuration for better voltage regulation. No extra configuration is implemented for obtaining a better voltage
regulation

[15, 16, 18–22] Electronic load controller, STATCOM and other FACTS devices
are implemented for VAR compensation and voltage and
frequency regulation.

VAR compensation, voltage and frequency regulation may be
achieved economically

No work is done on reliability assessment Reliability assessment is accomplished

Section 5. Also, the magnetization and typical characteristics of
the SEIG with experimental results; and graphical representa-
tion of different reliability-related functions and the SEIG reli-
ability at different wind speeds are evaluated in this section.
The conclusions and future scopes are presented in Section 6.
At the end of the work, some related data are provided in the
Appendix.

2 SEIG: AN OVERVIEW

The IG has vast applications due to its low cost, mechani-
cal, and electrical simplicity compared to other generators. The
main feature of IG is output power (PO) generation at vary-
ing speeds [9, 33]. This is a feature that enables the IG oper-
ation in stand-alone mode to supply widely distributed and
remote areas. IG in isolated mode is needed where the expan-
sion of the is not economically feasible. Also, an isolated mode
of IG is utilized in combination with the synchronous gener-
ator when localized power demand is raised. The real power
demand of the grid is fulfilled when IG is in grid-connected
mode.

The no-load test investigates the self-excitation phenomenon
in SEIG. Also, the capacitor calculated limits are compul-
sory for excitation in SEIG. The magnetization curve is deter-
mined. In this test curve, the circuit parameters of the induc-
tion machine are considered to be constant except magne-
tizing inductance (Xm). The terminal voltage of SEIG at
no-load is the meeting point of the magnetizing curve and
capacitive load line. In an IG, the voltage level is deter-
mined by an external capacitor which is capable of sup-
plying the magnetizing current (Im). The shaft speed, RM
and the reduced permeability are the other parameters at
lower magnetization that affect the self-excitation process in
SEIG.

An IG gets excitation either from an external capacitor hub
or an electrical power grid. In the grid-connected mode of oper-
ation, the IG draws reactive power from the grid, creating elec-
trical stress on the power grid. A capacitor hub connected across
the stator terminals supplies reactive power in an isolated mode
of operation. This process is termed as capacitive self-excitation
phenomena. Hence, an IG is termed as a ‘SEIG’. The mini-
mum RM must be available in the SEIG rotor as similar to the
DC generator. So it is desirable to maintain an optimum RM for
SEIG excitation. A small terminal voltage due to the minimum
RM is available at the beginning of an IG. A capacitor current
(IC ) flows due to this terminal voltage, which helps in the volt-
age build-up process. Hence, an external capacitor is connected
to obtain the desired voltage level in an IG, which supplies the
magnetizing current [33].

2.1 Effect of capacitance on rotor speed of
SEIG

The minimum (Cmin) and maximum (Cmax) values of the capaci-
tor are needed for self-excitation of a 3-𝜙 IG. The current model
and flux model are used to obtain the Cmin and Cmax values,
respectively. It is not desirable to obtain the Cmax value because
of voltage rating compatibility and cost-effectiveness. Further-
more, the current flowing at Cmax exceeds the rated stator cur-
rent.

The work illustrates the characteristics among speed, capac-
itance and the load of the SEIG, which are obtained with con-
tinuous variation in load without loss of excitation. The min-
imum and maximum speeds are needed for self-excited wind
driven IG under loading conditions. An analytical approach
is used for graphical representation of the Cmin and Cmax
values for establishing the self-excitation at a defined rotor
speed.
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2.2 RM: Loss and retrieval

To avoid the disturbance in the RM, the following four pro-
cedures are useful and can be adapted for the retrieval of
magnetism:

(i) Use of an AC excitation system for operating the induction
machine as a motor for up to 15 min;

(ii) By implementing the terminal capacitors, which are com-
pletely charged up to the voltage rating of the machine. The
discharge current of the capacitor is sufficient for the self-
excitation of the machine;

(iii) By raising the rotor speed of the machine above the
rated causes an increment in speed at lower magnetization,
thereby creating self-excitation at rotor maximum speed
and

(iv) By connecting a DC battery over the machine terminals for
10–15 min when the machine is in rest.

As per the above-mentioned procedures for the grid-
connected operation, procedure (i) is better in comparison to
other procedures while for the islanded operation, procedure
(iii) is commonly used. In this research, procedure (ii) is imple-
mented due to excitation capacitor availability and better VAR
compensation during the isolated mode of operation.

Generation based on SEIG is mainly dependent on (i) speed
of the shaft, (ii) RM of the rotor core, (iii) reduction in perme-
ability value at low magnetization and (iv) the capacitor value,
which is connected to the machine. If one of them is weak,
the loss of excitation occurs. Sometimes, under the condition
of excitation loss, the SEIG loses its RM. The present work
describes theoretically and experimentally all of the above fac-
tors in SEIG performance analysis.

3 PERFORMANCE CHARACTERISTICS
OF SEIG

The performance characteristics of the isolated SEIG are some-
what complex in comparison to the grid-connected IG. In
SEIG, the voltage and frequency also depend on capacitor
and load impedance values in contrast to the rotor speed of
grid-connected IG. The loop impedance methodology [10] and
the nodal admittance methodology are used in examining the
circuit. These approaches are applied where two simultane-
ous non-linear equations are available. The SEIG mathematical
expressions are given in terms of Xm and f . The expressions can
be solved by distinguishing the real and imaginary components
of the equivalent circuit impedance. After getting the numeri-
cal values of Xm and f , the determination of the generator’s SS
performance is done using its equivalent circuit and magnetiza-
tion curve. The detailed derivation is not required for this sim-
ple approach to solving the non-linear equations [34]. Thus, it
is difficult to define the performance of the SEIG. The simula-
tion results are then compared to the experimental results. The
experimental circuit model and experimental setup are shown
in Figures 1(a) and (b), respectively. The experimental induction

FIGURE 1 (a) The analogous schematic of a 3-𝜙 SEIG with load
impedance and capacitor hub; (b) Experimental setup

machine’s parameters and rating are given as follows:
Three-phase, four-pole, 50 Hz, 230 V, 12.5 A, Rs = 3 Ω, Rr

= 1.58 Ω; Xs = Xr = 1.6 Ω, Rc = 1485.27 Ω. The following
assumptions are made for the SS analysis:

(i) The generator parameters are considered as constant
except Xm ,

(ii) Stator and rotor leakage reactance are presumed to be iden-
tical and

(iii) The harmonic contents of the current waveform and
induced Electromotive Force waveform are neglected.

3.1 SEIG circuit modelling

In Appendix A, Figures A1(a) and (b) describe the per-phase SS
analogous circuit of a SEIG with ZL and the equivalent circuit
of nodal admittance approach, respectively. In this figure, Rs , Rr ,
Rc and RL are stator, rotor, core and load resistances, respec-
tively. Xs , Xr , Xm , Xc and XL represent the reactances of the
stator, rotor, magnetizing, excitation capacitor, and load, respec-
tively. V and f signify the speed and frequency in pu, respec-
tively. The variable parameters in this analogous circuit are XC ,
f , V and ZL . Thus, five parameters including Xm , XC , f , V and
XL are adjustable in the per-phase SS study of a SEIG [34, 35].
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The normalization is done at the base frequency by dividing
all the circuit parameters including V by the frequency f for the
analogous circuit. A constant load power factor ∠𝜃 is assumed
at the base frequency to obtain the ZL which is given in (1).
Thus, the equivalent circuit is shown in Figure A1(a) have vari-
ables including Xm , Xc , f , V and ZL . All the variables must be
described effectively to obtain the SEIG performance.

ZL = |ZL|∠𝜃 = (RL + jXL ), (1)

where |ZL| is the modulus of ZL .

3.2 Problem statement: SEIG performance
and RE

The self-excitation importance in an induction machine is
briefly described in the previous sections. This excitation occurs
when an optimal value of the capacitor is connected across the
stator terminals. The SEIG f and Xm vary with the load even
at constant rotor speed. Therefore, the following steps in SEIG
are considered for SS analysis.

Step I: Obtain machine parameters with rotor speed, excita-
tion capacitor value and ZL .

Step II: Determine the values of f and Xm , which result in
the accurate balancing of active and reactive power across the
air gap.

The parameters’ values are the main reason for the sluggish
performance of the SEIG. The parameter values are determined
during the design of SEIG. The parameters of the machine were
optimized when the machine was operating in the motoring
mode instead of generating mode.

The induction machine may work in two parts, namely, the
unsaturated or linear part and the saturated or non-linear part of
the hysteresis or saturation characteristic. But it is not acceptable
to run an induction machine in the saturated part. This reduces
the iron core’s relative permeability and raises the magneto-
motive force needed to run the machine. Also, the machine
working in the linear part does not wholly exploit the effec-
tiveness of the iron. Therefore, this concept is not prudent.
This results in the most acceptable working set of points for an
induction machine, which is known as the knee of the machine
characteristic. These points exaggerate the utilization of the
iron core while lessening its saturation. To utilize the induc-
tion machine as an IG, the voltage at the stator terminals of
the machine is raised until the magnetic circuit reaches the satu-
ration stage. Finally, SEIG works after the knee point of satura-
tion characteristic.

The soft or malleable magnetic substance is utilized in the
rotor core of the Induction Motor (IM), which has the nar-
rower hysteresis loop. Alternatively, hard or strong magnetic
substances are utilized in the rotor core of the designed SEIG,
which has a wider hysteresis loop. Accordingly, the hysteresis
effect is in consideration in the machine’s rotor. Thus, the SEIG
rotor core has sufficient RM, which is needed for SEIG exci-
tation. In this situation, the issue related to loss of excitation
may exist while using the IM as SEIG. Therefore, operating

FIGURE 2 Algorithm for SEIG performance characteristics

an induction machine as a SEIG is extremely popular. Thus,
the reliability assessment of the machine rotor (run as SEIG) is
demanded, as discussed in Section 4. The overall performance
evaluation algorithm of a SEIG is given in Figure 2.

4 RE OF SEIG

The reliability calculations are segregated into two models: the
deterministic model and the probabilistic model. A significant
drawback of these models is that they do not consider the
stochasticity of the electrical system. Probabilistic models can
yield relevant instruction utilized in the study and resource
planning and allotment. Two modes utilize the probabilistic
calculation. The analytical methods serve as the system by
numerical models and employ direct analytical solutions to
assess reliability indices from the designed model. As for the
Mante-Carlo method, reliability indices are determined by sim-
ulating the exact random behaviour of the electrical system. The
technique for reliability and accuracy assessment is conferred in
the later subsections.

The parameters that are typically accompanied by reliabil-
ity and safety assessment are represented by probability and/or
possibility distributions. This can easily be realized by studying
that all components of a given type and construction must be
in working condition. All will not be failed after the same work-
ing point but may fail at a distinct point in times. In all practi-
cal cases, the relevant probability distribution can be deducted
from sample analysis or statistics of data collection. This
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Qload Qgen

FIGURE 3 Reactive power distribution in an isolated SEIG system

analysis scheme is correlated with the working of the compo-
nents, devices, and/or systems.

4.1 Monte-Carlo simulation

The reliability-related indicators are assessed using direct ana-
lytic or stochastic techniques. So, to deal with the actual engi-
neering problems, the stochastic simulation technique is suit-
able. Statistics or other basic calculations are employed in the
analytical technique to access the indices. And the reliability
indices are evaluated by simulation technique, which simulates
the actual process and irregular behaviour of the system. Monte-
Carlo method estimates the probability and reliability indices by
simulating the outputs several times.

The simulation technique, thus, deals with the problem as a
set of a real-time experiment performed within simulation time.
These real experiment results show the following points:

(i) Several experiments provide a better measure of the suc-
cess probability and failure probability,

(ii) The values of both the probabilities are obtained for the
number of real experiments,

(iii) The mean values of the probabilities are not a proper esti-
mate of the real value;

(iv) The real value is sometimes given the experiments, but this
would not generally be established and

(v) On the repetition of the process, the sequence outcomes
provide a specific pattern of probability values.

4.2 Problems related to SEIG failure due to
excitation

The authors have developed a SEIG using an IM. This SEIG
contains an excitation capacitor of an appropriate value. The
reliability of the self-excitation must be extremely large by rais-
ing the excitation capacitor value. The implementation of the
excitation capacitor in SEIG generates P and Q. These pow-
ers are delivered to the IG for self-excitation and the connected
impedance load, as shown in Figure 3.

At constant shaft speed and fixed capacitor value, if the ZL

decreases little from the threshold value of QL and QE shifts
to QL , which results in a dip in the terminal voltage. To pre-

vent the dip in the voltage, either the value of the capacitor can
be increased, or the shaft speed can be increased, or both can
be increased. However, the rotor core’s RM and permeability
may not be modified during the performing stage of the SEIG.
The terminal voltage drops and load disconnects if the capac-
itor is not at its acceptable value and the shaft speed is not
built up. Occasionally, the failure of RM occurs. This issue of
the experimental SEIG has been dealt with for reliability and
security assessments.

The evaluation of SEIG’s reliability is performed for loss of
the RM at a minimum value of the capacitor and constant speed.
The second cause of loss of excitation failure in SEIG is the
insufficient shaft speed for fixed capacitor value and constant
ZL . Reliability has been evaluated in two forms, one is based on
decreasing ZL , and the other is based on decreasing shaft speed
from the critical value, which is described in the present work.

4.3 Reliability assessment of the SEIG

Several experiments are performed on SEIG with a minimum
value of excitation capacitor. Refer Appendix ‘A’ for IM param-
eters and ratings and per-phase equivalent parameters’ circuit of
IM. Reliability quantification is an important aspect of the relia-
bility assessment of the generation system. The values of param-
eters obtained from the measurement are used to quantify the
reliability of a generation system and are given by various reli-
ability indices. These reliability indices are exploited to assess
the reliability performance of a generation system. Some pre-
determined minimum reliability standards, alternative designs,
identified weak spots, and identified ways for correction in the
generation system are considered in this work. These are con-
sidered for integration with costs and performance analysis in
decision making.

The numbers of indices have been introduced in reliability
theory to facilitate reliability predictions and others to fit vari-
ous applications quite generally. All of these indices can be clas-
sified into the following categories: (i) Probability distribution
function, f (t ); (ii) Cumulative distribution function, F (t ); (iii)
Survivor function, fs (t ); (iv) Hazard function, h(t ); (v) Proba-
bility of success, Ps ; (vi) Probability of failure, Pf ; (vii) Failure
rate, 𝜆; (viii) Repair rate, μ; (ix) Mean time to failure, MTTF; (x)
Mean time to repair, MTTR and (xi) Mean time between fail-
ure, MTBF.

The reliability is examined for SEIG rotor core for minimum
excitation capacitor value. The failure of excitation involves, par-
ticularly for the SEIG generation failure. The failure of excita-
tion is dealt primarily with the loss of SEIG operation. The reli-
ability assessment of SEIG excitation through the capacitor is
presented employing a minimal value of the excitation capaci-
tor. Table 2 represents the estimated reliability indices.

5 RESULTS AND DISCUSSION

The no-load characteristic of the SEIG is determined by syn-
chronous speed test data as given in ‘Appendix A’. The obtained
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TABLE 2 Evaluating the reliability related functions

Time

interval

No. of

failures

in each

interval

Cumul

failures

No. of

experiments

Failure

density

function

Cumul

failure

distribution

Survivor

function

Hazard

function

0 15 0 32 0.469 0.000 1.000 0.638

1 8 15 17 0.250 0.469 0.531 0.615

2 4 23 9 0.125 0.718 0.281 0.571

3 2 27 5 0.062 0.844 0.156 0.500

4 1 29 3 0.031 0.906 0.094 0.400

5 0 30 2 0.000 0.938 0.062 0.000

6 1 30 2 0.031 0.938 0.062 0.660

7 1 31 1 0.031 0.969 0.031 2.000

no-load characteristic of the experimental test machine is shown
in Figure 4(a). In Figure 4(a), the points indicate the experimen-
tal results and the solid line represents the simulation results,
which are obtained through routine plotting tool in MATLAB.

The magnetizing reactance Xm of the SEIG is considered as
variable which depends on the core flux or the ratio of air-gap
voltage to frequency (Vg∕ f ). Magnetization curve (Vg∕F vs Xm)
of the SEIG is shown in Figure 4(b). This characteristic is eval-
uated from ‘Appendix A’ illustrations. The variation of Xm with
Vg∕ f is non-linear due to magnetic saturation of the core [34].

In Figure 4(b), points indicate the experimental results and
the solid line represents the simulation result, which is obtained
through (2).

Vg

f
= K1 + K2Xm + K3Xm

2 + K4Xm
3; for70 ≤ Xm ≤ 130. (2)

The least-square algorithm is employed to obtain the mag-
netization characteristic and the numerical-based routine curve
tool is utilized in MATLAB to find the following coefficients
of (2):

K1 = 767.54, K2 = −16.535, K3 = −0.1843 and K4 = −7.46
× 10−4

5.1 Self-excitation capacitance

The build-up of the terminal voltage for SEIG requires an exci-
tation capacitor of minimum value. The minimum excitation
capacitor value depends on speed, ZL , and load power factor.
The value of per phase capacitance is calculated at variable speed
under the no-load condition as required in SEIG excitation. The
capacitance value is determined experimentally to observe the
voltage build-up and voltage collapse, as shown in Figure 4(c).
This figure also shows that the capacitance value increases as
the speed of the SEIG decreases [36, 37]. The minimum value
of the capacitor is determined as 24.48 μF at the synchronous
speed of the SEIG. In Figure 4(c), points indicate the exper-
imental results, and the solid line represents the mathematical
simulation results.

5.2 SEIG performance characteristics at
variable rotor speed

Figures 5(a) and (b) show simulation and experimental values of
the terminal voltage at different speeds for 36 and 40 μF values
of terminal capacitances, respectively. The curves are obtained
under no-load condition as well as under a balanced resistive
load (5.16 pu). The dashed line represents the resistive load for
both figures. In Figures 5(a) and (b), points indicate the exper-
imental results and the solid line represents the mathematical
simulation result. The constant terminal voltage of pre-specified
value is 220 V and the performance characteristics of the gener-
ator for 220 V are evaluated through Equations (5), (6) and (7)
by putting the values Ȳab, Ȳac and Ȳad in Equation (3) and then
distinguishing the real component and imaginary component,
the two non-linear scalar equations X(1) and X(2) are obtained
(refer Figure A1a).

Ȳab + Ȳac + Ȳad = 0, (3)

where

Ȳab =

⎡⎢⎢⎢⎢⎣
⎛⎜⎜⎜⎝

1
RL

f
+ jXL

+
1

− jXc

f 2

⎞⎟⎟⎟⎠

−1

+

(
Rs

f
+ jXs

)⎤⎥⎥⎥⎥⎦

−1

, (4a)

Ȳac =
1

RL

f

+
1

jXm
, (4b)

Ȳad =

[
Rr

f −V
+ jXr

]−1

, (4c)

X (1) = real (Y ab +Y ac +Y ad ) = 0, (5)

X (2) = imag(Y ab +Y ac +Y ad ) = 0, (6)
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Magnetization Current (A)

Magnetizing Reactance

FIGURE 4 (a) Variation of no-load voltage against magnetization current;
(b) Magnetization characteristics of SEIG; (c) SEIG characteristics excitation
capacitor with speed

X (3) =
|||||V g ×

Z eb

Z eb + Z ea

||||| −Vt
sp = 0, (7)

where

Vt =
|||||V g ×

Z eb

Z eb + Z ea

|||||.
The maximum error occurred at the speed of 0.9 pu with 36 μF
in Figure 5(a). For this experiment, terminal voltage is obtained
as 195 V. An equal terminal voltage is determined through

FIGURE 5 SEIG characteristics with variable speed at (a) 36μF, (b) 40μF

TABLE 3 Variation in experimental and simulation-based excitation
capacitor value at variable speed with 36 μF

Experimental values

S. No. Voltage (V) Cap. (𝛍F) Req. sim. cap. (𝛍F) Speed (pu) % error

1 195 36 39.235 0.90 8.99

2 217 36 39.10 0.94 8.58

3 237 36 39.10 0.98 8.58

4 256 36 38.96 1.02 8.22

MATLAB simulation which requires a capacitor value of 39.235
μF. It gives error in capacitor value required is 8.99%. As speed
of the rotor increases this error decreases as shown in Table 3.

The maximum error occurred at the speed of 0.9 pu with
40 μF in Figure 5(b). For this experiment, terminal voltage is
obtained as 210 V. To find the equal terminal voltage through
MATLAB simulation, a capacitor of 43.40 μF is needed. It
means the error is 8.5%. This error decreases with the increase
in rotor speed as shown in Table 4. It can be also observed
from Tables 3 and 4 that the error decreases with the increase in
capacitor values.

In Figures 6(a), (b), and (c), the points indicate the experimen-
tal results and the solid line represents the simulation results,
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TABLE 4 Variation in experimental and simulation-based excitation
capacitor value at variable speed with 40 μF

Experimental values

S. No. Voltage (V) Cap. (𝛍F) Req. sim. cap. (𝛍F) Speed (pu) % error

1 210 40 43.40 0.90 8.50

2 229 40 43.15 0.94 7.88

3 253 40 43.00 0.99 7.50

4 267 40 42.60 1.02 6.50

FIGURE 6 SEIG load characteristics with variable excitation capacitor at
36 and 40 μF. (a) Terminal voltage versus load power, (b) Load current versus
load power, (c) Stator current versus load power

TABLE 5 Variation in experimental and simulation-based excitation
capacitor value at constant speed with 36 μF

Experimental values Simulation values

S. No. Voltage (V) Cap. (𝛍F) Req. cap. (𝛍F) Voltage (V) % error

1 246 36 39.06 236.70 8.50

2 232 36 38.40 222.80 6.66

3 223 36 37.59 214.30 4.42

4 208 36 37.12 194 3.11

TABLE 6 Variation in experimental and simulation-based excitation
capacitor value at constant speed with 40 μF

Experimental values Simulation values

S. No. Voltage (V) Cap. (𝛍F) Req. cap. (𝛍F) Voltage (V) % error

1 260 40 43.00 247 7.50

2 247 40 42.90 235 7.25

3 232 40 42.87 220 7.175

4 220 40 42.00 206 5.00

which can be obtained through (5) and (6). Figure 6(a) shows
the simulation and experiment results of terminal voltage versus
output power Po characteristic of the SEIG at different values of
excitation capacitors (36 and 40 μF) at synchronous speed (V
= 1 pu). Tables 5 and 6 show the percentage error of 36 and
40 μF, respectively, under load condition with a constant rotor
speed. The error in the highest power is determined for 36 and
40 μF capacitance. The error found for 36 and 40 μF capacitors
are 5.57%, and 2.80%, respectively. The highest electrical power
is attained as 1.610 and 2.128 kW experimentally for 36 and 40
μF, respectively. To achieve a comparable maximum power with
the aid of simulation, 36.624 μF is required for 1.610 kW and
40.454 μF is required for 2.128 kW. It signifies that the error in
the excitation capacitor is 1.73% and 1.13%, respectively, which
are within the tolerance limit of capacitor utilized, i.e. 5%. The
error in peak power has also been assessed.

The percentage error in output voltage of the generator for
36 and 40 μF capacitors are found in Tables 5 and 6, respec-
tively. To obtain the same voltage in simulation, the required val-
ues of a capacitor (required simulation capacitance) are shown
in Tables 5 and 6. It is obvious from the table that under the
normal operating region, the error decreases with the decrease
in voltage.

Figure 6(b) shows the load characteristics (load current (IL)
vs. Po) of the generator at 36 and 40 μF excitation capacitors. In
these characteristics, at ZL is less than ∞ (at zero loading con-
dition), initially both the Po and IL increases from zero, and this
represents the normal operating region. This region continues
until the maximum Po point Pmax is reached. After Pmax point,
reduction in ZL results in a decrease in both the PO and IL , until
the critical ZL is reached and the loss of excitation occurs of the
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FIGURE 7 Constant terminal voltage (V = 1 pu) characteristics of SEIG with load power. (a) Excitation capacitor versus load power, (b) Voltage versus load
power, (c) Load current versus load power, (d) Stator current versus load power

generator, which represents the abnormal region of operation
[34].

Figure 6(c) shows the load characteristics (stator current (IS )
vs. Po) of the generator at 36 and 40 μF excitation capacitors.
The IS is noticed to be highly inconsiderate to ZL and consider-
ate to XC . It is because of IS , which is the phasor summation of
IL and IC . In this situation, the reduction of IC is partly taken
care of by increasing IL , and this is why IS continues to be con-
stant. At maximum power, the value of IS is either greater or
lesser than its constant value; this is why it depends on the con-
stant parameter of the SEIG.

The constant terminal voltage of pre-specified value is 220 V
and the performance characteristics of the generator for 220 V
are evaluated through (5), (6) and (7). In this case, find the values
of Xm , F , and XC for given various possible values of ZL and a
fixed value of V [34, 38].

The variation of excitation capacitor, voltages, load current
and stator/capacitor currents against output/load power P0 are
shown in Figures 7(a), (b), (c) and (d), respectively. To main-
tain a constant terminal voltage, more capacitors are required.
Due to this, the ZL is reduced and hence IC is increased. The
IL increases linearly with P0 as the terminal voltage is con-
stant. In this phenomena, both IL and IC increase and there-
fore the IS increases with PO . The critical characteristics cannot

be found only by using Figures 4(a) and (b) and (2). The graph
and equation do not have adequate information to be solved. In
Figure 4(b), the value of Xm is in the range from 70 to 130 Ω.
If Xm is decreased below the lower value of the above range,
the earlier (2) still needs considerable algebraic manipulation for
being solved. The equations are as follow:

Vg

f
= K5 + K6Xm; for 60 ≤ Xm ≤ 70, (8)

Vg

f
≈ 272; for Xm ≤ 60. (9)

The coefficients of (2) and (8) are as:
K1 = 767.54, K2 = −16.535, K3 = −0.1843, K4 = −7.46

×10−4, K5 = 316.15, K6 = −0.82
Figure 8(a) shows the critical characteristics of SEIG (exci-

tation capacitor vs. load resistance) at synchronous speed. To
operate the SEIG within its design specifications, it is nec-
essary to keep IS as close as possible to the designed limit.
So the SEIG performance characteristics are determined at
a specified IS , which increases with capacitor values. When
the capacitor value is reached on 140 μF, then the genera-
tor gives 12.5 A stator current. Thus, the obtained value of
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FIGURE 8 Critical characteristics of SEIG on excitation capacitor with
(a) Stator current, (b) Load resistance and (c) Terminal voltage

capacitor is called the critical capacitor for this generator.
Figures 8(a), (b) and (c) show the critical characteristics of SEIG
on excitation capacitor versus terminal voltage and excitation
capacitor versus load resistance (pu), respectively. In the abnor-
mal region (with more reduction in ZL) both PO and IL decrease
until the critical ZL is reached and loss of self-excitation occurs
in the generator. These figures give the information about the
critical resistance value and critical voltage for a particular capac-
itor at a fixed speed (synchronous speed), where the loss of exci-
tation occurs in the generator after these critical values. These
critical values are obtained experimentally, which is not so easy.
Thus, the experimental result for 36 and 40 μF of critical voltage
is in range (87 V, 95 V) and (86 V, 92 V), respectively.

5.3 Reliability function evaluation for SEIG

The PDFs are employed to illustrate the RE of SEIG excitation.
Authors have performed 32 laboratory experiments on Day 1.
All experiments are carried out by raising the reactive load. Now
on Day 2, the overall number of experiments is equal to the Day
1 experiments minus total failures arising preceding time spell.
The experimental data are collected for seven intervals. Using
the above experimental results, the reliability indices like f (t ),
F (t ), fs (t ) and h(t ) are arranged in Table 2.

The assessment of reliability indices are done employing the
following steps:

(i) Compute the overall number of failures in each time spell
of Day 1,

(ii) Evaluate the reliability indices f (t ), F (t ), fs (t ) and h(t ).

All reliability indices f (t ), F (t ), fs (t ) and h(t ) are explained
graphically in Figures 9(a), (b), (c) and (d), respectively. Table 2
is described as follows:

(i) Time interval in the number of days are chosen as one,
(ii) Number of failures are examined experimentally,
(iii) Cumulative failures are the summation of failures in each

interval,
(iv) The overall number of experiments on next days is

matched to the day before experiments minus all the fail-
ures occurred in the previous time interval,

(v) f (t ) = (number of failures during a time interval)/32,
(vi) F (t ) = (cumulative number of failures)/32,
(vii) fs (t ) = (cumulative number of survivors)/32,
(viii) h(t ) = (number of failures in time spell)/(mean number

of a survivor for that period).

The laboratory experiment is done considering the mini-
mum capacitance value, i.e. 25 μF. The success and failure
of the performed experiment are dependent on the chance
of SEIG excitation failure. The experiment is performed for
71 times within seven spell or eight days and reliability is
assessed using Mante-Carlo method. The experimental results
in terms of success and failure of SEIG excitation are shown in
Table 7.

The simulation parameters, namely, success probability and
failure probability are shown in Figures 10(a) and (b). These sim-
ulation results conferred that

(i) Ps and Pf has better values when the experiment on SEIG
excitation is repeated in large number;

(ii) The actual value of Ps and Pf fluctuates post experimental
tests. Therefore, the average value of Ps and Pf cannot be
treated as true value;

(iii) If the number of experiments is raised, the Ps and Pf values
tend to achieve the actual value;,

(iv) The value of Ps is 0.55 and Pf is 0.45 in the simulation
results. Ps and Pf are analytically evaluated as given in (10)
and (11), respectively.
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FIGURE 9 Reliability evaluation functions: (a) f (t ) curve, (b) F (t ) curve,
(c) fs (t ) curve and (d) h(t ) curve

Ps =
S

T
=

39
71

= 0.5490, (10)

Pf =
F

T
=

32
71

= 0.4510, (11)

TABLE 7 Evaluating the reliability related functions considering
excitation failure

Probability of

No. of experiments Outcome of experiments Success (S) Failure (F)

1 S 1 0

2 S 1 0

3 F 0.67 0.33

4 S 0.75 0.25

5 F 0.60 0.40

6 S 0.67 0.33

7 F 0.57 0.43

67 S 0.55 0.45

68 S 0.56 0.44

69 F 0.55 0.45

70 S 0.56 0.44

71 F 0.55 0.45

where T is number of possible outcomes, S is number of suc-
cess and F is number of failures. In Municipal wastewater-based
Micro-hydro power generation system, reliability data and other
parameters are illustrated and SEIG is used for power genera-
tion [31].

The RE of SEIG is further extended considering the variable
wind speeds. The SEIG is proficient in wind power application
during different wind speeds. Thus, it is required to assess the
reliability of SEIG for different wind speeds. Therefore, random
wind speed data is generated between 5 and 25 m/s, as illus-
trated in Table 8. So, a correlation between wind speed and rotor
speed is required to be established, which is described in Equa-
tions (A13)–(A15) of Appendix A.4. The following assumptions
are considered while formulating the correlation:

∙ Diameter of the wind turbine rotor blade is 60 m.
∙ Gear-box gear ratio is 50:1.
∙ Tip speed ratio is 7.
∙ SEIG has a constant average failure rate.

The optimal wind speed is obtained as 13.428 m/s for rotor
speed of SEIG to be greater than synchronous speed for power
generation. Thus, the wind speeds lesser than the optimal wind
speed considered as failure condition of the SEIG. As seen from
Figure 11, a constant average failure rate is calculated and the
SEIG reliability is obtained as an exponential function. The reli-
ability is then compared for 0.2 and 0.3 failure rates, respectively.
It is observed from the waveforms that the SEIG operation is
reliable for wind speeds higher than 13.428 m/s and the SEIG
reliability is better if failure rates are smaller.
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FIGURE 10 Reliability evaluation using Mante-Carlo simulation: (a)
Probability of success, (b) Probability of failure

FIGURE 11 Reliability evaluation of SEIG under different wind speeds

6 CONCLUSION AND SCOPES FOR
THE FUTURE WORK

The research work includes the performance and RE of 3-𝜙
induction machine, working as a SEIG. The SEIG is very popu-
lar in remote areas (of a country like India where the power grid
is not accessible) for power generation using conventional and
non-conventional energy resources. However, designed SEIG is
under consideration, neither economical nor easily available in
the market. Thus, the induction machine has been utilized as a
SEIG with the proper value of the capacitor.

A 3-𝜙 induction machine coupled with DC shunt motor has
been demonstrated as SEIG in the Department of Electrical
Engineering, IIT(BHU), Varanasi, India, Electrical Machine lab-

TABLE 8 Evaluating the reliability function under different wind speeds

Probability of

S. No. Wind (m/s) Success or Failure Success (S) Failure (F)

1 22.5 S 1 0

2 21.5 S 1 0

3 15 S 1 0

4 7 F 0.75 0.25

5 5 F 0.6 0.40

6 14.5 S 0.67 0.33

7 18 S 0.72 0.28

| | | | |

| | | | |

| | | | |

| | | | |

96 22.5 S 0.573 0.427

97 16.5 S 0.577 0.423

98 6 F 0.57 0.43

99 5.5 F 0.565 0.435

100 13 F 0.56 0.44

Average Failure Rate 0.393706

oratory with variable resistive loads at constant shaft speed and
constant load at variable shaft speed. The no-load character-
istic of the machine is determined to evaluate the minimum
capacitance at synchronous speed. Hence, the performance of
the SEIG is depicted. The minimum capacitor value obtained
experimentally is 24.48 μF at synchronous speed. The exper-
iments are performed with 25 μF, which is very close to the
24.48 μF. All experiments, including on load and no-load con-
ditions at variable speed and synchronous speed are performed,
and several characteristics are obtained. These characteristics
are found almost similar in comparison to its original pattern.
The percentage error between experimental results and simula-
tion results using 36 and 40 μF capacitors at no load condition
with variable speed and on load condition with the speed of the
SEIG were determined. The errors in the maximum power were
determined for 36 and 40 μF capacitors as 5.57% and 2.80%,
respectively. The errors in the capacitor value are obtained as
1.73% and 1.13%, respectively, when the same maximum power
in simulation is obtained.

The critical performance and RE of the SEIG were obtained
using the required minimum capacitance for the successful
operation. The critical value of capacitance was found 140 μF.
Dealing with these prospects, the reliability estimation of RM
in the rotor iron core of the SEIG has been carried out uti-
lizing a possibility distribution approach and the Monte-Carlo
approach. The obtained values are 0.5490 and 0.4510 for Ps

and Pf , respectively. These values are obtained by implementing
the Monte-Carlo method that tends towards 0.55 and 0.45 for
Ps and Pf , respectively. Both numerical and simulation results
are identified to be approximately the same. The curves for the
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functions f (t ), F (t ), fs (t ) and h(t ) of the 3-𝜙 induction machine
working as a SEIG have been obtained. Furthermore, reliabil-
ity has been evaluated for SEIG under different wind speeds.
It is found that the wind speed has a correlation with SEIG
rotor speed, which aids in obtaining the reliability function. The
average constant failure rate of 0.393706 was obtained consider-
ing different wind speed data. The reliability of SEIG has been
improved for lower values of failure rates, and SEIG faces lesser
failures for speeds higher than 13.428 m/s.

The summary of the accomplished work is as follows:

(i) Rated IS gives information about the maximum limit of the
capacitor for the safe performance of SEIG.

(ii) Reduction in percentage error indicates the point where the
successful performance and reliability of the three-phase
induction machine operated as SEIG is high at the particu-
lar capacitor value, shaft speed and variable load resistance.

(iii) Critical performance of SEIG is required for stable power
generation.

(iv) Reliability indices including f (t ), F (t ), fs (t ) and h(t ) are
evaluated experimentally for RE of SEIG. Also, the relia-
bility of SEIG has been evaluated at different wind speeds.

(v) The experimentally evaluated area under failure density
curve is one, which is similar to the theoretical approach.

(vi) Success and failure probabilities of three-phase squirrel
cage induction machine operated as SEIG are obtained
experimentally. The evaluated numerical values were 0.5490
and 0.4510, respectively.

The work presented can be extended with FACTS devices like
STATCOM for compensating Q during SEIG isolated or grid-
connected mode of operations. Researchers can study the effect
of impedance loading on SEIG performance in the wind energy
conversion system (WECS) as future work. The SEIG perfor-
mance can be compared with other WECS-based generators.
Also, an ELC can be used to regulate frequency and voltage in
their limits.

NOMENCLATURE

∠𝜃 Load Power Factor
𝜆 Failure Rate
μ Repair Rate
𝜙 Power Factor Angle

Cmax Capacitor maximum value
Cmin Capacitor minimum value

f Frequency
F (t ) Cumulative Distribution Function
f (t ) Probability Distribution Function
fs (t ) Survivor Function
FR Frequency Regulation

h(t ) Hazard Rate
IC Capacitive Current
IL Load Current
IS Stator Current

IG Induction Generator
IM Induction Motor

MTBF Mean Time Between Failure
MTTF Mean Time To Failure
MTTR Mean Time To Repair

Pf Failure Probability
PO Output Power
Ps Success Probability
Q Reactive Power
Rc Core Resistance

XL Load Reactance
Xr Rotor Reactance
Xs Stator Reactance

RE Reliability Evaluation
S Apparent Power

SEIG Self-Excited Induction Generator
v Rotor Speed

VR Voltage Regulation
WECS Wind Energy Conversion System

Xc Excitation Capacitance
RL Load Resistance
Xm Magnetizing Reactance
Rr Rotor Resistance
Rs Stator Resistance

Yab,Yac ,Yad Equivalent Terminal Admittances
ZL Load Impedance

Zac ,Zbc Equivalent Terminal Impedances
Vg Air Gap Voltage

Vt orV Terminal Voltage
Vt

sp Pre-specified Terminal Voltage
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APPENDIX A

A.1 No-load test

The input S , Q and 𝜙 of the self-excited induction generator
(SEIG) is obtained by (A1), (A2) and (A3).

S =
√

3VI , (A1)

Q =
√

S 2 − P2, (A2)

𝜙 = arctan

(
Q

P

)
, (A3)

air gap voltage(Vg )

= mod [V ′ − I ′(cos𝜙 − j sin𝜙)(Rs + jXs )], (A4)

where V ′ is calculated phase voltage, I ′ is calculated phase
current of SEIG, respectively. The values of Rc and Xm are
described by (A5), (A6) which are obtained from P and Q power
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FIGURE A1 (a) The per-phase equivalent circuit of three-phase SEIG;
(b) Nodal admittance approach circuit of Figure 12(a) is represented by the
three parallel impedances

balance equations.

Rc =
Vg

2

P − 3I1
2
Rs

, (A5)

Xm =
Vg

2

Q − 3I1
2
Xs

. (A6)

The Rc value is recognized as the average of all numerical values
established from (A5). The average value of Rc is 1.48527 kΩ.

A.2 Performance characteristics equations

Xm is obtained and Vg∕ f can be evaluated from (2) using
Xm . The voltage, current and power are described by
(A7)–(A12).

Is =
Vg

f
Ybc , (A7)

Vt

f
=

Vg

f
− IsZac , (A8)

Ic =
Vab

− jXc

F 2

, (A9)

IC =

V t

f

− jXc

f 2

, (A10)

I L =

V t

f

RL

f
+ jXL

, (A11)

PL = 3 ∣ IL
2 ∣ RL . (A12)

A.3 Use of experimental equipment

(i) 0–750 AC/DC Wattmeter 10/20 A or 5/10 A, (ii) 0–10/20
A or 5/10 A, 50 Hz, AC Ammeter, (iii) 0–300/600 V, 50 Hz,
AC Voltmeter, (iv) Tachometer, (v) 36 μF ± 5%, 440 V AC, 50
Hz, Capacitor, (vi) Two-Way Switch, (vii) DPDT (double-pole
double-throw), (viii) Rheostat, (ix) 0–290 Ω, 1.5 A, (x) 0–100 Ω,
5 A, (xi) 0–25 Ω, 25 A.

A.4 Equations related to reliability evaluation (RE) of

SEIG under different wind speeds

Wind turbine rotor blade speed
SEIG rotor speed

=
50
1
= Gear Ratio (A13)

Wind turbine rotor tip speed; S (mph) = 0.0372 × 𝜋 × D × 𝜔

(A14)
where D is diameter of wind turbine rotor blade, 𝜔 is rotational
speed of wind turbine rotor blade.

Wind speed (m/s) = 0.44704 ×
S

7
. (A15)
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