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Abstract:

A detailed model of wind power station, includinguble Fed Induction Generator, DFIG is presentethii paper.
Two control mechanisms are included in the modik inner control system uses stator flux orientewtrol for the
rotor side converter and grid voltage vector cdrfopthe grid side converter. The outer contrateyn is used for wind
turbine pitch angle. PSCAD/EMTDC is used for thenwdation. The simulation model is used to invesdgthe
performance of controllers under wind speed vamestj short circuit at the grid side and dynamicadive power
demand.
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1. Introduction

The increasing electricity generation from renewabl
resources and introduction of distributed genematio
into distribution systems significantly complicate
distribution operating and require substantiallgajer
analysis efforts. It is estimated that by 20103286 of
new generation will be distributed and 60% of
renewable resources will be utilized as DG [1].Wali
traditional power systems, the distributed generati
technologies are so various inherently and so
numerous[2,3,4]. From the viewpoint of the power
generation, renewable resources, as a functioimeaf t
are some what unpredictable, intermittent and
uncontrollable. On the other hand a high penematio
DG in the distribution network may cause powewfl

to reverse from distribution to the transmissioid gA

DG with a renewable recourse is usually conneated t
the distribution grid by a power converter. Thedle a
means that there could hardly be a general method o
analysis for the power systems in the presence of
distributed generation and renewable resources and
each configuration should be studied individuaBy ¢
and 7].

This paper investigates the dynamic behavior od gri
connected DFIG in a DG shape environméir this
purpose a complete wind power station, includingdwi
turbine, wind turbine governor, wind resources #rel
DFIG is analyzed. Then detailed model of DFIG is
presented. It consists of wound rotor induction
machine, grid side converter, rotor side conveatea
associated controllers. The control scheme uségr sta
flux oriented control for the rotor side convertand
grid voltage vector control for the grid side cortee
The main power electronic circuits and controllars
also developed in details and in the same simulatio
tool. The simulation model is also used to invedtg
the performance of the WECS under different network
conditions.

Power system is studied in a distributed generation
configuration. DFIG is coupled to the power gric @
main transformer. Complete studies is performed for
variable wind conditions, control of active andatbae
powers, the performance of DFIG under fault
conditions and the interaction between DFIG and
power system under variable loads. Simulation studi
for wind variation includes gust component in wind.
The responses of rotor speed, active power output,
blade pitch angle, DC voltage of the grid side
converter, rotor and stator currents are obtairmd f
various conditions of power grid.

While this study shows the performance of a wind
power station in variable wind and power grid
conditions, it is an essential and preliminary pairt
investigating the integrating issues of renewable
distributed generation with power grid.
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2.Modeling of Wind Energy Conversion

System

Modeling and control of WECS has well been
discussed in the literature [9, 10, 11 and 12jslially
consists of: wind source, turbine aerodynamicsimer
shaft and a gearbox, generator, power electronic
converter and control system. Wind source is used t
generate several wind conditions, including wincame
speed, wind ramp, wind gust and wind noise. A
horizontal 3 blade, pitch controlled wind turbinéwa
wind governor is used to acquire the desired power
coefficient, Cp.

2.1. Generator

Among the several configurations of wind energy
conversion systems, the concept of Double Fed
Induction Generator, DFIG, has gained so much
attention. This configuration is shown in Fig. 1her
theory and analysis of DFIG has well been discugsed
the literature [8, 11, 13, 14, 15 and 16]. A fregue
converter controls the current in the rotor windittgs
enables a decoupled power control of the machitie wi
a constant frequency in the variable wind spee& Th
power electronic converter id usually at 20-30% of
nominal generator power, an advantage compared to
other variable speed WECS [8]. It is shown that th
wind turbine market trend is toward applicationtlus
configuration due to its inherent compatibility lwvit
wind energy.

2.2. Grid Side Converter o
This converter keeps the voltage of DC link conlsta§
regardless the magnitude and direction of rotorgrowg
For this purpose a vector control approach -
implemented in the simulation tool. The referencg
frame is oriented along the grid side voltage Eﬂ
decoupled power flow between the grid and convertgr
is obtained. ]

L—

@

TEaiy=

Rotor Side Converter Grid Side Converter

L|  vectorcontal
Wind speed Pitch Control

Fig.1. Variable wind speed turbine with DFIG
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2.3. Rotor Side Converter
The frequency of the rotor is a function of turbin
speed. The objective here is to independently obn
the electrical torque and the rotor excitation entr
For this purpose a dq axis frame is used whilentei
along stator flux vector position.
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3. Control System

Based on [15] the control system components are
implemented in the PSCAD/EMTDC environment.

The system is equipped with a double layer control
capability. The inner layer controls the electriodidile

the outer controls the mechanical dynamics. At lowe

wind speed the pitch angle is kept constant and
generator torque control aims at optimum tip speed

ratioAOpt. For wind speed higher than nominal pitch

control is necessary for the mean rated rpm of raxal
generator torque control aims at smooth output powe

3.1. Control of Grid Side Converter

Grid side converter is shown in Fig.2.

(REAREART

T5s T3s Tis

L
Fig.2. Grid side converter
The voltages across the inductors are:

Val Va

[2n] 0°0000T

Vbl

Ve

¢ ¢ = ¢
o

va ia q ia| |val
vb|=Rib +La ib|+| vl (1)
vVC ic ic| |vcl
Using dq transformation on the equation 2:
diOI
=Ri +L——-w Li +
e g “eq a
diq
v =Ri +L—+w Li +v
g q d e d g @)
The active and reactive power flow is:
P =3,y +v,
Q =3(V4iy +V4iq) @)
The angular position of grid voltage is:
— — _1 Va
6, = j w,dt = tan V3 (4)

Where v, and Vy are the voltage components of

stationary 2 axis reference frame. The firing psileé
the grid side converter are obtained on the bésikeo
above equations and using a conventional SIN-PWM.
The main block diagram for the stator side converte
and its decoupled P-Q controller is shown in Figdire
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Fig.3. Main block diagram of grid side converter

3.2. Control of rotor side converter

>

®

o

The relation between stator voltage and rotor fiar

be written as:

Vsa - RJsa = d

Aa
dt

Measuring voltages and using Clarke transformation,

®)

the position of rotor flux can be obtained from:
Aoy = [ (Vs =R )t
Ag = [ (Vs —Rig)dt

Aps

-1

6. =tan

S
as

converter is shown in Figure 4.

4. Simulation Results

The performance of DFIG and its controllers hasnbee

(6)
Using an inverse dq transformation and knowing the
flux vector position the reference currents can be
obtained. A conventional current controlled PWMrthe
can be used to acquire firing pulses of the roide s

converter. The block diagram for the rotor side

studied in 3 different operation conditions inchugli
different wind conditions, 3-phase network faultdan
grid reactive power control. The simulation results
which were most of interest are presented in thjzep.
The pitch angle in all the simulation was chosen to
observe the performance of the control systems. The

overall circuit diagram is shown in Figure 5.

s

j

goln§o

o

IS
Is¢|

>

@

[3)

Alpha

Beta

1
Valfa sT

Vbeta sT

Slip Angle

sT
1+sT

[2)

sT
1+sT

[2)

p Apha

Q Beta| |

{r]
s

Ps-Ref

Apha

Beta

Lo
Al'ira_ref

B i ref

-
Clirc ref

Y| M
¥
X

Fig.4. Main block diagram of rotor side converter
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Fig.5. Wind source, wind turbine —governor and DFIG

4.1. Wind Speed is Above Nominal Speed

in the wind as in reality, has the worst effect the

In Figures 6-11 the control systems responses are Performance of the DFIG. The active power has the

shown to this condition. The blades pitch angle is
increased from initial 15 deg. up to 27 deg. totrun
the rotor speed. The variation of pitch angle igveamh

in Figure 6. After the rotor speed is decreaserk&zh
about the desired power, Figure 7, the operation of
DFIG will be at the active power set point and zero
power factor, as shown in Figures 8-9. The DC yggta
of grid side converter is also kept constant by mseat

its control system, Figure 10-11.

4.2. Wind Speed with Gust Component

As a result of gust components in wind speed,
beginning from ¥ second, there are some fluctuations
in rotor speed, as shown in Figures 12-15. Thehpit
angle reaches its optimum value after a transieme
active and reactive powers remain at their settpoin

4.3. Wind Speed with Ramp Component

Data for the ramp components is given in tableHe T
responses of control are shown in figures 16-18th&s
pitch angle approaches to its optimum value, its
responses to the ramp components are clearly shown
these figures. The active power output is kept atmo
constant despite of the ramp components the vamiati
of rotor speed.

Table.1l. wind ramp data

Ramp Maximum Velocity] 2 m/s$
Ramp Period 1ls
Ramp Start Time 4s
Number of Ramps 2

4.4. Wind Speed with Noise Component

The default data of PSCAD is used for the noise
component and is given in table 2. The simulation
results are shown in Figures 19-20. Noise compisne

DA WAR (bt g 58— o3 oo~ Js o] Sig S0 3 3t ommitigo (sl el

most fluctuations among different conditions of ekin

Table.2. wind gust data

Noise Amplitude Controlling Parameter 1rad/s
Surface Drag Coefficient 0.0192
Number of Noise Components 20
Turbulence Scale 600m
Random seed Number 8
Time interval for random generation 0.35s

Winter 2010

4.5. Three Phase Fault at Grid Side
Figures 21-23 show the response of the DFIG toeeths
phase fault at'8 second. Figure 21-a, shows the rotg
current during short circuit when the DFIG s
connected to the grid through a line with hig8
impedance. In Figure 21-b the rotor current is ghow
when the impedance of the line is low or the gagd b S
high short circuit level. The current of statoradkso

shown in Figure 22. The voltage of capacitor duri
fault is shown in Figure 23. As it was expected t
simulation results show the difficulties involvedhen

connecting the wind turbine to a weak grid.

neers -

4.6. Reactive Power Control of DFIG
The reactive power control of networks with DG 8nito
is necessary not only for controlling the voltagefie
but also for acquiring the desired active powentibe
DG units. The reactive power of DFIG can b
controlled by desired set point of the grid sidiguFe
24 shows a varying reactive power; in fact the ¢zer3
set point of Figure 3 is used to control the rewactiﬁ
power according to grid side demands. As shown gn
Figure 25 the active power is kept constant dutirey §
reactive power variation. If the system is intended 5
operate in reactive power control mode it will bg
necessary to over rate the power electronic coewvery

g}

f Electrical anédfonic: Engi

ationmo
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by some extend. If this feature is used to absbeb t
reactive power, the amount of installed DG unita ca
be increased with a controlled voltage profile. sThi
operating mode can also be used to reactive power
generation as shown in Figure 24. The role of DRSS,

a source of multifunctional device, recently isriag
more attention in the literature [17, 18 and 21].

4.7. Grid Frequency Support

Like the most renewable energy sources, variable
speed WECS is working at its maximum power
production. So the duration of frequency support of
DFIG can only last for a few seconds in the cost of
decreasing the rotor speed from its optimum vahg: a
decreasing power. Additional controllers are nedded
the short term frequency support of DFIG as disetdiss
in [19, 20]. If the system is intended to operateai
frequency control mode, the simplest method can be
operating in a non-optimum power. When the wind
speed is below the nominal, this can be achieved by
operating at non optimum tip speed ratio. When the
wind speed is above the nominal, decreasing ttoh pit
angle will increase the delivered power to the grid
the cost of increasing mechanical stress. Figugea&
show the performance of DFIG in the described
situations. As the simulation results show andaiag;

the rotor and stator currents in these conditidmes t
duration of these operating states has to be kept a
short as possible due to electrical and mechanical
stresses.

5. Conclusion

It is expected that a significant part of wind powsl|

be used in the form of DG in the distribution nettkeo
Unlike the conventional power sources with a steady
running prime mover, any type of renewable energy
has an unsteady nature. The variety of technologies

30

used in renewable energy conversion makes it
necessary to acquire a comprehensive knowleddeeof t
performance of the relevant technology. In thisgrap
review, modeling and simulation of WECS including
DFIG is presented. It is shown that more flexilylpets

of DFIG will meet the requirement of renewable
energy conversion systems. On the other hand using
DFIG will improve the efficiency of the power
conversion and provides a flexible DG to interadchw
the distribution network. Also the performance of
distribution systems including DG wind generati@n i
studied. Above the nominal wind speed, pitch angle
used to control the mechanical power. The DFIG is
also has a flexible performance during wind gusts.
During transient conditions it has an acceptable
performance, nevertheless it is necessary to study
auxiliary controls in a sever fault condition. DFEan
operate at zero power factors and it is also ptessib
set a reactive power factor set point accordinght®
distribution network condition. The role of DFIG as
multifunctional device and power conditioner isaals
expected to rise. More likely DFIG will be used as
Renewable Flexible Distributed Generation (RFDG)
device. Further studies are required to invesighé
performance of DFIG, using more realistic models of
distribution grid. A configuration of multiple DFKS
including the detailed models, connected to the
distribution grid is also necessary to study therail
performance of distribution grids with DGs. Another
application could be when it is possible to operate
DFIG by a permanent prime mover rather than wind
power. In this case where the variable speed chiyabi
of DFIG is not required it can be used as a congtens
or power conditioner.

6. Simulation Figures
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Fig.8 Active power output (MW)
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Fig.10. Capacitor DC voltage (KV)
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Fig.11. Capacitor DC voltage (KV)
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Fig.12. Pitch angle (Degree) - gust component
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Fig.14. Active power output (MW) - Gust component
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Fig.16. Pitch angle (Degree) - ramp component
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Fig.19. Pitch angle (Degree) - noise component
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Fig.21-a. Rotor current (kA) - three phase fault
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Fig.28. Stator current (kA) - active power control
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