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Abstract— This paper presents the study of an original 
configuration of an off-grid single-phase generator using a three-
phase Squirrel Cage Induction Machine (SCIM). In this proposed 
structure, two of the generator stator windings are excited by two 
independent sources and the remaining winding is connected to 
the load. This configuration requires two voltage inverters for 
excitation. This allows better control flexibility in the inverter-
assisted topology. Simulation model of the generator has been 
created to study its dynamic and steady-state characteristics. 
These behaviors of the generator have been verified using 
comprehensive laboratory tests. The use of this generator 
configuration is proposed according to the concept of frugal 
innovation to propose cheap solutions for rural electrification in 
remote areas in developing countries.  

Keywords—Induction generator; inverter-assisted; simulation 
and experimentation; frugal innovation;   

NOMENCLATURE 

[Vs] : Stator voltages in ‘abc’ frame, [vsa, vsb, vsc]T 

[Is] : Stator currents in ‘abc’ frame, [isa, isb, isc]T 

[Vr] : Rotor voltages in ‘abc’ frame, [vra, vrb, vrc]T 

[Ir] : Rotor currents in ‘abc’ frame, [ira, irb, irc]T

[Vs_dq0] : Stator voltages in ‘dq0’ frame, [vsd, vsq, vs0]T 
[Is_dq0] : Stator currents in ‘dq0’ frame, [isd, isq, is0]T 
[Ir_dq0] : Rotor currents in ‘dq0’ frame, [ird, irq, ir0]T 
Rs, Rr : Stator/rotor phase resistance 
Ls, Lr : Stator and rotor cyclic inductance 
M : Mutual cyclic inductance 
,  : Rotor electrical angular position/ rotation speed 
s, r : Electrical angular position between magnetic 

 field and stator/rotor 
Ve1, Ve2  : Excitation voltage sources 
Ie1, Ie2 : Excitation currents 
C, RL : Excitation capacitor, load resistance 
iC, iL : Capacitor current, load current 
P : Number of poles. 
Tp : Torque given by turbine. 
Te : Electromagnetic torque. 

I. INTRODUCTION

Providing electricity access to rural villages in developing 
countries through power grid extension faces many challenges 
including investment costs, low profitability and requires long 
term planning. A small-scale distributed generation system 
developed for supplying local households may provide 

immediate solution. However, cost and sustainability will not be 
improved if it depends on diesel or coal based generator systems. 
Renewable resources such as solar, hydro and wind could 
provide free and sustainable energy. To minimize the cost, we 
proposed the concept of reusing electrical and electronics 
equipment and batteries in a small standalone renewable energy 
system. This concept is illustrated in Fig. 1. 

Fig. 1. Proposed renewable energy system based on reuse of Used Electronics 
and Electrical Equipement (UEEE). 

In renewable energy systems, induction generators are often 
employed due to their advantageous features over synchronous 
generators, such as robustness, low cost, brushless construction, 
and low maintenance cost. Moreover, due to its ubiquity, 
induction motors are the perfect choice for a 2° life use in pico-
hydro or wind energy system.  Most autonomous power systems 
and loads are based on single-phase distribution schemes and the 
use of single-phase induction machine is limited to relatively 
small power outputs. At power ratings above 3kW, three-phase 
induction generators are preferred over single-phase generators 
due to their advantages of lower weight, lower cost, and higher 
availability [1, 2]. 

The operation of three-phase self-excited induction 
machines as stand-alone, single-phase generator with fixed 
excitation source has been widely studied. The three-phase 
machine operated as a single-phase generator works under a very 
unbalanced condition. There are several balancing methods 
which are based on passive circuit elements (excitation 
capacitors, impedances) and on power electronic converters. 
Four distinctive balancing configurations based on capacitors 
are proposed in [3]. For voltage regulation, an Electronic Load 
Controller (ELC) that dissipates the exceeding active power can 
also be used with the capacitor excitation configuration [4]. 



However, these self-excited techniques suffer from 
unsatisfactory voltage regulation and frequency variations. 

Improved voltage regulation while operating at balanced 
condition can be obtained by a combination of a three phase 
voltage source inverter (VSI) or static compensator 
(STATCOM) and an ELC, operating with parallel excitation 
capacitor [5,  6]. The disadvantage is that the frequency will 
change with the rotation speed since there is no frequency de-
coupling between load and generator. The optimal performance 
under varying speed and load conditions can be obtained by 
using two power converters in back-to-back configuration (or 
AC-DC-AC link) [7]. Nevertheless, this straightforward solution 
has the highest cost and complexity. 

An original configuration of a single-phase generator based 
on 3-phase induction squirrel cage machine without back-to-
back converter stage has been recently proposed in [8, 9]. This 
technique uses a two-series-connected-and-one-isolated 
(TSCAOI) phase winding configuration where one of the three 
windings is for excitation. The two remaining windings are 
connected in series and serve as the winding for the single-phase 
electricity generation at the output. A battery storage system and 
a power converter are required to supply the excitation winding. 
This topology can provide output voltage regulation while 
keeping the frequency constant at a variable rotation speed. The 
battery storage also helps to compensate the fluctuation of 
energy demand by storing the energy when the consumption is 
low and supplying energy when the consumption is high or the 
available renewable energy is low. 

A new inverter-assisted topology based on the TSCAOI 
configuration has been proposed and presented in [10] as shown 
in Fig. 2. This technique uses a One-Isolated-And-Two-Isolated-
Inputs or OIATI winding configuration where two of the stator 
windings are excited by two separated sources. The third 
winding, with a parallel capacitor, provides the output power to 
the connected loads. The excitation sources may be provided by 
two bidirectional inverters powered by a battery storage system. 
Although this topology introduces extra complexity and cost by 
requiring a second excitation inverter, it could allow a reduced 
current rating requirement for the inverters, as well as improve 
the dynamic performance of the generator and increase the 
number of degrees of freedom available for control purposes.  

 
Fig. 2. Proposed single-phase induction generator based one three-phase 

SCIM.  

This paper presents further results of both simulations and 
experimentations of the proposed generator configuration 

working in open loop. Two AC voltage sources with the same 
frequency are employed to supply the excitation windings. 

II. DYNAMIC MODELING 

A. DQ state-space model of the induction generator 

As presented in [10], if stator and rotor currents are chosen 
as state variables and the output is connected to a resistive load 
(without capacitor) the state equation in ‘dq0’ reference frame 
can be expressed as follows: 
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The state and input vectors are defined by: 
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; [ ( )] is the ‘Park’ transformation matrix. 

Msr is the maximal mutual inductance between “a” stator 
phase and “a” rotor phase. ‘ ’ is the electrical angle between “a” 
rotor and “a” stator phase. The position of the rotating magnetic 

eld is defined by the angle  in relation to stator reference 
frame and by the angle  in relation to rotor reference one.  
Consequently, the relation between these three angles and the 
corresponding stator, rotor and electrical velocities can be 
written in (2) and (3): 

= +       (2) 
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Ls and Lr are stator and rotor cyclic inductances; Ls0 and  Lr0 
inductances correspond to homopolar components of stator and 
rotor voltages and M is the mutual cyclic inductance ( = ). 
The model usually assumes that the magneto-motive forces 
created by the stator and rotor phases are spread in a sinusoidal 
way along the air gap and without saturation. 

When the capacitor is included, an additional differential 
equation can be derived at the output winding as the following: 
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Following the derived equation in (5),  can be incorporated 
into a state variable using the relationship of equation (6), in 
which the stator current is converted to dq0 reference frame. As 
a result, the new state space equation involves terms which are 
dependent to rotor and magnetic field position. Although it is 
possible to remove the non-constant parameter by adding new 
variables and transforming equation (5) into dq0 frame, the new 
model will face the problem where both inputs and output are 
not independent [10]. The dynamic of the SCIM shaft can be 
obtained from mechanical equation which is derived as: 

=    (7) 

Tp is torque given by turbine. The electromagnetic torque Te 
developed in induction generator using stator and rotor currents 
is expressed in (8), where P is the number of poles of the 
generator; J is the overall system inertia and D viscous friction 
coef cient: 

= ( )   (8) 

B. Transcient response 

The equations developed above have been implemented in 
Matlab/Simulink®, to simulate the system behavior and to 
obtain its response for a given situation. Experimentations are 
conducted with using a 1.5kW, 4 poles induction generator 
whose shaft is connected to another induction motor as depicted 
in Fig. 3. The generator equivalent circuit parameters (referred 
to the stator) are given in Table  I. The generator is excited by 
fixed sinusoidal sources (Ve1=Ve2) with a phase difference of 
120o. Since the AC sources cannot absurd all the active power 
given by the generator, compensation loads are employed in 
parallel to the generator windings. The additional resistive loads 
keep the active power from flowing back into the AC sources 
power supply. The generator is rotated in the same direction that 
it would run if it was only driven by the voltage sources alone 
(without motor drive). The output of the generator is connected 

to a 30 F capacitor and 30  loads. The capacitor helps 
minimizing the winding currents and increasing the output 
voltage. To illustrate its dynamic behavior, the generator is 
driven at a constant speed of 1540rpm. Simulated and test results 
of the transient response of input currents and output voltage are 
illustrated in Fig. 4 and Fig. 5. 

 

Fig. 3. Experimental setup. 

TABLE I. A 1.5KW GENERATOR PARAMETERS  

 Value 
Rated voltage 220/380 V 

Stator/rotor resistance 3.84/3.94  
Stator/rotor leakage inductance (lsl, lrl) 0.025 H 

Magnetization inductance (Msr) 0.388 H 
Number pole 4 

Moment of inertia 0.01 Kg.m2 

 High initial currents can be observed in the excitation 
phases. They quickly reach steady state after a few periods. 
To avoid this issue, the input voltage should be increased 
gradually to the desired value. Meanwhile, the outputs reach 
steady-state without overshoot.   

 
Fig. 4. Transient response of input winding currents (Ie1, Ie2): (a) test 

results; (b) simulated results. 










