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Abstract —The technological advancements in wind energy
conversion have led to increased wind power generation in
recent years. Static synchronous compensator (STATCOM) is
used extensively in power systems due to its ability of
providing the flexible power flow control. The main motivation
for choosing STATCOM in wind farms is that it can provide
bus bar system voltage support either by supplying or absorbing
reactive power into the system, thereby can improve the steady-
state stability limits of the network. This paper deals with the
impact of STATCOM on the wind farm performance. The wind
turbines considered are fixed speed ones with squirrel cage
induction generator. In this work the performance of wind farm
with and without STATCOM is investigated under fault
conditions.
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1. Introduction

The main benefit of reactive power compensation in an
electrical system is the voltage regulation, increased
system stability, better utilization of machines connected
to the system, reduction of losses associated with the
system, prevention of the voltage collapse and voltage
sag. The impedance of transmission lines and the need
for lagging VAR machines in a generating system result
in the consumption of reactive power, which affect the
stability limits of the system as well as transmission lines
[1]. Unnecessary voltage drops will lead to increased
losses that need to be supplied by the source and in turn
lead to outages in the line due to increased stress on the
system to carry this imaginary power. Thus, the
compensation of reactive power can not only mitigate all
these effects but also help in better transient response to
faults and disturbances. It is srongtly required that the
lines be relieved of the obligation to carry the reactive
power, which is better provided near the generators or the
loads. Shunt compensation can be installed near the load,
in a distribution substation or transmission substation [2].
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In recent years there has been an increased focus on the
techniques used for the compensation. FACTS are the
acronym forFlexible Alternating Current Transmission
Systems incorporating power-electronics based and other
static controllers to enhance controllability and power
transfer capability. The main purpose of FACTS is to
supply the network as quickly as possible with inductive
or capacitive reactive power that is adapted to its
particular requirements, while improving the quality and
efficiency of power transmission systems. STATCOM is

a voltage-source inverter (VSI), which converts a DC
input voltage into AC output voltage in order to
compensate the active and reactive power needed by the
system [3-5]. Also, STATCOM is added to the power
network to provide dynamic voltage control for the wind
farm, to make the dynamic power flow control for the
transmission lines, to relieve transmission congestion and
to improve power oscillation damping [6-10].

In this study the performance of a wind farm with and
without STATCOM is investigated. We present a simple
and efficient model for a 9MW wind farm that consists of
wind turbine, induction generator, STATCOM and bus.
This model describes the dynamic behavior of bus
voltage. Simulation is carried out by using MATLAB/
Simulink program package to verify the validity of the
proposed model. The paper is structured as follows.
Section 2 presents the system, characteristics, working
principle and control structure of the STATCOM.
Section 3 describes the studied system and wind farm
model. In Section 4, simulation results and discussions
for STATCOM response are presented. Finally, main
conclusions are illustrated in section 5.

2. STATCOM

STATCOM is a VSI, which converts DC input voltage

into AC output voltage in order to compensate the active
and reactive power needed by the system. STATCOM
can be considered as an advanced static VAR
compensator in which a voltage source converter (VSC)
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is used instead of the controllable reactors and switched
capacitors [11]. The STATCOM is a shunt-connected
device of FACTS family using power electronics to

control power flow and improve transient stability on

power grid. The STATCOM regulates voltage at its

terminal by controlling the amount of reactive power

injected into or absorbed from the power system. When
the system voltage is low, the STATCOM generates
reactive power (STATCOM capacitive) and when the

system voltage is high, it absorbs reactive power
(STATCOM inductive).

A. System of STATCOM

The system circuit consists of a DC energy storage
device (capacitor), a VSC for generating a controllable
AC voltage source behind the transformer reactance, the
voltage difference across the reactance of the transformer
produces active and reactive power exchange between
STATCOM and the power system. The STATCOM
output voltage magnitude can be adjusted by controlling
the voltage across the DC capacitor. The STATCOM in
wind farm is usually located at the entrance of the grid.
For small rated STATCOM, it is preferable to locate it at
each wind turbine [12]. Figure 1 shows the schematic of
the STATCOM.
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Fig. 1: Schematic of the STATCOM

B. V-I characteristic of STATCOM

The STATCOM can supply both the capacitive and the
inductive compensation and is able to independently
control its output current over the rated maximum
capacitive or inductive range irrespective of the amount
of AC-system voltage. The STATCOM is necessary to
support the system voltage during and after faults which
otherwise will cause voltage collapse. When the
STATCOM is worked in voltage regulation mode, it

implements the V-l characteristics as shown in Fig. 2.
The V-l characteristics is described by the following

equation:

V=V, + X (1)

whereV is the positive sequence voltagés the reactive
current (>0 indicates an inductive current areO
indicates capacitive current), aXgdis the drop reactance
(usually between 1% and 5%).
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Fig. 2: Typical steady state V—I characteristic of a STATCOM

C. Working Principle of STATCOM:

STATCOM is a controlled reactive-power source. It
provides the desired reactive-power generation and
absorption entirely by means of electronic processing of
the voltage and current waveforms in a VSC. A
STATCOM principle diagram is shown in Fig. 3, which

is seen as an adjustable voltage source behind a
reactance. It means that the capacitor banks and shunt
reactors are not needed for reactive-power generation and
absorption, thereby it gives the STATCOM a compact
design. The coupling transformer plays two different
roles. First, it connects the converter to the high voltage
power system. Secondly, the transformer inductance
ensures that DC capacitor is not short-circuited and
discharged rapidly [13-14].

Power

System
P+ \Ql X v, —4|“7dc
.

VSC

Fig. 3: Diagram of STATCOM working principle
V; is the bus terminal voltag¥; is the output voltage of
STATCOM, V. is the DC capacitor side voltagk, is

the inductive reactance, armdis the phase angle &f;
with respect to/,.

General mathematical equation of STATCOM for active
or real power, reactive power and STATCOM output
voltage can be expressed as follows:

P=(,v,)sind/ X, (5)
Q=V, 1V, -V,cosd)/ X, (6)

The relationship between fundamental component of the
converter AC output voltage and voltage across DC
capacitor is given as:

Vout =K |N/dc (7)

where K is coefficient which depends upon on the
converter configuration, number of switching pulses and
the converter controls.

The following operation modes of STATCOM are given:

1- Normal excited mode of operation (V, = V,):

If the output voltage is equal to the AC system
voltage, then the reactive power exchange is zero.

RE&PQJ, Vol.1, No.16, April 2018



2- Over exited mode of operation (V, > V,):

If the amplitude of the output voltage is increased
above that of the AC system voltage, then the current
flows through the reactance from the STATCOM to
the AC system and the STATCOM generates reactive
(capacitive) power for the AC system.

Under exited mode of operation (V, < V,):

If the amplitude of the output voltage is decreasedgra
below that of the AC system, then the reactive current
flows from the AC system to STATCOM, and the
STATCOM absorbs the reactive (inductive) power
for the AC system.

D. STATCOM Control Structure:

As shown in Fig. 4, the control system consists of phase:
locked loop (PLL) which synchronizes on the positive-
sequence components of the three-phase primary voltage
V;. The output of the PLL (anglé=wt) is used to
compute the direct-axis and quadrature-axis components
of the AC three-phase voltage and currents (labelé& as
and V4 or Ig and I on the diagram). Thel and q
components of AC positive-sequence voltage and
currents to be controlled as well as the DC voltdgeare
measured. An outer regulation loop consists of an AC
voltage regulator and a DC voltage regulator. The output
of the AC voltage regulator is the reference curiggat

for the current regulatoil(= current in quadrature with
voltage which controls reactive power flow). The output
of the DC voltage regulator is the reference curigpt

for the current regulatorl{ = current in phase with
voltage which controls active power flow). An inner
current regulation loop consists of a current regulator.
The current regulator controls the magnitude and phase
of the voltage generated by the PWM convergy, (V2)

from the lg¢ and lge reference currents produced
respectively by the DC and AC voltage regulators (in
voltage control mode). The current regulator is assisted
by a feed forward type regulator which predicts the
voltage outputVq, V2q) from theV; measurements/(,,

V,q) and the transformer leakage reactance.
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Fig. 4: Single-line diagram of STATCOM and control system
block diagram

3. Wind Farm Model
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A wind farm consisting of six 1.5 MW wind turbines is

connected to a 25 kV distribution system and exports
power to a 120 kV grid through a 25 kM 25 kV feeder in
the single line diagram of test system as shown in Fig. 5.
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Fig. 5: Single line diagram of test system

With Matlab/Simulink program, an electrical network
with asynchronous generator, voltage source, various
loads and a 9 MW wind farm which has a 3 MVA
STATCOM has been modeled (Simulink diagrama is
omitted due to space limitation). The 9 MW wind farm is
simulated by three pairs of 1.5 MW wind-turbines. Each
wind turbine has a protection system monitoring voltage,
current and machine speed. Wind turbines use squirrel-
cage IG (induction generators). The stator winding is
connected directly to the 60 Hz grid and the rotor is
driven by a variable-pitch wind turbine. The pitch angle
is controlled to limit the generator output power at its
nominal value for winds exceeding the nominal speed (9
m/s). In order to generate power, the IG speed must be
slightly above the synchronous speed. Speed varies
approximately between 1 pu at no load and 1.005 pu at
full load. Reactive power absorbed by IGs is partly
compensated by capacitor banks connected at each wind
turbine low voltage bus (400 kvar for each pair of 1.5
MW turbines). The rest of reactive power required to
maintain the 25 KV voltage at bus B25 close to 1 pu is
provided by a 3 MVar STATCOM with 3% drop setting.

The pitch angle controller regulates the wind turbine
blade pitch angle according to the wind speed variations.
A Proportional-Integral (PI) controller is used to control
the blade pitch angle in order to limit the electric output
power to the nominal mechanical power. The pitch angle
is kept constant at zero degree when the measured
electric output power is under its nominal value. When it
increases above its nominal value the PI controller
increases the pitch angle to bring back the measured
power to its nominal value. The pitch angle control
system is illustrated in Fig. 6.

Pitch angle max.

Piich angle

o

Pelect. _: Pitch angle

controller (PT)

Pmech. . :
Pitch angle mn.

Fig. 6: Control System for pitch angle control
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4. Simulation Results

STATCOM responses

In this study there are three pairs of wind turbines 3.33
MVA in the wind farm, for which we analyze two
scenarios: without and with the use of STATCOM in
power network. Three-phase fault has been considered
that starts at t=15 sec and finishes at t=15.1 sec. Figs. 7-
10 show the simulation results for the response of the
wind turbine and the bus-25, for the system cases without
and with the STATCOM, respectively. Active power,
reactive power, wind turbine speed and voltage on 25 kV
bus with and without STATCOM will be analyzed.

Case A. Without STATCOM

Figure 7 shows the response of active and reactive
power, generator speed, wind speed and pitch angle for
each turbine on wind turbine scope under three phase
fault. For each pair of turbine, the generated active power
starts increasing smoothly (together with the wind speed)
to reach its rated value of 3 MW in approximately 8s.
Over that time frame the turbine speed is increased from
1.0028 pu to 1.0047 pu. Initially, the pitch angle of the
turbine blades is zero degree. When the output power
exceeds 3 MW, the pitch angle is increased from 0 deg to
8 deg in order to bring output power back to its nominal
value. It is observed that the absorbed reactive power
increases as the generated active power increases. At
nominal power, each pair of wind turbine absorbs 1.47
Mvar for an 11 m/s wind speed.
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Fig. 7: Response of active, reactive power, generator speed,
wind speed and pitch angle on wind turbine scope without
STATCOM.

Figure 8 shows the response of voltages, currenieact
and reactive power on the bus scope under three phase
fault. The total exported power measured at the B-25 bus
is 9 MW and the STATCOM maintains voltage at 0.984
pu by generating 1.62 Mvar.

Vabe B25 {pu)

1.5
1.0
0.5
0
o 2 4 6 8 10 12 14 1w 18 20
i P B25 (MW) Active power waveform
o !
-3
0 2 4 6 8 0 12 14 16 18 20
01_B25 (Mvar) Reactive power waveform
10
j__/—/_/_\L‘
i | —
0 2 4_6 8§ 10 12 14 16 18 0
i V_B1% pos. seq. {pu) Voltage wavefomm
10 —
0.5
0
o 2 4 [ 8 I 12 14 16 18 20
[ B23 pos. seq. (pu) Current waveform
6
4
2
_______.—-—-_-_'_.____—L‘___
n e ——
0 2 4 6 8 0 12 14 1s 18 20

Fig. 8: Response of voltages, current, active and reactive power
on the bus scope without STATCOM.

Case B. With STATCOM

We will now observe the impact of the STATCOM. If
the STATCOM is put out of service we can observe that
"B25" now drops to 0.91pu due to the lack of reactive
power support. This low voltage condition results in an
overload of the IG of "Wind Turbine 1". To avoid this
problem STATCOM is used as a better option for the
reactive power compensation. Figures 9-10 show the
response impact of the STATCOM under three-phase
fault. From the simulated model it is observed that the
STATCOM stabilizes the system voltage near to the
rated value (1pu) when generated electricity from wind
turbine is fed into the system. Moreover, the STATCOM
responds to system imbalance within short time and
stabilizes the system voltage to rated value.
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Fig. 10: Response of voltages, current, active and reactive
power on the bus scope with STATCOM.

Under three phase fault conditions

The system is subjected to three phase fault at the grid
and cleared after 88 msec from 15 sec to 15.088 sec,
Without STATCOM the wind turbines will not be able to
transfer all generated power leading to an acceleration of
the wind turbines due to the imbalance between input
mechanical power and output electrical power, and active
power generated from the wind turbines to the grid
without STATCOM is about zero MW. Wind turbines
tripped at 15.1 sec due to AC under voltage (positive
sequence). When STATCOM is connected wind turbines
enter in service and the active power generated become
8.664 MW. Thus, STATCOM has an important effect on
the active power generated.

Time (sec)

Fig. 20.1: Active power response of the system at bus-25

The STATCOM starts to absorb reactive power in order
to help the system sustain the voltage variations. The
reactive power without STATCOM was negative (-1273
MVAR) and the grid takes reactive power from capacitor
banks of wind turbines. After using STATCOM, the
reactive power becomes 1988 MVAR.

16
Time (sec)

Fig. 20.2: Reactive power response of the system at bus-25
STATCOM improves the grid voltage, where the voltage

at the grid without STATCOM was 1.024 Pu and after
using STATCOM becomes 0.985 .Pu
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Fig. 20.3: Voltage response of the system at bus-25

During the period with a fault applied on the grid at bus-

25 at time 15 sec with a time duration of 88 msec of

fault, all wind turbines are disconnected at time 15.1 sec
due to AC under voltage and no output power is

generated due to the lost in the reactive power required
during this fault where the power system and capacitor
banks are not enough to supply the large amount of
reactive power. This is a big problem for a large wind

farms and the voltage of the grid increases due to the
impact of the reactive power delivered from the capacitor
bank. When a STATCOM is connected to the system, it
supplies the required reactive power during a fault which
is enough to keep the wind farm generating its rated
power under a large time duration of high fault.

5. Conclusions

In this work, the wind farm power quality has been
improved using FACTS devices such as STATCOM. The
dynamic model of the power system has been built using
MATLAB/Simulink software. The performance and the
impact of STATCOM in static voltage stability margin
enhancement has been studied in different fault
scenarios. The main effect of STATCOM has been seen
when a three-phase fault applied on the grid, as it is a
dangerous fault during a long applied fault time duration
on the grid. The transferred power and power factor has
been improved by using STATCOM. The voltage of the
grid is always constant, stable and close to the desired
value (1 pu).

Appendix: System parameters of STATCOM and
wind turbine

Table 1: System Parameters of STATCOM

Parameter Value
System Nominal Voltage 25 KV
System Frequency 60 HZ
Rating Power 3 MVA
Capacitor 1125 pF

Table 2: System Parameters of IG and wind turbine:

Parameter Value

Rating Power 3.33 MAV

Stator Voltage 575 V(rms)

Frequency 60 HZ

Stator Resistance 0.0045 pu

Stator Inductance 0.125 pu

Rotor Resistance 0.0044 pu

Rotor Inductance 0.179 pu
https://doi.org/10.24084/repqj16.212 64

Magnetizing Inductance 6.77 pu
Inertia Constant 5.04s
Friction Factor 0.01 pu
Pairs of Poles 3p
Base wind speed 9 m/s
Maximum pitch angle 45 deg
Pitch angle controller gain: [Kp Ki] [5 25]
Nominal wind turbine mechanical ot power 3 MW
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