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Self-Excited induction generators (SEIG) display a low voltage and
frequency regulation due to variable applied load and input rotation speed.
Current work presents a simulation and performance analysis of a three-phase
wind-driven, SEIG connect to a three-phase load. In addition, an investigation of
the dynamic operation of the induction generator from starting steady state
until no-load operation. It is assumed that the input mechanical power is
constant where the rotor of the SEIG rotates at a constant speed. The value
of the excitation capacitance which is necessary to the operation of
the induction generator also computed to ensure a smooth and self-excitation
starting. The output voltage of the generator is adjusted by varying
the reactive power injected by STATCOM. A 3-phase IGBT voltage source
inverter with a fuel cell input supply is connected as STATCOM which is
used to compensate for the reduction in the supply voltage and its frequency
due to variation occurred in the applied loads. This work includes

introducing a neuro-fuzzyy logic controller to enhance the performance of
the SEIG by regulation the generated voltage and frequency. The dynamic
model of SEIG with STATCOM and loads are implemented using
MATLAB/SIMULINK.
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1. INTRODUCTION

Due to a severe increase in the electric demand especially in rulers, agricultural fields and remote
areas, an off-grid electric system has been extensive dispersion of power generation to use the stand-alone
generation systems that reduce both stress and coasts on national electric grid and consumers. In addition,
these types of energy sources consider an important factor used to reduce the effect of pollution produced
from conventional generation units. A 3-phase cage rotor induction machine can be operated in a generation
mode when it is supplied by a reactive power on the stator terminals. Three-phase bank capacitances in star
or delta form will be connected across the terminals of the generator in order to supply the initial field current
required. The electrical machine with this connection normally called a SEIG [1]. These types of generators
have wide acceptance in stand-alone regions due to low coast, rigidity, reliability and low maintenance
requirements. However, it has some drawbacks like poor voltage regulation, in addition, the frequency of
the generated voltage is variable and depending on the applied loads [2, 3]. Therefore, the generated voltage
of the SEIG should be regulated during load variations. Numerous voltages regulating arrangements have
been used to improve the regulation of SEIG. These methods depend on insert capacitance elements in
parallel, series or both together on the terminal of a generation system for voltage regulation. The voltage
SEIG can be compensated using short shunt or long shunt capacitance to supply the required reactive power
where this method includes inserting an only passive element in the system. The drawback of the methods is
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the inability to regulate the frequency and voltage during severe changes of load [4-6]. Static var
compensation is another method used to regulate the terminal voltage of SEIG. It is consisting of a fixed
capacitor with power electronic switches-controlled inductor, but low order harmonic current components
generated due to switching in addition to big weight and size [7, 8]. Static synchronous compensator
(STATCOM) is another method had been used with SEIG by providing a continuous adjustable reactive
power to maintain a constant terminal voltage. This type of compensation exhibits a better dynamic behavior,
which enhances the voltage regulation of the system [9, 10]. Several researchers in recent years have presented
many techniques aimed at SEIG. These techniques include the use of SVC with a fuzzy controller [11].
The bank of capacitors and a variable inductor with a fuzzy controller [12], the Electrochemical Battery is
used as an energy storage system (ESS) [13]. In this paper, a balanced and unbalanced three-phase R-L load
have supplied by a 3-®@ SEIG in which deformation and reduction of the generated voltages and currents in
addition to side-band harmonics are injected in the system. To compensate these effects a STATCOM has
been connected to the induction generator to produce the required reactive power and removes the effects of
harmonics. In case of an increase or decrease in the applied load the motor speed of SEIG will accelerate or
decelerate which leads to change the value of voltage and it is frequency. A neural network with a fuzzy
system based static synchronous compensator with two inputs and one output has been effectively used to
regulate the SEIG generated.

A self-exited induction generar (SEIG) in D-Q model with an excitation capacitance on the stator
terminals of the generator. The general form of voltage equations sets that can be used to explain the dynamic
model of the SEIG will be stated as follows [14]:

The voltage equations of the stator region are given by:

Ups = RsiDs + les (1)

st = RSiQS + k/‘{QS (2)
where vps and vgs are the D and Q stator voltages, Rs is the resistance of the stator winding, ips and igs are
the D and Q stator currents, k is a differential operator, Aps and Ags are the linkage magnetic flux of the stator
in D-Q axes.

The voltage equations of the rotor region are given by:

Upr = Rylpy + kdpy + wirdor €))

Vor = Rylgr + kdgr — Wydpy 4
where vprand vgr are the D and Q rotor voltages, Ry is the resistance of the rotor bars, iprand iqr are the D and
Q stator currents, k is a differential operator, Apr and Aqr are the linkage magnetic flux of the rotor in D-Q

axes, w; is the relative speed of the rotor [15]. The expression for electromagnetic torque in terms of
the stationary reference variables can be expressed as:

p ; .
Td = 155(2D51QS _AQS'lDS) (5)
The rotor speed is defined by:

1
—0, __bp

dt i 2 (Tem — T1) (6)

where, 0, is the angular position of the rotor, J is the effective inertia of the wind turbine and the induction
generator. Ty is the output torque of the wind turbine. The generated voltage of the SEIG can be obtained by
the following formulas [14, 1]:

1

n=——f% @)
C.
1

Vy = _C_bf lch (8)
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2. STATCOM MODEL AND CONTROL

The STATCOM injects almost sinusoidal voltage with variable amplitude. Voltage source inverter
(VSI) is the heart of STATCOM is with a D.C input voltage [16]. The fundamental configuration of
STATCOM with SEIG shown in Figure 1. Without energy in the DC side, the STATCOM output has two
components: quadrature component with the current of the line that emulates capacitive or inductive effect in
parallel for compensated line, the second component is in-phase with respect to the current of line, this for
cover the losses in the inverter. If the compensated voltage leads current in the line “capacitive reactance
emulated”, in parallel with transmission system, and this will increase the flow of power, and when
"inductive reactance emulated" the, causing the current and flow of power through the line to decrease [17].

The controller can adjust rapidly both the magnitude and phase of injected compensating voltage.
The transmitted active power (P) and load voltage (V) become a parametric function of the compensated
voltage. Therefore, the transmittable power can increase or decrease by reversing the injected voltage
"the polarity". If the compensated voltage is made larger than the difference between sending and receiving end
systems ([Vcomp| > [Vs - Vr]) this will reverse the power flow. STATCOM has a response time of (sub-cycle)
and also the transition from positive power flow to reverse in the line is continuous and smooth [18].
A typical powers flow control using STATCOM is shown in Figure 2.
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Figure 1. Fundamental configuration of Figure 2. The power exchange between STATCOM and
STATCOM with SEIG the ac System

3. MEASURING LOAD VOLTAGE AND ACTIVE POWER

In order to measure the load voltage and active power, the DQ theory is used in this paper.
D-q theory is valid for operating in transient and steady-state, based on time-domain, and also can be used in
different waveforms of voltage and current in the power system. The main advantage of this theory is
the simplicity calculations, that involve "algebraic calculation™ and the ability to separate the alternated and mean
values of the power components [19]. The DQ-theory represented by a “park transformation” of a "stationary
coordinates" of the reference system to "rotating coordinates” [20]. The theory applied for the time frame "i.e.
va, vb and vc" is as follows:

21 21
cos(@) cos(Q — ?) cos(® + ?)

val 2 ) . 21 ] 2 |[V
Vg| =3|—sin(@) —sin(@—-—) —sin(@+—)|(V (10)
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where ¢ is the phase shift between the fixed and rotating coordinate and 6 represents the angle of the voltage.
From (1) and (2), the power and load voltage compensated find by:

p = VdId + ]/qlq (13)

V= [V,2+V,? (14)

4. STATCOM CONTROL SCHEME

The control system is shown in Figure 3. The active power and load voltage are calculated
depending on the line voltages and currents and. The P and V vectors as a feedback input to the closed loop
system. The reference Pref and Vref are compared with the P and V respectively for generating output signals
(Erorrp) and (Erorry) as:

Erorrp = Py — P (15)

Erorry = Vier —V (16)

The phase angle of the injected voltage can be adjusted to make the compensation either in capacitive mode
or inductive mode by change the sign of the signal.

S5=0+y (17)

Where y can be adjusted in capacitive/inductive mode operations depending on the sign of the Error in (8).
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Figure 3. STATCOM control diagram

5. CONTROLLER DESIGN

Fuzzy logic is suitable for uncertain systems, that systems mathematical model is difficult for
deriving [15, 21]. In this study, "Takagi-Sugeno (TS)" is selected. In addition, the artificial neural network
(ANN) is used for tuning the membership functions of the fuzzy controller [22-24]. The objective of
the learning algorithm is to adjust the parameters of the input and output membership functions so that
the Neuro-Fuzzy output matching the training data better than other types [25, 26]. In this study, the input is
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divided into 7 "trapezoidal membership functions™ that 50% "overlapping". Thus, for 2-inputs, 49-control
rule as shown in Figure 4. For tuning the Fuzzy rules by Neuro-Fuzzy, two groups of data are to be used.

The input data is a vector of the Errorp, Errorv and the output (m), which is the modulation index. Figure 5 shows
the validation test.

Figure 4. Fuzzy control scheme
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Figure 5. Fuzzy logic validation tests

The output surface of control designed is shown in Figure 6. This procedure is performed using GUI
of Neuro-Fuzzy file included in the MATLAB/Toolbox. The designed controller has small in computation
compared to fuzzy controller's "mamdani type". The selected system consists of single machine infinite bus bar.

output

input2 input

Figure 6. Control surface of STATCOM-based Neuro-fuzzy controller
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6. SIMULATION OF SEIG WITH STATCOM

The designed power system of SEIG with STATCOM controller has been simulated using
MATLAB/Simulink. Figure 7 shows the system is simulated for investigating the STATCOM performance
and the intelligent controller under changing the load. The system consists of SEIG with three phase
inductive load. STATCOM is energized with a DC-link source that helps to absorb or feed the real
or reactive power to or from the transmission line. The load voltage for a step-change in the load at
time = 1.5 sec., the change with/without STATCOM are shown in Figure 8. The load current before and after
compensator is shown in Figure 9. Figure 10 shows the frequency before/after compensation. Figure 11
shows the THD of the load voltage after the injected voltage of STATCOM. Results illustrate the capability
of the STATCOM to compensate for the reactive power flow and then controlled the line current. The step
changes response to the system reference signals is used for testing the performance of the controller.
Figure 9 shows the compensated voltage with two-step values of injected voltage in capacitive mode
(the injected voltage lag the line current). This will change in the line current above the reference values and
the active power. Figure 10 shows the response to the line current step change in the capacitive mode
(forward mode). The simulation results illustrated the effectiveness of the controller in optimizing
the performance of STATCOM. In addition, the results prove that the proposed controller can improve
the voltage profile and transient stability of the test system more efficiently than the conventional PI controller.
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Figure 11. The THD of the load voltage after injection
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7. CONCLUSION

In this paper, STATCOM based on the Neuro-Fuzzy controller with SEIG is presented. The rules
defined by training the error signals for real and reactive powers to initiate the tuning process. By using
Takagi-Sugeno fuzzy logic system, the small response time has obtained for the controller. The controller has
been tested successfully for controlling reactive power and the line current flow in the transmission. The results
show that the proposed controller "Neuro-Fuzzy" can give adequate performance for the STATCOM operation.
The proposed method more accurate fast in response and flexible compared with the classical PI controller.
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