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Representing Wind Turbine Electrical Generating
Systems in Fundamental Frequency Simulations

J. G. SlootwegMember, IEEEH. Polinder Member, IEEEand W. L. Kling Member, IEEE

Abstract—Increasing numbers of wind turbines are being
erected. In the near future, they may start to influence the c
dynamics of electrical power systems by interacting with conven- ¢
tional generation equipment and with loads. The impact of wind
turbines on the dynamics of electrical power systems therefore fd
becomes an important subject, studied by means of power system
dynamics simulations. Various types of power system dynamics 9

Indexes

Converter.

Direct.

Generator electrical.

Field winding of synchronous generator.
Generator mechanical.

simulations exist and the approach depends on the aspect of powerm Mutual.
system dynamic behavior being investigated. p Performance.
In this paper, the focus is on_fundame_ntal frequer_wcy S|mula}tlons, pm Permanent magnet.
also known as electromechanical transient simulations. In this type
of simulation, the network is represented as an impedance matrix Quadrature.
and only the fundamental frequency component of voltages and ' Rotor.
currents is taken into account in order to reduce the computation S Stator.
time. This simulation approach is mainly used for voltage and angle t Wind turbine.
stability investigations. Models of wind turbine generating systems Leakage.

that match the fundamental frequency simulation approach are
presented and their responses are compared to measurements.

Index Terms—Grid interaction, modeling, power system dy-
namics, simulation, wind power.
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NOMENCLATURE

Rotor area of wind turbiném?).

Numerical constant.

Frequency (Hz).

Current (p.u.).

Shatft stiffness (p.u./el. rad.).

Inductance (p.u.).

Active power (p.u.) or (W) [indicated in text].
Reactive power (p.u.).

Resistance (p.u.).

Slip or complex frequency (Hz) [indicated in text].
Torque (p.u.).

Wind speed (m/s).

Speed of rotor blade tips (m/s).

\Voltage (p.u.).

Displacement between shaft ends (el. rad.).
Pitch angle (deg.).

Tip speed ratio.

Intermediate result in calculation of.

Air density (kg/m®).

Low pass filter time constant (s).

Flux linkage (p.u.).

Frequency (p.u.).
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. INTRODUCTION

S A RESULT of increasing environmental concern, the

impact of conventional electricity generation on the envi-
ronment is being minimized and efforts are being made to gen-
erate electricity from renewable sources. One way of generating
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 generation in-
tegrated into large-scale electrical power systems only covers a
small part of the total power system load. However, a tendency
to increase the amount of electricity generated from wind can
be observed. Therefore, the penetration of wind turbines in elec-
trical power systems will increase and they may begin to influ-
ence overall power system behavior.

To study the dynamics of large-scale power systems, a spe-
cial simulation approach is used. This approach will further be
referred to as fundamental frequency simulation and will be dis-
cussed in Section Il. To allow the investigation of the impact
of high wind power penetrations on electrical power systems,
models of wind turbine generating systems must be incorpo-
rated in software packages in which the fundamental frequency
simulation approach is applied. These models must, of course,
match the assumptions and simplifications generally made in
fundamental frequency simulations.

Numerous models to represent wind turbine generating sys-
tems can be found in the literature. However, most of these
cannot easily be used for fundamental frequency simulations ei-
fer because

ating system, such as the generator [1], [2], the drive train
and mechanical structure [3], [4], or the controllers [5],
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[6], while neglecting the other subsystems, whereas for itheir time step is much smaller and simulation of a large-scale
vestigation of the impacts of wind power on power systemower system in these programs is therefore hardly practically

dynamics complete models are necessary; feasible.
« they are, although advanced, not very well documentedSome advanced software packages, such as Power Factory
and specified [7]; from DIgSILENT, NETOMAG®), and Simpow®), offer both

* they contain time constants which are too short to be takemdamental frequency and instantaneous value modes of simu-
into account in fundamental frequency simulations [8]ation. They may even be able to automatically switch between

[9]; the fundamental frequency and instantaneous value domains,
they model generating systems that are not applied in wiedch with their own models, depending on the simulated event
turbines anymore [10]. and/or the user’s preferences. Fundamental frequency and in-

The contribution of this paper is threefold, because it presegt@ntaneous value simulations are also referred to as electro-
models of widely used generating systems that mechanical and electromagnetic transient simulations, respec-

» match the assumptions made in the fundamental frequer‘i'r‘!)?ly'
simulation approach;

« contain models of all subsystems that effect the interaction !ll- WIND TURBINE GENERATING SYSTEM MODELING
between the wind turbine generator and the grid, which 8 Wwind Turbine Generating Systems

. ;hrz ;Eﬁ;ngggﬁSmg]niigd?nrgﬁjrgﬂ;r;?gﬁgg;gﬂaﬂons’ _Three diff_erent wind_ turpine generating s_ystems are currently
' i ‘ widely applied. The first is the directly grid coupled squirrel
The model responses to a measured wind-speed sequence 4@ induction generator, used in constant speed wind turbines.
simulated and compared to measurements to investigate the 6tk \yind turbine rotor is coupled to the generator through a
sequences of the applied simplifications and assumptions apd, oy |n most turbines using this system, the power extracted

the accuracy of the models. from the wind is limited using the stall effect. This means that
the rotor is designed in such a way that its aerodynamic effi-
Il. FUNDAMENTAL FREQUENCY SIMULATION ciency decreases in high wind speeds, thus preventing extraction

Power system dynamics simulation software is used to invé¥-.100 much mechanical power from the wind. When the stall ef-
tigate the dynamic behavior and small signal stability of powd$Ct iS used, no active control systems are necessary. Pitch con-
systems. A large power system can easily have hundreds or ef@jied constant speed wind turbines have, however, also been
thousands of states that are associated with branches, with d?é’rﬂ'—t- ] ]
erators and their controllers and, when dynamic load models ard "€ second system is the doubly fed (wound rotor) induc-

used, also with loads. When the aspect of power system behaliep generator, which allows variable speed operation. The rotor

that is of interest is characterized by rather low frequencies/loﬂﬂfding is fed using a back-to-back voltage source converter.
|

time constants, long simulation runs are required. A simulklKe in the first system, the wind turbine rotor is coupled to the

tion run of sufficient length would, however, take a substantigénerator through a gearbox. In high wind speeds, the power

amount of computation time when all fast, high-frequency phgxtracteq from the vyind i; Iimite.d by pitching the rotor blades.
nomena would be included in the applied models. This makesT he third system is a direct drive synchronous generator, also

it difficult and time consuming to study various scenarios arfdlowing variable speed operation. The synchronous generator
setups when the investigated power system is large. can haye a wound rotor or be excited using permanent magnets.
To solve this problem, only the fundamental frequencl)t/ is grid cogpled thr_o_ugh a back-to-back voltage source con-
component of voltages and currents is taken into account whéHter or a diode rectifier and voltage source converter. The syn-
studying low-frequency phenomena. This approach enables #0nous generator is a low speed multipole generator; there-
representation of the network by a constant impedance or &€, N0 gearboxis needed. Like in the second system, the power
mittance matrix, like in load-flow calculations. The associategitracted from the wind is limited by pitching the rotor blades
equations can thus be solved using load-flow solution method&nigh wind speeds. The three wind turbine generating systems
Further, the approach reduces the number of differential eq@€ depicted in Fig. 1.
tions, because no differential equations are associated with the
network and fewer with generating equipment and becaus&it
enables the use of a larger simulation time step [11]. Exampledn order to keep the data requirements and the computation
of a fundamental frequency simulation packages are PSSitlae within limits, a quasi static approach is used to describe
and Eurostag. This type of software can be used when tie rotor. This means that an algebraic relation is assumed be-
phenomena of interest have a frequency of about 0.1 to 10 Haeen the wind speed at hub height and the mechanical power
The typical problems studied using these programs are voltagearacted from the wind. More advanced methods, such as the
and angle stability. blade element impulse method, require detailed knowledge of
When the frequencies of interest are higher, instantaerodynamics and of the wind turbine blade characteristics [12],
neous value simulation software, such as ATP, EMTP, or tfE3]. These data will often not be available and the impact on the
MATLAB ® Power System Blockset must be used. These padid interaction is assumed to be rather limited.
ages contain more detailed and higher order equipment modeli this paper, models for representing wind turbine generating
than fundamental frequency simulation software. Howevesystems in fundamental frequency simulations are presented.

Modeling Assumptions
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Fig. 2. Comparison of numerical approximation of the power curve of a stall
controlled wind turbine (solid) with the power curves of two existing stall
controlled wind turbines (dotted).
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the damper windings in the synchronous generator is not nec-
essary. When a back-to-back voltage source converter is used,
generator speed is controlled by the power electronic converter,
which will prevent oscillations. When a diode rectifier is used,
Fig. 1. Frequently occurring wind turbine generating systems. damper windings are essential for commutation. However,
commutation is neglected according to the last assumption and,
The models must comply with the requirements that result froferefore, the damper windings can be neglected as well.
the principles on which fundamental frequency simulation soft- ] ] ) ]
ware is based, as described in Section II. This results in a number Generating System With Squirrel Cage Induction Generator
of assumptions. The following assumptions apply to the modell) Rotor Model: The following well-known algebraic
of each generating system. equation gives the relation between wind speed and mechanical
« Magnetic saturation is neglected. power extracted from the wind [12], [13]:
 Flux distribution is sinusoidal. p 3
« Any losses apart from copper losses are neglected. Pur = 5 Awncp (A, 6)v, @)
« Stator voltages and currents are sinusoidal at the fund@th P,,; the power extracted from the wind (W) the air den-

| I& u :G“" The fourth assumption is made because taking into account

mental frequency. . . sity (kg/m3), ¢p the performance coefficient or power coeffi-
~ Furthermore, the following assumptions apply to some of thgent, A the tip speed ratia /v.,, the ratio between blade tip
investigated generating systems. speedv; (m/s) and wind speed at hub height upstream the rotor

« In both variable speed systems, all rotating mass is repre; (M/s), the pitch anglé (deg.), andA,: the area covered by
sented by one element, the so-called “lumped-mass” repe wind turbine roto(m?). In case of a stall controlled wind
resentation. turbine,§ is left out andc,, is a function ofA only.

« In both variable speed systems, the voltage source conWhen manufacturer documentation is consulted, it can be
verters with current control loops are modeled as curreancluded that the power curves of individual wind turbines
sources. show a high degree of similarity. It is therefore not considered

* In the system based on the doubly fed induction generecessary to use different approximations for ¢ge\) curve
ator, rotor voltages and currents are sinusoidal at the sfiqpr different constant speed wind turbines in power system dy-
frequency. namics simulations. Instead, a general approximation can be

« Inthe directdrive wind turbine, the synchronous generatosed. In this paper, the following is used:
has no damper windings. 9 ) o

» When a diode rectifier is used in the direct drive wind cp(X0) =c1 (Y —c3f — s — Ca) e N (2)
turbine, commutation is neglected. . !

The first of these assumptions is made because the mechAH#D
ical and electrical properties of variable speed wind turbines 1
are decoupled by the power electronic converters. Therefore, i — ©)
the shaft properties are hardly reflected in the grid interaction, Afest 071
which is the main point of interest in power system studies [14], The structure of this equation is obtained from [12] but the
[15]. value of the constants tocg has been slightly changed in order
The next two assumptions are made in order to allow motd get better correspondence with manufacturer data. To min-
eling of power electronics in power system dynamics simulatiomize the error between the curve found in the manufacturer
software and are routinely applied in power system dynamidecumentation and the curve obtained using (2) and (3), mul-
simulations [11], [16], [17]. A full converter model would re-tidimensional optimization has been applied. Both the original
quire a substantial reduction of the simulation time step anghrameters and the parameters used here are given in Table 1.
hence, does not match the goal of this work. In Fig. 2, the power curves of two commercial wind turbines
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TABLE | tionships apply in the dq reference frame, using the generator
APPROXIMATION OF POWER CURVES convention:
C1 Cy C3 Cq Cs Cg C7 Cg Co
Ref [12] |05 [116 [04 [0 |- 5 |21 ]0.08 |0.035 vas = — Ryias + ws (Los + L )igs + Linigr)
Const, Spd. [0.44[125 [0 [0 [0 [6.94[165]0 -0.002 . . .
Var, speed | 0.73 | 151 | 0.58 | .002 | 2.14 | 13.2| 18.4]-0.02 | -0.003 Vgs = — Ryigs — ws (Los + Lin)ias + Limiar)
_ . . diq
Vdr = 0= _erd'r + swy ((Lo"r + Lm)lqr + Lmzqs) + TT
Filtered dip '
Wind wind Vgr =0 = —Ryigr—5ws (Lor + Lin)iar + Linias) +——
speed speed dt
[m/s] | 1 [m/s] (5)
1+1s . . . . . .
in which s equals the slip, v is voltage, i current, R resistance,
L inductance, and flux linkage. All quantities are in per unit.

The indexes d and g stand for direct and quadrature component,
Fig. 3. Low-pass filter. the indexes s and r for rotor and stator, m for mutual, and 6 for
leakage. The generator convention is used in this equation (i.e.,
are depicted, together with the generic numerical approximasrrents are outputs).
tion from Table 1. The electrical torque is given by
High-frequency wind-speed variations are very local and, T, = thorigy — thayi ©6)
therefore, even out over the rotor surface. To approximate this e rartar drtqr-
effect, a low pass filter is included in the rotor model. The lowhe rotor flux components in (6) are state variables as can be
pass filter is depicted in Fig. 3. The value of the time constaseen from (5). The calculation of their initial values is discussed
7 depends on the rotor diameter and also on the turbuleriod19]. The equation of motion is
intensity of the wind and the average wind speed. For the wind dw, 1
turbines investigated here,has been setto 4 s. T E(Tg —Te). (1)

Further, a periodic torque pulsation is added to the torqu& | fth . d q h
calculated from the wind speed to represent the tower shadd\ € valués o the various parameters are dependent on the gen-

which can be clearly distinguished in measurements [7]. TR&ALOr rating and can be derived from tables and graphs [12].
amplitude of the torque pulsation equals 0.1 p.u., its frequenwe generator parameters used in this paper are given in Table

is equal to the number of blades times the rotor frequency, whigh | '€ Compensating capacitors depicted in Fig. 1 are included
equals 1.5 Hz in the case of the simulated turbine. in the grid model and are, therefore, not represented in the above

2) Shaft Model: It has been repeatedly argued in the ”ter(_equations that describe the constant speed generating system.

ature that incorporating a shaft representation in a model oba
constant speed generating system is very important for a correct . _ S
representation of the behavior during and after voltage drops and) Rotor Model: Again, a numerical approximation of the

short circuits [7]. A two mass representation has been chogei?, ) curve has been developed using manufacturer docu-
here, which is described by the following: mentation and multidimensional optimization. The values for

the parameters in (2) and (3) can be found in Table 1. In the
upper graph of Fig. 4, the resulting power curve is depicted, to-

Generating System With Doubly Fed Induction Generator

dwwt o th - Ks'y

dt 2Huwt gether with the power curves of two commercial variable speed
dwg - Koy —Te wind turbines. The pitch angle deviation necessary to limit the
dt 2H, power to the nominal value is depicted in the lower graph of
d Fig. 4.
9 _ 27 f (Wt — wy) 4) '9

dt Again, the low-pass filter depicted in Fig. 3 has been included

in which f is the nominal grid frequency, T is torque,s the in order to represent the smoothing of high-frequency wind-
angular displacement between the two ends of the shat, speed components over the rotor surface. No tower shadow rep-
frequency, H is the inertia constant, aldlis the shaft stiffness. resentation and shaft model have been included, because in vari-
The indexes wt, g, and e stand for wind turbine, generator nikle speed wind turbines, the tower shadow and the torsional
chanical, and generator electrical, respectively. All values are'sonance of the shaft are hardly reflected in the output power,
per unit, apart fronKs, v and f, which are in per unit/el. rad., due to the decoupling of electrical and mechanical behavior by
deg., and Hertz, respectively. the power electronics [14], [15]. _

The resonance frequency of the shaft torsional mode has beed) Model of Generator and ConvertefThe following equa-
experimentally determined as 1.7 Hz [7]. When resonance ff#ns describe the behavior of a doubly fed induction generator,
quency and the inertia constants of the generator and the turtf@&in using the generator convention:
rotor are knownK; can be calculated. _ Vas = — Ryigs + ws (Los + L )igs + Liniqr)

3) Generator Model: The generator in the constant speed . . .

. . . . . ’Uqg = - Rszqs — Ws ((Las + Lm)zds + Lm/Ldr)
generating system is a squirrel cage induction generator, whose _ . _
stator transients are neglected as is normal in fundamental fre- Var = — Ryigr + sws ((Lor + Lin)igr + Linigs)
quency simulations [11]. The following voltage—current rela- Var = — Ryigr — sws ((Lor + Lim)iar + Lintas).  (8)
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Q. =0 (11)
0 5 10 15 » % in which Q is reactive power in per unit and the index ¢ stands
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Fig. 4. Upper graph: comparison of numerical approximation of the powé(?r converter. From (11), it can be concluded that the power from

curve of a pitch controlled wind turbine (solid) with the power curves of twihe rotor circuit is injected into the grid and that the grid side of

existing pitch controlled wind turbines (dotted). Lower graph: pitch anglthe converter is operated at unity power factor.

deviation above nominal wind speed based on numerical approximation (solid) . . .

and manufacturer documentation (dotted). 3) Rotor Speed Controllerin variable speed wind turbines,
the rotor speed is controlled in order to obtain maximum energy

TABLE I yield. To this end, the tip speed ratlois kept at the value that

SIMULATED INDUCTION GENERATOR PARAMETERS leads to the optimat,,, while keeping the rotor speed within
Generam; chlaracferisﬁc :’al“e limits of the turbine [6], [15], [19]. From the actual value of
Number of poles g
Generator speed (constant speed) 5TREM the_ rotor speed, the_ wind speed that would correspond to the
Generator speed (doubly fed) 1000-1900 RPM optimum value ot,, is calculated. Then, the power that would
Mutual inductance Ly, 3.0p.u. be generated at this wind speed is calculated by substituting the
Stator leakage inductance Los 0.10 p.u. ; ; ; ; ;
Rotor leakage inductance L 008 pa wind speed in (1}, together with the optimum value:gf This _
Stator resistance R, 0.01 p.u. amount of power is then _drawn fromthe generator by controlling
Rotor resistance Ry 0.01 p.u. the rotor current accordingly. The resulting power versus speed
Compensating capacitor (constant speed) ] 0.5 p.u. control characteristic is depicted in Fig. 5.
Moment of inertia 0.5s

Without loss of generality, it can be assumed that the gener-
ator has its own dq reference frame in which the maximum of
In this equation, thely/dt terms in both the stator and rotorthe stator flux coincides with the d-axis. To that end, the voltages
voltage equations are neglected. The stator transients are alwgys currents that are exchanged between the dynamics module
neglected in fundamental frequency simulations [11]. The rotgnd the load flow module of the software must be rotated with
transients are neglected because they are counteracted byttiB&ngle of the bus to which the doubly fed induction generator
current control loops of the voltage source converter feediigconnected [20]. When thereafter (6), (8), and (10) are com-
the rotor winding. The current control loops have time constarifhed and the stator resistance is neglected, the following gives
that are well outside the bandwidth of interest in power systetfie relation between the quadrature component of the rotor cur-
dynamics simulations. Therefore, the voltage source converignt and the electro mechanical torque:
is modeled as a current source anddhi¢/dt terms in the rotor —L,.v..
voltage equations are neglected [17], [18]. T, = w(L——l—qL)Lq’" (12)

The generated power is divided between the stator and the ] ]
Equation (12) together with the actual value of the rotor speed

rotor
P . can be used to control the generator power according to the con-
s = Vdslds T Vdslgs trol characteristic depicted in Fig. 5.
Pr =varidar + Vgrigr (9)  4) Pitch Angle Controller: When the wind speed is higher

in which P stands for active power. The torque equation atfean the nominal value, the blades are pitched in order to limit
equation of motion are identical to (6) and (7) for the constaHte power extracted from the wind and the rotor speed. From

speed wind turbine. The rotor flux linkages occurring in (6) canig. 4, it can be concluded that the optimal pitch angle is ap-
be calculated with the following: proximately zero below the nominal wind speed and from there

bar = — Lunigs — (L + Lo )i on increases st_e_adily W_ith increasing wind speed. This observa-
ar mids m T e Rdr tion greatly facilitates pitch control.

Yar = = Lmigs = (Lin + Lo )igr. (10) It should be taken into account that the pitch angle cannot
The generator parameters are given in Table 2. change immediately, but only at a finite rate, which may be quite
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Pitch TABLE Il
Rate angle SIMULATED SYNCHRONOUSGENERATOR PARAMETERS
K=300 limiter ﬁg—]—’ Generator characteristic Value
T,=0.5s
s [3 deg/s] Number of poles 80
Maximum Generator speed 9-19 RPM
rotor speed '6/ Mutual inductance in d-axis Lam 1.21 p.u.
fp.u] Mutual inductance in g-axis Lom 0.606 p.u.
Stator leakage inductance Lso 0.12Jp.u.
Fig. 6. Pitch angle controller. Stator resistance R, 0.06 p.u.
Field inductance Ly 1.33 p.u.
Field resistance Ry 0.0086 p.u.
low because of the size of the rotor blades of modern wind tur-  Tnertia constant 1.0s

bines and the desire to save money on the blade drives. Here, the
maximum rate of pitch angle change is set tés3and the sam-
pling time with which the rotor speed is sampled equals 0.5
In Fig. 6, the pitch angle controller is depicted.

A proportional controller is used because

converter is represented as a fundamental current source and
tﬁ'edw /dt terms in the stator equations are neglected [18]. An
instantaneous value model of this generating system can be
) ] ) ) found in the literature [8].

* aslight overspeeding of the rotor above its nominal value active and reactive power of the direct-drive synchronous

can be allowed [21]; _generator are given by
 the system is never in steady state due to the varying

wind speed, so that the advantage of an integral controller, Py =vasias + vgsigs
which can achieve zero steady state error, is not applicable. Qs =Vgsiqs — Vdslgs- (16)

It has to be noted that the generator is fully decoupled from
the grid by the power electronic converter. Therefore, the power
factor of the generator does not effect the reactive power factor

1) Rotor Model: The model of the rotor used in the generat the grid connection, because the latter is determined by the
ating system with direct drive synchronous generator is identiggid side of the converter and not by the operating point of the
to that used in the doubly fed induction generator-based systeyonerator. The second equation of (16) is, therefore, of limited
It was discussed above in Section IV-D-1. interest when the grid interaction is studied, but is important

2) Model of Generator and ConvertefThe following de- when dimensioning the converter. The generator parameters are
scribe a wound rotor synchronous generator in the dq refereréen in Table 3.

E. Generating System With Direct Drive Synchronous
Generator

frame, taking into account the above assumptions: The following apply to the grid side of the power electronic
’L/](ls = - (Ldm, + Lo’s)ids + Ldm,ifd converter:
Il/}qs = — (Lqm =+ Lo’s)iqs Pc :Udcidc + 'Uqciqc
Q/de = Lfdifd Q.= Uqc’idc - 'Udciqc- (17)
Vas = — Ryids — wytys Since the grid side of the converter is equipped with current con-
_ p ) trol loops, both active and reactive power output can be easily
Vgs = — Rs lgs + Wy l/}ds .
d controlled using (17).
Vg = Ryatsa + % (13) 3) Rotor Speed ControllerThe rotor speed versus control

_ - i . characteristic is identical to that used in the system with the
The index fd indicates field quantities. Note that for the Stat%roubly fed induction generator. However, different equations

equations, the generator convention is used (i.e., positive Cgﬁ'ply to the power drawn from the generator. The exact con-

rents are outputs). All quantities in (13) are in per unit Valuestrol approach depends on the generator and converter type. Four

. In.case ofa permanent magnet_rotor, the .th'rd apd sixth €0%W5es can be distinguished and are applied in practice, namely
tion in (13), which are referring to field quantities, disappear an wound rotor generator with diode rectifier:

the upper equation becomes N .
_ * permanent magnet generator with diode rectifier;
Yas = —(Las + Los)ids + PYpm (14) « wound rotor generator with voltage source converter;
in which ., equals the amount of flux of the permanent mag- * Permanent magnet generator with voltage source con-
nets mounted on the rotor that is coupled to the stator winding. ~ Verter.

The following gives the electromechanical torque: When a diode rectifier is used, the generator power factor
. . equals unity when commutation is neglected. In the upper equa-
Te = Yasiqs = Ygsias- (15)  tion of (13), the termla,i 74 Or in (14) the termp,,,,, is known.
The equation of motion is given by (7). The excitation curreniy, follows from the excitation voltage,

As can be concluded from (13), tde//dt terms in the stator which depends on the control strategy. Excitation control can
voltage equations are neglected. The associated time constéatg., aim at generator loss minimization [22]). In a permanent
are small and taking them into account would result in the neethgnet generator, the flux linkage of the permanent magnets
to develop a detailed representation of the power electronjg,, is determined by the generator design. Further, the desired
converter, which would include phenomena well outsidactive power P is known, because it is derived from the actual
the bandwidth of interest. Therefore, the power electrom@lue of the rotor speed,,, according to Fig. 5. The following
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four equations with four unknowns result for a synchronous gen- TABLE IV
erator with a wound rotor: SIMULATED WIND TURBINE PARAMETERS
Turbine characteristic Value
Vas = — Raias + wg(Lgm + Lgs)igs Rotor speed (constant speed) 17 RPM
. . . Minimum rotor speed (variable speed) 9 RPM
Vgs = — Rslqs WY ((Ldm + L”S)st - Ldmlf‘l) Nominal rotor speed (variable speed) 18 RPM
P, =v4514s +'quiqs Rotor diameter 75 m ,
. . Area covered by rotor 4418 m
Qs =Vgsids — Vdslgs = 0. (18) Nominal power 2 MW
. Nominal wind speed (constant speed) 15 m/s
For a synchronous generator with permanent magnets, the Nominalwind speed (variable speed) 14 /s
second equation becomes Gear box ratio (constant speed) 1:89
. . Gear box ratio (variable speed) ) 1:100
Vgs = —Ryigs — wy ((Lam + Los)igs — /l/}pm) . (19) Inertia constant 2.5s
Shaft stiffness (constant speed) 0.3 p.u./el. rad.

Equation (18) or (19) can be solved, after which the d and g com-
ponents of stator voltage and current are known. By controlling
the stator voltage of the generator accordingly, the desired op-
erating point can be reached.

When instead of a diode rectifier, a back-to-back voltage
source converter is used, not only the active power P but alsc
the reactive power Q can be determined by the user. The las
equation of (18) changes to

Qs = vqsids - v(lsiqs- (20) T ’

The other equations remain unchanged and again a system wit 4,
four equations and four unknowns results.

When a back-to-back voltage source converter is used, not _
the stator voltage, but the stator currents are controlled. Wher 2
the d+y/dt terms in the stator voltage equations are neglected, g“"
there is no difference between controlling the stator voltage and §oss}
the stator current, as there is an algebraic relation between therr N osa b
However, in more detailed investigations, in which e.g., the in- X
teraction between the generator and the converter is the topic o 0 A » Tina ] “© %
interest, substantial differences can be observed. j ' '

4) Pitch Angle Controller: The pitch angle controller used
in the generating system with a direct drive synchronous gener-
ator is identical to that used in the generating system based or
the doubly fed induction generator. The model was discussed
above in Section IV-D-4.

Wind speed [m/s]

T Direct drive

Doubly fed

Doubly fed

Direct
drive

IV. SIMULATION RESULTS o 10 2 30 %0 30 )

A. Introduction

In this section, the model's responses to a measured wind
speed sequence will be investigated and compared to measure
ments. The measurements have been obtained from wind tur
bine manufacturers under a confidentiality agreement. There-
fore, all values except wind speed and pitch angle are in per
unit and their base values are not given. .

The available measurements cannot readily be used for & 0 10 2 s “0 50 60
guantitative validation of the model. This is caused by the fact
that the wind speed is measured using a single anemomefier,7. Simulated responses to a measured wind speed. Starting from above:
whereas the rotor has a large surface and by the fact tﬁﬁﬁsured_wind speed and simulated rotor speed, pitch angle, and output power.

. . . € meaning of the curves is indicated in the graphs.
the measured wind speed is severely disturbed by the rotor
wake, because the anemometer is located on the nacelle. The = ] ) ]
wind speed measured by the anemometer is thus not a g@Q@Jalltatwe comparison is carried ou'F and t_he same measured
indication of the wind speed acting on the rotor as a whole. Wind-speed sequence is used for all simulations.

It is, therefore, not allowed to use the wind-speed sequence
measured by the anemometer as the model’s input and to Bl
idate the model by comparing the measured and simulated reThe characteristics of the simulated wind turbine are given in
sponse to that wind-speed sequence quantitatively. Instead, ordple 4. In the upper graph of Fig. 7, a measured wind-speed se-

Output power [p.u.]
o °
o«

Simulation Results
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D. Analysis of Results

From the simulation results depicted in Fig. 7, the following
can be concluded.

« Particularly short-term (seconds) output power fluctua-
tions are more severe in case of a constant speed wind
turbine than in case of both variable speed wind turbines.

. . . : , This is caused by the functioning of the rotor as an energy

0 10 » Timals] 40 s & buffer in the variable speed wind generating systems.

' « The response of the variable speed wind turbines is sim-
ilar, which can be explained by noticing that their behavior
is for the largest part determined by the controllers, which
are identical.

These findings also apply to the measurements depicted in
Fig. 8.

. ) ) When the simulated and measured responses are compared,
0 10 20 30 40 50 60 the following can be seen.

¢ The range of the measured and simulated rotor speed fluc-
Direct drive . . . .

Doubly fod ; tuations of the variable speed turbines are similar (they
fluctuate in a band of about 0.1 p.u. width).
Measured and simulated pitch angle behavior are similar
with respect to the rate of change3—5°/s) and the min-
imum (=0 °) and maximum valuex6 °).
« The range of the measured and simulated output power

Direct drive

Rotor speed [p.u.}
2
- N

2 m m m - = %0 fluctuations of the constant speed wind turbine and of the
2 Time b wind turbine with doubly fed induction generator are sim-
' Drect drve ' ' ' ilar (they fluctuate in a band 6£0.3-0.4 p.u. width).

¢ The rate of change of the measured and simulated output
power fluctuations of the constant wind turbine shows dif-
ferences. However, it can be seen that there is a rather poor
correlation between the measured wind speed and output
power in case of the constant speed wind turbine. The ob-
served discrepancies between measurement and simula-
m % %0 m % % tion are, therefore, at least partly caused by inaccuracies
Time s in the measurements, rather than by the model.
e The range of the measureet@.2 p.u.) and simulated
Fig.8. Measured responses of each of the investigated wind turbine generating  (~0.4 p.u.) output power fluctuations of the wind turbine
systems. Starting from above: measured wind speed, rotor speed, pitch angle, \yith direct drive synchronous generator is different. This
and output power. The meaning of the curves is indicated in the graphs. is due to the fact that the direct drive wind turbine is only
exposed to rather high wind speeds in the measurements,
guence is depicted. Then, the simulated rotor speed, pitch angle, whereas in the simulation, also lower wind speeds occur.
if applicable, and the output power are depicted for each of thgthough, for reasons pointed out above, a quantitative valida-
generating systems. The meaning of the curves is indicatedijih of the models is not possible with the available measure-
the graphs. By using a measured wind-speed sequence, the G{id@its, this qualitative comparison gives at least some confi-
complex problem of modeling a wind-speed signal is avoide@jence in the accuracy and usability of the derived models and
shows that the consequences of the assumptions and simplifica-

tions applied in modeling the rotor, the generator, and the con-
C. Measurements trollers are limited.

o
©
T

Output power [p.u]
o
o

Constant speed

S
»
T

e
N
o

In the upper graph of Fig. 8, three measured wind-speed se-
quences are depicted. Then, the measured rotor speed and pitch
angle of both a variable speed wind turbine with doubly fed in- In this paper, models of the three most important contem-
duction generator and with a direct drive synchronous generaparary wind turbine generating systems were presented. The
are depicted. In the lower graph, the measured output powemeddels are suitable for investigating the impact of large-scale
all three turbines is depicted. The rotor speed of the constaennection of wind power on the dynamic behavior of electrical
speed wind turbine was not measured and is therefore not gewer systems. They match the simplifications applied in fun-
picted. The meaning of each of the curves is again indicateddamental frequency simulations and all subsystems that deter-
the graphs. mine the grid interaction are included in the models.

V. CONCLUSION
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When the response of the models to a measured wind-spe@d] M. Fujimitsu, T. Komatsu, K. Koyanagi, K. Hu, and R. Yokoyama,
sequence is Compared with measurementS, an acceptable degree “Modeling of doubly-fed adjustable-speed machine for analytical

of correspondence can be observed. This gives confidence in the
derived models and shows that the consequences of the appligd]

simplifications are acceptable.

The wind-speed measurements were downloaded from
“Database of Wind Characteristics” located at DTU, Denmark[2°!
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