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Abstract

Integration of a wind farm with electric grid is an issue that has gained interest due to poor power quality and unmatched power and
frequency of grid. Maintenance of power quality has become an important factor in modern power systems. The usage of non-linear loads
results in various power quality events which over a period would reduce life and deteriorate the performance of end user equipment.
FACTS devices are available that use power electronic components provide efficient solutions for improving power quality in Distribution
systems. This paper discusses performance of three FACTS devices SSSC, DSTATCOM and UPQC for mitigating voltage sags, swells
and harmonics injected into a DFIG based WECS. The model is developed on MATLAB/ SIMULINK platform and results are presented.
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1. Introduction

Over the past few decades due to industrialization and urbanization,
the need, usage and demand for electrical energy has increased
drastically. But generation of adequate power to meet the growing
demand is still a problem due to limited resources available. Depos-
its of fossil fuels have gradually decreased over years and now are
at the edge of depletion. Also these fuels have resulted in a pollution
that caused many adverse effects on the environment. This led to
looking for other options such that electricity can be generated from
inexhaustible and pollution free renewable sources. Eventually us-
age of natural resources including sun, wind, ocean waves have
gained importance [1]. Though the installation costs are high, these
plants based on renewable energy sources are non pollutant. Com-
pared to other plants, wind energy conversion system requires less
maintenance cost and is economical. WECS used in

Conjunction with fixed speed generator systems and properly con-
trolled by power electronics circuitry would harvest considerable
amount of electrical energy. These systems also offer better power
quality by mitigating events such as flickers, voltage sags, swells,
harmonics etc.

Synchronous generators are a best choice for WECS in producing
electric power with constant frequency. However, these systems re-
quire a static frequency converter as it is necessary to synchronize
the system with the grid. Other approach for achieving constant fre-
quency electric power is by a DFIG based wind energy conversion
system. The stator of Stator of DFIG is connected to the grid and its
rotor forms a closed loop control by connecting the machine to the
grid through a pair of power electronic converters which in turn are
connected to each other via a common DC link. This type of con-
struction would obtain electric power with constant frequency [2].
In fixed speed operation of DFIG, the disturbances in the wind
would cause large voltage fluctuations on the grid. For variable
speed applications, DFIG provides efficient control of active and

reactive powers by usage of power electronic converters. The re-
quired reactive power for DFIG is provided either by the mains or
the capacitors that locally generate reactive power [3]. As the speed
of the wind is not constant and is unsteady most of the time, the
mechanical speed also tends to change. Depending on the type, na-
ture and intensity of disturbances in the wind, the wind farm either
demands or injects active or reactive power in to the grid. This re-
sults in change in the terminal voltage due to which power quality
events appear in the waveforms. Voltage sags, swells, flickers, har-
monic distortion, voltage phase unbalances, transients are some
common power quality issues experienced by a WECS.

These power quality issues propagate through the transmission
lines and feeders and will cause detrimental effects on the con-
nected loads. Some effects that are caused are overheating, equip-
ment malfunction, interference with electric and magnetic fields,
increase in losses thus reducing the life and efficiency of consumer
equipment. These disturbances also have negative effects on the
wind farm thus allowing it to be less efficient.

Traditional practice is to improve the short circuit power level at
PCC such that other connected loads will be free from power qual-
ity disturbances. PCC is a point at either the primary or secondary
of a service transformer to which number of loads are connected.
Thus, a better option is to connect a FACTS device at PCC which
would filter out the variations and protect the sensitive loads [5].
FACTS devices combine power electronic control technology for
absorbing or injecting capacitive and inductive power into the net-
work such that necessary voltage regulation can be achieved by mit-
igating power quality disturbances to a level prescribed by IEEE
standards.

2. System description and modeling

2.1. System description
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Fig.1 shows the test system considered to study the effectiveness of
FACTS devices in mitigating power quality issues in a DFIG based
WECS. The system is considered to comprise two parallel trans-
mission lines. As shown in Fig.1 capacitive, RLC and non-linear
loads are fed by first line for different intervals of time. These loads
result in a voltage swell, sag and harmonics respectively in the sys-
tem. This line is also affected by a three phase fault besides the var-
ying loads. These issues also effect second transmission line which
comprises of DFIG based WECS. Power quality issues that occur
in second line due to the loading effects in first line will deteriorate
the performance of DFIG based WECS. Thus it is necessary to pro-
tect second line from the adverse effects of power quality events
that occur in first line.

In order to overcome these affects suitable facts devices are con-
nected at the Point of Common Coupling. In this paper different
types of facts controllers such as Static synchronous series compen-
sator (SSSC), Distribution Static Compensator (DSTATCOM) and
Unified Power Quality Conditioner (UPQC) devices are used to
overcome voltage sag, voltage swell and harmonics injected into

the network.
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Fig. 1: Single Line Diagram of Study Case Power System.
2.2. Dynamic modeling of WECS:
The wind power developed by the turbine is given by the equation

()
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Here Cp is the power coefficient. It can be calculated by using the
following equation.
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2.3. Double fed induction generator modeling
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Fig. 2: Wind Energy Conversion System with DFIG.

The structure of DFIG fed Wind Energy Conversion system is
shown in Fig. 2. The power from the wind is extracted to maximum
extent and fed to the electric grid by employing power electronic
converters. Stator of the wound rotor induction machine is con-
nected to the low voltage side of three-phase grid. Rotor of DFIG is
connected to the grid through a pair of back-to-back connected volt-
age source converters. These converters act in tandem as rectifier
and inverter during the conversion process and are connected by a
common DC link as shown in Fig.2. This combination of
AC/DC/AC converters with DC link is connected to the grid by
means of a transformer so that the output voltage of the converter
matches with the grid voltage. Voltage Source Rectifier provides
suitable excitation to the rotor and employs vector control for the
control of active and reactive powers on stator and rotor sides of
DFIG. Voltage Source inverter permits the system to be operated in
both sub-synchronous and super synchronous speeds thus control-
ling power flow between DC link and its output AC side. DFIG
provides motor and generating modes of operation in both sub syn-
chronous and super synchronous speeds. However only two gener-
ating modes of sub synchronous and super synchronous speeds are
used for application in wind power generation [4].

It is necessary to track optimum torque- speed curve for obtaining
desired values of speed and torque. Speed can be adjusted to the
desired value by controlling torque. So an active power set point is
chosen from instantaneous value of rotor speed. This information is
further used to regulate the rotor current in stator flux-oriented ref-
erence frame. Thus desired speed and torque are obtained. Further
reactive power set point can also be calculated from active power
set point using a desired power factor [6].
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Fig. 3: Equivalent Circuit of DFIG.

The equivalent circuit of the DFIG is shown in Fig.8.From the fig
the following equations are used for design of DFIG.

. dyy

Vs = Rsigs + dt . @sYqs (5)
. Yqs

Vqs = Rslqs +7dt + wgy s (6)
- dyg

Var = Rslgr + dtr (s wp)ygr %)
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dy,
—pi qr
Vqr = Rs'qr + +(ws o)y

dt (8)

The v stands for flux linkage and express as:

Was = Lssigs * Lmigr )
Was = Lssigs + Linigr (10)
War = Lerigr + Linigs (11)
Yor = Lrrgr + Limigs (12)
And also

L= Ls +Lpy (13)
Lye=Ly +Lpy (14)

3. Designing of compensating facts device mod-
els

The dynamic compensation of voltage variations is performed by
injecting voltage in series and active—reactive power at the Point of
common coupling (PCC) at bus 2. This is accomplished by using,
different FACT devices connected at the PCC. In this paper SSSC,
STATCOM and UPQC devices are used.

3.1. Control strategy of SSSC

Static Synchronous Series Compensator (SSSC) isa FACTS device
which is mostly used to compensate voltage during fault conditions.
Operation being similar to STATCOM, it is also known as series
STATCOM except that STATCOM is a shunt connected device but
SSSC is connected in series to a transmission line. SSSC is basically
a combination of a VSC, a coupling transformer and a power supply
as shown in Fig.4. This device is connected to a transmission line
through the coupling transformer [7].

| Vs Transmission line
|
nmm
|
DC—-AC Control
Converter y ontro
Vdc

S55C
Fig. 4: Schematic Diagram of SSSC.

The voltage injected by SSSC will lead or lag the transmission line
current with a phase shift of and thus allows consistent control of
voltage. The injected voltage is of equal magnitude but out of phase
with the voltage across transmission line.

SSSC provides three modes of operation- normal, capacitive and
inductive modes. The effect of transmission line reactance is con-
trolled by series voltage injection. Thus the injected voltage repre-
sents a capacitive or inductive reactance which in turn influences
power flow in the transmission line [6]. When voltage injection by
SSSC results in capacitive reactance, the effective reactance is de-
creased and flow of active and reactive power is increased. Thus

positive reactance compensation is achieved. But when voltage in-
jection by SSSC results in inductive reactance, the effective reac-
tance is increased and flow of active and reactive power is de-
creased. Thus reactance compensation is achieved in negative di-
rection.

When an efficient and sophisticated control method is used SSSC
can also provide power factor correction and reduce harmonics by
active filtering.

3.2. Control strategy of D-statcom

D-STATCOM is a widely used custom power device that compen-
sates reactive power, regulates voltage sag and swells conditions,
improves power factor and mitigates harmonics at distribution volt-
age level. D-STATCOM circuitry comprises of a Voltage Source
converter and a capacitor for energy storage. This circuit is con-
trolled by a suitable controller that dictates the functionality of VSC
by continuously measuring magnitude and phase angle of the D-
STATCOM output voltages. Thus D-STATCOM absorbs or gener-
ates active or reactive power and provides appropriate compensa-
tion during power quality disturbances [8]. D- STATCOM is con-
nected to the transmission line by means of a coupling transformer
as shown in Fig.5.
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Fig. 5: Schematic Diagram of D-STATCOM.
3.3. Control strategy of UPQC

Unified Power Quality Conditioner is a custom power device which
is also named as Universal Active filter. The objective of UPQC is
to protect the critical loads connected to PCC against harmonics,
voltage disturbances such as sags, swells, unbalances, voltage fluc-
tuations (flicker), provide voltage regulation and to direct the reac-
tive power flow. Structure of UPQC comprises of both series and
shunt compensators connected via a common DC link as shown in
Fig.6. Series compensator is a SSSC connected to the transmission
line by means of a transformer and operates as Voltage Source In-
verter [10]. This converter when controlled accurately will compen-
sate harmonic, provide harmonic isolation and damp harmonic os-
cillations. Other converter is a shunt connected D-STATCOM
which operates as a Current Source inverter. This converter pro-
vides compensation for waveform distortions that occur due to har-
monics and other voltage imbalances. This also regulates voltage to
desirable level. Thus both voltage and current compensation in pro-
vided by series and shunt connected power electronic converters

[9].
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Fig. 6: Schematic Diagram of UPQC.
4. Result analysis

4.1. Test system without any facts devices

Fig.7depicts the MATLAB/SIMULINK model of the test system
considered. Initially the performance of the system is observed
without providing any compensation. So no FACTS devices are
connected to the system as shown. The power system network con-
sists of two parallel transmission lines. As observed in Fig below
the first transmission line experiences a three phase fault. The time
interval of fault occurrence is set from 0.3 to 0.5 sec during which
voltage sag occurs.
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Fig. 7: MATLAB/SIMULINK Model for Test System.

The addition of a capacitive reactance to the first transmission line
during the time interval 0.7 to 0.9 sec results in a voltage swell. Also
the non-linear load connected to the first transmission line injects
harmonics into the network due to its non-linear nature. Time inter-
val during which non-linear loads gets connected to the system due
to which harmonic currents are injected is from 1.1 to 1.3 sec.
Second transmission line consists of DFIG based WECS as shown
in Fig.7. Power quality issues taking place in first transmission line
also effect second line as these are supplied by the same source.
Thus because of the changes taking place in the first transmission
line, second line suffers from three different power quality issues
i.e. sag, swell and harmonics.
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Fig. 10: Voltage Waveform at B3 Point.
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Fig. 11: Current Waveform at B3 Point.

The corresponding voltage and current wave forms of first line ob-
served at point B1 are as shown in Fig.8 and Fig.9. The voltage and
current wave forms of line 2 at load point B3 are as shown in Fig.10
and Fig.11 from which it can be observed that the voltage and cur-
rent waveforms of second line are distorted due to power quality
issues that first line has experienced.

From Fig.10, it can be noticed that voltage sag is created during
0.3sec to 0.5 sec with a voltage decrease from 380V to 270V. Volt-
age swell is obtained during 0.7 sec to 0.9sec with a increase in
voltage from 380V to 410V and waveform is distorted due to har-
monics during the time period 1.1 sec to 1.3 sec. These power qual-
ity issues can be compensated by connecting custom power devices
such as SSSC, DSTATCOM and UPQC devices at PCC point.
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4.2. MATLAB/SIMULINK model for static synchronous
series compensator (SSSC)

Fig. 12: MATLAB/SIMULINK Model for SSSC Connected at Point PCC
in the Test System.

Fig.12 shows the MATLAB/SIMULINK Model for the test system
where SSSC is employed for compensation. As seen in Fig.12
SSSC is connected at the PCC point in the second line of the test
system in order to reduce the power quality issues at the load point.
The second line is also employed with DFIG based WECS to supply
the required active and reactive powers at the load point.

Fig.13 and Fig.14 show the voltage and current wave forms at the
load B3 point. From these figures, it can be observed that Static
Synchronous series compensator (SSSC) compensates the voltage
and current wave forms at the load point. Fig.15 shows that required
active and reactive powers of 10MW and 5MVar are supplied by
DFIG machine at the load point B3.
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Fig. 13: Voltage Waveform at B3 Point.
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Fig. 14: Current Waveform at B3 Point.
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Fig. 15: Active and Reactive Power at B3 Point.
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Fig.16, Fig.17 and Fig.18 show the harmonic spectra of load volt-
age (B3 point) at different time instants. % THD at t = 0.5 sec (Volt-
age sag harmonic) is 3.18%, at t = 0.9 sec (Voltage swell harmonic)
is 5.71% and at t = 1.3 sec (harmonics) is 4.57% resp ectively.

4.3 MATLAB/SIMULINK Model for Distribution Static Compen-
sator (D - STATCOM):
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Fig. 19: MATLAB/SIMULINK Model for D - STATCOM Connected at
Point PCC in the Test System.

Fig.19 shows MATLAB/SIMULINK model for test system em-
ployed with DSTATCOM for compensation. DSTATCOM is con-
nected at PCC point in the second line of the test system. Fig.20 and
Fig.21 show voltage and current wave forms at load B3 point and it
can be observed that DSTATCOM has satisfactorily compensated
sag, swell and harmonics produced due to disturbances occurred in
first transmission line. Fig.22 shows that required active and reac-
tive powers of 10MW and 5MVar are supplied by DFIG machine
at the load point B3.
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Fig.23, Fig.24 and Fig.25 show the harmonic spectra of load volt-
age (B3 point) at different time instants. %THD at t = 0.5 sec (Volt-
age sag) is 3.09%, at t = 0.9 sec (Voltage swell) is 4.11% and at t =
1.3 sec (harmonics) is 4.23% respectively.

4.4. Mat lab/Simulink model for unified power quality
conditioner (UPQC)

¥

.
R

Fig. 26: MATLAB/SIMULINK Model for UPQC Connected at Point PCC
in the Test System.

Fig.26 shows MATLAB/SIMULINK model for system employed
with UPQC at PCC point of second line for compensation. Fig.27
and Fig.28 show voltage and current waveforms at load point B3
and it can be observed that UPQC has satisfactorily compensated
voltage sag, swell and harmonics. Fig.29 shows that required active
and reactive powers of 10MW and 5MVar are supplied by DFIG
machine at the load point B3.
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Fig. 28: Current Waveform at B3 Point.
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Fig. 29: Active and Reactive Power at B3 Point.

Fig.30, Fig.31 and Fig.32 show the harmonic spectra of load volt-
age (B3 point) at different time instants. %THD at

t = 0.5 sec (Voltage sag harmonic) is 2.145, at t = 0.9 sec (Voltage
swell harmonic) is 2.20% and at t = 1.3 sec (harmonics due to non-
linear load) is 2.19% respectively.
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4.5. Comparative analysis

%THD SSSC D-STATCOM UPQC
% THD for Ve at t = 0.5 sec 3.18%  3.09% 2.14%
% THD for Vg at t = 0.9 sec 571% 4.11% 2.20%
% THD for Vg at t = 1.3 sec 457% 4.23% 2.19%

% THD values of the voltage waveforms at load point B3, when
measured at various instants representing different power quality
issues are given in Table.1. The harmonic distortions values ob-
tained from various compensating devices are compared. SSSC re-
sults in percentageTHD of 3.18%, 5.71% and 4.57% at the instants
t=0. t=0.5, 0.9, 1.3 sec respectively. DSTATCOM yields per-
centage THD of 3.09%, 4.11% and 4.23% at the instants t=0. t=0.5,
0.9, 1.3 sec respectively. UPQC results in percentageTHD of
2.14%, 2.20% and 2.19% at the instants t=0. t=0.5, 0.9, 1.3 sec re-
spectively. UPQC is capable of reducing voltage sags, swells and
harmonics more efficiently than SSSC and DSTATCOM under var-
ious conditions.

5. Conclusion

The performance of FACTS devices SSSC, DSTATCOM and
UPQC have been analyzed when a DFIG fed WECS is subjected to
sag, swell and harmonic conditions. The voltage waveforms show
that these devices are capable of compensating sag, swell and har-
monic conditions satisfactorily. The harmonic content is also meas-
ured at instants where sag, swell and harmonic have been com-
pletely compensated (at t=0.5, 0.9, 1.3 sec) for all the three devices.
From simulation results obtained it can be observed that UPQC has
better compensation capabilities and reduces harmonic distortion to
nearly 2% at various time instants thus meeting the IEEE prescribed
standards.
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