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Abstract

Due to the variable and non-uniform nature of wind speed, using the variable speed wind power
plants equipped with induction generators has advantages over the fixed speed wind power plants;
however, it also contains some disadvantages such as consuming a large amount of reactive current in
the power grid and causes voltage drop and instability. The use of static synchronous compensator or
STATCOM is one of the key methods to improve the power profile in wind farms. STATCOM can
control the voltage dynamics, improve transient stability, eliminate power fluctuations in the
transmission network, and control the real and reactive power. Regarding to the fluctuations in
electricity generated in wind farms, the presented case study proposed methods to improve the active
power and compensate reactive power using the STATCOM in wind systems by modeling in Simulink
environment of MATLAB software. According to the simulation results, by applying the STATCOM to
the studied system, changes in active power and reactive power generated from the wind farm are
significantly reduced. In addition, studies in terms of total harmonic distortion (THD) show that by
employing STATCOM, the amount of output voltage distortion is vastly decreased.
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power generation in worldwide was 197

1. Introduction GW. Today, wind power in the world has an
The tendency of countries around the annual production capacity of 430 TW of
world to use renewable energy such as wind electricity, which is 2.5% of world
energy, as the main source of electricity electricity consumption [3].
production, in recent years has been Using the variable speed wind turbines has
considered. A wind power plant or wind advantages over fixed speed wind power
farm is a collection of several wind turbines plants. Although fixed speed wind farms
located in one place. Significant progress can be connected directly to the grid, a
has been made in the development of wind wider range of energy is covered by
turbines to generate electricity since 1975, variable speed wind farms. Lack of reactive
and around 1980 the first modern turbines power in power grids causes voltage drop
were connected to the power grid [1]. With and voltage fluctuations. Due to the
the expansion of the use of wind energy and expansion and complexity of power grids,
wind power generation, wind turbines reactive power compensation is a key in
connected to double fed induction order to prevent voltage collapse. The use
generators are widely used [2]. At the end of static compensator or STATCOM is one
of 2010, the nominal capacity of wind of the methods used to improve power in
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wind farms. Inverter has been used in this
compensator to provide the required
reactive power locally and its output is
continuously adjustable. Using STATCOM,
it is possible to have dynamic voltage
control, improve transient stability,
eliminate power fluctuations in the
transmission network, and control real and
reactive power [4].

In the past, to compensate the reactive
power of the power grid, wind turbines
were connected directly to the power grid
and the required reactive power was
supplied through the grid [5]. In [6], a 24
pulses three-level static synchronous
compensator with pulse width modulation
(PWM) control method is presented to
work in main frequency. In this method,
four three-level Voltage Source Converters
(VSC) and four identical transformers are
used to control the reactive power using a
current control algorithm that has a
complex circuit. In [7], the voltage
sensitivity of the grid over the reactive
power conditions is analyzed and
STATCOM is used to improve the voltage
profile of different buses. Due to the rapid
dynamic response of this method, in
addition to improving voltage levels, the
damping rate of voltage fluctuations has
also increased. In [8], besides examining
the issues such as control of voltage,
frequency, reactive power, dynamic load
fluctuations as well as power quality issues
for the dynamic stability of the synchronous
generator connected to the network are
discussed using FACTS devices.

In [9], the coordination of a coil equipped
with  superconducting energy storage
system (SMES) with a STATCOM
compensator is studied in order to improve
the transient stability and damping of
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dynamic fluctuations in the power system.
In this system, the performance principles
of the hybrid compensator, its effective
performance in the field of transient
stability correction and attenuation of
power fluctuations through modeling on a
system with STATCOM compensator have
been evaluated. In [10], a STATCOM with
passive filter is used to improve the power
quality of Tehran metro network. In [11],
STATCOM transient performance
improvement with energy storage systems
is discussed. By combining STATCOM and
battery energy storage, system performance
can be significantly improved. In [12], the
conventional solutions to increase the
capacity of transmission lines due to the
existing limitations are discussed. Finally,
by simulating a 14-bus system and applying
a short-circuit fault in it, the importance of
compensation to achieve a flat voltage
profile curve with the presence of
STATCOM is analyzed.

In this paper, power improvement and
reactive  power compensation  using
STATCOM in wind farms are investigated.
The proposed system is able to control the
active power in a wide range and the
reactive power output changes in the wind
farm with STATCOM with an acceptable
level. Moreover, by using STATCOM, the
amount of harmonic distortion of current
and output voltage is greatly reduced. In the
second part, the modeling of double fed
induction generator as wind energy
generator is discussed. The structure and
function of STATCOM are described in
Section 3. In the fourth part, the control
strategy of the studied system is presented
along with their equations. Finally, the
simulation results of the system under
different operating conditions are shown.
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2. Modeling of Wind Generator

In order to explain the characteristics and
methods of controlling of wind turbines, it
IS necessary to model their generators. For
this purpose, in this section, first, the
modeling of the wound induction machine
is discussed. Figure 1 shows the schematic
of the rotor and stator windings of an
induction machine with a wound rotor [13].
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Fig. 1.Schematic of rotor and stator windings of
induction machine with wound rotor.

The current and voltage equations for
each of the rotor and stator windings are
expressed as follows
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Assuming the zero sequence component is
zero, all variables can be written using
Equation (2) as the following space vector
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It can be written regardless of magnetic
losses
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If the current and voltage equations of the

rotor and stator are transferred to the
rotating reference frame with speed @,

(4)

they can be rewritten as folows
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The output power equations of stator and
rotor can be calculated from the following
equations.

P, = Relpt i} ©)

3 — = k*
P, :ERe{vrklrk } (7)
The electricomagnetic torque of the
machine can be calculated according to (8)
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where n, is the number of machine pole
pairs.

The above equations, in addition to the
mechanical equation of the induction
machine as (9), describe the complete
model of the induction generator.
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3. Static Synchronous Compensator

The basis of STATCOM operation is
similar to a synchronous condenser. Since
power electronic devices are used in
STATCOM structure, it is called a static
compensator. The converters used in this
compensator provide the required reactive
power locally and its output is continuously
adjustable, therefore, in cases where the
main voltage has wide variations, this
compensator is used. The various parts of a
STATCOM, shown schematically in Fig. 2,
include a transformer, converter, DC
capacitor, energy storage, and controller.
The AC side current is a fully reactive and
does not exchange any active power with
the grid, so the ideal DC side current is
zero. But in fact, this current is a small
amount that changes in proportion to the
converter ripple. Therefore, the capacitance
of the DC side capacitor must be selected in
proportion to the converter ripple.

Line
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Storage

Fig. 2. Different parts of a STATCOM.

The system controller commands the
converter according to the measured values,
reference inputs and parameter setting, and
controls the amplitude of the injected
reactive power. The required reactive power
is supplied through a capacitor. STATCOM
receives DC voltage through a capacitor

28

and converts it to AC voltage with a
converter capable of controlling amplitude
and phase angle. The STATCOM single
line structure is shown in Fig. 3.
STATCOM performs two-way voltage
conversion, which can be used temporarily
to absorb or generate active power.
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Fig. 3. Single-line model of STATCOM.

4. Control Strategy

The basic structure of a STWCOM with
PWM-based voltage control is shown in
Fig. 4. The STATCOM model which
presented here is based on the power
balance equation, that basically represents
the balance between the AC power
expressed in Equation (11) and the DC
power under equilibrium conditions at the
main frequency.

P=P.+P

foss (10)
PMW control is a practical factor for
VSC-based controllers because with recent
advances and the advent of the GTO, they
no longer have high switching losses.
Assuming the voltages are balanced, the
system transient control method for

transient stability studies is shown in Fig. 5.
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Fig. 4. Block diagram with PWM voltage
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Fig. 5. STATCOM transient stability model
with PWM voltage control.
The differential equations for the
transient model can be written as follows
XC
a |=f.x,,amV V, V. ,Vdcmf) (11)
m
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cC “ ¢V

dc

VI

Vdc =
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The admittance (R +JX )" =G +JB
represents the impedance of the transformer
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and each AC series filter. G, is used for

modelling the inertia of the converter cused
by its electronic switches and circuits,
which has a direct effect on the voltage
dynamics of the capacitor. The variables X,

in Equation (11) is the variable of the
internal control system, therefore highly
dependent on the PWM or phase control
method used in the presented controller.

In the simple voltage controller shown in
Fig. 6, the variables and differential
equations are directly related to the various
control blocks. It can be seen that in this
PWM controller, the AC bus voltage range
is controlled by the modulation index m and
this has a direct effect on the VSC voltage
range. The phase angle o basically
determines the active current flow in the
controller and is also used for charging and
discharging the capacitor to directly control
the DC voltage range.
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Fig. 6. PWM voltage control of a STATCOM.
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It should be noted that the controllers
have a bias that is related to the value of the
constant state of the modulation index m,

for the voltage amplitude controller and
also to the STATCOM output phase angle
for the DC voltage controller. The steady
state model can be easily obtained from the
previous equation by placing the
differential equations corresponding to the
DC voltage steady state equations and the
STATCOM voltage control charactristics.
The general scheme of generating power
from wind based on the wuse of
asynchronous generators simulated in
MATLAB software is presented in Fig. 7.
In equations and models of wind turbines,
the amount of wind power is determined by
the following equation
P,=C,P,

1
P ==zoR%?

where P, represents the mechanical power
of wind turbine, P, wind power, p air
density, R radius of turbine blades, v, wind
speed in meters per second and C,

efficiency coefficient. The efficiency
coefficient C | determines the percentage or

part of the energy in the wind that can be
extracted by the turbine [14].
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Fig. 7. Wind turbine model with asynchronous
generator.

(13)

If the optimal relationship between
turbine speed and wind speed is maintained
by changing the wind speed, the maximum
power output from the wind will be

guaranteed. For wind speeds 4”% and

12”% generator speeds to get the

maximum  power is  approximately

(1£50%) @, , which is actually the range

of speed changes. The blade angle
controller is activated for higher speeds

than 12”%, otherwise the generators and

converters will be overloaded. In simulating
a wind turbine, the torque produced at
different speeds is required to be applied to
the generator. Turbine output torque can be
calculated with the following equation

P, prR 2va3
Te== JA P (14)

a

5. Simulation Results

In this section, the results of wind farm
modeling which includes four wind turbines
in the presence of STATCOM are
presented. These results include current,
voltage, active power and reactive power.
Since the simulation time interval is 10
seconds, the output waveforms are
illustrated in magnification mode and in
different time intervals.

The output voltage of the system rectifier
is shown in Fig. 8. According to this figure,
at the beginning of modeling and up to 2
seconds, the output voltage of the rectifier
Is increasing and then for a period of time
has a decreasing trend of 2.5 and then the
output voltage of the rectifier remains
almost constant.
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Fig. 10 shows the output voltage of
STATCOM. It can be clearly seen that the
output voltage from STATCOM has
acceptable stability.
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Fig. 8. Rectifier output voltage.
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Fig. 9. Output voltage from STATCOM during
2 t0 2.1 seconds.

With the increase of harmonics in the
power grid, various standards were
introduced to improve the quality of the
power. These standards impose restrictions
on harmonic injection by nonlinear loads
into the grid. The most basic and common
method for this purpose is to use passive
LC filters. With the development of
technology for making power
semiconductor components, active filters
were considered and used. In these filters,
the effect of nonlinear loads is reduced by
proper injection of current voltage. Figure
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10 shows the output voltage of the LC
filter. According to the output voltage of
the LC filter, the high efficiency of the filter
in harmonic reduction can be clearly seen.

Fig. 11 shows the output current of the
LC filter. According to the figure, the
output voltage and current of the LC filter
are in a good match and coordination.
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Fig. 10. Output voltage from LC filter during 2
to 2.1 seconds.
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Fig. 11. Output current from LC filter during 2
to 2.1 seconds.

Fig. 12 shows the active and reactive
power of the wind farm output with the
presence of STATCOM.

For further investigation, the THD value
of the output current and voltage from the
wind farm are evaluated in the presence of
STATCOM and the results are presented in
Figs 13 and 14. In the output current, the
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value of THD is equal to 23.88% and in the
output voltage, its value is equal to 23.9%,
which is much reduced compared to the
current and output voltage of the wind farm
without STATCOM.
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Fig. 12. Active and reactive power output of
wind farm with the presence of STATCOM.
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Fig. 13. THD of output current from the wind
farm in the presence of STATCOM.
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Fig. 14. THD of output voltage from the wind
farm in the presence of STATCOM.
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5. Conclosions

In this paper, the improvement of power
profile and reactive power compensator
using STATCOM in wind farms is
analyzed. Without static compensation, the
active power range is very small and the
reactive power has large unchanged values
that produce perturbations at the grid
voltage. According to the simulation
results, STATCOM is able to control the
active power in a wide range and the
reactive power output changes in the wind
farm to an acceptable size. By using the
appropriate output filter for STATCOM and
selecting the optimal values for it, the
quality of voltage and current waveforms is
greatly improved. Furthermore, THD
studies showed that using STATCOM, the
amount of total harmonic distortion is
greatly reduced and is within the IEEE
standards for STATCOM.
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