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In this work, dynamic and transient characteristics of a multimachine power system
connected with two wind farms composed of fixed speed wind turbine generator
systems (WTGS) are analyzed. At each wind farm the terminal one space vector
pulse width modulation controlled voltage source converter based static synchro-
nous compensator (STATCOM) is considered to be connected. The capacitor bank
capacity of fixed speed wind generator is reduced by certain percentages when a
STATCOM is integrated at a wind farm terminal. As wind speed is always fluctu-
ating, the terminal voltage of a fixed speed wind generator also fluctuates randomly,
which has an adverse effect on the rest of the power system. It is reported that the
STATCOM with a reduced capacitor bank can decrease the voltage fluctuations of
the multimachine power system as well as wind generator terminals. Moreover, it is
shown that a STATCOM can also enhance the transient stability of induction and
synchronous generators when a network disturbance occurs in the power system.
Since shaft system modeling of a wind turbine has a significant effect on the
transient stability analysis of WTGS, a two-mass shaft model is adopted in this
study. Both of the symmetrical and the unsymmetrical faults are analyzed in light of
the real wind farm grid code. The transient performance of a STATCOM on the
network is evaluated by the transient stability index based on the total kinetic
energy of generators. For dynamic performance evaluation, real wind speed data
are used in the simulation. Finally, it is concluded that the STATCOM can enhance
both dynamic and transient stability of wind farms connected with a multimachine
power system. © 2009 American Institute of Physics. [DOI: 10.1063/1.3049348]

I. INTRODUCTION

Huge numbers of wind generators are going to be connected with the existing network in the
near future. In 2007, 20 000 MW of wind power was installed all over the world, bringing world-
wide installed capacity to 94 112 MW. This is an increase of 31% compared with the 2006 market
and represents an overall increase in the global installed capacity of about 27%." However, be-
tween the two types of popular trends though variable speed wind turbine generator systems
(WTGS) are becoming more popular, the statistics show that the total installation of fixed speed
WTGS is around 40%.> Therefore, it is still needed to analyze the stability characteristics of wind
farm composed of fixed speed WTGS. Though output power fluctuation of a wind farm is a great
problem for the transmission system operator (TSO) or power grid companies, this paper concen-
trates only on the voltage fluctuation and restoration issues of fixed speed wind farm.
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Voltage or current source inverter based flexible alternating current (ac) transmission systems
(FACTS) devices such as a static var compensator, static synchronous compensator (STATCOM),
dynamic voltage restorer, solid state transfer switch, and unified power flow controller have been
used for flexible power flow control, secure loading and damping of power system oscillation.”™
Some of the FACTS devices have been used to improve transient and dynamic stabilities of a wind
generator. Induction generator (IG), in general, is widely used as a wind generator due to its
simple, rugged, and maintenance free construction. However, as it has some stability problems,6 it
is necessary to investigate the stability aspect of induction generator when connected to the power
grid. Some authors have reported valuable studies on the STATCOM connected with WTGS. ™
In Ref. 7, steady state reactive power control and islanding performance of an induction generator
are discussed. Flicker mitigation of wind generator by using a STATCOM is discussed in Ref. 8
Though a lot of works with STATCOM have been reported so far, stability enhancement of WTGS
by using the STATCOM is not sufficient enough. In Ref. 9, it is reported that a STATCOM can
recover terminal voltage of a wound rotor induction generator after a fault clearance. But as only
an induction generator is considered in the model network, the effect of the STATCOM on the rest
of the system is not clarified there. In our previous work, " stability of a fixed speed WTGS
connected to a grid is discussed, considering a phase modulation controlled voltage source con-
verter (VSC) based STATCOM. The model system used therein is very simple which is composed
of only one synchronous generator and infinite bus. The sinusoidal pulse width modulation
(PWM) technique is considered therein. The sinusoidal PWM is a matured technology, which has
been extensively used because it improves the voltage harmonic components to higher
frequencies.“’14 However, the space vector pulse width modulation (SVPWM) technique has been
increasingly used in the last decade because it allows reducing commutation loss and the harmonic
current of output voltage and obtains higher amplitude modulation indexes if compared with the
conventional sinusoidal PWM technique.B_15

In this work, dynamic and transient stability of wind generators is analyzed in detail using a
power system model in which two wind farms are connected with a multimachine (9 bus) power
system. A two-level SVPWM based STATCOM is connected to each wind farm terminal. The
well-known cascaded vector control scheme is used as the control methodology of the STATCOM.
Since shaft system modeling has a significant effect on the transient stability of WTGS,'®!" a
two-mass shaft model is considered in this study. The capacitor bank capacity of the wind gen-
erator is reduced by 15% when the STATCOM is integrated at the wind farm terminal. As wind
speed is intermittent and stochastic in nature, the terminal voltage of a fixed speed wind generator
fluctuates randomly, which has an adverse effect on the rest of the power system. In this study, it
is reported that the STATCOM with a reduced capacitor bank can decrease the voltage fluctuations
of a multimachine power system as well as wind generator terminals. Moreover, it is shown that
the STATCOM can enhance the transient stability of induction and synchronous generators when
a network disturbance occurs in the power system. Both of the symmetrical and the unsymmetrical
faults are considered as the network disturbances. Transient stability analysis is done in light of the
real grid code suitable for wind farm.'®!" The transient stability index based on the total kinetic
energy of synchronous generators is considered in order to evaluate stabilization performance of
the STATCOM. Finally, it is concluded that the STATCOM can enhance both of the dynamic and
transient stability of fixed speed wind farms connected with multimachine power system.

Il. WIND TURBINE MODELING

A mathematical relation for the mechanical power extraction from the wind can be expressed
as follows:*

P, =0.5p7R>V2C,(\,B), (1)

wep

where P, is the extracted power from the wind, p is the air density (kg/m?), R is the blade radius
(m), V,, is the wind speed (m/s), and C,, is the power coefficient which is a function of both tip
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FIG. 1. C,-\ curves for different pitch angles.

speed ratio, N, and blade pitch angle, B (deg). In this work, the C, equation as shown below”' has
been adopted

A= %, (2a)

1
C,= E(x -0.0228%-5.6)e 17N, (2b)

where wp is the rotational speed (rad/s). The C,-\ curves are shown in Fig. 1 for different values
of B. A two-mass drive train model is used in this paper. A detailed description of the two-mass
drive train model is shown in Ref. 17.

In this study, the conventional pitch controller shown in Fig. 2 is used. The purpose of using
the pitch controller is to maintain the output power of the wind generator at rated level by
controlling the blade pitch angle of the turbine blade when the wind speed is over the rated speed.

lll. MODELING OF SPACE VECTOR PWM

The power electronic converter can operate only eight distinct topologies. Six out of these
eight topologies produce a nonzero output voltage and are known active vectors (V- V) and the
remaining two topologies produce a zero output voltage and are known as zero vectors (V;, V).
The six active vectors are forming a regular hexagon and six sectors numbered S-I to S-VI in a
stationary reference frame as shown in Fig. 3. Since the zero vectors have a zero magnitude and
phase angle, the positions of these vectors are at origin as shown in Fig. 3.

The active vectors V|-V, are obtained as follows:

e _ 1 10%/ B
O e e S BT

Ti=0.3 1+5s
1.0

PI Controller

FIG. 2. Pitch controller.
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FIG. 3. Representation of the inverter states in the stationary reference frame.

V= V(2/3) Vyeel k-3, (3)

Here, k=1,2,...,6.

It is seen from Eq. (3) that the magnitudes of all active vectors are the same and the angle
between any adjacent two active vectors is 60 deg.

Let the desired voltage in a stationary (a-8 axis) reference frame is Vj Then, the vector,
magnitude, and angle of the desired voltage can be given as follows: ‘

V= Vel 4)
0:‘ = tan‘l[VjB/Vja],

V=V + Vi (5)

Looking at Fig. 3 one finds that, assuming V;k to be lying in sector k, the adjacent active
vectors are V, and V. To achieve the desired stator voltage V;k within the sampling time 7, the
active voltage vectors V, and V,,; should be activated during the time 7} and 7}, respectively.
Hence, the on-time T} and T}, are evaluated by the following equations:

VT, =V, T+ Vi Tia - (6)

Splitting this vectorial equation into real and imaginary components, from Egs. (3)—(6) fol-
lows that:

=—=— , (7)
V3 krVae | . { « (k= 1)77}
sin HS -

where the constant k; is arbitrary and the value may be chosen equal to 2/3 or V2/3.%7
The on-time for the zero state vectors is obtained by the following equation:

To=T,— (Ty+ Tyyy). (8)
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TABLE I. Sequence of selected vectors with respect to time.

Sector/time Tyl4 T,/2 Tyut/2 T,/2 Tput/2 T,/2 Tyl4
S Vo v, 12 v, 12 v, Vo
S-II Vv, v, v, Vv,

S-III Vv, v, Vv, Vv,

S-IV Vs v, Vv, Vs

S-v Vs Vs Vs Vs

S-VI v Vs Vs v,

In order to obtain optimal harmonic performance and the minimum switching frequency for
each of the power devices, the vector sequences are arranged such that the transition from one
vector to the next is performed by switching only one converter leg. Therefore, the request
minimum number of commutations per cycle is met if the active vectors are selected as Table I.

When T+ Ty >T,, the time T) and T}, are simply rescaling as follows:

T ] Tet T LT I

so that T, + 7}, ,=T, and Ty=0. According to this rescaling process, the converter can operate up to
the modulation index 0.952. Applying the special switching in the SVM process of a PWM
inverter the inverter, can be operated up to the modulation index 1.155."° In this work, the
modeling of SVPWM is implemented by using PSCAD/EMTDC,* which is demonstrated in

AL/‘PA PB PC Lc
o x|y
Vdc
a
‘ __c
5MA MB MC
b sl s
'I'_‘ ]
t 4t
Cascaded Get.lera.ted Pulse
Control [P Switching  — Generation
Reference
T MA MB MC
SVPWM

FIG. 4. Schematic diagram of a STATCOM switching circuit.
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FIG. 5. Control block diagram of a VSC based STATCOM.

detail in our earlier work.”* The reference voltage from the vector controlled VSC is progressed
through the SVPWM controller to generate the switching signals for insulated-gate-bipolar-
transistors (IGBT) of the STATCOM.

IV. STATCOM CONTROL STRATEGY

The schematic diagram of the STATCOM switching circuit is shown in Fig. 4. The aim of the
control is to maintain the desired voltage magnitude at the wind farm terminals (Bus 11 and Bus

Load C

(PIO-15/02) j0.2 13 0.00087+70.00174 14 | j0.2 15 P=0.5(pu)
}—an— .
7 o i Hydro Turbine nd
B 0.0085+j0.072 |8 0.0119+j0.1008 c
j0062s | (B20.0745) (B250.1045) 19 jo.0586 3
n < @ STATCOM-
5 = A
Tr.1 1 Tr.2
CB,
ault
(PIV=1.9/1.02) 0.032+j0.16 |p3 F2 0.039+j0.170 (P’!/=1.2/1.01) . 12 P=0.5(pw)
(B20.139) \,\‘E (B20.179) 102 110 0.00174+j0.0034 1 j0.2
5 [m] 0|6 [ I
Load A l l Load B = ¢
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1.04 £0.0° Infinite bus 50Hz, 100MVA BASE

FIG. 6. Model system with a 9-bus main system and two wind farms.
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TABLE II. Generator parameters.

Synchronous
SGl1 SG2 Induction generators

MVA 200 130 MVA 50
ry (pu) 0.003 0.003 rl (pu) 0.01
X, (pu) 0.102 0.130 x1 (pu) 0.1
X, (pu) 1.651 1.200 Xmu (pu) 35
X, (pu) 1.590 0.700 r21 (pu) 0.035
X, (pu) 0.232 0.300 x21 (pu) 0.030
X, (pu) 0.380 r22 (pu) 0.014
X, (pu) 0.171 0.220 x22 (pu) 0.098
X;’ (pu) 0.171 0.250 Hg (pu) 0.3
T, (s) 5.900 5.000 Hwt (pu) 3.0
T;, (s) 0.535 Kw (pu) 90
T, (s) 0.033 0.040

T,, (s) 0.078 0.050

H (s) 9.000 2.500

14). Usually, wind farm terminal voltage is not kept constant to be the rated voltage, but reset to
a desired value once or a few times a day by the TSO. For the control of the VSC, the well-known
cascaded vector control scheme is used as shown in Fig. 5. The VSC converts the direct current
(de) voltage across the storage device into a set of three-phase ac output voltages. These voltages
are supplied to the ac system through the impedance of the coupling transformer. The dq quantities
and three-phase electrical quantities are related to each other by reference frame transformation.
The angle of the transformation is detected from the three phase voltages (v,,v,,v,.) at each
connection point of the STATCOM (Bus 11 and Bus 14) by using the phase locked loop system.
Suitable adjustment of the phase and magnitude of the VSC output voltage allows the effective
control of a power exchange between the STATCOM and the ac system. The vector control
scheme generates the three-phase reference signals which are used to generate the switching
signals for the IGBT switched VSC. In the simulation, the sampling time 7 of the SPVWM is
chosen 0.001 s. The snubber circuit resistance and capacitance values of the IGBT devices shown
in Fig. 4 are 5000 Q and 0.05 uF, respectively. The VSC rating is considered to be the same as
wind farm rating. To speed up the simulation though a 50 MVAr STATCOM consists of one
inverter unit is considered in the simulation, practically it can be spilled into four 12.5 MVAr
inverter units as shown in the Appendix. The rated dc link voltage is 5.5 kV. The STATCOM is
connected to the 66 kV line by a single step down transformer (66 kV/3.2 kV) with 0.2 pu
leakage reactance (base value 100 MVA). The dc-link capacitor value is 50 000 uF.

4 — W ind Speed at WF 1
13 A --------- Wind Speed at WF2

Wind Speed[m/s]

0 100 200 300 400 500 600
Time[sec]

FIG. 7. Wind speed data for wind farms 1 and 2.
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FIG. 12. Voltage at Bus-8 with and without the STATCOM.
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FIG. 13. dc-link voltage of the STATCOM.
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FIG. 14. Terminal voltage of IG1 with and without the STATCOM (3LG).
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FIG. 15. Terminal voltage of IG2 with and without the STATCOM (3LG).

J. Renewable Sustainable Energy 1, 013103 (2009)
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FIG. 16. Voltage at Bus-8 with and without the STATCOM (3LG).

V. MODEL SYSTEM

Figure 6 shows a model system with 9-bus main system and two wind farms. Steam and
hydroturbine driven synchronous generators are connected with the main system as generator 1
and 2, respectively. The IEEE generic turbine model and approximate mechanical-hydraulic speed
governing system25 is used for synchronous generator 1 (SGI). The IEEE “nonelastic water
column without surge tank” turbine model and “PID control including pilot and servo dynamics”
speed-governing system26 is used for synchronous generator 2 (SG2). IEEE alternator supplied
rectifier excitation system27 is used in the exciter model of both synchronous generators. Wind
farms 1 and 2 are considered to be connected surrounding the hydrogenerator with long and short
transmission lines, respectively. In both wind farms, induction generators are used as wind gen-
erators. Each wind farm has a power capacity of 50 MVA. It is assumed that several fixed-speed
wind generators are lumped together to obtain the 50 MVA fixed-speed wind generator.28 The
generator parameters are shown in Table II, where base impedances for SG1, SG2, and induction
generators are 2, 3.07, and 0.0095 (), respectively. For transmission line parameters shown in Fig.
6, system base 100 MVA, 500 kV are chosen. A capacitor bank C has been used for reactive power
compensation of each IG at steady state. The value of capacitor C is chosen so that power factor
of the wind power station during the rated operation becomes unity.29 This capacitor bank value is
reduced by 15% when the STATCOM is connected at each wind farm terminal.

VI. SIMULATION RESULTS

In this study, an aggregated wind farm model is considered, where several WTGSs are lumped
together to obtain a large WTGS. The reason is that the detailed switching model is used in the
simulation instead of the time average model of cascaded control of a SVPWM based STATCOM,

IG1 Speed:Rated Capacitor Bank

1G 1 Speed:STATCOM with Reduced
1.030 4 , Capacitor Bank

——emt Turbinel Speed:Rated Capacitor Bank

Turbinel Speed:STATCOM with Reduced
Capacitor Bank

1.025 4

1

1.

1.

1.

IG1 Rotor & Turbine Speed [pu]

Timel[sec]

FIG. 17. Rotor and turbine speed of IG1 with and without the STATCOM (3LG).
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FIG. 18. Rotor and turbine speed of IG2 with and without the STATCOM (3LG).

which makes the simulation considerably slower. The simulation time step used in this study is
0.00002 s. For dynamic and transient analyses, the simulation time is chosen 600 and 10 s,
respectively. Simulations have been done by using PSCAD/EMTDC.>

A. Dynamic characteristics analysis

Real wind speed data are shown in Fig. 7, which was obtained in Hokkaido Island, Japan, is
used for each induction generator of wind farms 1 and 2. Though the wind speed is fluctuating
randomly, the induction generator terminal voltages of wind farms 1 and 2 can be maintained
constant when the STATCOM is used as shown in Figs. 8 and 9, respectively. Moreover, other bus
voltages at Bus-5, 6, and 8 can also be maintained almost constant as shown in Figs. 10-12. The
response of dc-link voltage is shown in Fig. 13. It is seen from the simulation results that the
STATCOM even with a reduced capacitor bank can maintain the bus voltages at a desired level
under randomly fluctuating wind conditions.

B. Transient performance analysis of the WTGS

The wind farm compatible grid code is more or less similar. The wind farm terminal voltage
has to return to 90% of the nominal voltage within 3 s after the starting of a voltage drop.ls’19
Otherwise, the plant has to be shutdown. An induction generator requires large reactive power to
recover the air gap flux when a short circuit fault occurs in the power system.6 If sufficient reactive
power is not supplied, then the electromagnetic torque of the wind generator decreases signifi-
cantly with the decrease of the terminal voltage. Then the difference between mechanical and

STATCOMI1:Connected at Bus-11

0.5 4
) STATCOM2:Connected at Bus-14

0.4 4

-0.1 T T T 1
0 2 4 6 8 10

Timelsec]

STATCOM Reactive Power[pu]

FIG. 19. Reactive power of STATCOM-1 and STATCOM-2 (3LG).
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FIG. 20. Line current from STATCOM-2 to Bus-14 (3LG).
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FIG. 21. Load angle of synchronous generator 1 (3LG).

90 - W ithout STATCOM

— With STATCOM

40 4

30

0 2 4 6 8 10
Time[sec]

FIG. 22. Load angle of synchronous generator 2 (3LG).
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FIG. 23. Terminal voltage of IG1 with and without the STATCOM (2LG).
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Time[sec]

FIG. 24. Terminal voltage of IG2 with and without the STATCOM (2LG).

electromagnetic torques becomes large and the wind generator and turbine speeds increase rapidly.
As a result, the induction generator becomes unstable and is requires to be disconnected from the
power system. However, the recent trend is to decrease the shut down operation because a shut
down of a large wind farm can have a serious effect on the power system operation. For transient
characteristic analysis, the wind speed is kept constant at a rated speed, assuming that the wind
speed does not change dramatically within the small time duration considered. At first, a three-line
to ground fault (3LG) occurs at fault point F1 in Fig. 6 at time #=0.1 s, the faulted line is cleared
at r=0.2 s, and the line is reclosed at t=1.0 s. Responses of terminal voltages at wind farms 1 and
2 are shown in Figs. 14 and 15, respectively. The voltage of Bus-8 is also shown in Fig. 16. The
generator rotor and turbine hub speeds of WTGSs 1 and 2 are shown in Figs. 17 and 18. Reactive
power responses of the two STATCOMs are shown in Fig. 19. As the fault occurs near wind farm
2, the capacitor bank installed at the terminal of IG2 cannot provide the necessary reactive power
when a STATCOM is not considered. Therefore, IG2 becomes out of step and needs to shutdown
as explained above. However, when a STATCOM is used, IG2 becomes stable and shutdown
phenomenon can be avoided. Induction generator 1 is far away from the fault point and the
terminal voltage decreases a little as shown in Fig. 14. Therefore, the mechanical and electromag-
netic torque imbalance is small and IG1 becomes stable quickly with and without considering a
STATCOM as shown in Fig. 17. The response of line current from STATCOM-2 to the connection
point (Bus-14) is shown in Fig. 20. Responses of load angles of SG1 and SG2 are shown in Figs.
21 and 22, respectively. It is seen that a STATCOM can enhance the transient stability of syn-
chronous generators as well as wind generators when the severe 3L.G fault occurs in the power
system.

Responses of terminal voltages of wind farms 1 and 2, when a two-line to ground fault (2LG)
occurs from phase-B and phase-C to ground, are shown in Figs. 23 and 24 respectively. Reactive

0.5 9 STATCOM l:Connected at Bus-11
STATCOM2:Connected at Bus-14

0.4

0.3

STATCOM Reactive Power[pu]

Time[sec]

FIG. 25. Reactive power of STATCOM-1 and STATCOM-2 (2LG).
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TABLE II1. Transient stability index [W, (s)] for 3LG fault.

Fault Only capacitor bank STATCOM with reduced
location at rated capacity capacitor bank
Fl1 3.92 2.36
F2 3.20 1.58
F3 3.88 2.82

power responses of STATCOM-1 and STATCOM-2 are shown in Fig. 25. From these figures, it is
clear that a STATCOM can also stabilize the wind generators under unsymmetrical faults. The
system is found to be stable during single-line-to-ground fault with the capacitor bank at rated
value, though the simulation results are not shown in this paper.

VIl. TRANSIENT STABILITY EVALUATION

For the evaluation of transient stability, we used the stability index W, (Ref. 30) as described

below
T
oo |
0

where T is the simulation time of 10.0 s, W, is the total kinetic energy which can be calculated
easily by using the rotor speeds of the synchronous generators only and is given by

d
EWtotal dt / system base power, (10)

N

Wlotal=EWi ), (11)
i=1

Wi o, (). (12)

2

The smaller the value of W, the better the system’s transient stability. The transient stability index
with and without considering the STATCOM against 3L.G fault is shown in Table III for different
fault points of the model system. From Table III it can be easily understood that the SVPWM
controlled STATCOM can improve the transient stability of the entire power system.

VIIl. CONCLUSIONS

In this study, dynamic and transient stabilities of wind generators are analyzed by using a
model system composed of 9-Bus main system and two wind farms composed of fixed speed
WTGSs. It is seen that the SVPWM controlled STATCOM connected at the wind farm terminal
can enhance both dynamic and transient stabilities of wind generators, even if the capacitor bank
of wind generators is reduced by a certain percentage. Moreover, by evaluating the transient
stability indexes for a different fault point in the model system, it is also clear that the STATCOM
can improve the transient stability of the multimachine power system including wind farms.

<
Coupling
Transformer (
<
<
Linking Reactor DC Capacitors

FIG. 26. Schematic diagram of parallel connected inverter topology.
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APPENDIX: LARGE CAPACITY STATCOM TOPOLOGY

For large capacity system such as a 50 MVARs STATCOM, parallel connected inverter to-
pology can be adopted as shown in Fig. 26.
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