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Abstract— Power generation from renewable energy source, the wind has grown
tremendously and its growth potential is still significant. Unlike conventional sources, due to
the unpredictable nature of wind and due to various aerodynamic aspects, the active power
generated by wind turbines fluctuates. The power variation causes stability issues because of
the fluctuation of the voltage at the point of connection of wind farm. Therefore, power
quality issues especially; voltage sag is the major limiting factors for connecting wind farm
into power grid, mainly the wind farm with fixed-speed induction generators. This paper
investigates the use of a static synchronous compensator (STATCOM) to mitigate the
sustained voltage sag of wind farm with fixed speed induction generators. A control strategy
which combines negative-sequence voltage feed-forward (NSVFF) control is used to mitigate
voltage fluctuation of wind farm. The simulation results show that the STATCOM
significantly improves the power quality of wind farm integrated to grid.

Index Terms— Power quality, STATCOM, wind farm, Induction Generator

|. INTRODUCTION

The main problem regarding wind power systems is the major discrepancy between the irregular character of
the primary source (wind speed is a random, strongly non-stationary process, with turbulence and extreme
variations). The active power generated by wind turbines fluctuates due to the aerodynamic aspects. The
power variation can cause fluctuation of the voltage at point of connection of wind farm. Therefore, power
quality issues (sustained voltage sag) are the major limiting factors for connecting wind farm into power grid,
especially the wind farm with fixed-speed induction generators. Voltage collapse is associated with the
reactive power demands of loads not being met because of limitations on the production and transmission of
reactive power. Limitations on the production of reactive power usually include generator and FACTS
devices reactive power limits and the reduced reactive power produced by capacitors at low voltage levels,
etc. This paper prescribes a new power injection model of STATCOM for voltage stability.

I1l. POWER EXTRACTED FROM WIND

The horizontal axis approach currently dominates wind turbine applications. A horizontal axis wind turbine
consists of a tower and a nacelle that is mounted on the top of the tower. The nacelle contains the generator,
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gearbox and the rotor. Different mechanisms exist to point the nacelle towards the wind direction or to move
the nacelle out of the wind in the case of high wind speeds. On small turbines, the rotor and the nacelle are
oriented into the wind with a tail vane. On large turbines, the nacelle with the rotor is electrically yawed into
or out of the wind, in response to a signal from a wind vane. Horizontal axis wind turbines typically use a
different number of blades, depending on the purpose of the wind turbine. Two-bladed or three-bladed
turbines are usually used for electricity power generation. Turbines with 20 or more blades are used for
mechanical water pumping. The number of rotor blades is indirectly linked to the tip speed ratio, 4, which is
the ratio of the blade tip speed and the wind speed:

2 = 2R @)
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Where w is the frequency of rotation, R is the radius of the aerodynamic rotor and v is the wind speed [1].
Currently, three-bladed wind turbines dominate the market for grid-connected, horizontal axis wind turbines.
Three-bladed wind turbines have the advantage that the rotor moment of inertia is easier to understand and
therefore often better to handle than the rotor moment of inertia of a two-bladed turbine. Furthermore, three-
bladed wind turbines are often attributed ‘better’ visual aesthetics and a lower noise level than two-bladed
wind turbines. The power of an air mass that flows at speed v through an area A can be calculated as follows:
Power in wind.

Pv = % pAL? 2

Where A is intercepting area in m? p is air density in kg/m® and v is wind speed in m/s. The power in the
wind is converted into the mechanical-rotational energy of the wind turbine rotor, which results in a reduced
speed in the air mass. The power in the wind cannot be extracted completely by a wind turbine, as the air
mass would be stopped completely in the intercepting rotor area. This would cause a ‘congestion’ of the
cross-sectional area for the following air masses. The theoretical optimum for utilizing the power in the wind
by reducing its velocity was first discovered by Betz. According to Betz, the theoretical maximum power that
can be extracted from the wind is

Pw :%pAUSCPBeu :%pAua 0.59 (3)

1. VOLTAGE STABILITY ISSUES OF WIND FARM

The influence of connecting a wind farm on the gird voltage is directly related to the short circuit power
level. The short circuit power level in a given point in the electrical network represents the system strength. If
the voltage at a remote point can be taken as constant, Vs and the short circuit power level SSC in MVA is
defined as V,2/Z, where Z is the equivalent impedance between the points concerned.
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Fig.1 simple systems with an equivalent wind power generator connected to a network.
Fig.1 Illustrates an equivalent wind power generation unit, connected to a network with equivalent short
circuit impedance Zx. The network voltage at the assumed infinite bus bar and the voltage at the Point of

Common Coupling (PCC) are V4 and Vs, respectively [2]. The output power and reactive power of the
generation unit are Py and Q,, which corresponds to a current I
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The voltage difference AV, between the system and the connection point is given in eqn. 6.

AV =AV, + jAV, O

The voltage difference AV is related to the short circuit impedance, the real and reactive power output of the
wind power generation unit. It is clear that the variations of the generated power will result in the variations
of the voltage at PCC. If the impedance Zx is small then the voltage variations will be small (the grid is
strong). On the other hand, if Z« is large, then the voltage variations will be large (the grid is weak).
However, strong or weak are relative concepts. For a given wind power capacity P the ratio RSC = SSC /P is
a measure of the strength. The voltage at PCC should be maintained within utility regulatory limits.
Operation of wind turbines may affect the voltage in the connected network. If necessary, the appropriate
methods should be taken to ensure that the wind turbine installation does not bring the magnitude of the
voltage outside the required limits.

IV. VOLTAGE FLUCTUATION MITIGATION

For the power system in Fig.2, the voltage at the sending end of the power line Vi, can be approximately
calculated as:

PR, +QX
_PR+QXy

V, (8)
V,

Vs

Where P and Q are the active and reactive power flow on the line, respectively; V, is the voltage at the
receiving end of the power line. Since the voltage V; is constant but the generated active power by the wind
farm is varying due to the variation of the wind speed, the voltage V; fluctuates when the reactive power is
relatively constant. However, by quickly varying the reactive power Q using fast and smooth dynamic
reactive compensation from the STATCOM, the fluctuation of the voltage V; can be mitigated [3] [4].
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Fig.2 Single line diagram of wind farm with STATCOM

V.STATCOM

The objective of the STATCOM s to provide fast and smooth voltage regulation at the point of common
coupling (PCC). The STATCOM is made up of a shunt transformer, a VSC, a dc capacitor, a magnetic
circuit, and a controller. If there is no energy storage device coupled to the dc link and the losses are
neglected, neither shunt converter is capable of absorbing or generating real power so that only operating in
the reactive domain is possible. The reactive power exchange of STATCOM with the ac system is controlled
by regulating the output voltage amplitude of VSC. If the amplitude is increased above that of the ac system,
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the current flows through the shunt transformer from the STATCOM to the ac system, and the device
generates reactive power (capacitive) [5]. If the amplitude is decreased to a level below that of the ac system,
then the current flows from the ac system to STATCOM. The capacitor is used to maintain dc voltage to the
VSC, which itself keeps the capacitor charged to the required levels. Thus, by controlling the VSC output
voltage lead or lag with respect to the ac system voltage, the capacitor dc voltage can be decreased or
increased, respectively, to control the reactive power output of the device [6]. When the VSC voltage leads
the bus voltage, the capacitor supplies active power to the system, reducing its voltage; on the other hand,
when the VSC voltage lags the bus voltage, the capacitor is charged by consuming active power from the
system [7] [8] [9].

VI. CONTROL STRATEGY FOR STATCOM

Negative-sequence voltage feed-forward control is formulated with DSRF PLL to detect the PCC voltage
unbalance components. PCC voltage can be used to determine positive-sequence and negative-sequence
components. DSRF is composed of two rotating reference axes; one is rotating in anti-clock wise direction
and other in clock wise direction. Reference axis rotating in anti-clock wise direction is dg** frame and its
angular position is #'and axis rotating in clock wise is dg™ frame and its angular position is -8’. Using Parks
transformation the PCC voltage is transformed from abc reference frame to anti-clock wise and clock wise
rotating reference frame. The matrix expression given in Eqn.9 and 10 is obtained when 8’ ~ wt + @*1.

Vsd+1 \/P 1 N 1, il 005(29) Nainf 41, 41 sin(29') 9
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Positive-sequence and negative-sequence voltage amplitude are V& and V& respectively. The initial phase
angle of positive-sequence and negative-sequence voltage are @**and @~ respectively. Since both axes are

rotating in opposite direction, the oscillating frequency 2w corresponding to the coupling between axes. A
decoupling calculation is described in Eqn.11 and 12 to cancel the oscillations.

V}w1 Ve Ry cos(29'? T sin(29'l) (11)
Vi | | Ve -sin(20) c0s(20)
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Vo Ve sin(20))
The structure model of the DSRF PLL can formulated form Eqn.11 and 12 and the structure is shown in
Fig.3. Decoupling computation is used to ascertain the positive and negative sequence components of the
unbalanced PCC voltage. Positive and negative fundamental component of the PCC voltage can be detected
using The Doubly Synchronous Revolving reference Frame (DSRF) PLL method [10]. The complete control

strategy consists of PWM control and the Negative Sequence Voltage Feed-Forward control. The structure of
NSVFF control is shown in Fig.4.
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Fig.3 Structure model of the DSRF PLL
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Fig.4 Block diagram of the NSVFF control scheme
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VII. PERFORMANCE ANALYSIS OF WIND FARM UNDER UNSYMMETRICAL FAULT

To investigate the effect of the STATCOM with NSVFF control on power quality issues of the WTGs, an
unsymmetrical fault is applied at the 575V bus and the fault is cleared after 0.5s. Fig.5 shows the response of
the PCC voltage without STATCOM. Without any reactive power support the system voltage drops to
0.65pu even after clearing the fault. Fig.6 shows voltage and current response of wind farm at PCC with
STATCOM using NSVFF control. The PCC voltage is stabilized at 0.99pu when wind farm is supported by
STATCOM using Negative Sequence Voltage Feed Forward Control (NSVFF).

Voltage instability of wind farm is caused by fatal over speeding of the WTGs during fault. As a result, the
wind farm has to be disconnected from the power grid. However, when using the dynamic reactive
compensation device STATCOM, the voltage instability is prevented and the WTGs successfully ride
through the grid fault and remain in service. Fig.7 shows the reactive power demand of wind farm during
fault. During unsymmetrical fault the reactive power demand is increased to 17MVAr. Due to the heavy
reactive power demand the voltage at PCC decreases. Since wind farm is supported by STATCOM the
reactive power demand is reduced to 2.2MVAr. Therefore, the STATCOM mitigated the power quality issue
of wind farm at PCC by injecting reactive power. Fig.8 shows reactive power generated by the STATCOM
with NSVFF control.

plot of V at bus-I (25kV) plot of V/ at busl (25kV)

1

091

065 f-----Ner S AU VATV FO L SO S 4 o7 e -\ / ’

052

V (pu)
V (pu)

I~

2 o

& >
S

0.39

026 03 /
0.13 /
0.15

0

0 1 2 3 4 5 6 0 I i i i i
time(sec) 0 05 1 15 2 25 3 35 4 45 5
time(sec)

Fig.5 Variation of voltage at PCC without STATCOM . o i
Fig.6 Variation of voltage at PCC with STATCOM
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plot of Q at bus-Il (25kV) plot of reactive power generated by statcom
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Fig.7 Variation of reactive power demand of wind farm at Fig.8 Variation of reactive power generated by STATCOM
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VIII. PERFORMANCE ANALYSIS OF WIND FARM UNDER SYMMETRICAL FAULT

The effect of STATCOM with NSVFF control on wind farm during symmetrical fault is analysed on the
simultion model. A symmetrical fault is considered to occur in the 575V bus at 1.0 sec and the fault is cleared
after 0.5 sec. Fig.9 shows the response of the wind farm at PCC under symmetrical fault without STATCOM.
Wind farm voltage level is reduced to 0.4pu during the fault and the voltage at the bus after clearing the fault
is 0.64pu. Since the reactive power demand of the wind farm is increased the system could not back to stable
voltage limit even after clearing the symmetrical fault. Fig.10 shows voltage response of the wind farm at
PCC with STATCOM using NSVFF control. The PCC voltage is stabilized at 0.98pu, this is due to reactive
power support from STATCOM. Fig. 11 shows the reactive power demand of wind farm at PCC, during fault
state the demand incereased to 14.6MVar and the demand sustaine in that magnitude if wind farm is not
supported with STATCOM.

Wind farm with out STATCOM, voltage at PCC even after clearing the fault is 0.64pu. As wind farm is
supported by STATCOM, the Voltage at PCC back to prefault limit of 1pu after clearing the fault. Fig.12
shows variation of reactive power injected by STATCOM at PCC. The reactive power injected by
STATCOM is 2.6MVar during symmetrical fault.

During the fault, the wind generator accelerates, since it is no longer able to generate enough electromagnetic
torque to balance the torque coming from wind turbine. When the fault is cleared, Without STATCOM, the
generator is not able to produce enough braking torque to bring the speed and the PCC voltage back to their
pre-fault values. As a result, the wind farm has to be disconnected from the power grid. However, when using
STATCOM for reactive compensation, the PCC voltages and the SCIG rotor speed recover to their pre-fault
nominal values, and the wind farm remains connected to the grid. Therefore, STATCOM enhances transient
stability of wind energy sytem when it experience symmetrical fault and the low voltage ride-through
capability of wind farm.
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Fig.9 Variation of voltage at PCC without STATCOM . L i
Fig.10 Variation of voltage at PCC without STATCOM
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plot of Q at bus-ll (25kV) plot of reactive power generated by statcom
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Fig.11 Reactive power demand of wind farm at PCC

Table I shows PCC voltage in pu of wind farm without STATCOM and with STATCOM using NSVFF
control. Power quality like sustained voltage sag is a main issue related with wind farm during symmetrical
and unsymmetrical faults. Results show that STATCOM with NSVFF control improves voltage stability of
wind farm at PCC.

TABLE | PCC VOLTAGE IN PU DURING FAULT CONDITIONS

. without With STATCOM

Fault Condition STATCOM (NSVFF control)
Unsymmetrical fault 0.65 0.99
Symmetrical fault 0.64 0.98

IX. CONCLUSION

The voltage instability of wind farm at PCC during unsymmetrical fault and symmetrical fault are the major
concern for ensuring the system stability. The effect of the faults remains even after clearing the abnormality
issues and this voltage instability issues limits the wind farm integrating with the grid. This paper examines
the use of STATCOM to mitigate the voltage fluctuations of wind farm at PCC during unsymmetrical and
symmetrical fault conditions and improve the voltage stability at the PCC. STATCOM with negative
sequence voltage feed forward scheme and PWM control is employed to stabilize the voltage of wind farm at
PCC during unsymmetrical and symmetrical conditions. Doubly synchronous revolving frame theory is used
to obtain the positive-sequence and negative-sequence components of the voltages at PCC during abnormal
conditions. MATLAB/SIMULINK environment is used to model the simulation which contains wind farm
with fixed-speed wind turbines, STATCOM and power grid. The simulation results shows that sustained
voltage sag of grid integrated wind farm at PCC during symmetrical and unsymmetrical fault conditions is
subdued and there by improved the PCC voltage stability.
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