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Abstract: This paper deals with the computation of the performance characteristics of the single-phase
self-excited induction generator by field—circuit method. It presents and compares previously
unpublished results—self-excitation and no-load characteristics of the generator for different rotor
speeds, and complete load steady-state performance characteristics for various types of the core
materials. The discrepancies between the performance characteristics of the generator for the catalog’s
magnetization curves of different types of electrical sheets and for an actual magnetic core of the
generator for self-excitation transients and load steady-state are presented. The results may be useful
for designing new constructions of single-phase self-excited induction generators.

Keywords: induction generator; single-phase; field—circuit model; magnetization curves,
self-excitation; load characteristics

1. Introduction

Single-phase self-excited induction generators (SP-SEIG) driven by a small hydro or wind turbine
may be utilized as an auxiliary source of energy in households, or as a primary electrical energy source
in remote areas. Self-excited induction generators (SEIG) seem to be an alternative to synchronous
generators for small autonomous energy systems. Despite the fact that they have an inherently
unsatisfactory frequency and voltage regulation, their construction is robust and manufacturing as well
as maintenance costs are low. Therefore, they can be employed in simple or more complex small power
systems. The authors in paper [1] present a micro-grid system supplied by three sources of electrical
energy: a small hydro-turbine driven SP-SEIG, a brushless DC generator driven by a wind turbine,
and a photovoltaic array, supplemented with a battery storage system. The authors presented a system
that kept the voltage and frequency stable under changing loads and varying energy levels injected
into the micro-grid from the different sources. A similar digital signal processorbased control scheme
was employed for efficient control of the diesel engine driving SP-SEIG [2] for operation of the prime
mover at maximum efficiency, as the electric load was changing. In [3], Kalla et al. present a simpler
voltage controller, made of off-the-shelf electronic components. The controller regulates the output
voltage within 5% at variable resistive, inductive and dynamic resistive—inductive loads (induction
motor), as well as at varying prime mover speeds. In order to supply large power single-phase
loads, the Steinmetz-connected three-phase induction generator with a single-phase output may be
employed [4]. Zhong et al., in [5], present a novel windings connection of a three-phase SEIG, where a
single-phase load is connected to the generator through two excitation capacitors, and an optimization
method that ensures the minimum imbalance of the phase currents was proposed. The authors in [6]
developed a new formulation of the SEIG model, with an uncomplicated method for the determination
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of the machine’s operating point. The method can be implemented in a low-cost controller. Kim et al.,
in [7], present a new idea for an induction generator with a single-phase output based on a three-phase
induction motor. The stator windings were separated, two of them were excited by two independent
sources (inverters powered by a battery storage system) and the load was connected to the third
phase. The obtained results indicate that the method allows the generation of electrical energy at a
constant frequency under a variable prime mover speed, while the voltage regulation needs some
improvement, e.g., by the application of a closed-loop control system. In autonomous single-phase
induction generators with a cage rotor to initiate the self-excitation process, the remnant flux density
in the rotor core has to be nonzero, which produces an electromotive force on the stator windings
and thus voltage build-up takes place. The magnetization curve of the induction generators has to be
nonlinear due to the magnetic saturation of the core to provide the intersection of the magnetization
curve with the capacitor voltage characteristic (straight line). The no-load terminal voltage increases
until the voltage reaches a certain value, which depends on speed, excitation capacitance and generator
parameters. The increase in the terminal voltage over time depends on the shape of the generator’s
magnetization curve (linear and saturation zones). As shown in Figure 1, the magnetization curves
of the laminated core assembly of the induction generator and electric sheets used for generator’s
core materials differ widely due to an air gap and the slotting in of the stator and rotor of the
induction generator. Furthermore, the deterioration of the magnetization curve also depends on
the technology used for the slotting of electrical sheets (punching or laser cutting). An application
of the different magnetization characteristics of the core material and its influence on performance
characteristics of single-phase induction generators was also analyzed in [8], using a steady-state
equivalent circuit method. With regard to the considerable differences between the magnetization
curve of the generator’s laminated core and that of an electrical sheet, this paper presents the simulation
study of the performance characteristics of the single-phase self-excited induction generator based on
the field—circuit computations for steel cores made of electrical sheets, only taking into account their
different magnetization curves given by the manufacturers.
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Figure 1. Magnetization curve of core of induction generator (IG iron core) compared to that of the
MB500 electrical sheet.
2. Field-Circuit Method for the Simulation of Generator Self-Excitation and Work

In this paper, a coupled field and circuit approach is adopted for the performance analysis of a
single-phase self-excited induction generator [9,10]. The following simplifying assumptions have been
applied:

e To analyze the self-excitation phenomenon in the generator, a two-dimensional, time-stepping
finite element method for the magnetic field computation is used.
e A constant rotor speed is assumed.
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e  The hysteresis effect on the magnetic core is neglected.

In order to study the machine, we have to solve two-dimensional Maxwell equations using a
magnetic vector potential formulation:

Js in stator windings
curl(veeurl A) = Iy — o‘%—‘? in rotor bars (1)

0 in air, iron core and shaft

where A [0, 0, A(x,y,t)] is the magnetic vector potential; Js [0, 0, Js(x,y,t)], the current density in the stator
slots; v, the reluctivity of magnetic material; and o, the electric conductivity. The rotor bars are treated
in the field—circuit model as thick (bulk) conductors; therefore, in Equation (1) there is an algebraic sum
of two components of current density: J [0, 0, J,(x,y,t)], the current density for a DC current, and a-%—?,
the additional component created by the rotor current redistribution due to the rotor skin effect.

The induction machine chosen for the study was a 1.1 kW, four-pole, 50 Hz, two-winding,
off-the-shelf single-phase capacitor induction motor. The ratings and other motor data are listed in
Table 1.

Table 1. Ratings and basic dimensions of the induction machine.

Rated power 1.1 kW Stator outer diameter 135 mm
Rated voltage 230V Stator slot height 13 mm
Rated current 75 A Stator inner diameter 86 mm
Rated speed 1380 rpm Airgap width 0,25 mm
Run capacitor 30 pF Rotor outer diameter 85,5 mm
Rated frequency 50 Hz Rotor slot height 14 mm
Moment of inertia 0.0024 kg-m2 Rotor inner diameter 32 mm
Weight 12 kg Main/auxiliary winding number of turns 424/528

In Figure 2, the finite elements mesh of a cross-section of a modeled single-phase self-excited
induction generator is shown. The mesh contains about 22,000 nodes and consists mostly of
second-order triangular and quadrilateral elements in yokes, trapezoidal parts of slots, and the
teeth of the magnetic core.
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Figure 2. FE mesh of 2D field-circuit model of the single-phase induction generator.

In the stator of the single-phase induction generator, there are two-phase windings, i.e., a main
winding (M) that is symmetrically located (distributed) along with the periphery of the stator in
the 16th stator slots. The electrical output load of the generator (Z;) is connected to its terminals.
The second winding; i.e., the auxiliary stator winding occupies only 1/3 of the stator slots, to which the
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excitation capacitor (Cey) is connected in parallel to ensure the self-excitation process in the generator
(Figure 3). In order to intensify the self-excitation in the generator, the supported shunt capacitor
(Cspy) in the load stator winding is also applied. In the rotor, there is an aluminum cage made of
30 drop-shaped bars symmetrically distributed around the rotor periphery and short-circuited by
end-rings. The rotor bars, different from stator windings, are treated as solid conductors in this model
and skin effect should be taken into account. The rotor circuit is presented in Figure 4b. The rotor
end-rings in this two-dimensional field model are assumed to be constant parameters of the rotor cage
since the leakage field of the end-rings cannot be taken into account when calculating a 2D field in
a cross-section of the machine (Figure 2). These parameters were determined by classical formulas.
The mechanical shaft of the generator was made of non-magnetic steel and, therefore, it was possible to
assume Dirichlet’s boundary conditions on the inner diameter of the rotor core. Some principal outer
parameters of the generator such as the excitation capacitor and shunt capacitor, were not changed
under investigation (assuming fixed values of C,y = 30 uF and Cg, = 15 uF, which were selected
experimentally) and were selected so as to ensure the self-excitation voltage at no-load of the rated
value at the generator’s terminals.

Cex

Figure 3. The generator configuration with excitation and shunt capacitors in stator windings.

The equivalent circuit of the SP-SEIG is shown in Figure 4a. The coil conductor components
M and A correspond to the regions of the main and auxiliary winding, respectively, in the finite
element’s domain. They represent the parts of the windings that are placed in the slots, including
the flux linkage and also the total resistance of the windings. The inductors L,y and Ly,4 are the
constant end-connection leakage inductances of the main and auxiliary winding. The squirrel symbol
in Figure 4a represents the rotor cage circuit, which is shown in detail in Figure 4b. The stator circuit is
described by a first-order differential system of equations with constant coefficients:

0 00 0 0 0] ny (1 -1 1 0 0 0 ny [0 ]
0 00 0 00 U 00 0 0 0 0 Y 0
0 0 0 Loy 0 0 | dfttegn [ [0 0 =1 0 0 0 || ttaurs | _ |0 @
0 00 0 0 0]dt im 00 0 1 -1 -1 in 0
0 00 0 00 i 1 0 0 =R, 0 0 i 0
| c, 00 0 0 0] i o 0o 0 0 o0 -1 i | 0 |
0 00 0 m 1 -1 1 0 m 0]
0 00 0 [d| ua 00 0 0 H Up ‘I 0 -
0 0 0 Lopa | dt| thown 0 0 -1 0 || town 0
Coxc 00 O in 00 0 -1 in 0 |

where 1y, u4 are the terminal voltages of the main and auxiliary windings; u,y, Uy, the voltages
of the element representing the FEM coupling; u,,p1, Uewa, the voltage drops across end connection
inductances; iy, i4, the main and auxiliary windings currents; i;, the load current; and ig,, the shunt
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capacitor current. Since there are no external voltage sources in the stator circuit, the right-hand side of
Equations (2)—(3) is zero. Self-excitation is triggered by non-zero initial conditions.

The rotor bars were modeled as solid aluminum conductors, while the rotor end rings were
assumed to be circuit elements of constant values—resistors (Ry,g) and inductors (L;ine), representing
the resistances and leakage reactances of the inter-bar sections. The elements representing the N bars
in Figure 4b are denoted as Bar M and Bar N for the two neighboring rotor bars. The stator winding
end—connection leakage inductances and resistance as well as the rotor cage end-rings resistance and
leakage inductances were calculated from the classical formulas [11].
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Figure 4. Equivalent electrical circuit of the single-phase self-excited induction generator (SP-SEIG):
(a) stator circuit; (b) rotor cage circuit.

3. Performance Characteristics for Different Types of Electrical Sheets

The waveforms of the main stator voltage during the self-excitation of the generator for the
magnetization curve of the generator’s core obtained by a no-load test of the actual generator [10] and
for the magnetization curve of the M500 electrical sheet are presented, respectively, in Figure 5.

As seen here, there are noticeable differences in the value and time of the induced terminal
voltage at no-load for both cases, which reflect the different shapes of both of the magnetization
curves. When applying other kinds of electrical sheets, e.g., M330, M470, M530 and M700, which are
commonly used for laminated iron cores in induction machines (Figure 6), very similar waveforms of
self-excitation voltage and steady-state load characteristics of the generator were obtained, since the
magnetization characteristics of electrical sheets are close to each other (Figure 7).
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Figure 5. Self-excitation waveform of main stator voltage for: (a) magnetization curve of generator’s
core (IG steel core); (b) M500 magnetization curve.
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Figure 6. Magnetization curves of non-grain-oriented electrical sheets.

The no-load steady-state terminal voltages of the generator as a function of the rotor speed for
various magnetization characteristics of electrical sheets are presented in Figure 8.

The values of the no-load terminal voltages of the generator at nominal speed n = 1620 rpm for
the different types of electrical sheets are listed in Table 2.

Table 2. No-load terminal voltage of the generator at 1620 rpm for various types of electrical sheets.

No-Load Voltage Uy (V) Steel Type
230 M330
245 M470
240 M500
240 M530
245 M700

226 IG steel core
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Figure 7. Output characteristics of the generator for various electrical sheets: (a) main winding voltage

vs. output power; (b) main winding current vs. output power; (c) auxiliary winding voltage vs. output

power; (d) auxiliary winding current vs. output power; (e) load current vs. output power.
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Figure 8. No-load main stator winding voltage vs. rotor speed of generator for various electrical sheets.

In Figure 9, waveforms of the main winding voltages at no-load for selected types of steel are
shown. The shape of the voltage is affected by magnetic saturation of the core, but there are no
significant differences between the waveforms regarding the different types of the steel.
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Figure 9. Waveforms of no-load main winding voltages of the generator for M330 magnetization curve

(blue), M500 magnetization curve (red), M700 magnetization curve (green) and magnetization curve

of generator’s core (IG steel core, (black)).

The flux density charts of the cross-section of the generator are presented in Figure 10.
Some differences in the flux density distribution can be noticed, most notably that the stator and
rotor flux density for the M500 and M700 sheets exceeds 1.7 T. This implies larger core loss and lower
efficiency, and also lower capacitance required to reach the rated value of no-load voltage.
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Figure 10. Cont.
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Figure 10. Flux density distribution charts of the generator for (a) M330 magnetization curve, (b) M500
magnetization curve, (¢) M700 magnetization curve and (d) magnetization curve of generator’s core

(IG steel core).
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4. Conclusions

The calculation of the output characteristics of the single-phase self-excited induction generator
when applying magnetization characteristics delivered by manufacturers leads to an overestimation
of the performance of an actual generator regarding the maximum output power—the differences
may be as much as 40%. No-load terminal voltages are also overestimated with respect to the voltage
of the real generator by about 10%. The only good agreement of simulated load characteristics with
experimental ones could be obtained when actual magnetization characteristics of a steel laminated
core are employed in the field—circuit model of the generator. Unfortunately, there are still some
differences between the simulation and experimental characteristics since they are mainly caused by
neglecting iron losses in the field—circuit calculation. Therefore, further investigations should also take
into account the magnetic losses in the core of the single-phase self-excited induction generator for a
more precise prediction of the transient and steady-state performance characteristics.
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