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The increasing power demand has led to the growth of new technologies that play an integral role in
shaping the future energy market. Keeping in view of the environmental constraints, grid connected wind
turbines are promising in increasing system reliability. This paper presents the impact of FACTS control-
lers on the stability of power systems connected with wind energy conversion systems. The wind gener-
ator model considered is a variable speed doubly fed induction generator model. The stability assessment
is made first for a three phase short circuit without FACTS controllers in the power network and then with
the FACTS controllers. The dynamic simulation results yield information on (i) the impact of faults on the
performance of induction generators/wind turbines, (ii) transient rating of the FACTS controllers for
enhancement of rotor speed stability of induction generators and angle stability of synchronous genera-
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tors. EUROSTAG is used for executing the dynamic simulations.
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1. Introduction

As power systems became interconnected, areas of generation
were found to be prone to electromechanical oscillations. These
oscillations have been observed in many power systems world-
wide. As the level of power transmission rose, largely through
existing interconnections, which were becoming relatively weak
and inadequate, load characteristics added to the problem causing
spontaneous oscillations. The oscillations may be local to a single
generator or generator plant (local oscillations, 1.0-2 Hz), or they
may involve a number of generators widely separated geographi-
cally (interarea oscillations 0.2-0.8 Hz). If not controlled, these
oscillations may lead to total or partial power interruption [1].
Wind energy development is consumer and environment friendly,
requires shorter construction time and is cost competitive. It be-
comes one of the most competitive sources of renewable energy.
However, wind power has some disadvantages. Mostly, wind pow-
ered generators are induction generators. The induction generator
absorbs reactive power during its normal operating condition. This
may create low voltage and dynamic instability in the system [2].
There are two major types of wind generator models, which are
used very widely. The first one is the squirrel cage induction gen-
erator and the second one doubly fed induction generator. For the
present work doubly fed induction generator model is used for
executing dynamic simulations as they possess several advantages
than fixed speed induction generators which are (i) advanced
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energy capture (ii) improved power quality and (iii) reduced
mechanical stress. The dynamic stability of a single wind turbine
generator supplying an infinite bus through a transmission line
was studied by developing the linearized model of the power sys-
tem under different loading conditions [3]. The effect of wind tur-
bines on the transient fault behavior of the nordic power system
was investigated for different faults in [4]. A new definition on ro-
tor speed stability of fixed speed induction generators is proposed
in [5]. This manuscript examines the dynamic behavior of the dou-
bly fed induction generator in line with Ref. [5]. The impact of high
wind power penetration on power system oscillation stability is
investigated in [6]. The effect of wind power on the oscillations
is investigated by gradually replacing the power generated by
the synchronous generators in the system by power from either
constant or variable speed turbines.

An efficient reduced order model of DFIG is proposed for rotor
and grid side converters for all the four operating modes in [7].
The rotor current controller model developed in Ref. [7] is used
to control the DFIG in this paper. The application of voltage source
converter (VSC) based transmission controllers for wind energy
conversion systems are discussed in [8]. The application of a STAT-
COM with battery energy storage to smooth the line power of wind
farm consisting of a fixed speed wind farm was discussed in Ref.
[9]. The modeling of large offshore wind farms for voltage stability
analysis using PSS/E and voltage stability enhancement using SVC
was discussed in [10]. The dynamic behavior of DFIG and the effect
of fault ride through of DFIG wind turbines are studied in [11]. The
dynamic behavior of DFIG wind turbines during grid faults is
simulated and assessed using the DIgSILENT.
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The objective of the present work is to study the impact of
FACTS controllers on the dynamic performance of the power sys-
tem connected with a doubly fed induction generator to the wind
farm. The dynamic stability of the system is studied by running
time domain simulations using the EUROSTAG software [12] with
and without FACTS controllers. The following FACTS controllers are
taken up for the dynamic analysis.

(i) Static var compensator (SVC).

(ii) Static compensator (STATCOM).
(iii) Thyristor controlled series capacitor (TCSC).
(iv) Unified power flow controller (UPFC).

This paper is organized as follows Section 2 presents the mod-
eling of power system and wind turbine along with FACTS control-
lers. Section 3 presents the dynamic simulation results obtained for
a three phase transient fault on the system with and without
FACTS controllers. Section 4 presents results and discussion on
the simulation results obtained. Section 5 presents the conclusion.

2. Modeling of the power system and wind turbine

In general for the purpose of dynamic analysis power systems
are modeled by a set of differential and algebraic equations
(DAE), that is:

x=f(xy,4D)

1
0=2g(xy,4Dp) M

where x € R" is a vector of state variables associated with the dy-
namic states of generators, loads and other system controllers.
y € R™ is a vector of algebraic variables associated with steady state
variables resulting from neglecting fast dynamics (e.g., most load
voltage phasor magnitudes and angles); / € R' is a set of uncontrol-
lable parameters, such as variations in active and reactive power of
loads; p € R¥ is a set of controllable parameters such as transformer
tap, AVR settings and FACTS controller reference voltages.

2.1. Wind turbine concepts and modeling

Normally a wind turbine creates mechanical torque on a rotat-
ing shaft, while an electrical generator on the same rotating shaft is
controlled to produce an opposing electromagnetic torque. The
power and torque equations for the wind turbine are as follows:
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where p is the density of air (1.22 kg/m?); A is the swept area of the
blade in m?. C,is the performance co-efficient which represents the
rotor efficiency of the turbine (captured power/wind power); V is
the wind speed (m/s); P is the output power of the turbine; w is
the rotor speed of wind turbine; / is the tip speed ratio V;/V, the ra-
tio between blade tip speed V; and wind speed upstream the rotor V
(m/s); 0 is the pitch angle in degrees.

The parameters of the modeled system are given in the
Appendix.

The wind turbine and its associated controls are modeled using
the EUROSTAG software [12] (Tractable Engineering, 2004) and the
main control units modeled are shown in Fig. 1. The main control-
ler manages the overall control functions, whereas pitch and power
controller are subordinate units.

The wind energy conversion scheme used for simulation con-
sists of a doubly fed induction generator (rotor circuit connected
to the grid through power electronic converter). The converter ad-
justs the frequency of the rotor feeding current to enable variable
speed operation (Fig. 2).

2.2. Doubly fed induction generator model

The doubly fed induction generator is the most commonly used
machine for wind power generation. The rotor terminals are fed
with a symmetrical three-phase voltage of variable frequency
and amplitude. Using the generator convention, the following set
of dynamic equations results:

Vis = —Rsids — Oggs + dig/dt (4)
Vis = —Rsigs + O gs + diprge/dlt (5)
Vir = —Rigy — SO + dirg,/dt (6)
Vs = —Reigr + SO g, + dif . /dt (7)

where v is the voltage in (V), R is the resistance in (Q), i the current
in (A) and w;s the stator electrical frequency in (rad/s), y the flux
linkage (Vs) and s the rotor slip [13].

From the above set of dynamic equations d and q indicate the
direct and quadrature axis components and s and r indicate stator
and rotor quantities. The d-q reference frame is rotating at

Main Controller

Fig. 1. Wind energy conversion scheme and its associated controls.
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synchronous speed with the g-axis 90° ahead of the d-axis.The flux
linkages in Eq. (7) can be calculated using the following set of
equations in per unit:

Was = —(Ls + Lim)igs — Liniar
Wgs = —(Ls + Lm)igs — Linigr 8)
Yo = _(LT + Lm)idr — Linias
Vor = —(Lr + Lin)igr — Linigs

with L, is the mutual inductance and L, and L,, are the stator and
rotor leakage inductances respectively in (8).

The changes in generator speed that result from a difference in
electrical and mechanical torque can be calculated using generator
equation of motion

dos 1

dt = ﬁ(’rm - Te) (9)

where H is the inertia constant (seconds) and T,,, is the mechanical
torque.
T, is the electro mechanical torque generated by the DFIG:

T. = l//driqr - l//qridr (10)

The converters are represented as current sources, and there-
fore the current set points equal rotor currents. The current set
points are derived from the set points for active and reactive
power. The active power set point is generated by the rotor speed
controller, based on the actual rotor speed value. The reactive

power set point is generated by the terminal voltage controller
or power factor controller, based on the actual value of the termi-
nal voltage or the power factor.

2.3. Synchronous generators

The synchronous generator model used for this dynamic analy-
sis is the two axis model with four state variables [14]:

r 1
! /
i == (—Ey — (Xqi
i T;oi i

— Xgi)lqi)

., 1 ' /
Eyi = = (Erpi — Eg + (Xai — Xg)lai)
Tdoi

. 1 (11)
@ = — (T — Do — Tet)
Tji
Si:(l),‘
i=1,2,....,n

where the state variables are E, is the direct axis component of volt-
age behind transient reactance, E; is the quadrature axis component
of voltage behind transient reactance, w is the angular velocity of
rotor, ¢ is rotor angle

2.4. Static var compensators (SVC)

SVC is basically a shunt connected static var generator/absorber
whose output is adjusted to exchange capacitive or inductive cur-
rent so as to maintain or control specific power system variables;

Wind Farm DFIG
to Power grid
| GEAR
I BOX
Wind
DC LINK
VSC1 T VSC2
T —

Fig. 2. Structure of the doubly fed Induction generator based wind turbine system.

Washout Block
SVC bus Voltage deviations
sTw/ (1+sTy,)
+ Bmax
BSVC
Vit + K/ (1+sT)
Bmin
Bus Voltage Veas

Fig. 3. Structure of SVC controller with stabilizing loop.
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typically, the controlled variable is the SVC bus voltage. One of the
major reasons for installing an SVC is to improve dynamic voltage
control, and thus, increase system loadability. An additional stabi-
lizing signal, and supplementary control superimposed on the volt-
age control loop of an SVC can provide damping of system
oscillations during transient faults and disturbances (Fig. 3) [16].
The state equation for SVC can be written as:

K 1
Bsve = T (Vier — Vineas + U) — TBSVC (12)

where Bsyc the SVC susceptance, u is the stabilizing loop output.
Here, Ve is chosen as 1.0 per-unit and Ve, is the PCC voltage.

2.5. STATCOM

The STATCOM resembles in many respects a synchronous com-
pensator, but without inertia. The basic electronic block of a STAT-
COM is the voltage source converter (VSC), which in general
converts an input dc voltage into a three-phase output voltage at
fundamental frequency, with rapidly controllable amplitude and
phase. « is the phase shift between the controller VSC AC voltage
and its bus voltage V. Vi is the reference voltage setting.[15]

The dynamic equations include the differential equations for
the voltage magnitude controller, phase angle controller and STAT-
COM power balance. The following differential equations (in per-
unit) can be written from the block diagrams given in Figs. 4a
and 4b:

Vi=—r—r (13)

1 max

P

- ¥ K (1+ST
v + N Ty | KA ST | w4 -
ref ¥, Kpt STy .
Vx —/
KMz-zc 1 mmin mg
1+STy,
4

Fig. 4a. PWM voltage magnitude controller of STATCOM.

~ [kV, + KT, V, —Kpmg;]

. T2 (14)

Vi = Kt~ Vol (15)
Mdr

Aot =KpViey + KiV ey (16)

where, V, is the output of AC voltage measuring circuit; Vg is out-
put of DC voltage measuring circuit; A« is the output of phase angle
controller block; mg, can be obtained from, Ky, and Ty, are the
gain and time constant of the ac voltage measuring circuit respec-
tively. Vyc, is the input to the PI controller in DC voltage measuring
circuit.

k= \/g(moersh) (17)

Here, k is the proportionality constant of STATCOM PWM VSC out-
put voltage and

my = \/g(&::) (18)

2.6. Thyristor controlled series capacitors (TCSC)

Thyristor controlled series capacitor schemes typically use a
thyristor controlled reactor in parallel with a capacitor to vary
the effective compensating reactance. For the purpose of analysis,
the TCSC, regardless of its practical implementation, can be consid-
ered simply as a continually variable capacitor whose reactance is
controllable in the range of 0 < X; < Xcmax. The single line diagram
of the TCSC is shown in Fig. 5. The variable reactance model of TCSC
is as shown in Fig. 6. The reference value of the TCSC reactance Xi.r
is fixed based on the degree of compensation required. For the
present work the value of X,r is chosen as half of the line inductive
reactance. Xc is the variable reactance inserted by the TCSC module
into the line [16].

XC _ (Xref _Xmeas + U)K - XC (19)
T

X:eris the reference value of TCSC reactance to be inserted in the
line; Xeas is the measured reactance; U is the stabilizing signal; T
is the time constant of the controller; Xax and Xy, is the maxi-
mum and minimum limits of reactance.

LEAD/LAG

WASHOUT
BUS VOLTAGE GAIN

NETWORK

DEVIATIONS sTw
LasTw [~

Av

1+sT1
1+sT2

KMdc
1+sTM

T Vdc

Fig. 4b. PI phase angle controller for STATCOM.
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2.7. Unified power flow controllers (UPFC)

The UPFC is the most versatile FACTS controller developed so
far, with all encompassing capabilities of voltage regulation, series
compensation, and phase shifting. It comprises of two voltage
source converters coupled through a common DC link. The single
line diagram is shown in Fig. 7.

The active and reactive power flow control loops of the UPFC is
shown in Figs. 8 and 9. The stabilizing signal for the unified power
flow controller is derived from a power oscillation-damping block,
which uses active power flow (Pqoy) as the input signal. Pgow grer iS
the reference value of active power flow in the line on which UPFC
is connected. This value is obtained after running a power flow in
the line on which UPFC is to be connected. Vs, is the component of
series injected voltage in quadrature with the line current. Qs is
the reference setting for reactive power flow in the UPFC connected
line and Qgqow is the actual reactive power flow in the line and Viep
is the component of AC voltage injected in phase with the line
current.

2.7.1. Parameter tuning of FACTS controllers

The parameter tuning of FACTS controllers is an important
problem as the stabilizing effect will depend on the gain of the con-
trollers. The tuning is posed as an optimization problem with the
objective as minimizing the oscillations of PCC voltage from the de-
sired value and is given by:

X,
| /
|
S x

Fig. 5. Thyristor controlled series capacitor.

Minimize : Pl = [(Vier — Vi)* + (@rer — )’ (20)
k

Kmin < K < Kmax

where Vier= 1.0 per-unit and PI is the sum squared deviation index
of the PCC voltage.

The optimization problem is solved using sequential quadratic
programing in MATLAB.

3. Dynamic simulation results and stability investigation

The single line diagram of the test system with the wind tur-
bine connected is shown in Fig. 10. The test system consists of a
six bus system with two synchronous generators G1 and G2. The
doubly fed induction generator (IG) is connected to the grid
through a two winding transformer. IG denotes the induction
generator terminal node. The two synchronous generators are
rated at 1100 MW (G1) and 5500 MW (G2). The wind farm is
represented by an aggregated model consisting of 10 wind tur-
bines of each 2MW. The induction generator is injecting
5.5 MW in the steady state. The total system load at bus 4 and
5 is 1500 MW which corresponds to nominal operating
condition.

5 and 4 are load buses. At bus 5 the load is represented as a
combination of Impedance and voltage frequency dependant load
in the dynamic simulation. The dynamic simulation is carried out
for a three phase fault on line 1-2 in the second line. The three
phase fault is cleared in five cycles. The shunt connected FACTS
controllers (SVC and STATCOM) are located near bus 2 and the ser-
ies connected FACTS controllers are located in one of the 2-3 lines.

3.1. Rotor angle deviations of synchronous generators without wind
farm, with wind farm and with FACTS controllers

Fig. 11 shows the rotor angle response of the synchronous gen-
erators without the wind farm in the network. From Fig. 11 it can

STABILIZING
SIGNAL
XMAX
K/(1+sT) Xc
XMIN
Fig. 6. Dynamic model of TCSC.
SERIES
v k TRANSFORMER i
! Vse
— ] \o000 )
SHUNT —_ l I
TRANSFORMER ("GO0 0
—l— Vs VSC2
_|_ il

>t R
I—1 < ‘_‘
I~

VSC1

Fig. 7. Single line diagram of UPFC.



N. Senthil Kumar, J. Gokulakrishnan/Electrical Power and Energy Systems 33 (2011) 1172-1184 1177

Pflow ref

Kp+ (Ki/s) —>» Vieq

u- Stabilizing Signal

Fig. 8. Active power flow control loop.

+ K+ (Kyfs)
Qref
— Vsep
Ql’low -
Fig. 9. Reactive power flow control loop.
4
2 3 —

()

DE =

ONF =

Fig. 10. Single line diagram of the power system with DFIG.
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Fig. 11. Rotor angle response without wind farm.

be observed that after the fault the generator rotor angle of G1
deviates slightly but after the fault clearance the system returns
to a new post equilibrium rotor angle value. Generator G2, which
supplies a local load, lies far away from the transient fault and
hence is left unperturbed. Fig. 12 shows the rotor angle response
of the synchronous generators with wind farm included in the
network.

ssl

80 - G1
75

70
Rotor

angle 65 7
(Deg) 60
551
50 A G2
45

40
0 2 4 6 8 10

Time (Sec)

Fig. 12. Rotor angle response with wind farm - High load operating condition.
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=1
[ 5]

4 6 8 10
Time (Sec)

Fig. 13. Rotor angle response of synchronous machine G1 with wind farm - Effect
of SVC and STATCOM - High load operating condition.
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o TCSC

50 -

UPFC

45 -

40
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Fig. 14. Rotor angle response of synchronous machine G1 with wind farm - Effect
of TCSC and UPFC - High loading condition.

From Fig. 12 it can be observed that the rotor angle of synchro-
nous generator G1 oscillates indefinitely. This leads to dynamic
instability (sustained oscillations of rotor angle) in the system. Figs.
13 and 14 show the rotor angle response of synchronous genera-
tors with shunt and series controllers included in the transmission
line network. Responses shown in Figs. 13 and 14 correspond to
the high load operating condition where the total system load is in-
creased by 40%. The controller parameters of the static var com-
pensator/STATCOM are tuned to stabilize the oscillations as given
by the objective function of Eq. (12).
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From Fig. 13 it can be observed that rotor angle oscillations set-
tle down after 4 s with the SVC controller included in the network.
The oscillations settle down in 2 s with STATCOM.

Rotor 40 -
angle
(Deg)

Without FACTS

30
25 1 SVC
20 A
5 STATCOM
10 1
0 2 4 6 8 10

Time (Sec)

Fig. 15. Rotor angle response of synchronous machine G1 with wind farm - Effect
of SVC and STATCOM - Nominal loading condition.

Rotor angle
(Deg)
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This may be attributed due to the fact that STATCOM (A voltage
source converter based FACTS controller) has a faster transient re-
sponse compared to static var compensator (a passive thyristor
switched reactor/capacitor). From Fig. 14 it can be observed that
there are no oscillations in the rotor angles of synchronous gener-
ator with UPFC in the network. Figs. 15 and 16 shows the rotor an-
gle response of synchronous generators with shunt and series
controllers in the network when the system load level is at its
nominal value as specified in Section 3.

The parameters of both TCSC and UPFC controllers are opti-
mized to enhance system damping. From Fig. 15 it can be observed
that the rotor angle oscillations settle down in 7 s and with UPFC
(Fig. 16) the oscillations settle down in 5 s. This is due the fact that
UPFC contributes reactive power to the network after the distur-
bance from its shunt branch.

3.2. Rotor speed deviation of DFIG - Effect of FACTS controllers

Fig. 17a demonstrates the effect of FACTS devices on the rotor
speed response of DFIG after the disturbance. The speed of the
induction generator tends to increase towards its maximum value
set (1.2 per-unit) in the dynamic simulation without FACTS con-
trollers in the network After the clearance of the fault it is observed
that the speed of the wind turbine does not reach its prefault stea-

——— Without FACTS

TCSC

UPFC

4 6 8 10

Time (Sec)

Fig. 16. Rotor angle response of synchronous machine G1 with wind farm - Effect of TCSC and UPFC - Nominal operating condition.

1.22 J
1.20
Without FACTS
1.18 H
Rotor — SVC
Speed
1.16
(p.ll.) — STATCOM
1.14 m— TCSC
1.12
1.10 +
2 6 8 10
Time (Sec)

Fig. 17a. Rotor speed response of DFIG - Effect of FACTS devices. High load operating condition.



N. Senthil Kumar, J. Gokulakrishnan/Electrical Power and Energy Systems 33 (2011) 1172-1184 1179
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Fig. 17b. Rotor speed response of DFIG - Effect of FACTS devices nominal operating
condition.
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Fig. 17c. Rotor speed response of DFIG - Effect of FACTS devices nominal operating
condition.
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dy state value of 1.1 p.u. This post fault rotor speed deviation of the
asynchronous generator causes rotor speed instability as discussed
in Ref. [6].

However with the SVC additional dynamic reactive power sup-
port and the stabilizing signal provided suppresses the rotor speed
oscillations of the asynchronous generators. From Figs. 17a-17d it
can be inferred that there are no appreciable speed deviations with
UPFC controller in the network. This is due to the effectiveness of
UPFC damping controller attached with its power flow controller
and also due to the shunt reactive support provided by the UPFC
(Figs. 8 and 9). Hence it can be concluded that UPFC damps out
rotor speed/rotor angle oscillations of asynchronous and synchro-
nous generators more effectively. The impact of FACTS controllers
on the rotor speed stability following the outage of generator G1 is
shown in Fig. 17(d), with and without SVC in the network.

The effect of the fault ride through attached with rotor side con-
verter of DFIG has a very minimal effect following a contingency
(generator outage) which causes the rotor speed of the induction
generator to deviation from its steady state.

3.3. Active power injected by the DFIG - Effect of FACTS controllers

Fig. 18 shows the active power injected by the wind turbine into
the grid following the three phase fault carried on one of the lines
near bus 3. The stator protection system associated with the induc-
tion generator disconnects the stator from the grid if the terminal
voltage of the induction generator is less than 0.75 p.u. for a period
of 0.08 s, hence the stator active power delivered comes down to
zero after the fault. The active power injected comes down to zero
from its initial value of 5.5 MW specified in the load flow.

The power calculation according to Eq. (2) is based on a single
wind speed. However, in reality, the wind speed may differ slightly
in direction and intensity across the area traversed by the blades.
To consider this effect, the wind speed is supplied through a lag
block to the power conversion equation. This creates a slight
change in the active power delivered to the grid before the distur-
bance at 1 s. Fig. 19 shows the wind speed block given as input to
the algebraic equation of power. [7].

WITHOUT
— FACTS

- SVC

0.0 0.5

1.0 1.5 2.0

Time (Sec)

Fig. 17d. Effect of rotor speed stability following the outage of Synchronous generator G1 with and without SVC.
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Fig. 18. Active power Injected by the wind farm without FACTS devices.

1+sTW

Fig. 19. Wind speed supplied through lag block.

Power 4
Injected 3 -
(MW) 2

Fig. 20 shows the active power injected by the wind turbine into
the grid following the transient fault with SVC/TCSC. It can be ob-
served that after the fault the active power injected oscillates
around the steady state power injection value of 5.5 MW and the
MW injection into the grid does not become zero with SVC. This
is due to the dynamic reactive power support provided by the
SVC/TCSC in addition to the fault ride through capability of the in-
verter associated with DFIG rotor.

— SVC

TCSC

6 8 10
Time (Sec)

Fig. 20. Active power injected by wind farm with SVC and TCSC.

7 —
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5 ~—
Active
Power 4
Injected
MW) 34
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2 .
I UPFC
l -
0 -
0 6 8 10

Time (Sec)

Fig. 21. Active power Injected by the wind farm with STATCOM and UPFC.
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Fig. 22. Induction generator terminal voltage without FACTS.
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Fig. 23. Induction generator terminal voltage - Effect of SVC and TCSC.
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Fig. 24. Induction generator terminal voltage - Effect of STATCOM and UPFC.

Fig. 21 shows the active power injected by the wind farm fol-
lowing the transient fault with STATCOM/UPFC. It can be ob-
served that due to the fast transient response of the STATCOM
the active power injected comes to the steady state of 5.5 MW
within 2 s. It can be observed that there are no appreciable oscil-
lations or power fluctuations in the induction generator terminal
after the disturbance. This is due to the reactive power support
provided by the series converter and shunt converters of UPFC
in addition to the fault ride through capabilities of the rotor side
converter of DFIG.

3.4. Induction generator terminal voltage - Effect of FACTS controllers

The response in induction generator terminal voltage following
the transient fault is shown in Fig. 22, without FACTS controllers in
the network. The under voltage protection system associated with
the wind turbine disconnects the stator from the network if the
voltage at its stator terminals is less than 0.75 p.u. for a period of
0.08 s.

Figs. 23 and 24 show the response of the induction generator
terminal voltage with SVC/TCSC and STATCOM/UPFC.
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Fig. 25. Dynamic reactive compensation - SVC.
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Fig. 26. Dynamic reactive compensation - STATCOM.
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Fig. 27. Dynamic reactive compensation — TCSC.

It can be concluded that terminal voltage of the DFIG is above
0.75 p.u. after 0.1 s.

Comparing Figs. 22-24 it can be concluded that the UPFC im-
proves the fault ride through capability of the DFIG very effectively.

3.5. Dynamic reactive compensations of the FACTS controllers

Dynamic reactive compensation of the wind farm can be orga-
nized in several ways. This depends on (i) the demand of reactive
compensation for voltage reestablishing (ii) controllability of the
equipment and (iii) Cost. When the success criterion is to get the
voltage reestablishing within the predefined range, e.g., avoid
uncontrollable as well as over-voltages in the grid, the dynamic

reactive compensation can be capacitive or inductive. So long as
no disconnection of the wind turbines occurs and the grid con-
nected induction generators absorb reactive power during voltage
reestablishing process, the dynamic reactive compensation should
be capacitive.

The dynamic reactive compensation of the FACTS controllers,
play a major key role in controlling the transients on rotor speed
oscillations of the asynchronous generator.

The reactive power compensation provided by shunt FACTS
Controllers are shown in Figs. 25 and 26. Comparing the figures,
it can be observed that the compensation of the SVC swings from
—60 MVATr to 50 MVAr for stabilizing the rotor speed oscillations.
Use of an SVC with a less capacity results in uncontrollable voltage



N. Senthil Kumar, J. Gokulakrishnan/Electrical Power and Energy Systems 33 (2011) 1172-1184 1183

700
600 1
500 -
400 -
300 |
200 -|

MVAr
Injected,

UPFC g0 |

-103 j

-200
-300

0 2

6 8 10
Time (Sec)

Fig. 28. Dynamic reactive compensation - UPFC.

decay or in sufficiently damped voltage oscillations. The dynamic
reactive power compensation of STATCOM for achieving the same
control objective is only 0.8 MVAr. Hence it can be concluded that a
STATCOM is cost effective when compared to SVC for stabilizing
rotor speed oscillations of the induction generator.

Figs. 27 and 28 compare the dynamic reactive compensations of
TCSC and UPFC following the disturbance. From Fig. 27 it can be
observed that the MVAr injected by the TCSC branch swings from
its steady state value of 50-300 MVAr. It can be observed that
the series converter reactive power rating of UPFC swings from
400 MVAr to 800 MVAr following the disturbance. This high tran-
sient reactive power requirement results in increased cost of ser-
ies/shunt converters.

4. Results and discussion

For the simulation study the gains and time constants of the
FACTS controllers are tuned using a conventional optimization pro-
gram, which minimizes the voltage/rotor speed oscillations of the
induction generator. From the results we conclude that among
shunt connected FACTS controllers the STATCOM provides better
damping the oscillations compared to that of the SVC. Also, the dy-
namic reactive compensation (Transient Rating) required by the
STATCOM is lesser than SVC. This is due to the fact that a STATCOM
is basically voltage sourced converter based shunt controller and
SVC is a shunt connected thyristor switched capacitor/reactor.
Among series connected FACTS controllers the UPFC damps both
rotor angle oscillations of synchronous generators and rotor speed
oscillations of induction generator very effectively when compared
with TCSC. This is due to the reactive support provided by the
shunt branch of the UPFC following the disturbance. However
the reactive power rating of UPFC is very high compared to that
of the TCSC. It is suggested that a STATCOM of suitable rating
may be installed at the point of common coupling (PCC) with or
without a capacitor may be used for stabilizing rotor speed oscilla-
tions associated with doubly fed variable speed induction genera-
tors following transient faults and disturbances.

5. Conclusion

The development of wind turbine and wind farm models is vital
because as the level of wind penetration increases it poses dynamic
stability problems in the power system. For the present work we
have taken a doubly fed induction generator model and illustrated
the presence of sustained oscillations with wind farms. Suitable
Flexible AC Transmission Systems controllers are modeled using
the non-linear simulation models and the transient ratings of the
FACTS controller are obtained to stabilize the rotor speed/rotor an-
gle oscillations in a DFIG based wind energy conversion scheme.

The rotor speed stability of the DFIG based system following a gen-
erator outage is studied. It can be observed that the effect of low
voltage ride through (LVRT) is very minimum following the contin-
gency and the presence of a FACTS device like the SVC improves
the rotor speed stability.
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Appendix A. Doubly fed induction generator dynamic data
A.1. Parameters

Base values for the per unit system conversion.

Base power: 100 MVA

Base voltage: 0.69 kV for low voltage bus bar, 150 kV for high
voltage busbar.

B. Line data
From To R X Transformer tap
1 2 0.000185 0.00769 1.0526
2 3 0.00208 0.02285 -
2 3(2) 0.00208 0.02285 -
3 4 0.00208 0.02285 -
3 5 0.00185 0.00769 -
Load data
Load bus Pp (MW) Qp (MVAr)
4 5000 2000
5 500 175

Appendix B. Dynamic data of generators
B.1. Doubly fed induction generator

Rated apparent power MVA: 20 MVA.
Rotor inertia: 3.527 MW s/MVA.

Rs (p.u.) =0.0693.

X; (p.u.) = 0.080823.
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R; (p.u.) = 0.00906.

X, (p.u) = 0.09935.

Xm (p.u.)=3.29.

Rotor speed for synchronization: 0.9 p.u.
Minimum rotor speed: 0.56 p.u.
Maximum rotor speed: 1.122 p.u.

B.2. Gains of FACTS controllers

Gain parameters Tuned gains

SVC K 48.2

STATCOM K 47.3

TCSC K 411

UPFC K 40
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