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Abstract. Application of high and ultrahigh speed induction 
generators (IG) in a system developed for utilization of 
renewable and waste energies that can be applied in Distributed 
Generation System is presented. The energy conversion is made 
by a turbine-generator set, for the electromechanical energy 
conversion application of special high and ultra high speed 
induction generators are studied and described in the paper. A 
novel method of voltage control for the IG based on self-
excitation is presented that can also be applied in a wider field.  
Design and analysis of the system are made by theoretical 
approach supported by computer simulation techniques. The 
theoretical considerations and computer simulations are 
confirmed by laboratory test results. 
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1. Introduction 

 
The system presented in this paper has been 

developed basically for utilizing a range of waste 
energies and renewable energy resources. Fields of 
application of the system described include most of the 
alternative renewable energy sources that are suitable for 
producing saturated or superheated steam or gas with low 
or medium pressure. The alternative renewable energy 
sources include solar energy (direct solar steam system or 
binary cycle system), geothermal energy and energy 
obtained from biomass. Various waste energy sources 
can also be utilized by applying the system. The basic 
idea of the subject is elaborated and the research work is 
described in more detail in the literature [1,2,3,4]. In 
these papers the electro-mechanical energy conversin 
(EEC) is ensured by the application of permanent magnet 
synchronous generators (PMSM), in recent papers  the 
research work is aimed at using high speed induction 
machines as generators [10,11,12].  

 
2.  Control of the induction generator 

 
 The main difference between the system discussed 
here and our previous solutions is in the application of 
induction machine for EEC. In the case of the PMSM the 
main flux of the machine is ensured by the permanent 
magnets and the output voltage depends only on the 
speed and the load current. Applying induction machine, 
a more sophisticated control strategy is required, as 
maintaining the stator flux i.e. the control of the output 
voltage can only be ensured by additional measures. An 
example for the application of induction generators is 
found in systems developed for utilization of wind energy 
[5], however, in that field mostly wound rotor machines 
are applied, where the magnetizing current is ensured by 
the mains and typically standard machines are used. In 
that application the speed is varied in a limited range, it 
causes no difficulty in ensuring the main flux of the 
induction machine. Further solutions and applications are 
presented in [6,7,8]. A solution that connects two 
condensers per phase in parallel periodically governed by 
hysteresis control of the output voltage is described in a 
number paper.  Significant disadvantages of the solution 
are that it results high transient condenser currents, 
distorted waveforms and increased losses. A novel 
solution is presented in [10] where the voltage Space 
vectors of the two groups of condensers are observed and 
the separated condensers are connected in parallel in the 
instant when the direction of their voltage vectors are the 
same thus the transient currents during the switching 
operations are minimized. 

In the system described here, the excitation of the 
induction machine had to be solved as no viable solutions 
were found regarding  the special problems arising due to 
the high stator frequency and the extreme parameters of 
the high or ultra high speed (up to the range of 100 krpm) 
induction machines. For the excitation of the induction 
machine two different approaches have been studied: 
(1) Self excitation with hysteresis control applying 
switched condensers connected  to  the output  of  the 



machine  

(2) Power electronic converters that ensure variable capacitive 
reactive power to maintain the flux of the machine. 

A number of novel solutions based on the above principle 
have been developed and presented [10,11]. The general block 
diagram of the Magnetizing Current Control (MCC) of the 
induction machine by using condensers to achieve controlled 
self-excitation is shown in Fig. 1. In the unit MCC condensers 
are connected to the terminals of the machine and inductors 
with variable inductances are connected in parallel or series 
with the condensers. The average value of the inductances are 
changed by PWM, i.e. when an inductor is short circuited, the 
duty ratio D =1, the resulting  inductance is zero, when D = 0, 
the actual inductance is obtained.  

In the parallel topology shown in Fig.3 the magnitudes of 
the capacitive and inductive reactances are selected in such a 
way that at D = 0 the magnetizing current of the machine 
slightly exceeds the rated level, while at D = 1 the 
magnetizing current is lower than it would be required to 
provide rated stator voltage. As a result, the magnetizing 
current of the machine is the difference of the condenser 
current and the inductor current. As the duty ratio can be 
changed continuously, a PID controller can set the value of D 
as required to get precisely the level of the output voltage 
defined by the reference signal.  

The residual flux at a given value of condensers connected 
to the stator terminals results in self-excitation of the machine 
when the rotor is running over a given speed level. The 
voltage is limited only by the magnetic saturation of the 
machine and in the case of variable speed the state of self-
excitation is limited to narrow speed and load ranges.  

At a constant speed the condition for self-excitation can 
be found by calculating the value of the capacitance that 
ensures the required magnetizing current. In Fig.2 the single 
phase equivalent circuit of the induction machine with the 
condenser connected to the terminal is shown.  

Kirchhoff’s equation for the stator loop, using space 
vectors and  p.u.  system, can be written as: 

 
                                                                           (1) 

 
The reactances of the equivalent circuit are given for the 

rated frequency, ω1 is the actual frequency in pu. In no load 
condition the stator current is equal to the magnetizing 
current: I1 = Im, and assuming that the stator resistance R1 is 
negligible, it can be written that 
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The condition for self excitation is: 
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From (2) the speed of a 2 pole  machine at no load: 
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The capacitive reactance required to achieve self excitation at 
a speed of ω1: 
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Fig.1. Block diagram of voltage control 
 

From (5) it can be seen that the required capacitive 
reactance i.e the capacitance varies with the square of the 
speed (as Xs1 + Xm is constant). It explains the basic problem of 
self-excitation, namely that the speed range with a fixed 
capacitor is very limited. The greater the expected speed range 
the harder to ensure stable operation. In order to widen the 
speed range two or more capacitors per phase can be applied 
and connecting them in parallel with switches as required 
maintaining the flux of the machine app. constant in a given 
speed and load range. 
 
 
 
 
 
 
 
 
 
 

Fig.2. Single phase equivalent circuit of the induction machine 
connected parallel with a condenser for self-excitation 

 
The operation of the hysteresis controller is based on 

changing the capacitor between two values by connecting one 
or the other of the two capacitors parallel to the input 
terminals of the machine  
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A. Condenser combined with PWM controlled inductor 

 

More favorable approaches have been presented in our 
previous publications, where the excitation current is 
generated by a capacitive reactance continuously 
controlled by a power electronic unit. The basic idea is to 
create a virtual capacitive reactance using a series  or 
parallel LC circuit in which a fixed capacitor and a PWM 
controlled “variable inductance” results in a variable 
reactance that makes it possible to set the magnetizing 
current of the induction machine at the level required by 
the voltage or flux controller. 

Though the methods presented in the papers cited 
above are novel and viable solutions, we have succeeded 
in developing topologies that offer improved technical 
performance and are more economical. The single phase 
equivalent circuit of a novel solution based on the 
previous parallel system is shown in Fig.3. Here the 
induction generator (IG) is modeled by a simplified 
equivalent circuit consisting of a back emf Vb and a series 
impedance Zs, while the controlled reactance serving as 
the power part of the MCC unit consists of a condenser 
C, and inductance L2, its resistance R2 and two switches 
S1 and S2. In this case similarly to the one presented in 
[3] the three switches are realized in such a way that the 
turning on and off of the switches is made synchronously 
in the three phases via a three phase full bridge rectifier 
and the unidirectional switch, an IGBT is connected to 
the DC output of the diode bridge. In this arrangement 
four bridges and four IGBTs are used. 
 

B. Operation of the MCC 

 
Periodically turning on and off the switch S2 with a 
frequency fs and a duty ratio of  D, when fs >> f1, the 
average value of the inductance (neglecting the 
resistance) will be a function of the duty ratio: 

 
L2(D) = L2 (1 – D)      (6) 

 
where   D = ton/Ts   and   Ts = 1/fs.   

To avoid short circuiting condenser C, a second 
switch S1, controlled oppositely with S1 is used. The duty 
ratio of S1 is (1-D). Changing D between 0 and 1, the 
controlled virtual value of the inductance between points 
c-N varies from L2 to 0 (assuming R2 = 0).   
The fundamental component of the voltage V1 is 
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where Vs = VC is the stator voltage. The fundamental 
current of the inductor L2 can be expressed as a function 
of D:  
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where Z2 (D)= (R2 + jωL2)D 

Substituting (7) to (8): 
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A part depending on D of the virtual inductor current 

Is1, proportional to  (1-D) passing through the switch S1 is 
deducted from the condenser current IC, thus the 
magnetizing current Im is maximum when D = 1 and 
minimum at D = 0. The fundamental component of Is1: 
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Fig.3. Parallel topology with PWM controlled inductance 
 

From (8) it follows that the inductor current IL2 is a 
linear function of D, its maximum value is at D = 0 when 
the inductor is continuously connected to the voltage 
source Vs (S1 is closed, S2 is open) while at D = 1 the 
inductor L2 is continuously short circuited by S2 and S1 is 
open, thus no current can flow through it. 

Eq(10) shows that the current IS1 is a second order 
function of D. It can be shown that the currents IL2 and 
IS1 are equal at D = 0 and D = 1.  

Using (6)…(10), in Fig.4 fundamental components 
of currents IL2 and IS1 have been plotted as functions of 
the duty ratio. The parameters used in the MCC are listed 
in the next section. The theoretical calculations are 
confirmed by the results of computer simulations 
(denoted by dots). 

 
Fig.4. Inductor current IL2 and switch current IS1 vs. D 

When the switching frequency fs is significantly 
higher than the maximum stator frequency, it can be 

L2 

R2 



assumed that the magnetizing current between D = 0 and 

D = 1 is controlled continuously, thus a closed loop PID 
controller can be built to control the stator voltage  or the 
stator flux of the machine. A more detailed diagram of 
the MCC unit is shown in Figs.5 and 6. 

Three capacitors are connected in parallel with three 
variable inductors. The capacitor current in the frequency 
range required by the application is slightly higher than 
the magnetizing current of the IG at maximum load. 
Neglecting the resistance, the controllable current of an 
inductor varies from zero to a maximum level (ILmax), 
corresponding to the reactance of the inductor.  Thus the 
resulting current of the condensers and the inductors i.e. 
the magnetizing current (Im) can continuously be 
controlled in a range of  

LmaxCmC IIII −≥≥           (11) 

 
The actual magnetizing current will be the difference 

of IC and the average current IS1 of the switch S1: 
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Fig.5. Schematics of the Magnetizing Current Controller 
(MCC) unit 

 
 
 
 
 
 
 
 
 
 
Fig.6. Realization of the switches with an  IGBT and a single 

phase full bridge diode rectifier 
 

The switches connected in parallel with the inductors 
L2 are implemented by using a three phase full bridge 
diode rectifier with a single IGBT at the output as seen in 
Fig.5.  

The three bidirectional switches (S1a …S1c) are 
realized by three IGBTs and three single phase full 
bridge diode rectifiers as shown in Fig. 6.  

All the switches are controlled by a uniform train of 
pulses, the gate signals of the IGBTs in the series and 
parallel switches are shown in Fig. 7. A blanking time of 
1 µs is ensured to avoid short circuiting the voltage 
source Vs. The RC snubbers are connected to the output 

of the diode bridges to reduce overshooting of the drain-
source voltages of the IGBTs. 
 

 
 
 
 
 
 
 
 
 
 
 

Fig.7. Pulse trains of the gate signals of the IGBTs in the 
series and parallel switches. The duty ratio D is defined for S2 

The greater the expected speed range the harder 
ensuring stable self-excitation.  Finding the optimum 
values of the reactances, the switching frequency and 
designing the PID controller computer simulation 
programs have been developed for helping the design 
procedure.  

The topology and method described has a number of 
favorable properties as compared to our previous 
solutions.   

Here only a single inductor/phase is required instead 
of two and the built-in reactive power of the inductors is 
significantly lower, the current of the inductor has low 
THD, thus no high frequency cores are required. The 
snubbers applied have lower losses or depending on the 
switching device, the IGBT, they can even be omitted. 
The waveforms of the system are generally better, the 
magnetizing current is nearly ideal, as it can be seen in 
the figures shown in the next section. Disadvantage is 
that here we have to use four semiconductor switches in a 
system instead of one, but altogether the cost of material 
is still lower.  

C. The voltage control of system 

The output voltage of the IG is controlled by changing 
the magnetizing component of the stator current by the 
MCC unit. Sensing the three phase output voltages of the 
machine in the laboratory model is realized by a three 
phase diode bridge connected to the output terminals via 
three 230V/24 V transformers. The output voltage of the 
diode bridge is smoothed by a condenser. Filtering  of the 
output voltage slows the dynamic response of the output 
voltage control, but the laboratory tests confirm that the 
dynamic performance suits the requirement of the T-G 
energy system. In case of higher requirements  an ideal 
solution  can be applied based on sensing the absolute 
value of the output voltage space vector. 

 
 
 
 

Fig.8. Block diagram of the control system 
 
Block diagram of the control system is seen in Fig. 8. 

The PID controller accepts the command signal i.e.  the 
difference of the reference signal Vs

* and the actual value 



of the output voltage Vs. The output of the PID controller 
is connected to the PWM controller of the MCC , 
influencing the inductive reactive current, i.e. varying the 
magnetizing current of the IG. Y(s) is the transfer 
function of the IG including the relationship between the 
output voltage and the magnetizing current at a 
stator flux, load and stator frequency. When the 
command signal is negative, the magnetizing current 
should be increased, thus the inductor current is reduced 
by increasing the duty ratio D. In case of positive 
command signals  D is decreased by the controller.

3. Simulation and test results 

To help the design procedure and the analysis of the 
system, computer simulation programs have been 
developed and the results were confirmed by laboratory 
tests. Next samples of the simulation and test results are 
presented for the topology described. 

Main parameters of the system: 

Induction machine: Rated power Pn = 3 kW, rated speed 
nn = 18.000 rpm, f1n = 300 Hz, no. of pole pairs p
cosφ = 0.74, efficiency η = 0.77, rated stator current 
Is = 8 A, rated magnetizing current: Im = 5.3 A.

MCC unit: Capacitor C = 12.5 µF, inductor 
switching frequency fs =2.5 kHz and 5 kHz (over 150 Hz 
stator frequency). 

PID controller:  P = 100, I = 50/s, D =10. 

Simulation results: in Figs.9-12 time func
inductor current iL2, the magnetizing current 
current iS1 and condenser current iC are shown, in all 
cases f1 = 300 Hz, fs = 5 kHz and duty ratio D

 
 
 
 
 
 
 
 
 
 
 

Fig.9. Inductor Current iL2 and magnetizing current 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.10. Switch current iS1 
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i1 

. The output of the PID controller 
d to the PWM controller of the MCC , 

influencing the inductive reactive current, i.e. varying the 
is the transfer 

function of the IG including the relationship between the 
output voltage and the magnetizing current at a given 
stator flux, load and stator frequency. When the 
command signal is negative, the magnetizing current 
should be increased, thus the inductor current is reduced 

. In case of positive 
controller. 

To help the design procedure and the analysis of the 
system, computer simulation programs have been 
developed and the results were confirmed by laboratory 
tests. Next samples of the simulation and test results are 

3 kW, rated speed 
300 Hz, no. of pole pairs p = 1, 

77, rated stator current 
A. 

12.5 µF, inductor L2 = 70 mH, 
=2.5 kHz and 5 kHz (over 150 Hz 

12 time functions of 
, the magnetizing current i1, switch 

are shown, in all 
D = 0.25. 

and magnetizing current i1 

 
 
 
 
 
 
 
 
 
 

Fig.11. Condenser current 

In Fig.12…16 laboratory test results are shown. In Fig.12 
the stator voltage of the induction generator and the 
condenser current can be seen is seen at no load and 
f1 = 150 Hz. Fig.13 presents  inductor current 
voltage  vL2 (300 Hz, 250 V/div, 1 A/div, 500 
Fig. 14 presents the time function of the response of the 
PID controller for step-wise change of the load current. 
(2A/div, 5V/div, 500 ms/div). In Fig. 15 the response of 
the output voltage to a step-wise change (from 0 to 50%)
in the load current is seen. In steady state the error in the 
output voltage is zero thanks to the integrating part of the 
controller. The output voltage returns to 
app. 100 ms. (4A/div, 170 V/div,  20 ms/div).
presents a test result with a non-linear load, the response 
of the output voltage to a step-wise change (from 0 to 
50%), the IG is loaded by a resistive load via a three 
phase diode rectifier. It can be observed that the transient 
response is fast, and the output voltage gets distorted due 
to the non-linear load, but it would not cause any 
problem in the system where the IG i
applied. (2.5 A/div, 240 V/div, 5,5 ms/div).
 
 
 
 
 
 
 
 
 
 
 
 

Fig.12. Condenser voltage vC and condenser current 

 

 

 

 

 

 

 

 

Fig.13. Inductor current iL2 and 

Fig.11. Condenser current iC 

In Fig.12…16 laboratory test results are shown. In Fig.12 
the stator voltage of the induction generator and the 
condenser current can be seen is seen at no load and 

150 Hz. Fig.13 presents  inductor current iL2 and 
(300 Hz, 250 V/div, 1 A/div, 500 µs/div).  

presents the time function of the response of the 
wise change of the load current. 

Fig. 15 the response of 
wise change (from 0 to 50%) 

in the load current is seen. In steady state the error in the 
output voltage is zero thanks to the integrating part of the 

The output voltage returns to 1%  range in 
app. 100 ms. (4A/div, 170 V/div,  20 ms/div). Fig. 16 

linear load, the response 
wise change (from 0 to 

the IG is loaded by a resistive load via a three 
be observed that the transient 

response is fast, and the output voltage gets distorted due 
linear load, but it would not cause any 

problem in the system where the IG is suggested to be 
ms/div). 

and condenser current iC 

and voltage vL2 



 

 

 

 

 

 

 

 

 

 

 

 

Fig.14. Response of the PID controller (2A/div, 5V/div, 
500 ms/div). 

 
 
 
 
 
 
 
 
 
 
 

Fig.15. Output voltage response for the step-wise change of 
load current (4A/div, 170 V/div, 20 ms/div).

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.16. Output voltage response for the step-wise change of 
non-linear load current (2.5A/div, 240 V/div, 5.5 ms/div).

4. Conclusion 

The principle of operation of a novel method ensuring 
operation of high-speed self-excited induction generator, 
developed for utilizing the energy content of renewable 
and waste energy sources has been presented. The results 
of theoretical considerations, computer simu
laboratory tests carried out confirms the viability of the 
system that offers considerable advantages over previous 
solutions as far as technical performance and payback 
times are concerned 
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