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ABSTRACT

Local renewable resources such as wind and solar are often
available in remote locations. Wind farms consist of many
individual wind turbines which are connected to the electric
power transmission network. A wind farm can use the wind
resources from a certain area efficiently. Double-fed induction
generator (DFIG) is a generating principle widely used in wind
turbine (WT). DFIG are able to generate active and reactive
powers in an independent way. The objective of this paper is to
study the improvement in dynamic performance conurbation
from wind farms. Simulation studies were carried out in a two-
machine power system. Different operating scenarios have been
considered. Finally, some simulations are shown to support the
improvement in dynamic performance of the DFIG based WT.
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1. Introduction

There are a wide range of sources of power in
power systems such as falling water
(hydroelectric ~ power), steam  heated
using fossil fuel or nuclear energy and wind
(wind power) [1,2]. Wind is an internal source
of energy. Wind energy is clean, renewable
and is an inexhaustible source of energy. Wind
power involves the conversion of energy from
the wind into other types of useful energy. The
main advantage of wind energy is that its
exploitation doesn't pollute the environment or
disrupt natural processes, unlike many other
energy sources [3]. Large groups of wind
turbines are called wind farms. A large wind
farm can contain hundreds of wind
turbines spread out over hundreds of miles.
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They are becoming an increasingly important
source of intermittent renewable energy and
are used by many countries as part of a strategy
to reduce their reliance on fossil fuels [4].

The doubly-fed induction generator (DFIG)
system is a popular system in which the power
electronic interface controls the rotor currents to
achieve the wvariable speed necessary for
maximum energy capture in variable winds
[5,6]. Many works have been done and
published on the application of DFIG based
wind turbine in power system [7,8]. The
influence of control performance of PSS
auxiliary loops for specific DFIG control sch-
eme is demonstrated in [9]. The relative
capabilities of PSS controllers based on rotor
speed, stator power and network frequency, and
when the DFIG turbine is subjected to
aerodynamic torque variations, were
investigated via simulation studies. A control
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law based on the passivity theory for wind farms
equipped with DFIG operating in a network
with a complex load for damping frequency
oscillations after a network disturbance is
presented in [10]. Multi-objective optimal
controller design of a DFIG wind turbine system
using differential evolution is presented in [11],
where the steady-state stability and dynamic
performance at different operating conditions
are implemented to optimize the controller par-
ameters of both the rotor and grid-side
converters. The effect of replacing one existing
synchronous generator with a power system
stabilizer by a DFIG on the local mode and the
mode shapes of the critical inter-area modes are
analyzed in [12]. A quantitative assessment of
transient stability for power systems integrated
with DFIG wind farms is proposed in [13] by
evaluating the transient energy margin (TEM)
through the formulation of the transient energy
function (TEF) for power system. A feedback
linearization controller based on the detailed
model of the doubly fed induction generator
based wind turbine to maximize energy
conversion is demonstrated in [14], where the
stability of the remained internal dynamics is
analyzed via Lyapunov stability method. A met-
hod to control the output active power of a
DFIG-based wind farm with the aim of
improving the transient stability of a power
system is proposed in [15], where the variation
of the frequency of the DFIG terminal bus is
used to modulate the torque reference and thus

7 asynchronous
Sy

\
@mnn\ls
{ eneratol g
A\ s‘J

electrical generators for wind energy application

;' other types )
. _

double fed induction generator

(DFIG)

squlrel cage induction generator
__ (scig)

(WRSG)

permanet magnet syn:hrunnus

~____generator (PMSG)

Ghazanfar Shahgholian / Energy Equip. Sys. / Vol. 6/No. 2/June 2018

the output power of the DFIG in the post-
disturbance condition. A switching angle con-
troller and an automatic generation controller
for the DFIG to control the frequency of DFIG-
based wind power penetrated power systems is
proposed in [16].

In this paper, the dynamic performance of a
wind farm connected to a distribution system is
described. Matlab Simulink software package
is used for the simulations. Simulation results
are presented under various operating
conditions. Simulation results show that good
transient stability and steady state responses
can be obtained in the system.

2. Doubly-Fed Induction Generator

The generators used for wind turbine
applications can be classified into four main
concepts as shown in Fig. 1. Doubly-fed
electric machines are electric motors or electric
generators where  both  the field  mag-
net windings and armature windings are separ-
ately connected to equipment outside the mac-
hine [17, 18]. By feeding adjustable frequency
ac power to the field windings, the magnetic
field can be made to rotate, allowing variation
in motor or generator speed. This is useful, for
instance, for generators used in wind turbines
[19,20]. The overall configuration of a DFIG
based wind turbine is shown schematically in
Fig. 2. It consists of a wind turbine, a gearbox,
a DFIG and back-to-back converters [21,22].
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Fig. 1. Different types of generator used in wind energy conversion system
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Fig. 2. Basic configuration of a DFIG for a wind turbine application

Using the motor convention, the relation
between the voltages on the machine windings
and the currents, the DFIG was represented in
terms of a synchronous reference dq frame by
the following equations [23,24]:

Ugg = Rglgg +% s Agq (D)
Ugq =Rsisq+dj%+a)s/lsd 2)
Urg = Rgirg +dj—trd—(a)5—a),)/15q 3)
Urg :RRirq+dj—tm+(a)S—a)r)isd (€Y)]

where us and ug are the direct and quadrature
components of the stator voltage, u. and u., are
the direct and quadrature components of the
rotor voltage, i and i, are the direct and
quadrature components of the stator currents, i
and i, are the direct and quadrature
components of the rotor current. . is the
generator angular frequency and ®, is the
synchronous angular frequency. The stator flux
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(a) d-axis equivalent circuit

components A« and Ay and the rotor flux comp-
onents A« and A are given by [25,26]:

{ﬂ,sd = Lgigy +Lyirg )
Asq = Lsisq +Lyirg
{zrd = Lgirg +Lyisg ©)
Arq = LRirg + Ly

where Ls and Lr are the stator and rotor
windings self-inductance, Lu is the mutual
inductance between the stator and the rotor
[27]. The DFIG equivalent circuit is shown in
Fig. 3. This model is able to represent rotor and
stator transients correctly [28,29].

3. Wind turbine Model

A wind turbine can be considered as a highly
nonlinear system. According to the resultant
energy type, a mechanical part (wind turbine
with blades, shaft and gearbox) and an electrical
part (generator, converters and other electrical
control units) constitute two parts of a wind
generation system. A wind turbine is a complex
system. A model of the wind energy conversion

. R.
lag

(b) g-axis equivalent circuit

Fig. 3. Equivalent circuit of a DFIG
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system can be represented using several
interconnected subsystems as shown in Fig. 4,
where F\ is structural forces, . is shaft speed, T.
is hub torque, T, is reaction torque, . is
generator rotor speed and Po is power demand.
A wind turbine is characterized by the curves
of the dimensionless power coefficient (Cr)
which is a nonlinear function of both tip speed
ratio (A) and blade pitch angle (B) [30]. Power
coefficient known as performance coefficient

calculates the fraction of power a wind turbine
can extract from the wind. Fig. 5 depicts the
graph of the power coefficient versus pitch angle
and tip speed. For each wind turbine, a rated
wind speed is specified. In below-rated wind
speed, the controller priority is to maximize the
energy capture. In above-rated wind speed, the
controller tries to shed the excess power in the
wind. A typical power curve is shown in Fig. 6.
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Fig. 4. Block diagram of a wind energy conversion system
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4. Power System Description

A wind farmis a group of wind turbines in the
same location used to produce electricity. In a
wind farm, individual turbines are interconnected
with a medium voltage power collection system
and communications network.

Single-line diagram of the wind farm
connected to a distribution system is shown in
Fig. 7. In this system, a 9 MW wind farm is
connected to a 25 KV (Uw) distribution system
that exports power to a 120 KV (Ug) grid via a
transmission line (lines L, and L,), 25 KV feeder
(bus 1). Wind turbines use a DFIG consisting of a
wound rotor induction generator and a PWM
converter. The 9 MW wind farm is an aggregated
model of 6 wind turbine units, where each unit
has a power rating of 1.5 MW. The stator
winding is connected directly to the 60 Hz
network while the rotor is fed at variable
frequency through the converter. A 2.3 KV, 2
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MVA plant consisting of a motor load and a 200
KW resistive load is connected on the same
feeder at bus 2. A 500 KW load is also connected
on the bus 4 of the wind farm. The motor load is
1.68 MW induction motor at 0.93 PF.

5. Simulation Results

Block diagram of the wind farm connected to
the distribution system and block diagram of
the 2 MWA plant with its protection system are
presented in Figs. 8 and 9, respectively. Both
the motor load and the wind turbine have a
protection system monitoring voltage, current
and machine speed.

Simulations are performed for four cases:
wind speed change, voltage sag, load change
and three phase fault. In this section, the
system is observed during 40 s.

i ket gy an

Fig. 7. Single-line diagram of the wind farm connected to a distribution system

"
\i Wind Speed
L
Fault L Wind (mis)
[Trip_WT] Trip
i A a A a i A a A a i: —a|A u
e 3o BCE—1b | B=—b 8350 f 5 |
= Cw ac c ¥ c Yo acC y—alfe o <Pitch |angle (deg)>
120KV 120 kV/25 kv 20 km line 25 kV 10 km line 25KV/ 575 V 575V !
57 47 MVA 52 MVA Wind Turbine
2500 MVA Doubly-Fed Induction Generator
X0/X1=1 (Phasor Type)
ola Al
B jm—
[ [ 3 ééﬁ '—1 A <go Load
glc s v L nf
- B % 500 kW
< o O Grounding % 3.30hms =
1, 120 Kv2 Transformer :
X0=4.7 Ohms I Plant
2 MVA

<+

Fig. 8. Schematic diagram of the simulated system in Simulink MAtlab
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Fig. 9. Block diagram of the 2 MWA plant with its protection system in Simulink MAtlab

5.1. Wind speed change speeds ranging from 5 to 16.2 m/s. The
changes of power at bus plant under change in
Initially, wind speed is set at 8 m/s, and that at wind turbine is shown in Fig. 14.
t=5 s, wind speed increases suddenly at 14 m/s
as shown in Fig. 10. The generated active wind speed

power and reactive power are shown in Fig. 11.
At t = 5 s, the generated active power starts
increasing smoothly to reach its rated value of
9 MW in approximately 15 s. The reactive
power is controlled to maintain a 1 pu voltage.
At nominal power, the wind turbine generated -
0.68 MVAR to control voltage at 1pu.

Initially, the pitch angle of the turbine
blades is 0°. The pitch angle is shown in Fig.
12. It is increased from 0° to 0.76° in order to
limit the mechanical power. The turbine speed 7
is shown in Fig. 13. It increased from 0.8 to
1.21 pu. The turbine mechanical power as
function of turbine speed is displayed for wind

0] 10 20 30 40
time (s)

Fig. 10. Change in wind speed

MW MVAR
generated power
T

active power

reactive power

L L L L L L
0 5 10 15 20 25 30 35 40
time (s)

Fig. 11. Generated power by wind farm under change in wind turbine
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5.2. Single to ground fault at wind
turbine terminal

In this scenario, a single phase to ground fault
occurs on the transmission line. The pitch
angle is zero. The wind speed is 8 m/s. A 9
cycle single-phase to ground is applied on
phase A at U2 bus. It occurs at the fifth sec.
The generated active power and reactive power
are shown in Fig. 15 for 4.5 to 5.5 s. The
positive sequences voltage and current at wind
turbine terminal are shown in Fig. 16. The
positive sequence voltage drops to 0.8 pu
during the fault, which is above the under
voltage protection threshold of 0.75 pu for a

MVAR
generated power
T T T

5} H active power

reactive power

5

1 1 1 L L L
45 49 5 51 52 53 54

time (s)

L L '
46 47 48 55

Fig. 15. Generated power by wind farm under single to

ground fault

(pu)

Ghazanfar Shahgholian / Energy Equip. Sys. / Vol. 6/No. 2/June 2018

t>0.1 s. The turbine speed increases as shown
in Fig. 17.

5.3. Three-phase to ground fault

In this scenario, a three-phase to ground fault
occurs on the transmission line. The wind
speed is 8 m/s. A 9 cycle three-phase to ground
is applied at U2 bus. It occurs at the fifth sec.

Voltage and current at wind turbine
terminal under three-phase to ground fault is
shown in Fig. 18. Pitch angle and turbine speed
under three-phase to ground fault are shown in
Figs. 19 and 20, respectively.

voltage and current
12 T T T T T T

08
voltage

04 current

02f

0 L I I L I
4.5 4.6 4.7 4.8 4.9 5

time (s)

L I L I
5.1 5.2 53 54 55

Fig. 16. Voltage and current at wind turbine terminal

under single to ground fault
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Fig. 17. Turbine speed under single to ground fault
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Fig. 18. Voltage and current at wind turbine terminal under three-phase to ground fault
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Fig. 19. Pitch angle under three-phase to ground fault
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Fig. 20. Turbine speed under three-phase to ground fault
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5.4. Three-phase to ground fault

In this section, the impact of a voltage sag
resulting from a remote fault on the generator
bus will be displayed. The wind speed is
constant at 8 m/s. A 0.15 pu voltage drop
lasting 0.5 s, is shown in Fig. 21, in the voltage
source (Ug). It occurs at the fifth sec. The
generated active power by wind farm is shown
in Fig. 22. It produces 1.87 MW. The motor

speed is shown in Fig. 23, which decreases
gradually. As shown in Fig. 24, the plant
voltage during the voltage sag is 0.93 pu and
above the 0.9 pu protection threshold. This is
because the voltage support is provided by the
5 MVAR reactive power generated by the
wind-turbines as shown in Fig. 25. Active
power at plant bus is shown in Fig. 26.

voltage at bus generator

1.02 T

0.98 |-
0.96 -
- 0.94
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09}
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Fig. 21. Voltage source under a voltage sag
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Fig. 22. Generated active power by wind farm during the voltage sag
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Fig. 23. Motor speed during the voltage sag
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Fig. 24. Plant voltage during the voltage sag
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Fig. 25. Generated reactive power by wind farm during the voltage sag
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Fig. 26. Active power at bus plant during the voltage sag
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Fig. 27. Plant voltage during the voltage sag
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Fig. 28. Active power generated by wind turbine during the voltage sag

Figs. 27 and 28 show the plant voltage and
generated active power by wind farm turbine
on the two modes of operation of the wind
turbine:  voltage regulation and VAR
regulation.

6. Conclusion

Wind energy is considered as one of the most
important green energies and has been

developed and applied worldwide. The
modeling of a DFIG-based wind farm
connected to a distribution system has been
described to study the steady-state and dynami-
¢ performance. The simulation results are vali-
dated under various scenarios. Simulation resu-
Its are presented to demonstrate the effective-
ness of the wind farm to improve the power
system transient stability.
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