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Abstract
The paper deals with a simulation study of influence of conductive material of the rotor squirrel cage on output characteristics 
of single-phase self-excited induction generators. For calculation of performance characteristics, two-dimensional field-circuit 
model of the single-phase induction generator was applied. A comparison of self-excitation waveforms of terminal voltage 
and load characteristics of the generators for rotor bars of the same shape, made of aluminium and copper, was presented. 
The obtained simulation results by the field-circuit model and analysis may be utilized for designing new constructions of 
single-phase self-excited induction generators as well for modifying construction of the generators designing on the base of 
general-purpose single-phase induction motors.
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1  Introduction

For production of low-power single-phase electrical energy, 
self-excited induction generators (SP-SEIGs) driven by a 
micro-hydro or micro-wind turbine may be applied. Usually, 
for single-phase power generation as an auxiliary energy 
source at household, single phase of two separate stator 
windings’ induction machines of power up to 3 kW will 
be sufficient operating as an autonomous single-phase self-
excited induction generator [1–6]. When larger electrical 
power is needed, a three-phase stator winding self-excited 
induction generator with single-phase output should be 
employed for feeding single-phase loads [7–9]. Theoreti-
cally, any induction machine designed for motor operation 
may be directly utilized as induction generator, but its per-
formance will be not satisfactory since, for example, prob-
lems with self-excitation of the generator may be occurred 
and terminal voltage regulation as well as the maximum 
output power at desired speed of rotation will be not suf-
ficient. To obtain satisfactory performance of the induction 
generator, some reconstruction of stator windings [3, 5], 

rotor cage and magnetic core are necessary to improve the 
performance characteristics of the generator. Multiple papers 
have been reported on the use of copper squirrel rotor cage 
in induction motors [10–12], but only a few dealt with induc-
tion machines operating as self-excited induction generators 
[13, 14]. Boglietti et al. [10] compared three-phase induction 
motors with aluminium and copper rotor cage in terms of 
efficiency. The presented results show that the replacement 
of the aluminium cage by copper one increases the motor’s 
rated efficiency, while the influence on motor currents and 
torque was not significant. The paper [11] presents the con-
struction details of welded and die-cast rotor cages made of 
aluminium and copper and compares four designs in terms 
of efficiency and manufacturing costs. The authors in [12] 
presented the comparison of performance characteristics of 
induction motors with aluminium and copper rotor cages 
as well as for a double-cage copper rotor. Application of 
the copper cage resulted in increasing motor efficiency 
and the starting torque. The paper [13] presented a qualita-
tive performance analysis of aluminium and copper rotor 
three-phase self-excited induction generator and was mostly 
devoted to circuit modelling. The dq model of an induction 
generator was expanded to include skin effect and tempera-
ture. The investigations showed that the voltage build-up 
time in the case of copper rotor is longer when compared 
with the aluminium rotor machine. Tudorache et al. [14] 
compared a three-phase induction machine with aluminium 

 *	 Aleksander Leicht 
	 aleksander.leicht@pwr.edu.pl

1	 Faculty of Electrical Engineering, Wroclaw University 
of Science and Technology, Wybrzeze Wyspianskiego Str. 
27, 50‑370 Wroclaw, Poland

http://orcid.org/0000-0002-2831-6088
http://crossmark.crossref.org/dialog/?doi=10.1007/s00202-019-00824-7&domain=pdf


806	 Electrical Engineering (2019) 101:805–812

1 3

and copper cages, operating as motor and generator. Appli-
cation of a copper cage resulted in increase in efficiency by 
2.3% for motoring mode and by 1.8% for generator opera-
tion. Lowering of staring torque for motor was compensated 
by redesign of rotor slot shape and application of double-
cage rotor.

The paper presents the qualitative investigation on utiliz-
ing copper as conductive material in rotor squirrel cage (i.e. 
for bars and rings) of single-phase self-excited induction 
generators instead of aluminium which is commonly used 
in general-purpose single-phase capacitor induction motors. 
Taking into account previously conducted study by the 
authors in [4], only three shapes of rotor bars, i.e. rounded 
trapezoidal, rectangular and round, have been considered in 
this paper for two different conductive materials.

2 � Copper versus aluminium rotor cage 
design of the generator

Self-excitation waveforms and load characteristics of the SP-
SEIG were computed for various shapes of squirrel cage 
rotor bars on the base of machine of aluminium rotor cage 
with rounded trapezoidal bars. The half-section of two-
dimensional field-circuit model of the single-phase self-
excited induction generator is shown in Fig. 1. In search-
ing of better performance of the generator under load, the 
following modifications of the construction have been pro-
posed: the squirrel rotor cage of the generator made of cop-
per instead of aluminium and three various rotor bar shapes 
were taken into consideration. The dimensions of round and 
rectangular rotor bars were determined so as to maintain the 

tooth width close to the tooth width of the base model at the 
narrowest point.

3 � Field‑circuit method of computation 
of performance characteristics 
of the SP‑SEIGs

A single-phase four-pole induction generator was modelled 
by using Flux2D software package. The machine was origi-
nally designed for motor operation, with rated voltage of 
230 V and rated power of 1.1 kW. The original rotor squirrel 
cage has 30 aluminium bars of rounded trapezoidal shape. In 
terms of geometrical symmetry and electromagnetic perio-
dicity of the machine, two-dimensional domain of magnetic 
field computation was reduced to two pole pitches of the 
cross section of the generator by application of cyclic bound-
ary conditions. Dirichlet boundary conditions for magnetic 
vector potential were imposed on the outer edge of the sta-
tor core and the inner edge of the rotor core. The modelled 
2D finite element mesh of the generator presented in Fig. 1 
consists of triangular and quadrilateral elements and about 
22,000 nodes. The cross-sectional geometry of the generator 
in Fig. 1 represents the generator with rounded trapezoi-
dal rotor bars. For remaining shapes of the rotor bars, the 
rotor geometry has been modified, and the finite element 
mesh was accordingly updated. FE meshes for different 
slot regions of various bar shapes are presented enlarged 
in Fig. 2.

Applying magnetic vector potential formulations, the 2D 
magnetic field in the induction generator may be determined 
by the equation:

Fig. 1   FE mesh of 2D field-circuit model of the single-phase induction generator
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where A[0, 0, A(x, y, t)] is the magnetic vector potential, 
Js[0, 0, Js(x, y, t)], Jb[0, 0, Jb(x, y, t)]—the current density 
in the stator slots and rotor bars, ν—reluctivity of magnetic 
material, σ—electric conductivity of winding conductors. 
The field equations are coupled with voltage equations of 
stator windings and rotor cage and are solved simultaneously 
to obtain voltages and currents induced in the stator and 
rotor. Having the variables A, Js and Jb computed, the other 
quantities of electromagnetic field as magnetic flux, flux 
density in whole cross section of the machine, etc., can be 
determined taking into account the nonlinear magnetization 
characteristic of iron-laminated core of the tested single-
phase induction machine shown in Fig. 3. The magnetizing 

(1)

curl(� ⋅ curl A) =

⎧
⎪
⎨
⎪
⎩

Js in stator windings

Jb − � ⋅

�A

�t
in rotor bars

0 in air, iron core and shaft

characteristic was approximated on the basis of no-load test 
of the induction machine. The block diagram of laboratory 
set-up for measuring output characteristics of the generator 
was described in the paper [3].

The generator configuration for excitation (30 μF) and 
shunt (15 μF) capacitors operating under resistive load has 
been analysed, of which electric circuit diagram is presented 
in Fig. 4. The capacitance values were selected to ensure 
self-excitation of the base generator at nominal speed—the 
machine with aluminium, rounded trapezoidal rotor bars, for 
rotor speed of 1620 rpm, excites to the rated voltage at no-
load. It was assumed for the analysis that the capacitances 
are constant. By connecting a shunt capacitor Csh to the main 
stator winding, the self-excitation is partially shifted to that 
stator winding and thereby the auxiliary winding current of 
the generator may be reduced [3].

The stator windings of the generator are single-layer two-
phase copper windings: the main (M) is the output winding 
of the generator (shown in red in Fig. 1) to which resistive 
load (RL) is connected (Fig. 5), and the auxiliary winding (A) 
(shown in green in Fig. 1) which is the excitation winding 

Fig. 2   Shapes of rotor bars: a rounded trapezoidal, b round, c rectan-
gular
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Fig. 3   Magnetization characteristic of iron core of tested induction 
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Fig. 4   Generator configuration with excitation and shunt capacitors

Fig. 5   Equivalent electrical circuit of the 2D field-circuit model of 
the single-phase induction generator
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of the generator with parallel connected capacitor Cex to 
provide reactive power necessary for self-excitation. The 
stator windings were modelled as stranded coil conductors. 
The elements denoted as M and A in Fig. 5 represent the 
parts of the main and auxiliary (excitation) stator windings, 
respectively, placed in slots of the magnetic core and include 
the flux linkage and the total resistance of each phase sta-
tor winding. The parameters LM, LA denote end-connection 

leakage inductances of the main and auxiliary stator wind-
ing, respectively. The rotor squirrel cage of the generator is 
made of aluminium or copper bars short-circuited by end-
rings. In order to take the skin effect into account, rotor bars 
are modelled as solid conductors. The rotor end connec-
tions (end-rings) are represented by resistances and leak-
age reactances modelled as constant circuit elements in 2D 
field-circuit model. The shaft of the generator was assumed 
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Fig. 6   Self-excitation waveforms of main stator winding for: a aluminium rounded trapezoidal bars, b copper rounded trapezoidal bars, c alu-
minium round bars, d copper round bars, e aluminium rectangular bars, f copper rectangular bars
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to be non-magnetic, and homogenous Dirichlet boundary 
conditions were applied to its edge.

Waveforms of the main winding voltage during no-load 
self-excitation of the induction generator for the three shapes 
of the rotor bars (Fig. 2), made of aluminium (original) 
and copper, are presented in Fig. 6. It could be generally 
observed that, regardless of rotor bar shapes, self-excitation 
time of the generator for the copper cages is longer than for 
the aluminium ones, and the obtained values of self-excita-
tion voltage of the generator are slightly higher. Since in the 
round rotor bars, skin effect practically does not take place, 
the shortest time t = 0.4 s was obtained for the aluminium 
round rotor bars, i.e. voltage build-up time is about 0.2 s 
shorter than for the rotor with round copper bars. Due to 
quite strong skin effect in rounded trapezoidal bars, time of 
self-excitation of the generator for the copper bars is going 
to be the longest. For the rotor cage made of rectangular 
bars, influence of the copper rotor bars on self-excitation 
process of the generator is similar to rounded trapezoidal 
bars but less visible due to less intensive skin effect.

Charts of current density distribution in rotor bars for 
copper and aluminium are shown in Figs. 7, 8, 9, 10, 11, 
and 12.

For validation of simulation results, some comparison 
of simulation load characteristics for the base model with 

corresponding experimental results were done only for alu-
minium rounded trapezoidal bars, which are presented in 
Fig. 13, where the measured terminal voltages are in enough 
good agreement with the computed voltages.

Load characteristics of the SP-SEIG for various shapes 
of rotor bars made of aluminium and copper are shown in 
Figs. 14, 15, 16, 17, 18, and 19. The carried-out compu-
tations revealed that the substitution of aluminium rotor 
bars by copper ones of the same shape has no considerable 
impact on regulation of the output voltage of the generator; 

Fig. 7   Current density distribution in aluminium rounded trapezoidal 
rotor bars

Fig. 8   Current density distribution in aluminium round rotor bars

Fig. 9   Current density distribution in aluminium rectangular rotor 
bars

Fig. 10   Current density distribution in copper rounded trapezoidal 
rotor bars

Fig. 11   Current density distribution in copper round rotor bars
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however, when using copper rectangular rotor bars instead 
of aluminium ones, stronger skin effect and the associated 
increase in bar resistance allow for large output power of 
the generator and at the same time for increasing feeding 
load of the single-phase self-excited induction generator 
by about 15%.

The output characteristics of SP-SEIG under inductive 
load for copper and aluminium rotor cages are shown in 
Figs. 20, 21, 22, and 23.

Fig. 12   Current density distribution in copper rectangular rotor bars
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Fig. 13   Voltages (a) and currents (b) versus output power of the SP-
SEIG of aluminium rounded trapezoidal bars
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Fig. 14   Terminal voltage versus output power of the SP-SEIG for alu-
minium and copper round rotor bars
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Fig. 15   Terminal voltage versus output power of the SP-SEIG for alu-
minium and copper rectangular rotor bars

0

50

100

150

200

250

0 100 200 300 400 500 600 700

U
M

[V
]

P [W]

Rouned trapezoidal bars, copper rotor cage
Rounded trapezoidal bars, aluminum rotor cage
Rounded trapezoidal bars, aluminium rotor cage - experimental

Fig. 16   Terminal voltage versus output power of the SP-SEIG for alu-
minium and copper rounded trapezoidal rotor bars
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Fig. 17   Load current versus output power of the SP-SEIG for alumin-
ium and copper round rotor bars
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Fig. 18   Load current versus output power of the SP-SEIG for alumin-
ium and copper rectangular rotor bars
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Fig. 19   Load current versus output power of the SP-SEIG for alumin-
ium and copper rounded trapezoidal rotor bars
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Fig. 20   Terminal voltage versus output power of the SP-SEIG for alu-
minium and copper rectangular rotor bars
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Fig. 21   Terminal voltage versus output power of the SP-SEIG for alu-
minium and copper rounded trapezoidal rotor bars
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Fig. 22   Load current versus output power of the SP-SEIG for alumin-
ium and copper rectangular rotor bars
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4 � Conclusions

The copper and aluminium squirrel rotor cages with bars of 
three various shapes in a single-phase self-excited induc-
tion generator were investigated in the paper. The simulated 
self-excitation waveforms of terminal voltages, currents, as 
well as load characteristics of the single-phase induction 
generator feeding resistive load, were compared for two dif-
ferent conducting materials of the rotor cage. The obtained 
resultant characteristics of the generator showed that the 
application of copper rotor cages instead of aluminium ones 
lengthens twice in time self-excitation process in induction 
generator for rounded trapezoidal rotor bars and only by split 
second for the other bar shapes. The copper rotor bars have 
positive influence on stability of steady-state operation of 
the generator under resistive and inductive loads (Figs. 20, 
22) as can be distinctly observed on the performance charac-
teristics for rectangular rotor bars regardless of character of 
load. By employment of the simulation field-circuit model, 
an extension of the stable operating range of the SP-SEIG for 
copper rectangular rotor bars was obtained. As regards cur-
rent density distribution in rotor bars, the current densities 
are almost the same for different shapes, except for rectan-
gular rotor bars, where they are lower for copper rotor bars 
(Figs. 12, 18). Applying rectangular copper rotor bars, due 
to smaller damping of induced currents in the rotor cage, the 
widest stable steady-state operating range of the SP-SEIG 
may be obtained.
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