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Abstract: This work presented a self-excited induction
generator (SEIG) model controlled by an (FC-TCR) fixed
capacitor-thyristor control reactor consisting of a large
fixed capacitor in parallel with a thyristor controlled
reactor in series with the constant inductance. Induction
machines were used because they are capable of working
at different speeds. The 3-phase IG was driven by the
prime mover that represents the wind turbine. Also,
constant voltage and frequency were obtained, regardless
of the change in velocity, by using proportional integration
(P1 control) for each of them. This type of generator is used
in isolated rural areas far from power transmission lines.
The voltage and frequency are analyzed for each wind
speed proposed in the model and calculating the required
excitation amplitude and torque required to drive the
induction generator. Therefore, it is now a key interest to
develop an efficient, viable, economic, and controllable
induction generator for harnessing energy from
renewable sources. The strategy of control was
implemented with MATLAB/Simulink.

Keywords: SEIG, FC-TCR,
MATLAB/Simulink.
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1. Introduction

Meeting the energy demand of the rising
population from traditional energy sources, such
as coal, gas, etc., has become very difficult.
Power companies have now turned their focus to
non-conventional energy sources such as wind,
solar, biogas, etc., to address these problems, as
they are available in abundance, sustainable, and
environmentally friendly. The main objective is
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the production of economical and effective
power generators [1]. Due to their simplicity and
advantages, squirrel cage induction generators
equip a significant part of the wind turbine
generator in mini power plants. Once the
machine shaft is driven to rotate above
synchronous speed, regeneration operation is
automatic [2]. There is no external reactive
power in the stand-alone operating mode, and the
generator must be self-excited. This problem can
be solved by connecting the suitable capacitor
bank with stator terminals in the system. This
operating mode is highly valued since, and thus
decentralized electrical sources are allowed to do
so. HOWEVER, the SEIG dynamical behavior
becomes more complicated because of the wind
speed, the exciting capacitance, and the variance
in load demand will significantly affect voltage
and frequency [3]. Jyotirmayee proposed a
bidirectional PWMSI connected to the IG and
operated in closed-loop control mode with a DC-
link battery to maintain the voltage and
frequency [4]. Khaled investigates the impact of
converting AC-DC power on the generator, the
self-excited 1G's dynamic performance during
start-up [5]. Ramachandran presents a procedure
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based on a (GA) for the performance
predetermination of  wind-driven  SEIGS
operating in parallel [6]. Toufik proposes the
extreme-seeking control algorithm method by
using (MPPT) as a control solution to drive the
average position of the operating point near to
optimality [7]. Yu Wang presented method
(ITIBC), which are a group of optimal switch
vectors used to achieve the shortest recovery time
and the minimum number of output voltage
changes without overshooting [8] Yupeng
proposed a power electronic converter based
SEIG emulator developed using the dSPACE to
investigate the SEIG operation under unbalanced
conditions [9]. The research aims to use an FC-
TCR control system to regulate both voltage and
frequency under different loads and variable
wind speeds. The paper examines and contributes
to the voltage build-up behavior of SEIG and
frequency under different loading conditions in a
clear and distinct manner via the proposed
control system. The Matlab/ Simulink program is
adopted for this work.

1.1 System of SEIG

"Fig. 1", Shows the global SEIG system
configuration proposed for operating in remote
and isolated locations far from power
transmission lines. This asynchronous generator
IG, which operates in independent mode, can
provide electrical power to the resistive load and
inductive load, considering the wind as a prime
mover. In this configuration, the capacitor bank
provides the reactive power (VAR) needed for
generator magnetization and the load. This
chapter begins by discussing SEIG and its
modeling. [10]
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Figure 1. Block diagram for a SEIG controlled by a
branch of FC-TCR

2. FC-TCR Operation

The system of SEIG is controlled by an FC-TCR
consisting of a large fixed capacitor in parallel
with a fixed inductance in series with a thyristor-
controlled reactor. According to the branch
(TCR), output voltage and frequency are
regulated by compensating either increase or
disease of the reactive power system depending
on the load conditions and the prime mover. [11]
The system included a wind power-driven three-
phase induction generator, which operates in a
stand-alone system and supplies a resistive and
inductive load. The reactive power supply is
supplied from the FC-TCR circuit to maintain a
constant output voltage and constant frequency.
From a frequency and voltage PI controller, the
firing angle « is obtained to turn on or off the
anti-parallel thyristors. System voltage and
frequency are compared to the reference voltage
and reference frequency. The error signal
(feedback) is applied to a control system that
provides the required firing angles « to the 3-
phase static VAR compensator [12]. The
suggested scheme is FC-TCR type. This assures
a variable leading current by varying the drop
voltage on the reactor; this equivalents a variable
capacitor bank "Fig. 2", Shows a per phase
simplified diagram of an FC-TCR.
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Figure 2. An FC-TCR Branch per Phase

Each phase consists of one reactor, controlled by
a back-to-back thyristor switch, supplied by one
or more fixed capacitor banks. The reactance
impedance is rated to equal the maximum
required value of capacitance impedance. The
largely required reactor in FC-TCR can be a
source of odd harmonics, which its magnitude
has a proportional relationship with the size of
FC-TCR. The amount of supplied reactive power
is controlled by controlling the current through
the reactor by controlling the period's duration in
each half cycle by issuing gating pulses to the
thyristors. The thyristor is self-commutates at
every current zero. Therefore the current through
the reactor is achieved by firing the thyristor at
the desired firing angle a concerning waveform
of the voltage.

3. Process of The Self-Excitation

The direction of induced torque is reversed when
an IM is powered by an external prime mover
that runs faster than the synchronous speed
(negative slip) and begins working as an
induction generator. The real power flows out of
the system, but the machine requires reactive
power. In the conversion of wind energy systems
applications, the key disadvantage of the
induction generator is the need for leading
reactive power to build up terminal voltage and
produce electric power. This leading reactive
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power can be generated by the use of a terminal
capacitor across generator terminals.

A small terminal voltage is generated by residual
magnetism present in the rotor iron 0-Erl across
stator terminals when the rotor of the induction
machine is operated at the required speed. This
voltage creates a capacitor current 0-a. This
current generates a flux that supports the residual
flux, thus generating more flux and producing
more voltage across b-Er2-represented stator
terminals. In the capacitor bank, this voltage
sends a current that ultimately produces the d-Er2
voltage. This cumulative voltage build-up
process continues until the induction generator
saturation curve intersects the capacitor load line
at a point called the operating point. As shown in
"Fig. 3", the wvoltage build-up affects the
capacitor value. The higher the capacitance
value, the greater the voltage build-up.

Synchronous saturaticn
curve

Voltage

Residual

Figure 3. Voltage Build-up in a Self-Excited IG (a) The
Capacitor Load Line & the Saturation curve, (b)

Difference Between Them [13].

4. Mathematical Background

4.1 Wind Turbine [14-15]

The simple wind turbine theory through which
we can apply Newton's laws in mechanics, where
it is assumed here that the airflow (axial and
centered towards the wind turbine) shows that the
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energy acquired by the turbine is part of the
energy possessed by the wind. The kinetic energy
in the varying wind turbine speed is converted
into mechanical energy by the wind turbine rotor,
the Kkinetic energy of air currents that have mass
(m) and move at speed (v) is given by the
relation:

1 2
E = Emv (1)
Since wind turbine have blades and each has a
certain length (R), the area of the circle (A) is
equal to:

A = R? (2)

Then the wind will form a tube that has an area
of (4), which follows that the mass is given in the
following relationship:

3)

m, the mass of air. p, the density of air. 4, turbine
swept area. v, wind speed.

m = pAv

By substituting Equation 3 in Equation 1, the
kinetic energy of the wind is produced. It
becomes clear to us that the energy affecting the
wind turbine depends on the area A that the
blades make as they rotate and on the density p
and velocity v of the air, and the latter is the most
influential factor due to the third force:

1
E= EpAv3 (4)

The coefficient that goes into determining the
production efficiency of the wind turbine in the
production of electrical energy and this
efficiency is usually determined by the energy
that the turbine acquires from the energy
provided by the wind, and thus the power
coefficient C,, of the rotor and can be defined as
the ratio between the wind mechanical output
power P,, of the rotor to the power possessed by
the wind E, which is given by the relation:
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2P,

CP = pAV3 (5)

Then the wind mechanical output power is:

(6)

The ratio between the tip-speed of the rotor A and
the wind speed v is expressed in the following
relationship:

1 3
P, = EpCpAv

PR 7

== ()
2N

W= (8)

A, is the tip-speed ratio. w, the angular velocity
N, the rotational speed.

4.2 SEIG

The d-g axis model of an induction machine has
been commonly used; under three-phase
balanced conditions, the model is typically
modified to analyze the machine's performance.
The findings obtained from the d-g axis induction
machine model can become very complicated if
the device is studied under an unbalanced three-
phase operating condition, as a zero induction
machine model will be very difficult, the zero
axis quantity will be produced leads to the zero
sequence component [16].
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Figure 4. D-Q axes of an IG, (a) D-axis, (b) Q-axis
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Rearranging the terms after taking the loop for
"Fig. 4", we can writing equations:

Vas = Ts.lgs + PAgs (9)
Vs = Ty igs + Phgs (10)
Vd‘r = 1. idr + Pldr + a)./lqr (11)
Vor =1 - lgr + PAgr — @ - Agy (12)

Vas:Vys: tas, and i Are the stator voltages and
currents. Vg Vory g, and g, Are the rotor
voltages and currents. A4, Ags, Agr and Ay, Are
the stator and rotor fluxes, respectively. r, and L
Avre the resistance and the self-inductance of the
stator. . and L;,- Are the resistance and the self-
inductance of the rotor.

The electromagnetic torque can be expressed in
terms of the stationary reference variables by
[17-18]:

3P . .
Tem = EE (Ads- lgs — Aqs- lds) (13)

4.3 Estimation of Excitation Capacitance

The wvalue of the excitation capacitance
(maximum and minimum) can be calculated as
follows [19]:

§? = P2 +Q? (14)
S = \/§ X Vline X Iline (15)
P =Scos@ (16)
Q=y(s2-P?) a7
Q
Qphase = g (18)
O Q
Cmax. - W (19)
1
Crnin. = K, (20)
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5. System Modelling by Matlab/Simulink

Table. 1 and Table. 2 show the all information
about the machine that use in this work with the
turbine:

Table 1. SEIG-Parameters

Parameters Values Units
Rated Power 15 kw
Rated Voltage 400 \Y;
Rated Current 29 A
Frequency 50 Hz
Poles Number 4 pole
Resistance of stator 0.2147 0
Resistance of rotor 0.2205 N
Inductance of stator 0.000991 H
Inductance of rotor 0.000991 H
Table 2. Wind Turbine Parameters
Parameters Values Units
Blade Radius 5.5 m
Pitch Angle 0° Deg.
Gear Ratio 90 -
Rated Wind Speed 4-14 m/s

The different wind speeds were represented
using a ready-made block in the program called
the signal builder and taking different values that
simulate the wind speed (4, 8, 6, 12, 10, and 14
m/s) as shown in "Fig. 5"

I

[ ——

Time (sec)

Figure 5. Wind Speed Representation in Matlab/
Simulink

The wind speed was converted from m /s (meter
per second) to r.p.m (revolution per minute) to
simulate the mechanical input of a self-excited
induction generator by using the equation which
converts the velocity from linear velocity (which
was simulated as a different wind speed) to
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rotational velocity (which represents the
mechanical speed for entering the SEIG) and
using a fixed gear ratio mechanical of the turbine
approved in previous references.

In this system, the building behavior of the
voltage, current, and frequency was studied at a
period and within (15sec.), and the programmatic
results proved the construction state and the
stability of the self-excited inductive generator
work for each load condition and the total time
were divided into certain periods each period
simulating a certain wind speed, for example, the
period from (0 - 3 sec.) corresponds to a wind
speed of 4 m/s, and from (3 - 5sec.) corresponds
to 8 m/s, and from (5 - 8sec.) corresponds to 6
m/s, and from (8 - 11sec.) it corresponds to 12
m/s. From (11-13sec.), it corresponds to 10 m/s,
and finally, the period from (13-15 sec.)
corresponds to wind speed of 14 m/s. "Fig. 6",
shows the complete SEIG model.

H {

Figure 6. Complete SEIG model

1. Results and discussion

Case (1) at unity power factor for R-load (13£2)
with variable speed wind turbine, we listed the
results in table 3. The values of each of the
voltage, frequency and current and compare them
with the case of inductive load, which we will
deal with later.
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Table 3. Case (1) SEIG results under resistive load

Wind speed  Prime Mover F Von. Ly,
[m/s] Speed [r.p.m] [HZ] [V] [A]

4 625 49.3 2389 19.38

8 1250 49.34 2385 19.26

6 937.6 49.32 2389 19.28

12 1875 4935 239.8 19.28

10 1563 49.32 2401 19.49

14 2188 4933 2421 19.46

The three-phase sine wave signal at any variable
speed under resistive load was shown in "Fig. 7",

Average suggested wind speed =
T

I ]

=
T

=]
T

Wind Speed[m/s]
o =
T

Line Voltage at R= 13 ohm
500) T

500 i I
[i] 5 10 15
Time

Figure 7. Line Voltage under R-Load with variable speed

The THD is an index of the closeness in shape
between the waveform and its fundamental
component and is defined as [20]

2
THD = [(Z) —1]"2 (21)
1
Where, V; is the voltage fundamental R.M.S
component.

The (THD) shown in "Fig. 8", At start time 5s
with 6 m/s is 2.84%, and in 11s with 10m/s is
2.48%.
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Figure 8. Total Harmonic Distortion in R- Load

"Fig. 9", shows the electromagnetic torque
generated by SEIG.

ic torque Te {N'm]>|

T [N.m]

L L
[ 5 10 15
Time

Figure 9. Electromagnetic Torque Generated

The three-phase currents with resistive load were
shown in "Fig. 10".

Electromagnetic Torque [M.m] =
T T
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Figure 10. Three- Phase currents under R-Load

Case (2) at a (0.85) lagging power factor with
RL-load (R=122 and L=0.6mH) with variable
speed wind turbine. The results of this case were
shown in table. 4 the values of each of the
voltage, frequency and current, as more current
was consumed in this case and the frequency is
less when compared with the case of the load
resistance only. And ""Fig. 11" It shows the three-
phase voltage wave and the current stability of
the system and reading the frequency values.

Table 4. Case (2) SEIG results under RL-Load

Wind speed  Prime Mover F Von Lyp,
[m/s] Speed [r.p.m] [Hz] [Vl [A]
4 625 49.25 226.8 19.87
8 1250 49.25 230 20.04
6 937.6 49.25 2321 20.23
12 1875 49.28 229.6 20.04
10 1536 49.27 2306 20.3
14 2188 49.26 230.7 20.02
: I |3 ¥ Trace Selection ax
: Ave. Wind Speed1 v [—]
i ®
!
! —
: L IR ~
T i i LIEVOW‘E\QE at R‘= ﬂl@hm F.I=D GmH‘ . . E 4 E
z
§ 9.622 -356.082
9843 46412

Figure 11. Three phase voltage & Frequency
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The three-phase voltage signal is stable at any
wind speed under the inductive load, as shown in
"Fig. 12"

=

—
_ T =

Line Voltage at R=120hm &l=0 6mH

Vabe[V]

i i
5 10 15

,SML
)
Time

Figure 12. 3- Phase Voltage with variable wind speed.

The (THD) of the system for RL-load is shown
in "Fig. 13", at start time 8s with 12 m/s is
1.46%. This figure describes the harmonics and
distortions of the wvoltage and frequency
waveform and determines their values.

Signal Avaiable signals.

FFT window: 1 of 750 cycles of selected signal —

200 e =

Harmonics ~
v

N
N
AN Input Jinput 2 ~
/ ~
S N Signal number. | ~

3 == Disolay: O Signal
8 B002 8004 8006 B00B 801 8012 BOI4 8016 8018
Time (s) ® FFT window
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o

-

FFT setings.
Fundamental (50Hz) = 324.8 , THD= 1.46%

Starttme (). &

Number of cycles: |1
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lax frequency for THD computation

0.5

Mag (% of Fundamental)

0 2 4 6 8 10 12 14 1% 18 20

Harmonic order

Figure 13. Total Harmonic Distortion in RL-Load

2. Conclusion

The SEIG model was presented using Matlab
Simulink, where the FC-TCR control system was
successfully used to ensure obtaining a three-
phase sine voltage wave regardless of the change
in wind speed and a constant frequency and work
under pure resistance loads, resistance load, and
inductance as the generated voltage follows the
constant changes of wind speed. The excitation
values of the capacitors connected across the
generator's terminals were calculated to maintain
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the level of safety saturation within certain limits
and avoid the high levels of saturation or its loss.
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Abbreviations

IG induction generator

SEIG Self- excited induction generator

Fc-Tcr  Fixed capacitor-Thyristor control
reactor

Pl Proportional integrations

VAR Volt Ampere Reactive

DC Direct Current

PWMSI  Pulse width modulation source
inverter

AC Alternating current

GA genetic algorithm

MPPT The maximum power point
tracking

ITIBC the instantaneous torque impulse
balance control

S Apparent power in VA

P Active power in W

Q Reactive power in VAR

THD Total Harmonic distortion
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