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Abstract 

This paper examines the steady-state analysis and performance 
of an isolated three-phase self-excited induction generator 
(SEIG) driven by regulated and unregulated turbine. For the 
case of a regulated turbine the equivalent circuit is solved with 
speed as a constant parameter, while for the unregulated tur- 
bine, the speed is considered as a variable which depends on 
the shaft torque according to the turbine characteristics. The 
no-load speed is considered as a constant independent param- 
eter, which depends on wind speed which is assumed constant 
in this analysis. The steady-state equivalent circuit is solved 
using the nodeadmittance method, and the shaft torque is ex- 
pressed in terms of the rotor current. The Newton-Raphson 
method is used to solve the system nonlinear equations. For 
the present investigation, a linear speed-torque characteristic 
is considered, but the method of analysis applies equally well 
to nonlinear characteristics. Experimental investigations on a 
1-kW three-phase induction generator driven by a separately 
excited dc shunt motor have confirmed the accuracy of the 
proposed method of analysis. 

Keywords: - Self-excitation, induction generators, unregu- 
lated turbines, variable speed, power generation. 

1 List of Symbols: 

Per unit stator frequency, and rotor speed. 
Per unit stator resistance, leakage and magne- 
tizing reactances. 
Per unit rotor resistance and reactance. 
Per unit load resistance and reactance and ex- 
citaion capacitor reactance. 
Per unit stator, rotor, and load currents. 

v,, vt Air-gap and terminal voltages. 
T,, Trot, Td Electrical, rotational loss, and total shaft 

torques. 
W O ,  k No-load speed and slope of the linear speed- 

torque characteristics. 
VA, RA DC motor armature voltage, and resistance. 
k a j ?  4 DC motor torque constant and air-gap flux. 

2 INTRODUCTION 
The soaring rates of fossil-fuel depletion over the last two 
decades combined with a growing concern about pollution of 
the environment have led to an accelerated search for renew- 
able energy generation systems. This accelerated drive has led 
to a tremendous technical progress in the field of renewable 
energy systems over the last two decades. It has also led to a 
gradual tapping of the vast mini-hydro and wind energy poten- 
tial available in isolated locations of the world. In most cases, 
these generating units have to operate at remote, unattended 
sites. Therefore, a maintenance-free system is desirable. The 
self-excited induction generator (SEIG), due to its high relia- 
bility, robustness, low cost and less maintenance requirements, 
etc., is highly suitable for this application. It has been increas- 
ingly used in renewable energy systems which employ wind 
or mini-hydro power [l-71. These systems can be combined 
with other forms of renewable energy such as photovoltaics 
[8-91, to form an integrated renewable energy system (IRES). 
If properly designed, the IRES can take full advantage of the 
inherent diversity of wind and solar energy in most developing 
countries [lo], to enhance the renewable power quality and 
minimize energy storage requirements. 

The stand-alone SEIG is basically an induction machine 
which is driven by a prime mover, while an external capac- 
itor is connected across its stator terminals. The capacitor 
provides the lagging magnetizing reactive power, required to 
build the air-gap flux. It also provides any lagging reactive 
power demand of the load. However, the amount Of capaci- 
tance required for self-excitation varies with speed. nus if 
a fixed value capacitor is connected across the terminals Of 
the SEIG. the terminal voltage will varv with sueed. In ad- 
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dition, the frequency varies, iot  only wGh varyiig speed, but 
also with varying load, even at one constant speed. Therefore, 
one of problem areas of stand-alone power generation systems 
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employing SEIG is the dynamic response of the system to a 
variety of disturbances such as change in the speed or load etc. 
The speed may vary due to external factors such as wind speed 
which varies randomly, or due to load variation, if the shaft 
speed is not regulated. 

In the rigorous research on the operation of stand-alone 
power generation systems employing SEIG, attention is fo- 
cused on the constant-speed mode of operation [l-71. In this 
mode of operation, the wind speed is assumed constant and 
also the driving turbine is assumed to be regulated such that 
speed is independent of the shaft retarding torque which varies 
with the connected load and the excitation capacitance, etc. 
Therefore the speed is considered as an external control pa- 
rameter which is set at one particular value for a certain wind 
speed. The analysis is performed in terms of circuit parameters 
and speed. 

However, micro-hydro plants in most developing countries, 
sometimes use unregulated turbines due to their lower cost. 
The speed in this case varies not only with wind speed but 
also with the shaft retarding torque due to electrical load on 
the SEIG. Also, in the case of wind-turbines, it is desirable to 
allow the speed to vary according to wind speed in order to ab- 
sorb maximum power from the wind. Therefore, performance 
analysis of the variable-speed mode of operation is useful for 
proper design and optimization of such systems. 

The methods of analyzing the constant-speed mode of oper- 
ation are presented in various papers and textbooks [l-91. The 
analysis is straightforward since speed is specified as a priori 
constant which is substituted in the equivalent circuit before 
it is solved. The self-excitation condition is then applied to 
the equivalent circuit. Based on this condition, the total loop 
impedance of the equivalent circuit, or the total node admit- 
tance at the magnetizing branch is equated to zero. For a stable 
self-excitation, the SEIG is normally operated in the saturated 
state, hence the magnetizing reactance is a nonlinear function 
of the air-gap voltage. The resulting complex, nonlinear equa- 
tion is then solved for the operating frequency and magnetiz- 
ing reactance which are then substituted in the magnetization 
characteristics (normally represented by a piece-wise linear 
function) to determine the air-gap voltage and other quantities 
of interest. 

However, if the prime-mover speed, even at constant wind 
speed, depends on the shaft counter-torque, then the analysis 
is more complicated since the torque is not known until the 
equivalent circuit is solved, and the solution depends on speed. 
Therefore, the speed can not be considered as constant in the 
equivalent circuit since it depends on the torque which depends 
on the square of the rotor current. Only few authors have 
tackled this problem using a variety of very simplified models 
[ l l ,  121. Rajakmna and Boned [ll] used an approximate 
equivalent circuit and a mathematical model for the B-H curve 
to reduce the system equations to one nonlinear equation which 
is solved for the operating frequency. Chan [12] used iterative 
techniques and the secant method to determine the intersection 
point of the turbine characteristics and the SEIG speed-torque 
characteristics. 

In this paper, wind speed is assumed constant but speed 

dependence on the shaft torque is incorporated in the analy- 
sis. The equivalent circuit is solved with speed as function 
of the torque. The no-load speed is considered as an inde- 
pendent constant parameter which may take different values 
corresponding to different values of wind speed. The equiva- 
lent circuit is solved directly for the air-gap voltage instead of 
the magnetizing reactance. The magnetization characteristic at 
base frequency is used to write the magnetizing reactance as a 
third-order polynomialof the air-gap voltage. The steady-state 
equivalent circuit is used to obtain an expression for the elec- 
trical torque in terms of the air-gap voltage, frequency, speed 
and circuit parameters. The turbine speed-torque characteris- 
tics is used to obtain a relationship between shaft speed and 
the shaft retarding torque. The resulting equations are then 
solved using the Newton-Raphson method, which converges 
very fast, to give the three unknowns, namely, frequency, speed 
and air-gap voltage. It is assumed that all circuit parameters, 
including magnetization characteristic, excitation capacitance 
and load impedance are specified. However, it is possible to 
exchange some of the specified quantities with some of the 
unknown quantities. For example, it is possible to specify the 
terminal voltage as constant and solve for frequency, speed, 
and excitation capacitance. 

For the present investigation, a linear speed-torque charac- 
teristic, which is typical for a hydro-turbine at constant water 
head, is considered. It is found that the steady-state perfor- 
mance of the SEIG is largely influenced by the slope of the 
speed-torque characteristics. Experimental investigations on 
a 1-kW three-phase induction machine driven by a shunt dc 
motor confirmed the accuracy of the proposed method of anal- 
ysis. Although the speed-torque characteristics considered in 
this paper is linear, the method applies equally well to nonlinear 
speed-torque characteristics. 

3 System Modelling 
The system consists of a three-phase SEIG driven by a turbine 
whose speed W ( T d )  depends on the shaft torque Td according to 
a given speed-torque characteristics. A three-phase balanced 
excitation capacitor bank is connected to the SEIG terminal. 
The SEIG is supplying a static three-phase balanced load. The 
system layout is shown in Fig. 1. 

Figure 1: SEIG-turbine system. 

The steady-state equivalent circuit of the SEIG is shown 
in Fig. 2, in which normal-frequency reactance values are re- 
tained while the stator and rotor resistance and the capacitive 
reactance values are suitably modified [13]. For a stable exci- 
tation the machine is normally operated in the saturated state. 
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Therefore the magnetizing reactance X, at base frequency 
depends nonlinearly on the air-gap voltage V, . 

IL Id R,/ f  jX, 1, 

R” 

Fig. 2 Per-phase equivalent circuit of the SEIG. 
Generally, with all machine parameters including magneti- 

zation characteristics, load and capacitance parameters at base 
frequency specified, it is possible to solve the circuit in Fig. 2 
for f and V, if w is specified, or alternatively, for w and V, 
if f is specified. Applying node admittance method, the node 
equation at the magnetizing node may be written as 

(1) v,[Ya(f,w, v,) + Wf)1 = 0 

Ya(f2.9 V,) + Wf) = 0 

Hence 

(2) 

since V, # 0. Where, 

(3) 
1 1 + Ya(f’w’vg)= R,/(f - w ) + j X ,  jX,(V,) 

and 

where 
1 

Yb(f)=  R,/f + j X ,  

and 

(4) 

where Trot is the rotational loss torque. For the present investi- 
gation, it is assumed that the SEIG is driven by a hydro-turbine 
at constant water head. The turbine speed-torque characteris- 
tic in this case is linear and is given by the following equation 
[14]: 

-w(Td) = WO - kTd (11) 

where WO and k are constants. 
Equation (2) has complex coefficients; thus it can be sepa- 

rated into real and imaginary parts which are both equated to 
zero. Let the real part of (2) be denoted by f i ,  

f i  = %e{Yo} + %e{x} = 0 (12) 

and let its imaginary part be denoted by fi. 

fz = 3;m{Ya} + 3;m{Yt} = 0 (13) 

where Re and 3 m  are the ‘real part’ and ‘imaginary part’ 
operatorrespectively. Equation (1 1) is real and it can be written 
in the form 

f3 = W O  -U - kTd = 0 (14) ’ 

Equations (12), (13) and (14) are solved using the Newton- 
Raphson method which is very suitable for solving this type 
of problem. The elements of the resulting Jacoubian matrix J 
are formed as follows: 

The above solution method can also be used if the SEIG is 
driven by a turbine having a nonlinear speed-torque character- 
istics. Equation (1 l), however, should be modified according 
to the actual turbine characteristics. 

4 Experimental Verification 

The electrical torque in per-unit is equal to the gross rotor 
input power, therefore 

Te = IIrI2Rr/(f - U) (7) 
From the equivalent circuit, the rotor current is given by 

ViRr 
T e =  f*[R?/(f --w)+X:(f - U ) ]  

The total shaft retarding torque is 

Td = Te +Trot 

(9) 

The behavior of a 1-kW, 380-V, 6 0 - H ~  4-pole, Y-connected 
squirrel-cage induction machine driven by a separately-excited 
dc motor was studied in the laboratory. The induction machine 
has the following per-unit measured parameters:- R, = 0.165, 
Rr = 0.093, X ,  = X, = 0.106. The magnetizing reactance of 
the machine X,,, at base frequency ( f=l pu), as a function 
of the air-gap voltage was measured by performing an open- 
circuit test in which the machine was driven at synchronous 
speed and a variable 60-Hz voltage source was applied to 
the stator. From the measurement data of stator voltage and 
current, the desired relationship was obtained using regression 
analysis. For the test machine X, in per-uni t at base frequency 
was found as: 

Xm(Vg) = 3.46 - 6SV, + 9SlG -4.77Vj (16) 

The unregulated turbine was simulated by a 220-V, 6-A, 
separately-excited dc shunt motor. Neglecting armature re- 
action, the speed of the motor as a function of the shaft torque 
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where VA. RA k, j  and 4 are the armature voltage, armature 
resistance, and field flux respectively. This speed-torque rela- 
tionship has the same form as the speed-torque characteristic 
of the hydro-turbine at a constant water head, if we let 

For constant-speed operation at WO = 1 pu (1800r.p.m), the 
turbine is simulated by a 4-pole, 60-Hz, synchronous motor. 

5 Results and Discussions 
The effect of loading the SEIG is first investigated. A variable 
resistive load is connected to the SEIG terminals in parallel 
with a fixed 30 pF excitation capacitance. Figs. 3-6 show the 
calculated as well as the measured variations of the terminal 
voltage, frequency, speed and torque with load current. A 
very good agreement can be noticed between the calculated 
and the measured values. Fig. 7 shows variation of speed with 
torque as the load current is increased, for a unity power-factor 
load. It con6rrn.s the linear relationship between speed and 
torque according to the assumed turbine speed-torque char- 
acteristics. Figs. 8-12 show the calculated as well as the 
measured variations of terminal voltage, frequency, speed and 
torque with excitation capacitance, for a constant unity power- 
factor load resistance. Fig. 12 confirms the linear relationship 
between speed and torque according to the assumed turbine 
speed-torque characteristics. 

i A  1 

p 0.8 

-3- Regulated c 

0.0 
0.0 0.2 0.4 0.6 0.8 

Load Current (pu) 

Fig. 3: Variation of the terminal voltage with load current 
for a unity power-factor load, no-load speed WO = 1 pu, 
and excitation capacitance C = 30 pF. 

-6- Unregulated, k ii 0.1 
-A- Unregulated, k E 0.2 

+ + Experimental 

0.6 
0.0 0.2 0.4 0.6 0.8 

Load Current (pu) 

Fig. 4 Variation of frequency with load current for a 
unity power-factor load, no-load speed WO = 1 pu, and 
excitation capacitance C = 30 pF. 

l.l 1 

-8- Regulated 
-6- Unregulated, k = 0.1 
-A- Unregulated, k = 0.2 ''1 + + E ~ r n e n t a l  I , 

0.6 
0.0 0.2 0.4 0.6 0.8 

Load Current (pu) 

Fig. 5:  Variation of speed with load current for a unity 
power-factor load, no-load speed WO = 1 pu, and excitation 
capacitance C = 30 pF. 

1.4 
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-Et- Unregulated, k = 0.1 
6 - -A- Unregulated, k = 0.2 - 0.8 - 
e 0.6 - ' 0.4 - 
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2 
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0.0 I I I I I I 
0.0 0.2 0.4 0.6 0.8 1 .o 

Load Current (pu) 

Fig. 6 Variation of torque with load current for a unity 
power-factor load, no-load WO = 1 pu, and excitation ca- 
pacitance C = 30 pF. 
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Fig. 8: Variation of terminal voltage with capacitance for 
constant unity power-factor load resistance, RI, = 1.5 pu, 
and no-load speed WO = 1 pu. 
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25 30 35 40 45 50 55 
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Fig. 9: Variation of frequency with capacitance for con- 
stant unitypower-factor load resistance, RL = 1.5 pu, and 
no-load speed W O  = 1 pu. 
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Fig. 10: Variationofspeedwithcapacitanceforaconstant 
unity power-factor load resistance, RL = 1.5 pu, and no- 
load speed WO = 1 pu. 
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-A- Unregulated, k = 0.2 
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Fig. 11: Variation of torque with capacitance for constant 
unity power-factor load resistance, RI, = 1.5 pu, and no- 
load speed WO = 1 pu. 
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Fig. 12 Variation of speed with torque for a constant 
unity power-factor load resistance RL = 1.5 pu, and no- 
load speed WO = 1 pu. 



123 

6 CONCLUSIONS 
In this paper, steady-state analysis and performance of an iso- 
lated self-excited induction generator driven by regulated and 
unregulated prime-mover is presented. It is well known that 
steady-state performance of the isolated SEIG is very sensi- 
tive to speed variations. Therefore, if speed decreases with 
increased shaft torque due to increased electrical load, even 
at constant wind speed, its effect must be incorporated for ac- 
curate performance analysis. A method to incorporate speed- 
torque dependence in the SEIG analysis is presented in this 
paper. It is found that a small percentage of speed regulation 
has a significant influence on the isolated SEIG performance. 
The techniques and results of this paper are useful for the anal- 
ysis of the variable-speed mode of operation of the isolated 
SEIG, whether speed variation is caused by wind speed vari- 
ation or due to loading of the turbine. However, wind speed 
varies randomly from time to time and from season to season, 
which makes it difficult to incorporate in the analysis. 
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