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Abstract: This paper presents the steady-state and dynamic
analysis of a two windings single phase self-excited
induction generator (TWSPSEIG) equipped with an
excitation capacitor and a compensation capacitor for
operation at constant rated load voltage and frequency
irrespective the no load or different load conditions. The
performance equations at steady-state conditions are
obtained by applying loop impedance method via the exact
equivalent circuit models of the TWSPSEIG based on the
double revolving field theory. Rather than the conventional
methods of analysis, to get two non-linear higher order
equations keeping the magnetizing reactance and the
frequency as unknowns, these equations are rearranged to
get two second order equations keeping the values of the
excitation capacitor and the compensation capacitor as
unknowns for given values of generator parameters, prime
mover speed, output frequency and load impedance. The two
second order equations are solved using simple iterative
method to calculate the optimum values of the two
capacitors under the constrains that the load voltage and
frequency are constant at rated values. The range of
capacitors variations required for maintaining constant
rated load voltage and frequency while supplying variable
load at variable prime mover speed are calculated. The
steady-state results are confirmed by developing a dynamic
model of the TWSPSEIG incorporating its nonlinearity
behavior and various no-load and load conditions. The
dynamic behavior of the TWSPSEIG at different operating
conditions proves the capabilities of the proposed
configuration and calculations method to maintain both the
load voltage and frequency constants.

Key words: single phase self-excited induction generator,
voltage and frequency control, steady-state and dynamic
models.

Nomenclature

a . p.u. frequency.

b . p.u. speed.

lLa : Auxiliary winding leakage inductance.

lim Main winding leakage inductance.

I, . Rotor leakage inductance referred to the
main winding.

lLa : Rotor leakage inductance referred to the

auxiliary winding.

lmag Main winding magnetizing inductance.

Imaga Auxiliary winding magnetizing
inductance.
Rim Main winding resistance.
Ria . Auxiliary winding resistance.
R, . Rotor resistance referred to the main
winding.
Roa Rotor resistance referred to the auxiliary
winding.
t : Turns ratio (No/Ny,).
Xwv . Main winding reactance.
Xia Auxiliary winding reactance.
X, . The rotor leakage reactance referred to
the main winding.
Xoa The rotor leakage reactance referred to
the auxiliary winding.
Ximag Main winding magnetizing reactance.
KnagA Auxiliary winding magnetizing reactance.
p . The derivative with respect to time.
o . The electrical rotor speed.

1. Introduction

The single phase self-excited induction generators
(SPSEIGS) are the best choice for supplying small and
isolated loads, where grid extension is not possible. The
rugged cage rotor construction, low cost, absence of
separate exciter, self-protection against fault and stable
operation are the main advantages of the SPSEIGs. The
self-excitation of the SPSEIGs is similar to that in the
3-phase induction generators, as they are unable to
generate their air gap magnetic field. So, in the isolated
mode, they must be equipped with terminal capacitors,
for supplying their air gap magnetic field in the form of
reactive power.

The key factor for voltage building up in SPSEIGs is
the selection of the proper excitation capacitance [1-4].
The SPSEIGs can be operated in two different classes
which are the single winding SPSEIGs (SWSPSEIG)
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and the two windings SPSEIGs (TWSPSEIG). In the
single winding class, both the excitation capacitor and
load are connected in parallel across the main winding
[3, 5]. In the two winding class, a fixed capacitor is
connected across the auxiliary winding for the excitation
purpose and a compensation capacitor is placed in
series/parallel with the load across the main winding [6-
7].

Steady-state analysis of SWSPSEIG is always carried
out using the double revolving field theory, while that of
TWSPSEIG is always carried out using the double
revolving field theory combined with the symmetrical
components theory. Then the performance equations of
the SPSEIG are obtained using nodal admittance or loop
impedance methods applied to the SPSEIG circuits.
Two nonlinear higher order simultaneous equations are
constructed manually by equating the real and imaginary
parts of the complex impedance or admittance to zero.
These equations have the magnetizing reactance and
frequency as two unknowns while their coefficients are
functions of the SPSEIG parameters, prime-mover
speed, load impedance and the capacitors used
according to the configuration of the SPSEIG. The two
nonlinear higher order simultaneous equations are then
solved by numerical methods such as Newton Raphson
method [2], Rosenbrock’s method of rotating coordinate
[4] and Matlab-fsolve [1,3]. Once the equations are
solved the analysis of the SPSEIG performance becomes
straight forward. In [8] the author presented an approach
which is based on minimizing the impedance equation
of the generator to calculate the unknown parameters.
The presented approach is easier to implement than
other methods of analysis and could be carried out
within Matlab software. In [9] the authors developed
mathematical models of SPSEIG using graph theory.
Graph theory is used since it results in matrix form and
the same models can be used for any load and any
combination of unknown parameters of the equivalent
circuit. Also method using genetic algorithm has been
developed.

The major disadvantages of the SPSEIGs are the
poor voltage regulation, low output power and
efficiency due to the nonlinearity behavior of the
SPSEIGs and impact of the backward rotating field.
There is wide literature on improving the voltage
regulation and output power. To improve the voltage
regulation of the SPSEIG different capacitor topologies
are introduced such as capacitor connected in series;
shunt, long shunt, and short shunt connection with load
[10-13]. In [14] a genetic algorithm has been used to
optimize the voltage regulation through the selection of

the optimum capacitors values for different SPSEIG
topologies. It was concluded that topologies that
contains series capacitor perform better for inductive
load while shunt capacitor configuration gives good
performance at high speeds prime mover; on the other
hand the single capacitor configuration is only
acceptable for resistive load. To enhance the power
generation and power quality of the TWSPSEIG the
authors in [15] presented a leaky minimal disturbance
theory -based decoupled voltage and frequency
controller. In [16] the author used fuzzy logic and
practical approach to calculate the optimal capacitor for
maximum output power of the SWSPSEIG.

Many research studies are carried out to maintain the
voltage and frequency of the SPSEIGs constants under
the variations of different operating conditions such as
the prime mover speed and load dynamics. The most
popular way to control voltage and frequency is using
electronic load controller. In [17-19] a dummy load is
used to compensate the fluctuation of the consumer load
by controlling the power of that dump load. Another
popular way to control voltage is using thyristor
switched capacitor scheme to vary the reactive power
supply [20-21]. In [22] the authors used a single-phase
PWM inverter controlled by a microprocessor to adjust
the output frequency of the TWSPSEIG driven by a
variable speed prime-mover, while the excitation
capacitor group is controlled by the microprocessor to
keep the output voltage of the generator constant at
variable operating conditions. In [23] the authors
proposed a voltage source converter connected to a
battery energy storage system at its DC bus. The system
is controlled by an intelligent neural network-based
control algorithm to maintain system voltage and
frequency constant at all loading conditions. In [24] the
authors proposed a combined control system that
includes a dummy load and a secondary voltage control
system, by adjusting the excitation capacitor connected
to the auxiliary winding, in order to maintain system
voltage and frequency constant of the TWSPSEIG.

In this paper, the authors deal with a TWSPSEIG
with an excitation capacitor “C,” which is connected
across the auxiliary winding and a compensation
capacitor “Cy” that is shunted with the load across the
main winding. The performance equations at steady-
state conditions are obtained by applying loop
impedance method through the exact equivalent circuit
models of the TWSPSEIG based on the double
revolving field theory. The real and imaginary parts of
the complex impedance of the equivalent circuits are
rearranged to get two second order equations keeping



the values of the two capacitors C, and Cy as
unknowns for given values of generator parameters,
prime mover speed, output frequency and load
impedance. The two second order equations are then
solved using simple iterative method to calculate the
optimum values of the two capacitors under the
constrains that the load voltage and frequency are
constant at rated values irrespective the no load or
different load conditions (different load impedance and
power factor). The ranges of variation in the capacitors
size to maintain constant load voltage and frequency
while supplying variable load at variable prime mover
speed are calculated. The steady-state results are
confirmed by developing a dynamic model of the
TWSPSEIG incorporating various no-load and load
conditions and its nonlinearity behavior. The dynamic
behavior of the TWSPSEIG at different operating
conditions proves the capabilities of the proposed
configuration and calculations method to maintain both
the load voltage and frequency constants.

2. The Steady-state Model of TWSPSEIG

The basic scheme of the TWSPSEIG is shown in
Fig.1. The equivalent circuits used for the steady-state
analysis of the TWSPSEIG are shown in Fig.2. The
steady-state equivalent circuits are based on the double
revolving field theory under the assumptions that,
neglecting the core loss and all the parameters of the
generator, except the magnetizing reactances, are
considered as constant and unaffected by saturation.
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Fig.1 The basic scheme of TWSPSEIG

2.1 No-Load Model

At no-load the loop equations for the main and
auxiliary currents can be written as:
ZO * IS =0
Where:
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Zy=Zwm+ Zpy + Zpy
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Zpgy = Zpy — Zpm

Zppa = Zra — Zpa

From (1) since for steady state
g #0

Therefore,
|Z,|=0. (i.e. Z, must be singular matrix).

This implies that both real and imaginary parts of the
determinant of “Z,” are individually equals to zero; this
can be simplified to the following two nonlinear
equations:
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Fig.2 Steady-state equivalent circuits of a TWSPSEIG, (a) The main circuit, (b) The auxiliary circuit

The imaginary part yields:
Ax Xy + B*Xey+ C=0 4)

And the real part yields:
1
Xea =% (a® * (Xya — Xpgma) = Ra * Xcn)  (5)

Where:
~at xRy
B=X_A Xepma  Xma  Xu*Ry
a’?  a’*Ry a’*=*Ry a?=*Ry

Xm
C=Rys+ Ry * (Xma — Xppma) — Rrpma

Zppma = Zppm * Zrpa = Rppma + jXrpma
Zyp =Zy *Zyp = Rya + jXua
The saturation portions of the magnetizing
reactances of the main and the auxiliary circuits against

the air-gap voltages (V, &Vya) could be piecewise
linearized and expressed mathematically in the form:

v
Xmag =K; =Ky * (:g (6)

A%
XmagA = K3 - K4 * (%A (7)

Where: Ky, K,, K3 and K, are constants.

Based on the analytical technique explained above,
the required set values of the p.u. speed “b”, the
excitation capacitor “Cn” and the compensation
capacitor “Cy,” respectively, to achieve self-excitation at
specified values of the no-load main terminal voltage
and the p.u. frequency “a”, could be computed as

shown in the flowchart of Fig.(3).

2.2 Inductive Load Model

In this section a direct and simple method to predict
the required values of main and auxiliary capacitances,
under general inductive-load conditions, is developed to
achieve the desired values of load voltage and
frequency.

The loop equations for the currents (ly, Iaand 1) can
be written as:

Zxlg=0 (8)
Where:
|
2|1, (9)
s A
|
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Fig.3. The flowchart of no-load computer algorithm
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This implies that both real and imaginary parts of the
determinant of “Z” must be equal to zero; this could be
simplified to the following two nonlinear equations:
The imaginary part yields:

AAx X3y, + BB*X;y+ CC=0 (12)

And the real part yields:
A1+ Az*(XTCzAL)

=— 5% 12
CA = Gy T (12)
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Based on the analytical technique explained above,
the required set values of the p.u. speed “b”, the
excitation capacitor “Cn” and the compensation
capacitor “Cy” respectively, to achieve the specified
values of the load voltage and the operating p.u.
frequency (a), at a general load impedance (Z,) could be
computed as shown in the flowchart of Fig.(4).

3. Dynamic Model of the TWSPSEIG

Generally the induction machine models are
developed using simplified model in g-d reference
frame attached to stator, rotor or synchronous rotating
reference. In this work a g-d reference frame attached to
stator as shown in Fig.1 is used to develop the dynamic
model of the TWSPSEIG. The voltage differential
equations in the g-d reference frame can be represented
as:
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At no-load condition, the main and the auxiliary
winding currents are equals to the currents in the g-d
frame as in (14), the magnetization current components ¢
in the direct and quadrature axes are given in (15), and o cororat v (ren e o
the magnitude of the magnetizing current is given in ( ead: generator parameters VL(reD: Ve: & o )
(16).
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The generator terminal voltages (the voltages across T
the main and the auxiliary capacitor) as a function of the
generator currents at no load condition are given by: YES
Ids 0 - pCA Vds
NO

At load condition the TWSPSEIG will be loaded
with a load connected to the generator terminals across
the main winding (compensation) capacitor “Cy”. To
develop the generator dynamic model considering the
load, the g-d components of the stator currents have to
be computed as in (18).

ls =1c, + 1

(18)
Ids = ICA = IA

The generator terminal voltages (Vgs, Vgs) as a
function of the generator currents (Igs, lgs) and the load
current (I4) at load condition is given by:

YES
Decrease Vg

NO

Print Vi; Iy 1as1L; Vias Xemand
Xca

Fig.4. The flowchart of load computer algorithm




4. Simulation Results

The performance characteristics of 0.75 kW, 230 V,
6 A, 4-poles and 50Hz single phase induction generator
are carried out via the proposed technique. Table 1 gives
the parameters of the generator. The magnetization
characteristics of the TWSPSEIG are shown in Fig.5.
Results for steady-state and dynamic simulations are
provided in this section.

Table 1 Equivalent circuit parameters of the TWSPSEIG

Rim 3.41 ohm
Ria 11.22 ohm
R, 4.37 ohm
Roa 8.01 ohm
X 3.99 ohm
Xon 6.433 ohm
Xim 3.99 ohm
Xia 6.433 ohm
t 1.4

Xmag (Ohm)
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Fig.5 The magnetization characteristic for (a) main winding
and (b) auxiliary winding

4.1. Steady-state Simulation Results

In steady-state, a MATLAB program was used to
estimate the values of the main and the auxiliary
windings capacitors. The relation between the speed and
the values of capacitors under the variation of the load
and its power factor will be presented.

Fig.6 shows the required capacitances for self
excitation versus the P.U. speed at constant rated
terminal voltage and frequency at no load conditions.
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Fig.6 Main and Auxiliary capacitance versus P.U. speed at
rated voltage and frequency
Fig.7 shows the variation of the P.U. speed limits
versus the terminal voltage to maintain the operating
frequency, under no load, constant at the rated value. It
may be noted that, the maximum speed is almost
constant with the increase of the terminal voltage.
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Fig.7 P.U. speed versus no-load terminal voltage at rated
frequency

If the generator is driven by unregulated prime-
mover, then it is necessary to continuously vary the
capacitors to cope with changing of the operating
conditions. Under such condition it is necessary to
investigate the speed limits between which the
generator is capable to build up constant rated load
terminals voltage and frequency for different loads.
Fig.8 shows the variation of the P.U. speed limits for
resistive loads, while Fig.9 shows the variation of the
P.U. speed limits for inductive loads with a power
factor of 0.97.

To maintain the rated load voltage and frequency
for any speed within the speed limits, the set of
capacitors (main and auxiliary capacitors) will be
calculated using the proposed technique. Figs.10:12
give the required values of the main and the auxiliary
capacitances versus the operating speed at different
loads.
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Fig.8 Limits of P.U. speed versus load impedances at rated
load terminals voltage and frequency for resistive loads
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Fig.9 Limits of P.U. speed versus load impedances with
0.97 power factor at rated load terminals voltage and
frequency.

It is observed that the main capacitance increases
and the auxiliary capacitance decreases as the speed
increases in all cases. Also it can be concluded from
these figures that the speed limits increases as the load
power factor increases.

4.2. Dynamic Simulation Results

For the dynamic simulation, a MATLAB program
was developed to demonstrate the dynamic response of
different voltages and currents building up processes of
the studied TWSPSEIG under no-load and load
conditions.

Fig.13 shows the dynamic response of the
TWSPSEIG during self-excitation under no-load
condition. The generator initially runs at a P.U. speed
of 1.0025 (1504 rpm) with a 47.838 pF main
capacitance and a7.5786 pF auxiliary capacitance.
The corresponding stator currents are also included in
Fig.13 (c,d) and they closely resemble the voltages
waveforms. Fig.13 (e,f) also show the variation of
magnetizing inductances during the voltage building
up process and Fig.13 (g) shows the frequency of the
main winding voltage.
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Fig.10 Main and Auxiliary capacitance versus P.U. speed
at a load of 95 ohm and 0.85 power factor
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Fig.14 shows the dynamic response of the studied no-
load TWSPSEIG subjected to a sudden connection of a
resistive load of 100 ohm at time 5 sec. and a P.U. speed
of 1.0026, with a 49.8 uF main capacitance and an
11.305 pF auxiliary capacitance. Sudden change of the
P.U. speed to 1.0027 at time 6 sec., with the main
capacitance of 53 pF and the auxiliary capacitance of
9.4825 WF.

Fig.15 shows the dynamic response of the studied no-
load TWSPSEIG subjected to a sudden connection of an



inductive load of 125 ohm with 0.97 power factor at 0.7p
time 5 sec. and a P.U. speed of 1.0021, with the main
capacitance of 54.9 pF and the auxiliary capacitance of
10.736 pF. Then sudden change of the P.U. speed to 3
1.0022 at time 6 sec. is applied, with the main %%
capacitance of 58.5 pF and the auxiliary capacitance of =062}
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Fig.14 Dynamic responses of the TWSPSEIG at a resistive
load (a) Load terminal voltage, (b) Auxiliary voltage, (c)
Main current, (d) Auxiliary current and (e) Load frequency
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Fig.15 Dynamic responses of the TWSPSEIG at an
inductive load (a) Load terminal voltage, (b) Auxiliary
voltage, (¢) Main current (d) Auxiliary current and (e) Load
frequency

Figs.14&15 illustrate that the load voltage and
frequency are almost constant at rated values regardless
the values of load impedance, load power factor and
operating speed, which is a proof of the validity and
accuracy of the proposed technique for calculations of
the suitable main and auxiliary capacitances.

Table 2 summaries different cases for the dynamic
response of the TWSPSEIG operated at no load then
subjected to a sudden connection of different resistive
loads. Table 3 summaries different cases of the dynamic
response of the TWSPSEIG operated at no load then
subjected to a sudden connection of different inductive
loads with different power factors. It is observed that the
operating speed decreases as the load current decreases
at constant power factor.

5. Conclusion

In this paper the two windings single phase self-
excited induction generator (TWSPSEIG) has been
studied in details and a suitable methodology has been
developed. A new technique to analyze the steady-state
behavior of the TWSPSEIG with unregulated prime
mover is presented to maintain both of the terminal
voltage and frequency at constant rated values. It is
found that to maintain both of the terminal voltage and
frequency at constant rated values there are ranges of the
operating speed, which differs according to the values of
load current and power factor. The required set values of



the main and auxiliary capacitors have been calculated
at different load conditions and operating speed by using
simple iterative technique. The paper also introduces a
new simple and direct method for finding the minimum
capacitance required for self-excitation at no-load
conditions with the variation of the operating speed. To
verify the steady-state results the paper introduces a
dynamic model of the TWSPSEIG incorporating various
no-load and load conditions and its nonlinearity
behavior. The dynamic behavior of the TWSPSEIG at
different operating conditions proves the capabilities of
the proposed configuration and calculations method to
maintain both the load voltage and frequency constants.
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Table 2 Dynamic responses of the TWSPSEIG at resistive loads

Load (Q)

P.U. speed

Cw (UF)

Ca (UF)

Va (V)

Im (A)

I (A)

L (A)

70

1.034

46

15.906

341.9348

4.6810

1.7043

3.2891

80

1.031

48.8

13.406

332.8854

45674

1.3990

2.8833

120

1.022

48.3

11.22

320.7460

3.9997

1.1289

1.9228

150

1.018

46.7

11.209

317.1514

3.7119

1.1152

1.5336

180

1.016

49.3

9.1121

310.4355

3.7955

0.8880

1.2798

200

1.0145

48.3

9.4465

310.4145

3.6852

0.9204

1.1519

220

1.0135

48.6

9.0737

309.4222

3.6828

0.8814

1.0495

230

1.013

48.4

9.0962

309.0380

3.6544

0.8825

1.0035

Table 3 Dynamic responses of the TWSPSEIG at inductive loads

Load (Q)

P.F.

P.U. speed

Cwm (UF)

Ca (UF)

Va (V)

In (A)

la (A)

IL(A)

72

0.97

1.032

54.2

16.559

343.0854

4.4443

1.7802

3.2008

105

0.97

1.024

54

12.797

326.0599

4.0080

1.3084 2.2

155

0.97

1.017

51.5

11.181

316.8536

3.6625

1.1113

1.4880

185

0.97

1.015

52.3

9.6382

310.8737

3.6863

0.9404

1.2394

205

0.97

1.014

52.9

8.7949

308.7676

3.7296

0.8526

1.122

235

0.97

1.012

49.7

10.153

310.7980

3.4974

0.9902

0.979

95

0.85

1.023

63.9

12.842

325.5212

3.9256

1.3109

2.4212

135

0.75

1.016

64.3

9.6482

312.1127

3.7503

0.9451

1.704

185

0.65

1.011

61

8.9844

306.5125

3.5597

0.8646

1.244




