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ABSTRACT
Induction generators are increasingly used in non-conventional energy systems such as wind, mini/micro hydro
etc. In isolated systems, squirrel cage induction generators with capacitor excitation, known as self-excited induction
generators (SEIG), are very popular. Steady state analysis for such machines is essential to estimate the behavoir under
actual operating conditions. A 5.5KW induction machine excited with symmetrical capacitor bank and loaded with
resistive or resistive-inductive load was the subject of investigation. A simple mathematical model is proposed to compute
the steady-state performance of self-excited induction generator by nodal admittance model. MATLAB programming is
used to solve the proposed model. The results confirms the validity and accuracy of the MATLAB based modeling of selfexcited induction generator.

KEYWORDS: Admittance Model, Magnetizing Reactance, MATLAB, Steady State Analysis, Self-Excited Induction
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INTRODUCTION
Due to industrial, agricultural and economic developments across the world, electrical power demand is
increasing day by day. Such fast growing power demand and continuous depletion of fossil fuels have resulted the
movement of scientists towards non-conventional resources such as wind, solar, biogas, tidal and geothermal. The wind
energy is emerging as potential source among various non conventional energy sources. Almost every country across the
world are promoting wind energy generation units [1]. Harnessing wind energy for electric power generation is an area of
research interest and at present the emphasis is being given to the cost-effective utilization of these energy resources for
quality and reliable power supply [2]. With their limitations, a renewable energy power plant is installed locally and
equipped with a small-size generator, up to only a few MW rating [3]. Traditionally, synchronous generators have been
used for power generation but induction generators are increasingly being used these days because of their relative
advantageous feature over conventional synchronous generators [4].
The induction machine can be operated in grid connected or self-excited mode. Induction generator in self-excited
mode is capable to generate the power even in the absence of power grid. This makes it to be most useful generator for
remote windy locations [5]. The self-excited induction generators (SEIG) have been found suitable for energy conversion
for remote locations. Self-excited induction generators are frequently considered as the most economical solution for
powering costumers isolated from the utility grid. SEIG has many advantages such as simple construction, absence of DC
power supply for excitation, reduced maintenance cost, good over speed capability, and self short-circuit protection
capability [6].
A proper circuit representation and accurate mathematical modeling is essential to evaluate the steady-state
performance of a SEIG for different operating conditions. Some researchers have used the impedance model [7]-[9] and a
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few used the admittance model [10]-[11] for steady state analysis of SEIG. Joshi et al.[12] presented a technique for steady
state analysis of three phase SEIG feeding balanced unity power factor load using artificial neural network. Jordan et al.
[13] proposed a multi-objective genetic algorithm based approach for determining the steady state performance
characteristics of three-phase self-excited inductions generators operating in parallel and supplying an unbalanced load.
Shakuntla Boora [14] presented mathematical models for various generator-load configurations that accurately determine
the conditions for self-excitation and performance characteristics of an isolated, three-phase self-excited induction
generator operating under balanced or unbalanced conditions. Chandan Chakraborty et al.[15] presented a new algorithmic
method to study the steady-state performance of N number of induction generators connected in parallel. The method uses
the inverse π circuit model to derive a closed form expression for frequency from the power balance equation. Ahmed E.
Kalas et al.[16] used particle swarm optimization algorithm based technique to estimate and analyze the steady state
performance of self-excited induction generator. In this paper we have proposed MATLAB language for the simulating the
steady state analysis of self-excited induction generator. The performance characteristics with resistive and resistive
inductive load are obtained.

SELF –EXCITED INDUCTION GENERATOR
The self excited induction generator takes the power for excitation process from a capacitor bank, connected
across the stator terminals of the induction generator. This capacitor bank also supplies the reactive power to the load.
Figure 1 shows a self-excited induction generator.

Figure 1: Self-Excited Induction Generator
The excitation capacitance serves a dual purpose for standalone induction generator: first ringing with the
machine inductance in a negatively damped, resonant circuit to build up the terminal voltage from zero using only the
permanent magnetism of the machine, and then correcting the power factor of the machine by supplying the generator
reactive power [17]-[18]. It has its inherent advantages such as brushless construction with squirrel-cage rotor, reduced
size, absence of DC power supply for excitation, reduced maintenance cost, and better transient performances. Major
drawbacks of SEIG are reactive power consumption, its relatively poor voltage and frequency regulation under varying
prime mover speed, excitation capacitor and load characteristics [19]. On the basis of the prime movers used and their
locations, generating schemes can be broadly classified in to three types [20]: (i) the constant-speed constant-frequency,
(ii) the variable-speed constant-frequency, and (iii) the variable-speed variable-frequency.

STEADY STATE MODEL OF THREE PHASE SELF-EXCITED INDUCTION GENERATOR
For the modeling of the self excited induction generator the main flux path saturation is accounted for while the
saturation in the leakage flux path of magnetic core of the machine, the iron and rotational losses are neglected [21]. Most

Steady State Analysis of Self-Excited Induction Generator

79

of the steady state models of SEIG developed by different researchers are based on per phase equivalent circuit. These
models use the following two basic methods: (i) Loop impedance method and (ii) Nodal admittance method. The steady
state model based on nodal admittance method and used in [22] is presented here in Figure 2. This model makes
assumptions that the load is RL, machine core loss component is neglected and the machine parameters (except for
magnetizing reactance) remain constant.

Figure 2: Equivalent Circuit of Self-Excited Induction Generator
For the machine to self-excite on load, the impedance line corresponding to the parallel combination of the load
impedance and excitation capacitance should intersect the magnetization characteristic well in to the saturation region. For
the self-excitation of the machine on no load, the excitation capacitance must be larger than some minimum value, this
minimum value decreases with decreasing speed [23]. For the circuit shown in Figure 2, by using Kirchhoff‟s current law,
the sum of currents at node (1) should be equal to zero, therefore

Where Y is the net admittance given by

The terminal voltage cannot be equal to zero, therefore

By equating the real and imaginary terms in equation (3) respectively to zero, we have

PROBLEM FORMULATION AND PROPOSED ALGORITHM
Self excitation in an induction machine occurs when the rotor is driven by a prime mover and a suitable
capacitance is connected across the stator terminals. Both the frequency and the magnetizing reactance (which depends
upon magnetic saturation) of the SEIG vary with load even when the rotor speed is maintained constant [24]. Therefore, a
crucial step in the steady-state analysis of the SEIG is, given the machine parameters, speed, excitation capacitance and
load impedance, to determine the value of the per-unit frequency and the magnetizing reactance Xm which result in exact
balance of active and reactive power across the air gap.
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Figure 3: Per-Phase Equivalent Circuit of SEIG
Where:
Rs

:

p.u. resistance of stator per phase

Rr

:

p.u. resistance of rotor per phase

Xs

:

p.u. reactance of stator per phase (at nominal frequency)

Xr

:

p.u. reactance of rotor per phase (at nominal frequency)

Xm

:

p.u. magnetizing reactance per phase (at nominal frequency)

F

:

p.u. frequency

v

:

p.u. speed

Xc

:

p.u. reactance of shunt capacitor (at nominal frequency)

RL

:

p.u. resistance of the load per phase

XL

:

p.u. reactance of the load per phase (at nominal frequency)

The nodal admittance model is used for steady state analysis of SEIG [25].The per phase equivalent circuit of
SEIG shown in Figure3 is used for problem formulation. The formulation of conservation of real and reactive power in
terms of network quantities is equivalent to writing that the sum of the admittances of the branches in the circuit must be
zero, as it is seen that this circuit does not contain any e.m.f. source or current source

Where,
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For voltage build-up, Vg ≠ 0, hence equation (4) becomes

Equating the real and imaginary parts in equation (12) to zero, we have

Let
Equation (13) can be rewritten as a quadratic equation in γ as:

Solving equation (16), we get

In practice, γ is a small negative number for generator operation; hence the negative sign in the brackets of
equation (17) should be taken.

For a given rotor speed, load impedance and excitation capacitance, equation (13) may be used to determine 'f'.
By using equation (14), we calculate the value of Xm as by given equation (19).
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After getting the value of Xm and f, find the air-gap voltage (Vg) by using the magnetization curve (plot of Vg v/s
Xm), and solve the equivalent circuit for the performance parameters such as Vs, Is, IL, output power.

The computational procedure of iterative method for solution of Xm and f and subsequent performance of SEIG
using MATLAB are as follows:
Step 1: Read the machine data (Rs, Xs, Rr, Xr), prime mover speed, p.f. of load, synchronous speed test data
etc.
Step 2: Assume an initial value of per-unit frequency „f‟ and take the value of 'f' is equal to „v‟ (f = v).
Step 3: Evaluate Gt using equations (6) - (9).
Step 4: Determine γ by using equation (18); hence obtain the updated value of „f' using equation (15).
Step 5: Repeat steps (2) and (3), each time using the updated value of 'f' for evaluating Gt until the values of 'f'
in successive iterations differ by a sufficiently small number ϵ.
Step 6: By getting the value of „f', calculate the value of Xm by using equation (19).
Step 7: By using the magnetizations curve (Vg v/s Xm), determine Vg and correspondingly find the value of
voltage and current across the load branch by using eq. (20) to eq. (24).
Step 8: Store the relevant data in data file.
Step 9: By using the values of the above calculated parameters, various characteristics that yield to the
machine performance are obtained.
Step 10: Stop.

SIMULATIONS RESULTS AND DISCUSSIONS
The performance characteristics of 3-phase, 4-pole, and 50Hz, 415V, 5.83A, 5.5KW, delta-connected squirrel
cage induction generator has been obtained using MATLAB. The per-phase equivalent circuit constants in per unit are as
follows:
Rs = 0.0633; Rr = 0.0247; Xs=0.0633; Xr=Xs; pf = 0.8; v = 1 p.u.
The following three types of characteristics are obtained with resistive load and resistive-inductive load for load
power factor 0.8pf lagging and excitation capacitance 20μf.
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Variation of Magnetizing Reactance with Output Power
The variation of magnetizing reactance with output power for resistive and resistive-inductive load is shown in
Figure 4. For resistive load, the loading is more than resistive-inductive load. The variation of magnetizing reactance is
nearly constant for resistive load and increases sharply for resistive-inductive load. These characteristics are calculated for
excitation capacitance of 20μf and load power factor 0.8 lagging.

Figure 4: Variation of Magnetizing Reactance with Output Power
Variation of Terminal Voltage with Output Power
The variation of terminal voltage with output power for resistive and resistive-inductive load is shown in Figure 5.
For resistive load, the terminal voltage decreases gradually while for resistive-inductive load the terminal voltage decreases
rapidly. These characteristics are calculated for excitation capacitance of 20μf and load power factor 0.8 lagging.

Figure 5 Variation of Terminal Voltage with Output Power
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Variation of Load Current with Output Power
The variation of load current with output power for resistive and resistive-inductive load is shown in Figure 6. For
resistive load, the self-excited induction generator draws more current and the output loading is also more as compared to
resistive-inductive loading. These characteristics show that loading capacity is more for resistive load as compared to
inductive loading. These characteristics are calculated for excitation capacitance of 20μf and load power factor 0.8 lagging.

Figure 6: Variation of Load with Output Power

CONCLUSIONS
An efficient but simple technique has been developed for steady-state analysis of self-excited induction generator.
The proposed steady state analysis might be helpful to wind generation, can be utilized by the interested users or the
normal utility to feed loads where frequency and voltage need not be regulated. The steady-state characteristics show that
loading capacity of SEIG is more for resistive load as compared to inductive loading. The proposed method for steadystate analysis of SEIG involves only simple numeric calculations, in contrast to existing methods which require tedious and
complicated algebraic derivations, but accuracy is extremely good and convergence is fast.

REFERENCES
1.

K.S.Sandhu, and Dheeraj Joshi, “Estimation of control parameters of self-excited induction generator,”
International Journal of Circuits, Systems and Signal Processing, Vol. 3, Issue 1, 2009, pp.38-45.

2.

G. Boyle, Renewable Energy: Power for Sustainable Future,(Oxford University Press, 2000).

3.

N. Jenkins, R. Allan, P. Crossley, D. Kirschen, and G. Strbac, Embedded generation (The Institute of Electrical
Engineers, 2000).

4.

G. Raina, and O.P. Malik, “Wind energy conversion using a self-excited induction generator,” IEEE Transaction
on Power Apparatus and Systems, Vol. 102, No. 12, 1983, pp.3933-3936.

5.

Elder J.M., Boys J.T., and Woodward J.L., “Self-excited induction machines as a small low cost generator,”
Proceeding IEE, Vol. 131, Part C, No. 2, 1984, pp.33-41.

6.

Hassan E.A. Ibrahim, and Mohamed F. Serag, “Analysis of self-excited induction generator using particle swarm
optimization,” World Academy of Science, Engineering and Technology 57, 2011, pp.236-240.

Steady State Analysis of Self-Excited Induction Generator

7.

85

N.H. Malik, and S.E. Haque, “Steady-state analysis and performance of an isolated self-excited induction
generator,” IEEE Transactions on Energy Conversion, Vol. 1, No. 3, July 1986, pp.134-139.

8.

T.F.Chan, “Steady-state analysis of self-excited induction generators,” IEEE Transactions on Energy Conversion,
Vol. 9, No. 2, June 1994, pp. 288-296.

9.

L.Shridhar, B.Singh, and C.S. Jha, “A step towards improvements in the characteristics of self-excited induction
generator,” IEEE Transactions on Energy Conversion,Vol. 8, No. 1, March 1993, pp.40-46.

10. L. Quazene, and G. McPherson, “Analysis of the isolated induction generator,” IEEE Transactions Power
Apparatus and Systems, Vol. 102, No. 8, August 1983, pp.2793-2798.
11. T.F. Chan, “Analysis of self-excited induction generators using an iterative method,” IEEE Transactions on
Energy Conversion, Vol.10, No.3, September 1995, pp.502-507.
12. D.Joshi, K.S.Sandhu, and M.K.Soni, “Performance analysis of self-excited induction generator using artificial
neural network,” Iranian Journal of Electrical and Computer Engineering, Vol. 5, No. 1, Winter-Spring 2006, pp.
57-62.
13. Jordan Rodosavljevic, Dardan Klimenta, and Miroljub Jevtic, “Steady state analysis of parallel operated selfexcited induction generators supplying an unbalanced load,” Journal of Electrical Engineering, Vol. 63, No. 4,
2012, pp. 213-223.
14. Shakuntla, “Analysis of self-excited induction generator under balanced or unbalanced conditions,” ACEEE
International Journal on Electrical and Power Engineering, Vol. 1, No. 3, December 2010, pp. 59-61.
15. Chandan Chakraborty, and Sailendra N. Bhadra, “Analysis of parallel operated self-excited induction generators,”
IEEE Transactions on Energy Conversion, Vol. 14, No. 2, June 1999, pp. 209-216.
16. Ahmed E.Kalas, Medhat H. Elfar, and Soliman M. Sharaf, “Particle swarm algorithm-based self-excited induction
generator steady state analysis,” The Online Journal on Electronics and Electrical Engineering (OJEEE), Vol. 3,
No. 1, pp. 369-373.
17. R.C. Bansal, T.S. Bhati, and D.P. Kothari, “A bibliographical survey on induction generator for application for
non-conventional energy systems,” IEEE Transactions on Energy Conversion, Vol. 18, No. 3, September 2003,
pp. 433-439.
18. S.S.Murthy, B.P.Singh, C. Nagamani, and K.V.V. Satyanarayan, “Studies on the use of conventional induction
motors as self-excitation induction generators,” IEEE Transactions on Energy Conversion, Vol. 3, December
1988, pp. 842-848.
19. S.M. Alghuwainmen, “Steady-state analysis of self-excited induction generator including transformer saturation,”
IEEE Transactions on Energy Conversion, Vol. 14, No. 3, September 1999.
20. T.S. Jayadev, “Windmills stage a comeback,” IEEE Spectrum, Vol. 13, No. 11, November 1976, pp.45-49.
21. A.K. Tandon, S.S. Murthy, and G.J. Berg, “Steady-state analysis of capacitor self excited induction generators,”
IEEE Transactions on Power Application and System, PAS-103, No. 3, 1984, pp.612-618.
22. Swati Devabhaktuni, and S.V. Jayaram kumar, “Performance analysis of self-excited induction generator driven
at variable wind speeds,” International Journal of Engineering and Advanced Technology, Vol.1, Issue.2,

86

Lalit Goyal & Om Prakash Mahela

December 2011, pp.81-86.
23. T.F. Chan, “Capacitance requirements of self-excited induction generators,” IEEE transaction on Energy
Conversion, Vol. 8, No. 2, June 1992, pp.304-310.
24. R.C. Bansal, “Three-phase self-excited induction generators: An overview,” IEEE Transactions on Energy
Conversion, Vol. 20, No. 2, June 2005, pp. 292-299.
25. Harish Kumar, and Neel Kamal, “Steady state analysis of self-excited induction generator,” International Journal
of Soft Computing and Engineering, Vol. 1, Issue. 5, November 2011, pp. 248-253.

AUTHOR’S DETAILS

Lalit Goyal was born in Jaipur in the Rajasthan, India, on June 18, 1977. He studied at Govt. College of
Engineering and Technology (CTAE), Udaipur and received the electrical engineering degree from Maharana Pratap
University, of Agriculture and Technology,Udaipur, India in 2002.
He is pursuing M.Tech. (Research) from Jagannath University,Jaipur. His employment experience included the
Rajasthan Rajya Vidhyut Prasaran Nigam Ltd. His special fields of interest are Special Protection Scheme in Power
System, Power Transients, and Self-excited induction generator. He is an author of 11 International Journals and
Conference papers.

Om Prakash Mahela was born in Sabalpura (Kuchaman City) in the Rajasthan state of India, on April 11, 1977.
He studied at Govt. College of Engineering and Technology (CTAE), Udaipur, and received the electrical engineering
degree from Maharana Pratap University of Agriculture and Technology (MPUAT), Udaipur, India in 2002. He is
currently pursuing M.Tech. (Power System) from Jagannath University, Jaipur, India.
From 2002 to 2004, he was Assistant Professor with the RIET, Jaipur. Since 2004, he has been Junior Engineer-I
with the Rajasthan Rajya Vidhyut Prasaran Nigam Ltd., Jaipur, India. His special fields of interest are Transmission and
Distribution (T&D) grid operations, Power Electronics in Power System, Power Quality, Load Forecasting and Integration
of Renewable Energy with Electric Transmission and Distribution Grid. He is an author of 21 International Journals and
Conference papers. He is a Graduate Student Member of IEEE. He is member of IEEE Communications Society. He is
Member of IEEE Power & Energy Society. He is Reviewer of TJPRC International Journal of Electrical and Electronics
Engineering Research. Mr. Mahela is recipient of University Rank certificate from MPUAT, Udaipur, India, in 2002.

