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Abstract— Wind power plants have been playing an important role for electricity production around the world. In
Thailand, connecting wind farms to the grid needs to comply with the established grid code to make sure that any
possible negative impacts will not harm the system technically. The transmission system operator and the power system
planning division of Electricity Generating Authority of Thailand (EGAT) are responsible for investigating such
impacts from wind farm connection under both normal operating and disturbance conditions. This paper presents a
stability study of the dynamic responses of a large-scaled doubly fed induction generator (DFIG) wind power plant
when connected to transmission grids. The DIGSILENT Power Factory software package, of which wind turbine built-in
modules are well developed, is served as the main tool in the stability simulation. The fundamental operation of DFIG,
model components, model development and control systems are explained in detail. A case study is performed with a
stability-prone system of 11 buses in a Northeastern area of Thailand. The study results indicate that under wind
fluctuation, capacitor switching and fault conditions, the wind farm equipped with the developed control models for a
DFIG wind farm has a capability to maintain the voltages at the local station bus and also the point of common
coupling within allowable limits.

Keywords— Dynamic response, DFIG, Wind turbine, Transmissiorgrid connection.

the northeast of Thailand is moderately high in
1. INTRODUCTION mountainous areas. However, the grid systems igethe
areas are relatively weak due to low electricity
consumption, and as wind energy is also intermitten
electricity generated cannot be reliable all theneti
Hence, the system planners have to conduct a tehni
feasibility study of the interconnection of wind veer
plants to the grid so as to investigate the statid
dynamic responses of the plants to ensure thatgtetic

Currently, the energy crisis is the key issue foerg
country to pay attention. Especially in industdeti
countries, electricity generation relies mainly fossil
fuel of which the reserved quantities are limitadd the
pollutions from the fossil fuel combustion process
contribute to the global warming phenomena. Assalte

to retain the grovvth in their domestic d(_amands for and dynamic capabilities can meet grid system pfenn
electricity contmuous!y, a new alternative POWer .ritaria.

development (e.g., wind power, solar power) is One \jany jarge wind farms employ doubly fed induction
solution to reduce the fossil fuel consumption @ad  generator (DFIG) with variable speed wind turbines.
alleviate the global warming problems. More than 60% of the yearly installations of newnei

EIe_ctricity generatic_)n from wind energy is one bé t farms employ DFIG. The configuration of a DFIG wind
considerable alternatives due to clean energy, les$ ;1o consists of an induction generator, tiuor

for agrlcu_ltu_re_ in the W'.nd farm areas, and thensﬁ_|gant circuit of which is connected witthe stator circuit via a

reason, infinitely available resource. Accordingly,  aitia| scale power converter. The converter raiig

several countries not only the development of windrer typically 25% of the rating of total system and the

generation has still increased, but also the imgmoant operating speed range of the DFIGB3% around the

of its tech_nology has t_)een carried out conti.nuously synchronous speed. The wind turbine requires ar@ont
In Thailand, the viable power generation from the system that control both machine-side and grid side

large scale wind farm is sill in ea?”y stage of converters under normal operating and disturbance
development due to a number of constraints on piaten conditions

areas that possess desirable quantities of windggne This paper presents a stability study of the dygami

land avall_ablllty,d acc_es|S|b|I|ty to the | Utl'“tyesim responses of a large scaled DFIG wind power pldreny
transportation and capital cost. In general, wipeesl in connected to transmission grids in a northeastera af
Thailand. The configuration of this type of a DRNid
turbine consists of a DFIG, a turbine, a rotor shaf
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extensive library for grid components and a dynamiccontrol. During a short circuit, the bus voltagdl wrop
simulation language (DSL) [1] for modeling wind while the stator and rotor currents increase. Theghk
turbine component are provided. Nevertheless, timel w current can damage the RSC and hence requiring a
turbine models of the software package are compobed protection system. A protection system is activatben

only basic functions or generic models for contodl  the rotor current, the grid voltage and the rotpeesl
pitch angle, power, current, and turbine and rstaaft. exceed their setting limits. For this reason, tbtor
Specific details of control systems for these congmts  circuit is to be shorted via a crowbar resistanteneas

will not be considered since the wind turbine textbgy the RSC will be blocked indicating that the windhbine

of each manufacturer is different. is temporarily out of control for active and reseti

In the simulation, the dynamic responses of DFIG powers.

wind turbines to normal, reactive power variatiomd a
grid fault are investigated based on the poweresyst
data of Electricity Generating Authority of Thaithn
(EGAT). The results from the investigation are then
evaluated as discussed.

To grid

2. DFIG WIND TURBINE MODEL

Wind turbines operate in a wide range of wind speed T
Due to the requirement in speed control, three wind =T ~
velocities separate the operation into the fourraiiey
regions as shown in Figure 1, which representpmay
power versus wind speed curve of a wind turbinee Th Fig. 2. DFIG with Crowbar Resistance Scheme
cut-in velocity (Veyt- in) is defined as the wind speed at

which the turbine starts to generate the poweroBel
this wind speed, it is not efficient to turn on tiuebine.
The rated velocity {ateq ) IS the wind speed at which
the turbine reaches its rated turbine power. Theoat
velocity (Veut- out) 1S the maximum wind speed at
which the wind turbine can still operate. Beyondsth The DFIG model consists of two parts: wound rotor
wind speed, the rotor has to be shut down to kbep t induction generator and PWM converter. The model
blades, the electrical generator and other compenen equations for stator and rotor voltages are giverEgs.

RSC GSC

The operation of the control system will function
properly when the voltage at the DC bus is constant
Therefore, a grid side converter (GSC) has to kbep
DC voltage constant under normal operating condlitio

A. Doubly Fed Induction Generator Model

from reaching damaging level [2]. (1) to (4).
5 1001 Wing Increase i i = R.i i dl/de (1)
=, soood to . power with Control at nominal Shut down Usd = Rslsd + ] aéynd/sd + —=
5 E)W for wind speed cube power to avoid dt
= 80 power gerl. damage
g . . d‘//sq (2)
3 60 / Ugy = Rs'sq +Ja€yn‘//sq + ot
3 dy
40 — H H
é / Ugd = Rrirg +j(@yn - @ W + dtrd (3)
g 20
m o diq
0 / : Urq = Ryirg +i(@yn - @ g + dt (4)
0 Veut- in Vrated Veut- out

Wind speed [m/s]

) _ ) ] _ The swing equation for stability study is expreskgd
Fig. 1. Operating Region of Wind Turbine

For normal operation, the rotor side converter (RSC NP do. =Te -Thm (5)
as shown in Figure 2, has a function of controliutjve dt

and reactive power outputs to the grid using aorect
control method, where active and reactive power lman
independently controlled. Such a control techniggie : .
known as a decoupling method. Active and reac’[iveWlth _representation of the fundamental-fre_quency
powers are measured from the grid and compared witfransients of the stator current [?.’]' In voltagabsity
references. An active power reference is determined"Vestigation, the common th|r_d-order mod_el of
from the wind turbine power curve. A reactive power Induction generators Is often applied by neglecting
reference is determined from a grid voltage coldroln stator transient in Egs. (1) and (2).

other words, reactive power is not directly cored] but _”f_‘ PWM (ion\_/ertertlsllcc;ngectelgvvlnM tfhet rotggﬂcwcmt.
the voltage is controlled instead. IS converter Is controfied by a actor rigy

When wind speed increases, kinetic energy andthe ratio between DC and AC voltages at the shiggi

therefore mechanical torque also increases. Atpihiist, In addltlo_n, the. output voltage .Of .the converter s
the pitch control plays is essential for wind tuwbi assumed ideal sinusoidal, and switching loss ideséeg

The above equations are the fifth-order model
(including the movement equation of the generattor)
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The behavior of this converter are described by [4]

Pac =ReUac Xlac)=Upc Xlpc =Poc ()
Upy = 3 xPWM4 xU (7)
rd 2\/2 d DC

V3
Urq :2—\/§XPWMq XUDC (8)

B. Aerodynamic Model

The power conversion from the wind is derived bg th
following equation [5].

1
Paind = ATRUGC (. B) ©)

The efficiency of the conversion is expressed ly th
power-coefficient €, ), which is a function of angle of

rotor blades and tip speed ratio (ratio betweedeldp
speed and wind speed) [5], [6].

12.5
Cp(AB) = o.zzm(%" 0.4 -5 (10)
i
and
1_ 1 003 "
A A+0088 B+1 (11)
C. Pitch System

The pitch system model consists of two main
components [4], [7]: a PI controller and a blageve
motor. To make the model more realistic, the ratet |

of the blades is also taken into consideration. pibeh
model is shown in Figure 3.

W

w, B Rate

Limits

7

Beta
Limits

7

Time
Constant

Pitch
Control

Fig. 3. Pitch Systems Model

D. Drive-train Model

The conventional lumped mass model may not be

sufficient for stability study of DFIG wind turbine
behavior because during disturbance, dynamic resspon
of DFIG is the function of kinetic energy of theasth
For this reason, a two-mass model is used to reptes
the drive train model [3].

The two-mass model, shown in Figure 4, comprises a
large mass and a small mass [4]. The large mass

represents the turbine inertia at low speed shhéreas
a small one represents the generator inertia &t $pged
shaft. The two masses are connected via a shaiftidhav

stiffness and damping coefficients and a gear lawing
a ratio of1: 74, . The equations that represent the two-

mass model [4], [6] are

Jt dd—? = (Tt ~Tshatt) (12)
Tenatt = Kgllg + Dol - “ ) (13)
Noear
J;
TS
[ 11
@.8%

Fig. 4.

Two-mass Model

The variable 84 is
shaft, given by

the electrical twist angle of the

dég _ “
dt “ Mgear (14)
E. RSC Mode

As previously described, the RSC can control aciive
reactive powers independently by vector control
techniques. There are two loops in the cascadeatont
configuration of the RSC shown in Figure 5. Thereot
reference of fast (or inner) loop is obtained friiva slow
(or outer) loop (a PI controller for active and atee
power control) [4], [7].

ref ref
Pgrid grid Vég (gga
I
A4
mea
orid — mea mea
PI Vbc_ PI Qeon’
Qea Controller "] Controller |
grid ——p| :
I
iref iref Icrief iref |
q d q I
PSRN A | LAl AL
grot g,con :
e PI PI e |
ldrot | Controller Controller | _ ld.con !
> - !
I
I
vmqvmd vmdvmq !
I
T 1
RSC GSC

Fig. 5. Control Scheme of DFIG
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For normal operationP',?‘; in Figure 5 is determined operation is known as fault ride trough capabilityrich
9 has been introduced in the grid code for wind twebi

from a maximum power point tracking (MPPT) function .nnection 9.

For a given wind speed, the MPPT determines the
designed maximum by the - w curve [4], [8] as shown ~G. GSC Model

in Figure 6. This scheme is called active powetradn A cascadecontrol is implemented in the GSC, as shown
If the generator speed exceeds its limit, the pitchi, Figure 5. There arewo control parameters. The first
control decreases the angle of attack at a ratediimt7 parameter, DC voltage, is compared with a DC veltag
deg/s for overspeed protection. This control schésne setpoint in the outer loop of the GSC controlleheT
called speed controller. output of this controller will be the reference ftive
inner loop. The other parameter, reactive power
Power [pu] reference, is set to zero to have a unity powetofaat
A GSC circuit.
During disturbances, although the RSC is blocked by
1.0 the crowbar protection, the GSC is still strongly
connected to the gridvarious design schemes of GSC
0.8 may be developed such & ATCOM, reactive power
boosting, etc [4]. to improve grid voltage profidad also
06 power quality. But in this paper, only DC voltagatrol

is considered.

04 3. AGGREGATED WIND FARM MODEL

0.2 Due to economic reason, wind turbines are locatetie
same area and operated as a wind farm. The owreer of

A > wind farm with an installed capacity greater th@MW
0 800 1000 1200 1400 1600 1800 is obliged to sell his or her power to EGAT. Withet
Speed [rmp] associated network and wind farm technical date, th
system operator will analyze possible impacts duthé
Fig. 6. Power versus Speed Curve connection of the wind farm, which needs to comply
with the established grid code.

The reactive power referenc@éeifd ,

obtained from a grid voltage controller (see Figid)e
This reference value depends on the difference dmiw

in Figure 5 is If detailed models, although yielding exact resute
taken in to account in the study, it would be time
consuming and complicated to arrive at a solutiothe
ref mea i calculation. For this reason, an aggregated model t
Vgia @ndVgiq . The grid voltage controller keeps the represent a large wind farm by one lumped windierb
voltage constant as long as the RSC is not blookéde ~ would be more appropriate while introducing minor
output power does not violate the MVA rating of the discrepancy in the final results. An aggregated ehceln
generator. be achieved by rescaling the rating of all eleméntbe
system. The aggregation model represents the syatem
ymea if all parameters of the individual wind turbinesich as
ord wind speed, mechanical speed and generator speed we
identical. However, as far as individual wind tures are
- o concerned, their parameters are different due dation
grid Pl | ~od and operating conditions. Hence, the aggregation
Controller assumption is useful in some situations for example
initial planning studies or worst-case scenariolysis
Fig. 7. Grid Voltage Controller In addition, since the goal of this paper is todgtthe
impact of wind farm to transmission system, nottte
_ wind farm itself, an aggregation model could becpdee
F. Crowbar Protection in the investigation [4], [10]. To have more acdara

During a short circuit, the stator current will irase  results, a semi-aggregated model should be incl{ided
rapidly. This current will be transferred to an uietnce

coupled between the stator and the rotor and may*. CASE STUD

damage the RSC. To avoid such damage, the rotofne test system shown in Figure 8 is located in a

current needs to be compared with a specified ourre o theastern area of Thailand. This area is subjetite
limit. If the short circuit current exceeds the ilijrithe risk of voltage stability problems due to the fabat

crowbar resista_nce will be inserted into the_rai'mcuit . there are not as many power plants in the areaas i
and the RSC is then blocked [3], [4]. This opemtio contral and eastern areas. Furthermore, loads are
makes it possible for the DFIG to continue being g-aitered in the area.

connected with the grid and is able to supply poar
soon as the fault has been cleared. This mode of

It is generally known that wind speed in the noaste
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of Thailand is moderately high but the grid systams The simulation result for normal operating conditie
such areas are relatively weak because the poweshown in Figure 9. It is observed from Figure 9atth
network is not well developed. These areas arether  there are two wind speed regions: high wind and low
subject to voltage stability problem. In the noesieof wind. In the low wind region (wind speed less tHdn2
Thailand, most of the transmission systems areabg@r m/s), the wind turbine is operated with maximumkpea
at a voltage level of 115 kM.arge power plants that power tracking. The generated active power andavthd
have capability for voltage control are locatedtedar speed profile have a similar trend as shown in féib
from the wind farmThese generation units are modeled becuase the generated power varies with the cube of
as synchronous generators with their excitation andwind speed. The dash line in Figure 9b represdmgs t
governor systems. The consumptions or loads araeactive power which is kept to zero by the control
represented by the ZIP model, which means that thesystem of the RSC. In the high wind speed regiondw
loads depend on their connection voltage. Thespeed greater than 11.2 m/s), the wind turbine thas
coefficients of the loads are taken from an EGAT keep the generated power below or at its rating®f
standard. MW. The line in the Figure 9c represents the opamnat
As illustrated in Figure 8, it is assumed that 25 of pitch control. We can see that adjustment ofptiteh
MW is connected to an EGAT substation through a 25angle is only needed during the high wind speeibreg
km, 115 kV, 795 MCM ACSR line. Note that there is The effect of the turbine size on the voltage peddi the
currently no wind farm in the studied area. Howetes point of common coupling is shown in Fig. 9d. It is
envisaged that a number of wind farms will be ilhsta  observed that doubling the turbine size can cahse t
in the foreseeable future due to the promotion ofdw voltage to fluctuate than does the existing size.
energy from the governmernthe system has 11 buses Therefore, large-sized wind farms would not beva#d
with a total install generation of 730 MW and aatot in this area.
demand o500 MW. DFIG wind turbines parameters can
be found in [3], [6], [10] and [11]. The rated wisgeed
of each wind turbine in the wind farm is 11.2 m/s. Reactive power variation and therefore voltage
. , , fluctuation frequently happen in a weak grid. Thean
A. Normal Operation (Wind Speed Fluctuation) be caused by sudden load change, loss of voltageoto
As the output power of the wind farm varies withhndi  generator, short circuits (long distance from wiardn),
speed, system behavior during wind speed fluctnatio switching and also from wind turbine itselfs (i.aind
should be evaluated. Since the aggregated modskis, speed variation).
each of wind turbines has an identical wind profile In order to investigate an effect of reactive paweer
2x24 MVAr capacitor bank at the PCC of Figure 8 is

B. Reactive Power Variation

suddenly tripped to see the response of the wineh fa
New wind farm under undervoltage condition and is suddenly cotekec
©) 25%2 MW to the system to see the response under overvoltage
condition.
Small hydro Local
Power plant a g
P station bus 16.00 2
v —— 2
‘ 12.00 N
Q!
£ 8.00
>
- 4.00
N L \ \ \ \ \
0.00 x x x L
PCC 0.000 24.000 48.000 72.000 96.000 [s] 120.00
97 l Turbine Model: Wind velocity in m/s
v T ()
Combined-cycle z
power plant 2
Pt S
©) —— 230 kV
| | =7 | \
20,00 x x x [
0.000 24,000 48.000 72.000 96.000 [s] 120.00
R . —— Measuring point: Active power in MW
Grid —— - ——=-— Measuring point: Reactive power in MW
(b)

Fig. 8. Single-line Diagram of Test System

135



P. Poochonk and S. Srisumrannukul / GMSARN International Journal 4 (2010) 131 - 138

20.00

ADIgSILENT

16.00

12.00

8.00

0.000 24.000 48.000 72.000 96.000 [s] 120.00 e
Turbine Model: Pitch angle in degree

(©

ADIgSILENT

Fig.10. Voltage Fluctuation due to Variation of Ractive
Power without Voltage Control Devices

"0.000 24.000 48.000 72.000 96.000 [s] 120.00

PCC\Station: Voltage Magnitude in p.u. (Normal Case) . -
— -——-— PCC\Station: Voltage Magnitude in p.u. (Expanded Case) { !

@ | S

Fig. 9. Simulation Results, (a) Wind speed, (b) Aige and T
reactive power at PCC, (c) Blade pitch angle of wind farm
and (d) Voltage magnitude at PCC

As shown in Figure 10, when the capacitor is switth | .- / S—
off from the system at = 1, the voltages at the PCC and | |-l __ Lo
the wind farm station rapidly drop without any riee
power supplied from the wind farm. After that the
voltage climbs up slowly because of no voltage nt
devices installed at the wind farm. Although there  Fig.11. Voltage Fluctuation due to Variation of Rective
remote generators (i.e., hydro and combined cyoleep Power with Voltage Control Devices
plants) that can cover the loss of reactive powerse
generators contributes only a small reactive To analyze the impact of grid fault, a three-phstsert
compensation because of their distant locationse Th circuit with duration of 10 cycles is applied attlocal
voltage at the PPC suddenly increases at3 due to a  station bus. It is assumed that the wind farm hesnb
switching of the first half (24 MVAr) of the capaai. operated at their rated power before the fault zccu
After the other 24 MVAr of the capacitor being sshied Dynamic behavior of wind turbines are shown in Fégu
on (48 MVAr in total) att =5, the wind turbine sees a 12.
voltage rise again before entering steady stats. \tery
interesting to note that the final voltage levell wever

be the same as that bf= 0 because the wind farm has 133 i §
no voltage control devices. 0.80 B e 13
With control devices, the wind farm has an abitity oo R R j
compensate reactive power under reactive powel 0.20 P i
variation as shown in Figure 11. The voltage latethe 0.00 ‘ ‘

. . . . el 3.00
local station bus can be maintained to its initialue .

within a fraction of second. The voltage profile the
PCC can also be improved. )

C. Grid Fault Operation

ADIgSILENT

Many grid codes in several countries require wind
turbines to remain connected to support the powe
system under fault conditions in order to restdne t
system to its prefault state as soon as possipleS[&:h
requirements are known as fault ride through (FBT) _
low voltage ride through (LVRT) capability of wind —— DFIG: Generator speed in p.u.
turbines.

(b)
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5. CONCLUSION

This paper constitues two main parts: DFIG modats a
(0 a case study on a wind fram connected to a weakrsys
in the Northeast of Thailand. The DFIG is represdrity

the common 3-order model of an induction generator
with a two-mass model for the shaft system. Dynamic
response capabilities on the DFIG wind power plants
were thoroughly investigated under conditions afme,
reactive power variation and grid fault. Under thes
operating conditions, the control systems play an
important role to maintain the voltage profileslatal
station bus and also the point of common coupliithin

Figure 13 depicts the voltage response at the local
station bus for two types of wind turbine generair
DFIG and an induction generator. The figure condirm
that the DFIG has a better performance on voltage
recovery.

@ allowable limits. The voltage quality constrainbsid be
£ met so that the wind farm is able to be conneatetthe
100.00 o — — — — — — T 777777 i 777777 7‘ 2 grid.

0.00 — \ — N The aggregated wind turbine model is useful
-100.00 ****‘* ****** } ****** 4‘ particularly in planning stage, where a number of
20000 fH—————— = |—————— 1 scenarios need to be completely investigated. The
-300.00 | | ‘ | scenarios usually include the worst case analybisrev

1.00 2.00 51 300 all the wind turbines inside the wind farm operateif

they were a single wind turbine. In other wordst; fo
every single moment, all individual wind turbineavik
the same wind speed and therefore the same tdtgse.

Fig.12. Dynamic Behavior of DFIG during the fault, (a) expected that this research will be a part of the
Voltage at PCC, (b) Generator Speed, (c) Pitch Ang| (d) development of a grid connection standard for projse

Active Power and (e) Reactive Power

ADIgSILENT

0.00 0.50 1.00 1.50 [s] 2.00

Local Station: Voltage Magnitude in p.u. (DFIG Case)
— -—-— Local Station: Voltage Magnitude in p.u. (Induction Case)

Ugg

Fig.13. Comparison between DFIG and Conventional Usg
Induction Generator

Urqg

As seen in Figure 12, the voltage at the localimstat
bus drops rapidly owning to the faulttat 0. The stator
and also rotor transient currents increase undl rtitor Isd
current exceeds its rating. The protection systhent
protects the rotor circuit by inserting the crowbar
resulting in loss of controllability. The generatgpeed irg
increases due to a decrease in the electrical ¢orfjue
pitch control system responses to the overspeatitite Irq
generator by adjusting the pitch angle of the wind ¢4
turbines. After fault has been cleared, the voltegeot
restored immediately because at this moment, th&DF Ysq
still acts like a conventional induction generatmamely w
it absorbs reactive power for its magnetizationc®the rd
crowbar is removed, the voltage gradually reaches i %rq
initial value. Active and reactive powers become
controllable again.

Urq

in Northeastern areas of Thailand.
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Rotor flux oriented in d-axis

Rotor flux oriented in g-axis
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Synchronous speed

Rotor speed

Electrical torque

Mechanical torque

D-axis pulse width modulation factor
Q-axis pulse width modulation factor
DC Voltage at DC bus

Air density

Turbine blade radius

Wind velocity

Pitch angle

Tip speed ratio

Inertia of the turbine rotor
Inertia of the generator rotor
Aerodynamic torque

Low speed shaft torque
Turbine shaft angular speed
Generator shaft angular speed
Shaft stiffness

Damping constant

Grid active power reference
Grid measured active power
Grid reactive power reference
Grid measured reactive power
DC bus voltage reference

DC bus measured voltage
GSC reactive power reference

GSC measured reactive power

Rotor measured current oriented in d-axis
Rotor measured current oriented in g-axis
GSC measured current oriented in d-axis

GSC measured current oriented in g-axis

Grid voltage reference

Grid measured voltage
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