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ABSTRACT

Wind farms equipped with squirrel cage induction generator can be improved with the help of Flexible
Alternate Current Transmission System device. Power quality problem is a major issue with the increasing
of wind power penetration in power system. Voltage sag is the reduction of RMS voltage to a value of 0.1
and 0.9 p.u. lasting for a very short duration. These voltage fluctuations can be eliminated with the help of
advanced reactive power compensator device such as SVC and STATCOM. This work focus on design,
modeling and analysis of FACTS device in wind farm interconnected with grid during fault. These devices
can be controlled by Synchronous Reference Frame theory. The performance is analyzed with the help of
PI controller and Fuzzy logic technique. The simulation studies have demonstrated the effective influences
of the SVC and STATCOM on the improvement of voltage using MATLAB simulink and make the wind
turbine generator to be in service even under fault conditions. It also shows that fuzzy logic controller gives
better result when compared to PI controller.

Keywords: Static Synchronous Compensator (STATCOM), Static Var Compensator (SVC), Flexible AC

Transmission System (FACTS), Voltage Source Converter (VSC), Proportional Integral

Controller (PI).
1. INTRODUCTION

Renewable energy sources like solar, wind, tidal,
hybrid each contribute some amount of power to
generate electricity. Earlier days fossil fuels are
used largely to extract electricity. Nowadays due to
shortage of fuels and environmental pollution
caused by green house gases, renewable energy has
come to an effect. Among these renewable energy
sources, wind energy plays an important role in
present scenario. At present wind Energy is
emerging at a faster rate because it’s more cost
effective, clean and easily sustainable and has
remarkable growth [1]. However connection of
large wind farms to power grid may result in power
quality problems [2]-[27]. This power quality
problem causes a nascent issue in wind farms and
collapses the entire system. During the fault
condition, wind generator gets disconnected which
causes negative impact on power grid. Hence
additional devices are required to overcome fault
ride through capability to have better voltage
regulation and also to meet grid code requirements
[3]. During interconnection of large wind farms
with grid, Induction Generator starts to consume

large amount of reactive power from the power
grid. Shortage of reactive power may occur which
in turn affects line voltage of the system. This
causes voltage in the line to decrease or increase
simultaneously which affects real and reactive
power. Simple compensator such as transformer
taps changer, Automatic voltage regulator and
uninterrupted power supplies can be used to
eliminate such power quality problems. Due to
rapidly varying voltage fluctuations, it is difficult to
improve power quality with this simple
compensator.

Different methods have been investigated to
improve fault ride through capability and stability
of the system [4]-[5]. Double Fed induction
generator is used widely to improve transient
stability even without help of additional devices [6].
But due to cost and easy maintenance fixed speed
Induction Generator is mostly used even in many
countries [7]. Thereby advanced reactive power
compensators with fast control and power
electronics have emerged to satisfy grid code
requirements and to protect the entire system during
fault. SVC and STATCOM based control strategy
has been proposed for power quality improvement
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for grid connected wind energy system [25]. The
control technology has advantages as power factor
is maintained at unity in source side with SVC and
Reactive power support can be provided by
STATCOM. The controller of the proposed system
is based upon Synchronous Reference Frame
Theory which has been carried out in MATLAB
environment using simulink. PI controller plays an
important role in reducing fluctuating voltage error
signal efficiently. Simulation result shows that the
proposed SVC and STATCOM with PI Controller
is efficient in mitigating voltage sags and thus
improving the power quality of the power grid.
Fuzzy logic technique [28] has been used as it has
advantage of robustness, easily adaptive fast
technology is also used and best results are
achieved when compared to conventional PI
technique.

2. SVC

Static Var Compensator is a shunt compensating
device widely used to decrease voltage fluctuations
in an efficient manner. It is classified to three types
as Thyristor Controlled Reactor (TCR), Thyristor
Switched Reactor (TSR) and Thyristor Switched
Capacitance (TSC) [26]. Among these, thyristor
controlled reactor is used here as it has a major
advantages such as either it will supply or extract
reactive power and also injects voltage to avoid
voltage collapse. Fig 1 depicts the basic
configuration of SVC (FC-TCR) type. A basic
single-phase  TCR comprises an anti-parallel
connected pair of thyristor valves with a linear air
core reactor connected in series. The anti-parallel
connected thyristor pair acts like a bidirectional
switch, with one thyristor valve conducting in
positive half cycles and the other thyristor valve
conducting in negative half-cycles of the supply
voltage. Firing angle of thyristor can be varied from
90 to 180 degree to achieve smooth variation of
reactive power. Here the capacitor is fixed and the
current through reactor changes according to the
input pulse signal. Input pulse is generated by PI
controller. According to the input pulse signal,
thyristor is fired and starts to act.

impedance

@ -r capacitor

Figure 1: Configuration of SVC

Based upon the voltage condition it can operate
in inductive and capacitive mode. If the voltage
gets increases then firing angle is decreased, to
make the voltage attain its reference value.
Similarly, if the voltage gets decreased then firing
angle is increased to maintain voltage at its
reference value, then it is said to be in capacitive
mode. In inductive mode the reactor plays a
dominant role. The effective value of the voltage
applied to the reactor circuit and accordingly the
reactor current may be adjusted to any desired value
continuously with respect to the requirement by
varying the firing angle of the thyristor. The
magnitude of the voltage is compared to a reference
value and the firing angle is adjusted according to
the comparison. Consequently, the load voltage
remains at the rated value as the system becomes
capacitive or inductive related to the firing angle of
the reactor. These are few methods to regulate bus
voltage by SVC investigated in previous papers.
With the help of this Var dispatch and slope setting
technology, voltage is said to be controlled using
SVC [8]. Static Var Compensator (SVC) is used
further to control the reactive power injection
according to the thyristor firing with the nodal
voltage magnitudes and angles of the power
network for iterative solutions to regulate the bus
voltage [9].

In this work Wind farm coupled with induction
generator is made to integrate with power grid.
Induction generator used is of asynchronous type.
The wind turbine has three major components as
generator speed, pitch angle and wind speed. Pitch
angle is considered to be maintained at zero in
order to attain maximum power. Pitch angle
controller is not considered in many applications.
The wind speed is kept as 12m/s which are
considered to be a nominal value which may vary
from 8 to 12 m/s according to fluctuations. The
mechanical torque is produced from turbine which
is made to couple with Induction Generator [11].
Load can be of ohmic or ohmic — inductive load.
Wind farm is provided with three phase line to
ground fault. The fault on wind farm side causes
negative effect in power grid. Due to fault, line
voltage gets affected. The capacitor bank provided
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in each substation can support wind farm in faulty
cases. But grid has to be protected. So in such cases
additional equipment is necessary to maintain line
voltage and for grid protection. Hence SVC device
emerge at a very faster rate to meet such
requirements. This FACTS controller is installed
across grid side to protect grid from negative effect
caused by wind turbine. It has to meet the grid code
requirement in which voltage fluctuations in range
of £ 5 %. The fluctuations which represent the
effects of the wind turbines on the steady state
operation of the electrical systems are added to the
sinusoidal voltage waveform of the infinite grid in
the simulation. The RMS value of the grid voltage
and the reference voltage value are applied to the
comparator thereby it is fed to PI controller. The
output of the PI controller signal is converted to
firing angles and the firing angle values are kept
between 90 and 180 degree. The fluctuating voltage
generated for testing the SVC for the loads with
ohmic and ohmic-inductive model. In this work
SRF theory has been implemented in controller by
considering voltage as reference value. Here PI
controller [10] is used initially to rectify the
problem and later fuzzy logic techniques were also
used and it was observed that fuzzy works better
than conventional technique.

3. STATCOM

Static Synchronous Compensator is made up of
a shunt transformer, a voltage source converter
(VSC), a DC capacitor, a magnetic circuit, and a
controller. STATCOM also known as an advanced
static VAR compensator is a shunt connected
FACTS device. It generates a set of balanced three
phase sinusoidal voltages at the fundamental
frequency, with rapidly controllable amplitude and
phase angle. A typical application of a STATCOM
is for voltage support. The objective of the
STATCOM is to regulate the voltage [14] at the
PCC rapidly in the desired range and keep its DC
link voltage constant. It can enhance the capability
of the wind turbine to ride through transient
disturbances in the grid [13]. STATCOM is widely
used in grid connected wind turbine for power
quality improvement [12].

The VSC converts the DC voltage across the
storage device into a set of three-phase ac output
voltages. These voltages are in phase and coupled
with the ac system through the reactance of the
coupling transformer. Suitable adjustment of the
phase and magnitude of the STATCOM output
voltages allows effective control of active and
reactive power exchanges between the STATCOM
and the ac system. The VSC connected in shunt

e
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with the ac system provides a multifunctional
topology which can be used for three quite distinct
purposes: Voltage regulation and compensation of
reactive power, Correction of power factor,
Elimination of current harmonics. Figure2. Clearly
describes the basic structure of STATCOM.

source impedance

voltage
source
converter
load
Energy Storage

Figure 2: Schematic diagram of STATCOM

The negative sequence effect caused by wind
turbine on grid can be eliminated by voltage control
capability of STATCOM [15]. PI controller [16] is
used as conventional technique and comparison is
made with fuzzy logic controller [24]. Further
performance of SVC and STATCOM is compared
[17] and STATCOM is found to be better than SVC
as it has more switching losses. SVC has the
capability to control voltage at each phase under
faulty condition. But it has the disadvantage of
losses which is caused due to power switches. This
can be eliminated in case of STATCOM.

4. CONTROL STRATEGY

Control strategy is based upon Synchronous
Reference Frame Theory. The synchronous frame
method [18] wuses Park’s transformation to
transform the three phase ac quantities to the
synchronous rotating direct, quadrature and zero
sequence which are DC components and easy to
analyze. The direct and quadrature components
represent the active and reactive powers
respectively. This method is applicable especially
in three phase system. Control algorithm is
developed by comparing the reference voltage and
fluctuating voltage. This compared signal is passed
to PI controller and thus it minimizes the error
signal [10]. Therefore PI controller is required to
achieve controller performance at very faster rate.
According to reference frame transformation
theory, reference signal detected [20] is made to
transform from stationery frame a-b-c to rotator
frame d-q axis. PI controller is used to produce
required signal for Pulse Width Modulation (PWM)
from rotating frame signal. Before passing in to
PWM, the reference signal is produced by inverse
transformation from rotating signal. Here d-q
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transformation is otherwise said to be called as
park’s transformation.

In PI controller the gain values are adjusted to
get optimum performance. These gain values can
be tuned based upon Ziegler Nichol’s tuning or
even by using Fuzzy controller [29]. Proportional
and integral controller helps to reduce error values
as fast as possible. PWM is based on equal area
theorem. This technique uses sinusoidal PWM. The
equal area theorem can be applied to realize any
shape of waveforms. Equal area theorem states that
responses tend to be identical when input signal has
same area and time durations of input signals
become small. Figure3. shows the basic control
algorithm developed. It briefly describes about the
importance of reference frame theory and PI
controller. In Pulse Width Modulation technique,
suitable signal from PI controller has been
generated as control signal which makes to produce
desire reference signal so that corresponding carrier
signal is produced. The carrier frequency is set in
PWM block. So that appropriate pulse signal is
created which acts as an input to power switch and
Voltage Source Converter. Pulse width Modulation
is able to control the switching device IGBT. Here
reference signal is otherwise said to be modulating
signal which is made to compare with carrier
triangular signal. Then according to that signal,
ON-OFF pulse occurs simultaneously with
corresponding delay due to synchronization.

abe to dq

refvge transform
dq
to
abe — ST
trans

e abc to dqf form

vee transform

Figure 3: Block diagram of controller

4.1 Fuzzy Logic Control

The fuzzy logic controller is used by replacing
PI controller. Better performance can be observed
using fuzzy logic controller for power quality
improvement [21]. It is a tool which deals with
uncertainty and provides a technique to deal with
imprecision. The fuzzy theory provides a
mechanism for representing linguistic constructs
such as many, low, medium and high. In fuzzy
logic basic control is determined by a set of
linguistic rules. The following steps involved in
control algorithm are given below.

Stage 1: Error Calculation

Error is calculated on the basis of difference
between reference and fluctuated voltage. Error rate
is calculated as Vref — Vfluctuated.

Stage 2: Fuzzification

Fuzzification is the process where the crisp
quantities are converted to fuzzy. It converts non
fuzzy (numeric) input variables to fuzzy set
(linguistic variable). The membership functions is
defined as error and change in error as Positive Big
(PB), Positive Small (PS), Positive Medium (PM),
Zero, Negative Small (NS), Negative Medium
(NM), Negative Big (NB).

Stage 3: Decision Making

The set of rules for fuzzy are represented below:
There are 49 rules for fuzzy controller. The output
is based on the evaluation of rules by the fuzzy sets
and fuzzy logic operation.

Step 4: Defuzzification

Defuzzification means conversion of fuzzy set to
crisp value. It can be achieved using defuzzification
process. Centroid method is used in this simulation
study.

Step 5: Signal Processing

The outputs of FLC process are the control signals
that are used in generation of switching signals of
the PWM inverter by comparing with a carrier

signal.
fault
A
)
'*‘@’\\rfm\j
Three-Phase Sourt
LOAD INDUCTION
GENERATOR

FACTS

Figure 4: Overall Block diagram of wind farm connected
with power grid

In this study Voltage sag occurs when three
phases to ground fault occurs with time 0.03s to
0.08s. Usually voltage sag occurs due to over
speeding of generator, disturbances on load, three
phases to ground fault. Shunt compensating device
such as SVC, STATCOM compensates reactive
power as well as regulates voltage. The RMS value
of the grid voltage and the fluctuating voltage value
are applied to the PI control block. The output of
the PI block is converted to the firing angles using
PWM technique in which SVC and STATCOM
acts according to signal thereby voltage sag is
rectified across grid and load side. In place of PI
controller, fuzzy logic [23] 1is applied and
performance of the system has been increased.
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5. SIMULATION RESULTS

The system parameters are given in Table 1. It is
used to verify the effectiveness of the SVC and
STATCOM with PI and Fuzzy. The simulations
were accomplished using Matlab Simulink

Table 1: System Parameters

Values used in the

Parameters Simulation Models
Main supply voltage 480 V
Line frequency 60 HZ
Source Impedance Ls=16.59 mH
Rs=0.8928 Q
Injection 1:1
Transformer Turns
ratio
PI Controller K,~0.1
Ki=2
Capacitor in 1 micro Farad
STATCOM
Load 10 MW, 12MV AR
Inverter IGBT based, 3
arms, 6 pulse
Carrier frequency =
10000 Hz
Asynchronous Stator resistance =
generator 0.016 ohm
Stator inductance =
0.05H
Nominal power
IMW

Voltage = 480V
Frequency = 60 HZ

Case 1:

In the proposed system, the voltage sag occurs
due to the three phase fault applied in the time
interval of 0.03s to 0.08s. Below figure shows
voltage sag in the grid side as this work mainly
focus on grid side.

gm'iw ‘“ e'“ '( f” ‘(* m ’W 41 }1] ’Wa
g ”Ju ," H[ i U i |\ “W |‘
o Jlﬂ“\J M \\4}"\! AL
4000 0.;]5 0.11 0.15 0.2 0.I25 0?3 0.I35 0!4 0.:15 05
Time (seconds)
Figure 5: Voltage sag due to three phase fault (0.03s to
0.08s)

Power (W)

100 | | | | | | | ! |
0 005 01 015 02 02 03 035 04 045 05

Time (seconds)
Figure 6: Real power in grid during fault
Figure 6 represents real power across grid without
compensation. During the fault time 0.03 to 0.08s,
oscillations are little high and at once fault time at
0.08s is cleared it starts to settle.
500

1001

o 200r

0 1 Il Il Il 1 Il Il L
0 005 01 015 02 025 03 03 04 045 05

Time (Seconds)
Figure 7: Reactive power in grid during fault before
compensation.
Figure 7 represents that during fault time there is
severe dip in reactive power along grid.

Case 2: In figure 8 the simulation is carried out
with compensation technique using PI Controller.
The sag is mitigated by using SVC with PI
Controller. The mitigated output waveform is
shown below. During the fault time voltage has
been increased up to 338V.

400 T T T 1 1 1 1

=

wvoltage wolts

WA

400

| | | | | | | | |
0 002 004 006 008 01 012 04 016 018 02
Time (Seconds)

Figure 8: Voltage sag mitigated by SVC
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Figure 9: Real power in grid after compensation
Figure 9 Shows waveform of real power after
compensation across the grid.
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Figure 10: Reactive power in grid after compensation
using SVC.
Figure 10 represents waveform of reactive power
after compensation with SVC across grid side
during fault. Reactive power gets compensated
after placing SVC.

Case 3: The figure shows the simulation carried out
with compensation technique using STATCOM. In
the proposed system, the sag occurs due to the three
phase fault applied in the time interval of 0.03s to
0.08s in the wind turbine side which is connected to
power grid. Here voltage sag is mitigated by
reactive power compensation across power grid.
When compared to SVC, STATCOM has better
performance and improvement.

| | |
0 001 002 003 004 005 006 007 008 009 01
Time (seconds)

Figure 11: Grid voltage after compensation using
STATCOM
Figure 11 depicts the waveform of voltage on grid
side after the compensation of STATCOM. Statcom

provides reactive power compensation and make
the system to maintain voltage even under fault
condition.

120 T T T T T T T

1or

power (xxry

100

90

L Il Il |
003 004 005 006
Time (Seconds)

80

T TG

Figure 12: Real power in grid after compensation using
STATCOM.

The above figure represents real power across grid

after compensation with the help of STATCOM.

The curve becomes smooth after fault clearing time

about 0.08s.

Power W

_10 Il Il 1 1 1 1 1 1 Il
0 001 002 003 004 005 006 007 008 009 O
Time (seconds)

Figure 13: Reactive power in grid after compensation
using STATCOM.
Case 4: The simulation is carried out using FUZZY
LOGIC technique and the improvement has been
achieved by replacing PI controller.

4
0 001 002 003 004 005 006 00 008 009 01
Timo (secords)

Figure 14: Voltage in grid using Fuzzy logic technique.

Using fuzzy logic technique mamdani type, the
voltage sag has been completely mitigated and
better results are obtained when compared to PI
controller. About 98% improvement is achieved in
the voltage waveform.
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Figure 15: Real power in grid using Fuzzy logic
technique.

Due to its easy and fast adaptive nature in fuzzy the
oscillations has been completely removed and
better real power is achieved than PI controller.

10000 — T
2 s}
o
2
a
0
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Figure 16: Reactive power in grid using fuzzy logic
controller.

Reactive power across grid also shows drastic
change that settling time is reduced and gets
smooth waveform which is the major reason for
voltage regulation.

6. CONCLUSION

In this work, test system is developed using
matlab Simulink software. It is shown that power
quality improvement is achieved successfully with
SVC and STATCOM. This work shows that both
devices can compensate the voltage sag and support
to stabilize the wind farm connected to grid.
Compared to SVC, STATCOM performs fast and
takes lesser time for clearing of faults, but
oscillations are more in STATCOM compared to
SVC. In the proposed system, a FACTS device
with PI controller is designed to decrease voltage
fluctuations and to improve power quality. The
control scheme is further improved by using Fuzzy
logic controller and voltage sag is minimized.
Better results are achieved and comparisons of
results are made with PI and Fuzzy controller.
Advanced control technique such as Fuzzy results
better when compared to SVC. If the controller is

replaced further by ANFIS then problems such as
harmonics, power factor can also be corrected.
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