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Abstract—A tendency to erect ever more wind turbines can be erated from wind can be observed. Therefore, the penetration of
observed in order to reduce the environmental consequences ofwind turbines in electric power systems will increase and they

electric power generation. As a result of this, in the near future, 4y hegin to influence overall power system behavior, making
wind turbines may start to influence the behavior of electric power

systems by interacting with conventional generation and loads. it 'mPOSS'b'e to run a power system *?V only controlllng COfE
Therefore, wind turbine models that can be integrated into power Ventional large-scale power plants. It is therefore important to
system simulation software are needed. study the behavior of wind turbines in an electric power system

In this contribution, a model that can be used to represent all and their interaction with other generation equipment and with
types of variable speed wind turbines in power system dynamics loads.

simulations is presented. First, the modeling approach is com- . . .
mented upon and models of the subsystems of which a variable In this paper, a general model for representation of variable-

speed wind turbine consists are discussed. Then, some resultsSpeed wind turbines in power system dynamics simulations is
obtained after incorporation of the model in PSS/E, a widely presented. The model has been developed to facilitate the inves-
used power system dynamics simulation software package, aretigation of the impact of large amounts of wind turbines on the
presented and compared with measurements. behavior of an electric power system. Power systems simulation
Index Terms—Grid integration, modeling, power system dy- software is used to study this subject. Therefore, the level of de-

namics, PSS/E, simulation, variable speed wind turbine. tail of the model derived here is similar to the level of detail of
models of other generation equipment in power systems simula-
I. INTRODUCTION tion software. This enables the integration of the model in these

) ) ) programs as is shown by simulation results.
A S A RESULT of increasing environmental concern, the The paper is organized as follows. First, the modeling ap-
impact of conventional electricity generation on the enVisroach is commented upon and models of the subsystems of
ronment is being minimized and efforts are made to genergifiich a variable speed consists are discussed. Then, simula-
electricity from renewable sources. The main advantages ipfn results obtained after integration of the derived variable-
electricity generation from renewable sources are the absegged wind turbine model in the power system dynamics simu-

mover that is converted into electricity. One way of generatingeasurements.

electricity from renewable sources is to use wind turbines that
convert the energy contained in flowing air into electricity.
Up to this moment, the amount of wind power integrated into IIl. MODEL REQUIREMENTS
large-scale electric power systems only covers a small part ofThe goal of the work is to develop a general model to rep-
the total power system load. The rest of the power system log@ent the two most important actual variable-speed wind tur-
is for the largest part covered by conventional thermal, nuclegine concepts in power system dynamics simulations. In the first
and hydropower plants. concept, variable-speed operation is enabled through the use of
Wind turbines mostly do not take part in voltage and frea doubly fed induction generator with a back-to-back voltage
quency control and if a disturbance occurs, the wind turbines &gurce converter feeding the rotor winding. In the second con-
disconnected and reconnected when normal operation has bggst, a direct drive synchronous generator is used, which is grid
resumed. Thus, notwithstanding the presence of wind turbingsupled through a diode rectifier and voltage source converter
frequency and voltage are maintained by controlling the largethrough a back-to-back voltage source converter. The derived
power plants as would have been the case without any wind tifodel can also be used to represent the variable-speed wind tur-
bines present. bine concept of a squirrel cage induction generator, grid cou-
Thisis possible, as long as wind power penetration is still loled through a back-to-back voltage source converter, which is,
However, a tendency to increase the amount of electricity getiowever, not used very much in practice and will therefore not
be paid further attention to. Detailed descriptions of these con-

Manuscript received April 26, 2001; revised May 17, 2002. This work Wagepts can be found in textbooks on wind energy, for example,
supported by the Dutch Organization for Scientific Research (NWO). [1].
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dynamics simulation software packages. To make this possi ‘ Wind Mechan. oni ‘
indeed, a number of requirements have to be posedonthemo | ¢ | speed || ROOT | cal power | “38" | curent | ©"
name|y model genr:cexrjaet]or
» The wind turbine model should have a level of detail sirr 3 L —
ilar to the models of the other system components (i.eﬂ;’; Rotor T current voltage
only the subsystems that determine the behavior in t 1 sped X set pomt
frequency range of interest should be incorporated in tl Pith Rotor | protection Terminal
model). coanr':rgoﬁer c()sr’:t?gller Active | system c\éﬁtrigl;leer
« The wind turbine model should be characterized by a mi st point Reactive
imum number of parameters. SZ?Z'S&f
« Integration of the wind turbine model should not lead to
the need for a smaller simulation time step. Fig. 1. Subsystems of which the variable speed wind turbine model consists

. . . d their interactions.
» The wind turbine model should only contain fundamenta

harmonic components of current and voltage, because

: : : : TABLE |
transients and harmqmcs_ are n_Ot taken into account\}QLUEs OF ROUGHNESSLENGTH 2y FORVARIOUS LANDSCAPETYPES[9], [10]
power system dynamics simulations.

The last requirement leads to a decrease in computation time, Landscape type Roughness length z, [m]
because the number of differential equations is substantially re- ~pensea Sand le-d-le3
. Snow surface le-3-5e-3
duced and because a larger time step can be used due to the Mown grass, Steppe Te3-1e-2
neglect of small time constants [2], [3]. Long grass, Rocky ground 0.04-0.1
Forests, Cities, Hilly areas 1-5

lll. SUBSYSTEM MODELS
A. Subsystems Below the nominal win_d speed, the ini_tial winc_i speedis com-
) ) ) ) puted from the power delivered by the wind turbine, as setin the
In this section, the various subsystems of a variable-spegdq flow used to initialize the dynamic simulation. Above the
wind turbine will be modeled, namely nominal wind speed, an initial mean wind speed value has to be
+ wind speed model for generating a wind speed signal thgiten, because above the nominal wind speed, there is no unique
can be applied to the rotor, relation between wind speed and generated power [6].

» rotor model for converting the kinetic energy contained in The wind speed ramp is characterized by three parameters,
the wind into mechanical power that can be applied to thgamely:

generator; _ « amplitude of the wind speed ramf. [m/s];

. modgl of the generator anq the converter, convgrt_mg Me- . starting time of the wind speed rarfip, [s];
chanical power into electric power and determining the , ond time of the wind speed ramp, [s].
rotor speed; - . The wind speed gust is characterized by three parameters as

« rotor speed controller for deriving a power set point fror(he” namely
the rotor speed versus generator power control character- '’ . . )
istic, based on the actual rotor speed; i amp!ltudg of the wmd_ speed gudy, [m/s];

« pitch angle controller for changing the blade pitch above ° Sta(;“?‘g tlmfer:)f th_e (\;V'nd szeed QuBl, [s];
nominal wind speed preventing the rotor speed from be- * e_n tlmeF) the win spge gust, [S]'_ )
coming too high: The wind gust is modeled using the following equation [4], [5]:

« voltage controller for keeping the terminal voltage near its
reference value;

« protection system for limiting the converter current and Tsy <t < Teg: Vg = Ag[l — cos(2n(t/ Dy — Tsg/Dy))]
for switching off the wind turbine when terminal voltage 7,, < t: v,, =0 1)
or grid frequency deviation exceed a specified value for a
given time. whereD, is the duration of the gust [s], which equdls, — 1.

In Fig. 1, the above subsystems and the way they are connectefihe turbulence has been modeled as a stationary process,
is depicted. using the following equation for the turbulence spectral density

[71:

t <Tsg: Vg =0

B. Wind Speed Model

The wind speed model consists of a source that generates a S(f) = 573
wind speed signal to be applied to the wind turbine. The wind (1 + 1.5 %)
speed signal consists of four components, namely the mean
wind speed; a wind speed ramp, which is a steady increasenineref is the frequency [Hz]h is the height at which the wind
the mean wind speed; a wind gust; and turbulence. The eventsaed signal is of interest [m], which normally equals the height
wind speed to be applied to the wind turbine is the sum of thestthe wind turbine shafty,, is the mean wind speed [m/g]is
four components [4], [5]. the turbulence length scale [m] which equals: & if & is less

1
In(h/z0)? - VU

)
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than 30 m and 600 # is more than 30 m; ang) is the roughness "2 T ' T '

length [m]. _ 1t
The roughness length depends on the structure of the Ia@0

scape surrounding the wind turbine. In Table I, the valueg of ¢ |

for various landscape types are given. Through the param)eterg .

the dependence of the turbulence intensity on the landscapts ¢4

which the studied wind turbine is erected is taken into accoul
In power system dynamics simulations, a signal in the tin 02

domain instead of in the frequency domain is needed. T o 5 -+ -+ = =

method used here to derive a time-domain signal from a pow Wind speed [mis]

spectral density is described in [8] and used in [4] and [5]. o _ _
The wind turbine model offers the possibility to change thg?p.rtz);(impa?l(\;ﬁr(ggqi\&e).()f two commercial wind turbines (dotted) and numerical

values of all characteristics of the wind speed signal to be ap-

plied, apart from the starting value of the mean wind speed when

the wind turbine delivers less than nominal power. This valueY§'Y important in other cases (e.g., when calculating the energy

calculated on the basis of the power generated by the wind tdi€ld). In Fig. 2, the power curves of two commercial wind tur-

bine in the initial load flow. bines are given, together with the general numerical approxima-
tion described by (4) and (5). The coefficients in (4) and (5) have
C. Modeling of the Rotor been determined using a numerical optimization minimizing the

The wind turbine rotor, that extracts the energy from the wirfeT0r Petween the power curve following from the equations and
and converts itinto mechanical power is a complex aerodynanif€ ©né from obtained from manufacturer documentation.
system. For state-of-the-art modeling of the rotor, blade element N€ rotor is modeled as alumped mass and the shaft dynamics

theory must be used [1]. Modeling the rotor using blade elemeff€ Neglected. It should be noted that this is only allowed when
theory has, however, a number of drawbacks. variable speed wind turbines are studied. In constant speed wind

ntélrbines, including a dynamic shaft model is very important, es-

pecially for flicker studies and transient stability investigations

« Detailed information about the rotor geometry should b[ell]' Hovyever, |t.has been shown expepmentally thatin variable
speed wind turbines, the shaft properties are hardly reflected at

available. . . .
. Computations become complicated and lengthy. the grid .connectlon due to the decoupling effect of the power
%Jectronlc converter [12], [13].

To solve these problems, a simplified way of modeling the win
turbine rotor is normally used when the electrical behavior oftrrj
system is the main point of interest. An algebraic relation be-
tween wind speed and mechanical power extracted is assumed,ne combination of generator and converter is the main dif-

* Instead of only one wind speed signal, an array of wi
speed signals has to be applied.

Modeling of the Generator/Converter

which is described by the following equation: ference between the two most important actual variable speed
wind turbine concepts. In the first concept, the decoupling
P, = %ﬂArcp()\7 o), (3) of the grid frequency and the mechanical rotor frequency is

implemented by using a doubly fed induction generator with
i density [ka/mT: c. is th ; Hicient a back-to-back voltage source converter feeding the rotor. In
air density [kg/m]; ¢, is the performance coefficient or POWET e second concept, it is implemented by fully decoupling

coefficient; A is the tip speed ratiay. /v, is the ratio between the synchronous direct drive generator from the grid using a

tbr:ade ttip spee/dt !;n./slr?nd_}[/vrd spleei atthuti;lhzight dUpsFrea;gack—to—back voltage source converter or a combination of a
e rotorv,, [m/s] ¢/ is the pitch angle of rotor blades [deg]; an iode rectifier coupled to the generator stator winding and a

A, is the area covered by the rotor {in voltage source converter coupled to the grid. The synchronous

Num_encal approximations have been developed to Calcu%tgnerator can be excited using a rotor winding or permanent
¢p for given values of\ andé [1], [4], [5]. Here, the following magnets [1].

approximation is used: The goal of the research presented in this paper is to develop
. 014 _isa/ @ general model by which all variable speed wind turbine con-
— 0.580-0.0026" ~ 132) € " cepts can be represented. Although the way in which variable
) speed capability is realized differs among the various concepts,
the differences in the behavior with respect to grid interaction
with are small. This can be explained by noticing that the power elec-
1 tronic converter decouples electrical and mechanical behavior
Ai = —1 o0 () of the wind turbine on the time frame that is of interest in power
A=0.026  §3+1 system dynamics studies. This conclusion is based on the fol-
It is not considered necessary to develop different approxinlawing reasoning and supported by both theoretical and empir-
tions for thec, (), ¢) of various wind turbine types. The differ-ical evidence [14]-[17].
ences between the curves of wind turbine types are very smallThe voltage equations of both a doubly fed induction gener-
and can be neglected in dynamics simulations, although they ater and a synchronous generator can be found in [2] and will not

where P, is the power extracted from the wind [Wj;is the

151
Ai

cp(\,0) = 0.73(
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be reproduced here. First, the/dt terms in the stator voltage |
equations of the doubly fed induction generator are neglect:
This is routinely done in power system dynamics simulatiorz°8r
for synchronous and asynchronous machines [2], [3].
Further, theoretical considerations and experiments lead$
the conclusion that in both concepts, the current controllers §°-4 "
the power electronic converters act very fast. As aresult,an< ,|
current reference value can be met within 10 ms or less. T
milliseconds is the normal time step in power system dynami 33 s 07 08 09 1 1 12
simulations. Thus, it can be concluded that the current will rea... Rotor speed [pu.]
its new value within one t,lme step. This makes it possible ig. 3. Optimal (solid) and implemented (dotted) rotor speed versus power
model the power electronics converter as a controlled currefkracteristic of an example variable-speed wind turbine.
source instead of a controlled voltage source and to neglect the

dv/dt terms in the rotor voltage equations of the doubly feg i ormally in the range of three to four and can be calculated
induction generator and in the stator and rotor voltage equatigfSim the moment of inertia of the rotating mass [2].
of the direct drive synchronous generator.
These assumptions are only valid when E. Modeling of the Rotor Speed Controller
 the machine parameters are known;
« the controllers operate in their linear region;
* vector modulation is used;

nt [p.

06

The speed controller of the wind turbine model operates as
follows:

« the terminal voltage approximately equals the nominal ' _\/Vlthasamplefrequer_lqglss [hertz], the gctual rotor speed
is measured. From this value, a set point for generator real

value. ; . . e
he f diti h b by the wind turbi power is derived using the control characteristic. The value
The first two conditions have to be met by the wind turbine man- . f.. is in the order of 20 Hz.

ufacturer and are assumed to be fulfilled here. The third assump-, .01 this value, a set point for the generated power is
tion is met, because the control of the converter used in vari-
able-speed wind turbines is nearly always based on vector mod-
ulation [1]. The last assumption is not met during grid faults.
However, when a fault occurs, a variable speed wind turbine |, Aq 4 result of the generator modeling approach described
is quickly disconnected to protect the power electronic con-

) before, this torque set point is realized immediately.
verter. Further, the response of the power electronic converter . .
) . . 0 acquire a set point for generated real power, a rotor speed
to a voltage drop is characterized by very-high-frequency phe- YR
. : versus generator power characteristic is used. In most cases,
nomena that cannot be studied using normal power system gy- . . .
. : : e rotor speed is controlled in such a way that optimal energy
namics simulation software. Therefore, a low-frequency repre- . : . .
) : . apture is achieved. It is also possible to develop a rotor speed
sentation of the behavior of the converter during faults must be - .
. . : VErsus power characteristic that serves other goals, such as noise
incorporated in the model, such as is done for HYDC Converter?nsmimization

[18]. The appropriateness of this approach is beyond the SCOP%he solid line in Fig. 3 depicts the rotor speed versus power

of this paper. L . .
As a result of the simplifications shown, an algebraic reIa(\:_haractenstlc that leads to optimal energy capture. At low wind

tion results between thecomponent of the rotor current in theSpeedS‘ the rotor speed is kept at its minimum by adjusting the

doubly fed induction generator and stator currents of the dire%?neratortorque. Atmedium wind speeds, the rotor speed varies

. . . foportional to the wind speed, and thus, with the cubic root of
drive generator on one side and the electromechanical torgue . .
X : € power, according to (3). When the rotor speed reaches its

on the other. This means that generator torque set points ¢can . . . .
Maximum value, generator torque is kept at its maximum [19].

be reached instantaneously by injecting the appropriate rotor OrControIIing the power according to this speed versus power

stator currents. Therefore, it is not necessary to drag along the I
characteristic, however, causes some problems.

equations describing the two generator types. Instead, the gén ; _ i i )
erator can be modeled as a torque source, which immediately® 1h€ desired power is not uniquely defined at nominal and
minimal rotor speed.

generates an amount of torque equal to the set point generated ) .
by the controller. « If the rotor speed decreases from slightly above nominal

speed to slightly below nominal speed or from slightly
above minimal speed to slightly below minimal speed, the
change in generated power is very large.
To solve these problems, a control characteristic similar to the
dw,, 1 one that leads to optimal energy capture is used here. This con-
TRy (T — Te). (6) trol characteristic is depicted by the dashed line in Fig. 3. The
points at which the implemented control characteristic deviates
In (6), w is frequency [per unit]? is the torque [per unit]; and from the control characteristic leading to optimal energy capture
His the inertia constant of the rotating mass [s]. The indiees can be adjusted in the wind turbine model. If these points lie near
ande are mechanical and electrical, respectively. The value thfe minimal and nominal rotor speed, the maximum amount of

derived using the control characteristic.
e Taking into account the actual generator speed, a torque
set point is derived from the power set point.

The only resulting differential equation associated with the
generator and the converter that remains after this simplifica-
tions is the equation of motion
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energy is extracted from the wind over a wide range of win Rotor Pitch
.. speed Rat angle

speeds, but rotor speed changes near the minimum and Nt jp 47 + = Rate d

. ) . . —1P-UJ S > K=300 limiter |-£989]

|_nal rotor speed result. in large power fluctuatlons. Ifthese poin % f.=2 Hz |13 deg/s]

lie further from the minimal and nominal rotor speed, the win Maximum —

speed range in which energy capture is maximal is narrowed, | FOT%SUP?GC' 0

the power fluctuations near minimal and nominal rotor speed au < o

smaller.

Fig. 4. Pitch angle controller model.

F. Modeling of the Pitch Angle Controller Reactive
. . L . . Terminal power
The pitch angle controller is only active in high wind speeds voltage set point
In those circumstances, the rotor speed can no longer be ¢ 24150 Kk, RUISC T1_s T
trolled by increasing the generated power, as this would lead Voltage power
overloading the generator and/or the converter. To prevent t ref[‘f{‘f,f}ce i

rotor speed from becoming too high, which would result in me-
chanical damage, the blade pitch angle is changed in ordeisi9 5. \oitage controller model.
reducec,,.
Using (4) and (5), the pitch angle needed to limit the powgfitrerent ways, simulations have shown that the resulting grid
extracted from the wind to the nominal power of the wind tutinteraction is very similar [20].
bine can be calculated for each wind speed. From these equarpe yoltage controller model used here is depicted in Fig. 5.
tions, it can be concluded that the optimal pitch angle equatse model offers the possibility to change all parameters. Note
zero below the nominal wind speed and from the nominal winfl,t the voltage controller can be used to operate the wind tur-
speed.on increases s_,t.eadily vyith increasing wind speed. This ghe at unity power factor by setting, equal to 0. In the simu-
servation greatly facilitates pitch control. _lations presented belou, = 50 andT), = 0.5 s. The value for
Furthermore, it should be taken into account that the piteh may seem quite high, but this can be explained by noticing
angle cannot change immediately, but only ata finite rate, whighat the voltage controller determines the reactive power. The
may be quite low due to the size of the rotor blades of modegiyrent control loop, whose reference is derived from the re-
wind turb_mes and the desire to save money on th_e blade d”Vﬁétive-power set point, reaches a set point very quickly as dis-
The maximum rate of change of the pitch angle is in the ordgfissed before. Therefore, in the simulations, the reactive power
from 3 t0 10/, depending on the size of the wind turbine. FUs assumed to be the model's output instead of the current. The

ther, because the blade pitch angle can only change slowly, ifimal value ofr;, is dependent on the grid characteristics.
pitch angle controller works with a sample frequerfgy, which

is in the order of 1 to 3 Hz. In Fig. 4, the pitch angle controlleH. Modeling of the Protection System
is depicted. The model offers the possibility to specify all pa-
rameters depicted in Fig. 4. In the simulations, the maximum
rate of change of the pitch angle afigd equal 3°/s and 2 Hz,
respectively.

Note that using this controller type, the rotor speed is allowed
to exceed its nominal value by up to 20%, dependingkgn
However, a proportional controller is used, because

« aslight overspeeding of the rotor above its nominal value

can be allowed and poses no problems for the wind turb":f‘phe converter current must be limited to protect the semicon-

construction [19]; ; . X
. . .ductor switches in the power electronic converter. For the same
» the system is never in steady state due to the varying : : . .
. ) réason, the wind turbine must be switched off when the terminal
wind speed, so that the advantage of an integral controller . . . :
. : . . dltage deviates more than a specified amount from its nominal
which can achieve zero steady state error, is not appllcab\fe . .
value. Frequency changes are not a problem for the wind turbine
itself. However, a large frequency deviation is an indicator that
there exists some problem, islanding for example, which may
The voltage controller is based on the notion that to inmake it desirable to disconnect the wind turbines or change the
crease the terminal voltage, more reactive power should dentrol strategy.
generated, and to decrease the terminal voltage, less reactivehe converter current limiter boundaries are specified by
power should be generated by the wind turbine. As alreadiving the maximum amount of reactive power that the wind
stated before, variable-speed wind turbine concepts enable futbine can generate in per unit. From this value and the nom-
reactive-power control, by changing the reactive componentiofl active power, the nominal current is calculated for nominal
the grid current. In the first concept, this done by changing therminal voltage. This way of specifying the current limits is
direct component of the rotor current and in the second concepnsidered more user friendly than specifying the current limits
by changing the reactive component of the converter currentditectly. It is also possible to specify an overloading percentage

the grid side. Although the reactive power is thus controlled and a time during which the converter can be overloaded [21].

The protection system consists of three parts:

» a converter current limiter;

* a part that switches off the wind turbine when the terminal
voltage deviates more than a specified amount from its
nominal value during a specified time interval;

 a part that switches off the wind turbine when the grid
frequency deviates more than a specified amount from its
nominal value during a specified time interval.

G. Modeling of the Voltage Controller
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TABLE 1l C. Simulation Results
VALUES OF SOME MODEL PARAMETERS FORWIND TURBINES OFVARYING . . . . .
NOMINAL POWER WHEN (4) AND (5) ARE USED TO APPROXIMATE THE After integration of the general variable-speed wind turbine

¢p(A, 8) CURVE model developed above in PSS/E, a case has been simulated

using a 2-MW wind turbine with the speed versus power

Nominal Rotor Minimum Nominal .. . .
Power Diameter Rotor Speed | Rotor Speed control characteristic of Fig. 3 and the parameter values given
[MW] [m] [RPM] [RPM] in Table II. The initial wind speed is below the nominal wind
b ‘;g A2 2 speed. After 5 s, a wind speed ramp starts which leads to an

125 60 115 23 increase in the average wind speed of 4 m/s in 30 s. After 10 s,
L5 65 10.5 21 a wind speed gust with an amplitude -68 m/s and a duration

‘2'705 ;2 955 iz of 10 s occurs. The wind turbine is assumed to be erected in
25 34 8 16 surroundings resembling a steppe, thus the roughness lgngth

is chosen equal to 1e-2 m according to Table I.

The parts of the protection system reacting to voltage and fr The wind turbine is connected to an infinite bus. The
P P Y g 9 ifipedance between the low-voltage terminals of the turbine

quency are characterized by the upper and lower voltage Al the infinite bus equals011+40.115 p.u. on a 2-MVA base.

frequency boundary values that can be tolerated and by thetuirhee time step equals 0.01 s, the standard time step in PSS/E

interval that these values are allowed to be exceeded. If volt 9e 5 system frequency of 50 Hz. Thus, the developed model
and frequency arrive within these boundary values after havip : ’

. ) g Jr%ets the requirement that no smaller simulation time step is
exceeded them, the timer is resetand starts againif the boun ifedded. In Fig. 6, the results are depicted. Starting from above

values are exce eded once more. All protection system Parame wind speed, the rotor speed, the pitch angle, the active and
ters can be adjusted by the user. reactive power, and the terminal voltage are depicted. First, the
rotor speed increases with the wind speed. During the gust, the

V. SIMULATIONS rotor acts as an energy buffer.

A. Parameter Sets for Wind Turbines of Various Ratings After 20 s, the nominal power of the wind turbine is reached
Many parameters that characterize a variable-speed wind tfd the pitch angle controller becomes active to prevent rotor
bine are linked. Examples of this are overspeeding. Note that the turbulence is for the largest part

 thec, (), 8) curve, the nominal rotor speed, and the rotofni'ltered out by the rotor inertia and is hardly reflected in the
dian:ete:r determir,1e the nominal wind spee;j of a wind tuputPut power. The smoothness of the output-power fluctuations
bine of given nominal power; caused by wind gusts and turbulence that can be seen in these

e allowableamountlaorverspeeding determines L6160 21 o e e seveaces ot e
parameters in the pitch angle controller in Fig. 4; P P

» the minimum rotor speed determines the cut-in Win[il']' .
speed P From the lowest graph, it can be concluded that the voltage

ontroller performs very well, because the terminal voltage is

Due to these interdependencies, it is essential to use a consis %%trly equals 1.0 p.u., although wind speed and generated power
set of parameters when using the general wind turbine mo%@l BN

presented before, because otherwise incorrect results may 3 9¢ substantially during the simulated interval.
obtained.

To allow the user of the general variable speed wind turbile Measurements
model to easily model and simulate wind turbines of various In the upper graph of Fig. 7, two measured wind speed se-
sizes, in Table Il, parameters for wind turbines of varying nongruences are depicted. Then, the measured rotor speed, the pitch
inal power that can be used together with the numerical appreigle, and the measured output power of a variable-speed wind
imation of thec, (A, ) given in (4) and (5) are given. Thoseturbine with doubly fed induction generator (dotted) and with a
parameters not given in this table can be set independentlydiect drive synchronous generator (solid) is depicted. The mea-
the wind turbine size. Characteristic values of these parametetisements have been obtained from wind turbine manufacturers
have been given above. If it is considered necessary to changeer a confidentiality agreement. Therefore, all values except
the parameters in (4) and (5) in order to represent a specific witthd speed and pitch angle are in per unit and their base values
turbine type, the data below may not be adequate and the d&t@ not given.
of the specific wind turbine being simulated should be used.  The available measurements cannot be used for a qualitative

i i ) ) validation of the model, because the wind speed is measured

B. Integration of the Wind Turbine Model in PSS/E using a single anemometer, whereas the rotor has a large sur-

The wind turbine model described before has been integrafade and because the measured wind speed is severely disturbed
into the power system dynamics simulation software packalgg the rotor wake, because the anemometer is located on the na-
PSS/E from PTI using the FLECS language [18]. In dynamic®lle. Thus, although it would be possible to use the wind speed
simulation software, it is necessary to calculate the initial condiequence measured by the anemometer as the model’s input, it
tions of the system to be simulated from load-flow data beforenot allowed to validate the model by comparing the measured
running the simulation. A solution to this problem is given irand simulated response to this wind speed sequence quantita-
[6]. tively. Therefore, only a qualitative comparison is carried out.
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Fig. 7. Measured responses of two variable-speed wind turbines: doubly fed
induction (dotted) and direct drive synchronous (solid). Starting from above:
measured wind speed, rotor speed, pitch angle, and output power.

« the range of the measured and simulated rotor speed fluc-

tuations are similar;

» measured and simulated pitch angle behavior are similar.
Although a quantitative validation of the model is not possible
with the available measurements, this qualitative comparison
gives at least some confidence in the accuracy and usability of

Fig. 6. Simulation results, starting from above: wind speed, rotor speed, pitdhe derived model and shows that the consequences of the as-

angle, active and reactive power, and voltage at the turbine’s terminals.

sumptions and simplifications applied in modeling the rotor, the
generator, and the controllers are limited.

When the simulated and measured responses are compared,

it can be seen that

V. CONCLUSIONS

« the range of the measured and simulated output powein this paper, a general model for representing variable-speed

fluctuations is similar;

wind turbines in power system dynamics simulation software
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was presented. Models of the subsystems of which a variables]
speed wind turbine consists were developed and practical values
for the various parameters were given. It was concluded that
both theoretical considerations and experimental evidence jugt7]
tify the representation of the two most important variable-speeé8l
wind turbine concepts with the same model in power system dyﬂ9]
namics simulations.

The integration of the developed model into a power system
dynamics simulation software package was discussed and sir{wz—0 ]
ulation results that were obtained with the derived model were
analyzed. When the response of the model to a measured wind
speed sequence is compared with measurements, a sufficient (Ilzel-]
gree of correspondence can be observed. This gives confidence
in the presented model and shows that the consequences of the
applied simplifications are limited.
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