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is available at the end of the conditions. The performance equations at steady-state conditions are attained by

article applying loop impedance method via the exact equivalent circuit models of the TWSP-

SEIG based on the double revolving field theory. Keeping the values of the excitation
capacitor and the compensation capacitor as unknowns, two second-order equations,
for given values of generator parameters, prime mover speed, frequency and load
impedance, are derived. These equations are solved using simple iterative method

to calculate the optimum values of the two capacitors under the constraints that the
load voltage and frequency are constant. The range of capacitor variations for variable
load at variable prime mover speed is also calculated. The steady-state results are veri-
fied by developing the dynamic model of the proposed connection incorporating its
nonlinearity behavior and various no-load and load conditions. The dynamic behavior
of the proposed connection proves the capabilities of the proposed configuration
and calculation method to maintain both the load voltage and frequency constants.
A comparative study between the performances of the proposed connection and

the traditional connection of the TWSPSEIG is presented to illustrate the merits of the
proposed connection.

Keywords: Single-winding single-phase self-excited induction generators (SWSPSEIG),
Two-winding single-phase self-excited induction generators (TWSPSEIG)

Introduction

The single-phase self-excited induction generators (SPSEIG) are the best choice for sup-
plying small and remote loads, where grid extension is not possible. The robust cage
rotor construction, low cost, absence of exciter, self-protection against fault and stable
operation are the essential advantages of the SPSEIG. The self-excitation of the SPSEIG
is similar to that in the three-phase induction generators, as they are unable to generate
their air gap magnetic field. So, in the isolated mode, they must be equipped with termi-
nal capacitors, for supplying their air gap magnetic field in the form of reactive power.
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The key factor for voltage building up in SPSEIG is the selection of the proper excita-
tion capacitance [1, 2]. The SPSEIG can be operated in two different classes which are
the single-winding SPSEIG (SWSPSEIG) and the two-winding SPSEIG (TWSPSEIG). In
the single-winding class, both the excitation capacitor and load are connected in paral-
lel across the main winding [1, 2]. In the two-winding class, a fixed capacitor is con-
nected across the auxiliary winding for excitation purpose and a compensation capacitor
is placed in series or parallel with the load across the main winding [3]. 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 con-
structed 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 configura-
tion of the SPSEIG. The two nonlinear higher-order simultaneous equations were then
solved by arithmetical techniques such as the Newton-Raphson method [4], Rosen-
brock’s method of rotating coordinate [5] and Matlab-fsolve [1, 2]. Once the equations
are solved, the analysis of the SPSEIG performance becomes straightforward. In [6], the
author presented a new approach 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 with Matlab soft-
ware. In [7], the authors developed the 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, a method using genetic algorithm has been developed. The main disadvantages of
the SPSEIG are the poor voltage regulation, lower output power and efficiency due to
nonlinearity behavior of the SPSEIG and the backward rotating field. There is wide liter-
ature on improving the voltage regulation and output power. To enhance the voltage reg-
ulation of the SPSEIG, different capacitor topologies are introduced such as capacitors
connected in series, shunt, long shunt, and short shunt connection with load [8]. In [1,
2], the genetic algorithm has been used to obtain the optimum values of the capacitors
for different topologies for optimum voltage regulation. It is reported that topologies
that contain series capacitor perform better for inductive load, while the shunt capaci-
tor configuration gives good performance at high speeds of prime mover; on the other
hand, the single-capacitor configuration is acceptable for resistive load. To enhance
power generation and power quality of TWSPSEIG, the authors in [9] presented a leaky
minimal disturbance theory-based decoupled voltage and frequency controller. In [10],
the author used fuzzy logic and practical approach to calculate the optimal capacitor
for the maximum output power of SWSPSEIG. A lot of research has been carried out
to maintain the voltage and frequency of the SPSEIG constants under the variations of
different operating conditions such as the prime mover speed and load dynamics. The
most popular technique to regulate the voltage and frequency is using the electronic
load controller. In [11-13], a dummy load is used to compensate the fluctuation of the
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consumer load by controlling the dump load power. Another popular way to control
voltage is using thyristor switched capacitor scheme to vary the reactive power sup-
ply [11-13]. In [14], the authors used a single-phase microprocessor controlled PWM
inverter to regulate the output frequency of TWSPSEIG driven by a variable speed
prime mover, while the excitation capacitor group is controlled by the microprocessor to
keep the terminal voltage of the generator constant at different operating conditions. In
[11-13], 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 the voltage and frequency constant at all loading
conditions. In [15], the authors proposed a combined control system that includes a
dummy load and an inferior voltage control system, by adjusting the excitation capaci-
tor connected to the auxiliary winding, to maintain the system voltage and frequency
constant of a TWSPSEIG. On the other hand besides the use of a single-phase genera-
tor, a three-phase induction machine with a balancing circuit represents a dependable
choice. Efforts have been exerted to investigate and improve the balanced operation of
a three-phase induction generator in single-phase mode [16, 17]. There are many bal-
ancing configurations used in literature. For star-connected generators, some of them
used three capacitors such as Fukami connection (three capacitors of which two are
identical) and Smith connection (three capacitors with special arrangement of the sta-
tor winding), but the others used one capacitor connected across one or two of the three
phases while the load is connected across either the other two phases or one phase. In
case of delta-connected generators, some of the balancing configurations are Steinmetz
connection (two capacitors: one connected across the lagging phase and the other in
series with the load, across the reference phase) or C/2C connection (2C’ capacitance
across one phase and ‘C’ capacitance across another phase and in parallel with the load)
[18]. In [19], an improved low-cost SPSEIG using a three-phase induction machine for
constant voltage and frequency operation was proposed. Excitation for such a generator
is provided by using a fixed capacitor, connected across one of its phases and the neutral
in parallel with the load, and a single-phase inverter along with a photovoltaic module
across the other two phases. In [20], a new configuration of single-phase generator using
a three-phase induction machine was proposed, in which the windings of the induction
machine are separated and two of the windings are excited by two independent excita-
tion sources, while the third winding is connected to a load with a shunt capacitor. The
main disadvantage of these configurations is that they require inverters for excitation
sources. A microcontroller-based electronic load controller for voltage regulation of a
star-connected three-phase self-excited induction generator with three-capacitor con-
figuration, feeding single-phase loads, was presented in [21]. In this paper, the authors
propose a new connection for the TWSPSEIG together with an exact computational
methodology to size the excitation and compensation capacitances to maintain constant
load voltage and frequency.

Method

The configuration of the proposed new connection is shown in Fig. 1, where an excita-
tion capacitor “C,” is connected in parallel to the auxiliary winding and then the parallel
combination is connected in series to the main winding, and a compensation capacitor
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Fig. 1 The configuration of the proposed connection of TWSPSEIG

“Cy(» which is shunted with the load, is connected across the terminals of the combina-
tion of the main and the auxiliary windings. The performance equations at steady-state
conditions are obtained by applying loop impedance method through the exact equiva-
lent circuit model of the TWSPSEIG based on the double revolving field theory. Rather
than the conventional methods of analysis, to get two nonlinear higher-order equa-
tions keeping the magnetizing reactance and the frequency as unknowns, the real and
imaginary parts of the complex impedance of the equivalent circuit are rearranged to
get two second-order equations keeping the values of the two capacitors “Cy,” and “C,”
as unknowns for given values of generator parameters, prime mover speed, output fre-
quency and load impedance. The two second-order equations are solved using a simple
iterative method to calculate the optimum values of the two capacitors under the con-
straints that the load voltage and frequency are constant at the rated values irrespective
of the no-load or different-load conditions (different load impedance and power factor).
The range of capacitors variations required for maintaining constant load voltage and
frequency while supplying variable load at variable prime mover speed is calculated. The
steady-state results are confirmed by developing a dynamic model for the proposed con-
nection incorporating various no-load and load conditions and the nonlinearity behav-
ior of the TWSPSEIG. The dynamic behavior at different operating conditions proves
the capabilities of the proposed configuration and calculation method to maintain both
the load voltage and frequency constants. Also the performance of the new connection
was compared with that of the traditional connection to evaluate the new connection
and prove its advantages.

The steady-state model of TWSPSEIG

The equivalent circuit used for the steady-state analysis of the proposed connection for
the TWSPSEIG is shown in Fig. 2. The steady-state equivalent circuit is based on the
double revolving field theory under the assumptions that neglecting core loss and all the
generator parameters are constants and unaffected by saturation except the magnetizing

reactances.

No-load model
At no load, the loop equations for the main and auxiliary currents can be written as:
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Fig. 2 The steady-state equivalent circuits of the proposed connection for TWSPSEIG
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Since for steady state Isg # 0, then|Z,| = 0 (i.e., Z, must be singular matrix). This means

that the real and imaginary parts of the determinant of “Z_” must be separately zero; this
can be simplified to the following equations, where the imaginary part is as in (4) and the
real part is as in (5):
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The saturation portions of the magnetizing reactance of the main and the auxiliary

against the air gap voltage can be piecewise linearized and expressed arithmetically in the
form:

Vg
Xmag = Ki = I { —2 ), (6)

Vo
Xinaga = K3 — Ky % [ —2= ), 7)
a

where Kj, K,, K5 and K, are constants. Based on the analytical technique explained
above, the necessary set values of the p.u. speed “b’, the auxiliary capacitor “C,” and the
main capacitor “C,,; respectively, to insure self-excitation at the desired values of the

no-load terminal voltage “V;” and the p.u. frequency “a’; could be computed as shown in
the flowchart of Fig. 3.

Inductive load model

In this section, a direct and simple technique, to calculate the necessary values of the main
and auxiliary capacitors for inductive load conditions is developed to attain the desired val-
ues of terminal voltage and frequency. The loop equations for the currents (I, I, and I;)

are given as:

Z 15 =0, (8)
e
I= |1 |, ©9)
I
i . (Xem+X, .7, X, ,
ZM—]( CMI; cA) (]% + %) /XaCzM
Z = (}% — jZrBM - t) (ZA —}')%) 0 , (10)
T 0" ()

Ry .
Z;, = ; +jXL.



Hanafy et al. Journal of Electrical Systems and Inf Technol (2019) 6:2

Gead: generator parameters, a, V(ref), & andD
| Input (b>a) |
Y

Compute X0
and Xpaga

v

Compute Xcy
and X¢p

Increase V,

Decrease V,

C Print Vi Xcns Xca >

Fig. 3 The flowchart of no-load computer algorithm

From (9) since under steady state, /s # O, then |Z| = 0 (i.e., Z, must be singular
matrix). This means that the real and imaginary parts of the determinant of “Z” must be
separately zero; this could be rearranged to the following two nonlinear equations where

the imaginary part is as in (11) and the real part is as in (12):
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Based on the analytical technique explained above, the necessary set values of the p.u.
speed “b’; the auxiliary capacitor “C,” and the main capacitor “Cy;” respectively, to attain
the desired values of the load voltage “V;” and the operating p.u. frequency (), at gener-
ally load impedance (Z;) could be computed as shown in the flowchart of Fig. 4.

Dynamic model of TWSPSEIG

Generally, the induction machine models are developed using simplified model in q-d
reference frame attached to stator, rotor or synchronous rotating reference. In this work,
a q-d reference frame attached to the stator as shown in Fig. 1 is used to develop the
dynamic model of the proposed connection of the TWSPSEIG. The voltage differential
equations in the g-d reference frame can be represented as in (13).

Vqs Rim + pLim 0 PLmag 0 Iqs
1% 0 Ria+plia O PLnaga I
ds | _ oL g i ds (13)
Var PLmag —Uemah Ry 4 pLy  —ekA Igr
Var WrLmag - £ PLmaga wrLy -t Rop + plop Lar

At no-load condition, the main and the auxiliary winding currents and the excitation
capacitor current are given in (14), the magnetization current components in the quad-
rature and direct axes, and the magnitude of the magnetizing current are given in (15).

Ios =Im =Icm, lgs =1a,  Ica = Igs — Igs (14)

Ir%lagq—o—lria
gd
Imagq = Iqs + 1qr¢ Imagd = Iqs + 1yr» Imag = T (15)

The generator terminal voltages as a function of the generator currents at no-load con-
dition are given by:

Page 8 of 18



Hanafy et al. Journal of Electrical Systems and Inf Technol (2019) 6:2 Page 9 of 18

( Read: generator parameters Vy(ref); Vy; aj € >
Input (b>a)

Compute X,
and Xpyagn

Compute Xy
and Xy

Compute Iy ; Vy

Increase V,

Decrease V,

Print V5 Ing LoIis VisVas Xem
and Xca

Fig. 4 The flowchart of load computer algorithm

I gs — 1gs)
pVr = ﬁ: pVas = M, Vqs =—Vgs — V1. (16)
Cm Ca
At load condition, the TWSPSEIG is loaded with a load connected to the generator
terminals across the main winding (compensation) capacitor “Cy," To develop the gen-
erator dynamic model considering the load, the q-d components of the stator currents

have to be computed as in (17).

Igs =Icm +1Lgy  las = Ia,  Ica = Igs — Igs. (17)

The generator terminal voltages (V¢ V) as a function of the generator currents (/,

s?

1) and the load current (/; ;) at load condition are given by:

(Iqs - Ids) PVT _ (Iqs - [Lq)
CA ’ CM ’
Vi — Ry -1 (18)
(V1 — Ry - ILq)
T’ Vqs = —Vr — V.

pvds =

pILq -
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Table 1 Equivalent circuit parameters of the TWSPSEIG

R1M RIA RZ RZA XZ XZA XIM X1A t

3410 11220 437Q 8010 3990 64330 3990 64330 14

Results and discussion

The performance characteristics of 0.75 kW, 230 V, 6 A, 4-poles and 50 Hz single-phase
induction generator are carried out via the proposed technique. Table 1 gives the param-
eters 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. In
these results, the terminal voltage of the generator is maintained constant at 380 V. This
value of the terminal voltage is one of the merits of the proposed connection, since it is
higher than the rated value of the used machine. In steady state, MATLAB program was
used to estimate the values of the main and the auxiliary winding capacitors, and the rela-
tion between the speed and the values of capacitors under the variation of the load and its
power factor will be presented.

Steady-state results

No-load conditions

Figure 6a shows the needed capacitances for self-excitation versus the P.U. speed at constant
terminal voltage and rated frequency at no-load conditions. It is noticeable that the needed
main capacitance increases with the increase of the speed, while the auxiliary capacitance
decreases. Figure 6b 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 minimum speed is almost constant with the increase of the terminal voltage.

Load conditions

If the generator has a variable speed prime mover, it is needed to continuously vary the
capacitors to deal with the change of the prime mover speed. Under such condition, it is
required to examine the speed ranges within which the generator could generate constant
load voltage and frequency for different loads. Figure 7a shows the variation of the P.U.
speed limits for the resistive loads, while Fig. 7b shows the variation of the P.U. speed lim-
its for inductive loads with a power factor of 0.97. To maintain constant load voltage and
frequency at any speed within the speed ranges, the main and auxiliary capacitors will be
determined using the suggested technique. Figure 8 gives the calculated values of the main
and auxiliary capacitances versus the operating speed at different loads.

1201 2201
_ 110f E
£ 100 g uop
< g
o0 3
g %1 2 200}
s £
sof »
70 . . . ) , 190 . . . . . .
0 50 100 150 200 250 0 50 100 150 200 250 300
Vg (V) Vg-aux (V)
a b
Fig. 5 The magnetization characteristic for a main winding and b auxiliary winding
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Dynamic results

For dynamic simulation, MATLAB program was used to show the dynamic response
of different voltages and currents building up processes of the studied TWSPSEIG
under no-load and load conditions. Figure 9 shows the dynamic response of volt-
ages building up process and the frequency of the terminal voltage of the proposed
connection during self-excitation under no-load condition. The generator initially
runs at a p.u. speed of 1.0038 (1506 rpm) with the main capacitance of 13.414 pF and
an auxiliary capacitance of 11.5 pF. The corresponding main and the auxiliary cur-
rents for building up wave forms closely resemble the voltages waveforms. Figure 10
shows the dynamic response of the studied no-load proposed TWSPSEIG connec-
tion subjected to a sudden connection of a resistive load of 120 Q at time 6 s., with
a P.U. speed of 1.063, 28.227 puF as the main capacitance and 10.5 pF as the auxiliary
capacitance, and then sudden changing of the P.U. speed to 1.065 at time 7 s., with
the main capacitance of 30.712 uF and the auxiliary capacitance of 7.05 pF.

Figure 11 shows the dynamic response of the studied no-load proposed TWSP-
SEIG connection subjected to a sudden connection of an inductive load of 205 Q
with 0.97 power factor at time 6 s. with a p.u. speed of 1.037, 24.266 uF as the main
capacitance and 9.7 pF as the auxiliary capacitance, and then sudden changing of the
p.u. speed to 1.038 at time 7 s., with the main capacitance of 25.6 pF and auxiliary
capacitance of 7.64 pF.

Figures 10 and 11 illustrate that the load voltage and frequency are almost con-
stant regardless of 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 suitable main and auxiliary capacitances.

Table 2 summaries the other cases of dynamic response of the studied no-load
TWSPSEIG subjected to a sudden connection of different resistive loads. Table 3
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Fig. 9 No-load building up process a terminal voltage, b terminal frequency
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Fig. 10 Dynamic responses of the proposed connection at a resistive load a load voltage, b load frequency
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Fig. 11 Dynamic responses of the proposed connection at an inductive load a load voltage, b load
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Table 2 Dynamic responses of the proposed connection of the TWSPSEIG at resistive loads

R (Q)  puspeed  Cyu(F)  Cp(uF) Vi (V) Va (V) m@®) LA (A

120 1.064 29.494 8.76 256.28 249.6 4.75 4.87 3.17
180 1.043 21.839 10.1 23871 263.98 336 3.64 212
220 1.035 18.992 11.6 231.67 269.25 2.85 3.26 1.73
260 1.031 19.473 9.1 229.59 26941 2.75 31 1.46

Table 3 Dynamic responses of the proposed connection of the TWSPSEIG at inductive
loads

Z, (Q) P.F. p-u. speed Ci (KF) Cp (MF) Vi (V) Va (V) I (A) 15 (A) I (A)

125 097 1.059 32629 11.2 251214 254643 4.345 4.524 3.04

225 0.97 1.034 23.356 943 231.661 268 2.887 3.229 1.688
270 097 1.029 21462 9.94 227533 270.798 2612 3.031 1.407
140 0.85 1.048 36.971 6.7 244.34 258834 3.789 3.949 2.714
240 0.75 1.026 27.638 84 226.386 271.686 2.553 2941 1.583
370 0.65 1.016 2353 8.63 218312 276.034 2.138 2659 1.027

summarizes the other cases of dynamic response of the studied no-load TWSPSEIG
subjected to a sudden connection of different inductive loads with different power
factors. It is observed that the speed decreases as the load current decreases at con-
stant power factor.

To evaluate the new connection and prove its advantages, the performance of the
new connection is compared with that of the traditional connection. In the tradi-
tional connection, a TWSPSEIG with an excitation capacitor “C,” connected across
the auxiliary winding and a compensation capacitor “Cy,” shunted with the load
across the main winding has been studied. The required set values of capacitors
(main and auxiliary) have been calculated at different load conditions and operating
speed using the same technique. In both connections, the load voltage is maintained
constant at 230 V with the rated frequency. Table 4 shows the comparison of the
two connections subjected to a sudden connection of different resistive loads, while
Table 5 shows the comparison of two connections subjected to a sudden connection
of different inductive loads.
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The surveillance of the results in Tables 4 and 5 yields the following significant
points:

1. The operating p.u. speed of the proposed connection is higher than that of the tradi-
tional connection at the same load.

2. The required capacitors of the proposed connection have always lower values than
that of the traditional connection at the same load.

3. The main and auxiliary winding voltages of the proposed connection have always
lower values than that of the traditional connection at the same load.

4. The main winding current of the proposed connection has low values when com-
pared with those of the traditional connection at the same load.

5. The auxiliary winding current of the proposed connection has high values, but is still
in the safe range at the same load.

6. The efficiency of the proposed connection is lower than that of the traditional con-
nection at the same load, since the operating speed of the proposed connection is
higher than that of the traditional connection.

Conclusion

In this paper, a proposed connection of the two-winding single-phase self-excited induc-
tion generator (TWSPSEIG) has been studied in detail and a suitable methodology has
been developed. A new technique to determine the required capacitances of the TWSP-
SEIG with unregulated prime mover is presented to maintain constant load voltage and
frequency. It is found that the speed ranges are different according to the values of load
impedance and power factor, within which both the load voltage and frequency could
be maintained constant. The paper also introduces a new direct and simple method to
find the capacitance required for self-excitation at no-load conditions with the variation
of the operating speed. The required values of the main and auxiliary capacitors have
been designed at different load conditions and operating speed by using a simple itera-
tive technique to maintain the load voltage and frequency constant. To verify the steady-
state results, the paper introduces a dynamic model of the proposed connection of the
TWSPSEIG incorporating various no-load, load conditions and its nonlinearity behav-
ior. The dynamic behavior of the TWSPSEIG at different operating conditions proves
the capabilities of the proposed configuration and calculation method to maintain both
the load voltage and frequency constant. To evaluate the proposed connection and prove
its advantages, the performance of the proposed connection is compared with that of
the traditional connection. The comparison proved that the proposed connection has
many advantages when compared with the traditional connection at the same load, such
as low values of the required capacitors, low values of the main and auxiliary winding
voltages and low values of the main winding current, while the main disadvantage of the
proposed connection is its low efficiency because it has high operating speed.

Abbreviations
SPSEIG: single-phase self-excited induction generators; SWSPSEIG: single-winding single-phase self-excited induction
generators; TWSPSEIG: two-winding single-phase self-excited induction generators.
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