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Abstract— The increasing amount of wind power generation in
European power systems requires stability analysis considering in-
teraction between wind-farms and transmission systems.

Dynamics introduced by dispersed wind generators at the dis-
tribution level can usually be neglected. However, large on- and
off-shore wind farms have a considerable influence to power sys-
tem dynamics and must definitely be considered for analyzing
power system dynamics.

Compared to conventional power stations, wind power plants
consist of a large number of generators of small size. There-
fore, representing every wind generator individually increases the
calculation time of dynamic simulations considerably. Therefore,
model aggregation techniques should be applied for reducing cal-
culation times.

This paper presents aggregated models for wind parks consist-
ing of fixed or variable speed wind generators.

Index Terms—Wind Generation, off-shore wind power, power
system stability, model aggregation

|. INTRODUCTION

HE growing importance of wind power, which can be observed in
Europe and the United States, requires more and more detailed
analysis of the impact of wind power on transmission systems.

At the end of 2002, there were wind turbines with a total rated
power of around 12000MW installed in Germany. Further increase
of wind power can mainly be expected off-shore, if this technology
can be proved to be reliable and cost-efficient. Estimates for off-shore
wind power installations in Germany are in the range of 2000MW to
3000MW in the medium term (until 2010) and up to 25000MW in the
long term (until 2030) [2]

If these wind resources shall be exploited, transmission networks
need to be considerably extended for transporting the generated wind-
power to the main load centers.

Also with regard to the operation of wind generators, a change in
mind could be observed. In former times, when the amount of wind
generation was very small compared to the overall installed genera-
tion capacity, connection conditions usually required wind generators
to disconnect under any disturbance, even on small voltage dips, for
not doing anything “bad” to the network. However, this practice led to
substantial problems with regard to active and reactive power control in
some cases. Newer connection conditions usually require wind gener-
ators to participate in reactive power control and to "ride-through” net-
work faults (e.g. [3]), or at least reconnect shortly after disturbances.

Future off-shore installations as well as changed operation practices
require network planning and operation analysis studies to assess the
impact of wind generation on power system stability and system con-
trol.

However, wind generators are much smaller than conventional
power generators and their number is therefore much larger why model
aggregation techniques have to be applied for being able to carry out
dynamic simulations within reasonable calculation time.

This paper presents an approach for aggregated wind park models
representing an entire wind park by one equivalent wind generator.
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Various wind generator technologies will be covered:

« Fixed speed, induction machine (stall and pitch controlled)

« Variable speed, doubly-fed induction machine.

« Variable speed, converter-driven synchronous machine.

The paper starts by introducing dynamic models of single wind gener-
ators based on the above listed technologies. The models are designed
for representing correctly the reaction of wind generators to network
faults and wind fluctuations. Because the presented models are pri-
marily used for dynamic analysis of entire power systems, the wind
generator’s output at the connection point to the transmission network
is in the center of interest.

Dynamic models of all wind generator components including tur-
bine, generator, power electronics converters and controllers are pre-
sented. A model for simulating wind turbulence considering coher-
ence between turbulences at different wind turbines in a wind farm
is described. The paper continues by presenting model simplification
and aggregation techniques. For validating the aggregated wind-farm
models, they are benchmarked against detailed, not-aggregated mod-
els.

Il. GENERATOR MODELING

There are many different generator concepts for wind-power ap-
plications in use today. The main distinction can be made between
fixed-speed and variable-speed wind-generator concepts.

A fixed-speed wind-generator is usually equipped with a squirrel-
cage induction generator whose speed variations are only very limited
(see figure 1). Power can here only be controlled through pitch-angle
variations. Because the efficiency of wind-turbines (expressed by the
power coefficient ¢,, see also section I1l) depends on the tip-speed
ratio A = wR/v., the power of a fixed-speed wind generator varies
directly with the wind speed.

Since induction machines have no reactive power control capabili-
ties, fixed or variable power factor correction systems are usually re-
quired for compensating the reactive power demand of the generator.

In contrast to this, variable speed concepts allow operating the wind
turbine at the optimum tip-speed ratio A and hence at the optimum
power-coefficient ¢, for a wide wind-speed range. Varying the gen-
erator’s speed requires frequency converters that increase investment
costs.

The two most-widely used variable-speed wind-generator concepts
are the doubly-fed induction generator (figure 2) and the converter-
driven synchronous generator (figure 4 and figure 5).

Active power of a variable-speed generator is controlled electroni-
cally by fast power electronics converters, which reduces the impact of
wind-fluctuations to the grid. Additionally, frequency converters that
are in use today (self-commutated PWM-converters) allow for reac-
tive power control, why no additional reactive power compensation is
required.

A. Induction Generator

Induction generator models for power system stability studies usu-
ally consider rotor-flux transients and mechanics by differential equa-
tions but neglect stator-flux transients by reducing stator-voltage equa-
tions to arithmetic equations [4].

For representing current displacement effects in the rotor, a double
cage model can be applied that models the rotor impedance by two or
more parallel R-L-ladder circuits.
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Fig. 1. Fixed speed induction machine

B. Doubly-Fed Induction Generator
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Fig. 2. Doubly-fed induction generator
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Fig. 3. Electrical control-scheme of the doubly-fed induction generator

A doubly-fed induction machine is basically a standard, wound-
rotor induction machine with a frequency-converter connected to the
slip-rings of the rotor.

In modern DFIG designs, the frequency converter is usually built
by two self-commutated PWM converters with an intermediate DC-
voltage circuit (see Figure 3).

The converter connected to the rotor controls the total active and
reactive power of the DFIG. The inner, faster control loop consists of
a g-d current controller operating in a stator-flux oriented reference
system. Hence the g-axis current component represents active current
and the d-axis component reactive current.

An overcurrent protection system protects the rotor-side converter
against high current. When the maximum current limit is exceeded, the
rotor-side converter is blocked and bypassed (’crow-bar protection’).

The stator-side converter usually regulates DC-voltage and reactive
power. Likewise the rotor-side converter, the inner control loop regu-
lates active and reactive currents. However, the stator-side controller
operates in a stator-voltage oriented reference frame, why d-axis rep-
resents the active component and g-axis the reactive component.

In contrast to standard, single-fed induction machines, the level of
detail required for a stability model of a DFIG is still subject to discus-
sions (see also [14], [15], [13]).

Generally, it is accepted that stator-flux derivatives can be ne-
glegted, analogously to the single-fed induction machine model.

With regard to the representation of the converters and their controls
(Figure 3), it is not as clear what the actual requirements are. Gener-
ally, the model according to Figure 3 can be reduced by assuming that
fast controls, like the d-g-current controllers can be assumed to work
ideally, which means that the controlled quantities are always equal to
their reference values (e.g. id = id,.f).

In [13], DFIG-models of different order are presented and bench-
marked against each other. In this paper, we come to the conclusion
that reducing the stator-side current controller and the DC-voltage/Q-
controller is appropriate. When doing so, the grid-side converter be-
haves to the AC-side like a d-g-current-source and to the DC-side like
an ideal voltage-source. Reducing the rotor-side controller however
removes the criterion for inserting the rotor-side over-current protec-
tion (’crow-bar-protection’), why it is recommended not to reduce any
of the rotor-side controllers if faults close to DFIGs are simulated.

C. Converter-Driven Generator
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Fig. 4. Converter-driven synchronous generator
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Fig. 5. Converter-driven synchronous generator (Direct drive)

Figure 4 and figure 5 show two typical concepts using a frequency
converter in series to the generator.

Generally, the generator can be an induction or a synchronous gen-
erator. In most modern designs, a synchronous generator or a perma-
nent magnet generator is used.

In contrast to the DFIG, the total power flows through the converter
why it’s size must be larger (and it’s cost higher) than in case of a
DFIG. Figure 5 shows a direct drive wind-turbine that works without
any gear box. This concept requires a slowly rotating synchronous
generator with a lot of pole-pairs.

The two typically applied frequency converter concepts are shown
in figures 6 and 7. The converter according to figure 6 is very similar
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to the DFIG-converter. The grid-side converter regulates P and Q, the
generator-side converter Vpc and Qgen. This controller concept can
be applied to electrically excited synchronous machines and permanent
magnet generators.

The converter according to figure 7 uses an uncontrolled diode-
rectifier at the generator-side and a voltage-source PWM converter at
the grid-side. For boosting the DC-voltage, a DC/DC converter is re-
quired. The typical control scheme of this configuration consists of a
P-Q-controller at the grid-side and DC-voltage controller connected to
the booster. Reactive power at the generator-side cannot be controlled,;
it simply results from the reactive power demand of the diode-bridge.

In [16] converter-driven synchronous machine models are analyzed
in detail. It is shown in this paper, that reducing the generator-side
converters and assuming a constant DC-voltage behind the grid-side

PWM-converter provides sufficient accuracy for stability studies. This
reduced-order model works for both, the concept according to figure
6 and the concept according to figure 7. In the reduced-order model,
the synchronous machine is just represented by it’s inertia (first order
model).

A further model reduction can be applied by assuming an ideal grid-
side current-controller. This works very well in many cases (better
than a reduction of the DFIG rotor-side current controller) but in case
of faults very near to the wind-generator, numerical problems can be
observed.

D. Shaft Model

When applications are limited to the impact of wind fluctuations,
it is usually sufficient to consider just a single-mass shaft model for
variable-speed wind turbines, because shaft oscillations of variable
speed wind generators are not reflected to the electrical grid due to fast
active power controllers. [7]. However it’s different with fixed-speed
induction machines: Because there is no decoupling between wind-
turbine and electrical grid, shaft oscillation can directly be observed in
the electrical power.

In stability analysis, when the system response to heavy distur-
bances is analyzed, a detailed, mult-mass shaft model is required for
all types of wind generators. The shaft is here usually approximated
by at least a two mass model. One mass represents the turbine inertia,
the other mass is equivalent to the generator inertia.

Equations for second order shaft models are given in e.g. [13] and
[16].

I1l. WIND TURBINE MODEL
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Fig. 8. Turbine Model with pitch-angle controller and wind-speed model

Dynamic models of wind turbines for dynamic simulations must
represent with sufficient accuracy the turbine’s reaction to:

« mechanical speed variations

« wind-speed variations, including wind-turbulence

« Pitch-angle variations (if the turbine is pitch-controlled)
The components to be modeled are turbine and pitch-controller as
shown in figure 8

A. Aerodynamics
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Fig. 9. Turbine Model including wind-turbulence

The kinetic power of an air flow with air-density p and speed v,,
through an area A can be expressed by:

Pyo = gAUZ (1)



A wind-turbine converts part of this power to rotational power at the
turbine shaft. The efficiency of the wind-turbine, expressed by the
so-called power-coefficient ¢, is a non-linear function depending on
wind-speed v,,, mechanical speed w; and blade-angle 3.

The Aerodynamic-block of Figure 9 models the power conversion
from wind-power to mechanical power for a constant, steady-state
wind flow according to:

Py = ¢y (X, B) Puo @

The area A is the swept area of the rotor. The variable X is the tip-speed
ratio defined by:
th

Vw

A=
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The Aerodynamic block alone represents an appropriate wind turbine
model for all applications, in which the turbine response to mechanical
speed variations or to pre-defined wind speed variations (e.g. ramps,
gusts) is investigated.

For analyzing power fluctuations due to wind-turbulence however,
it must be considered that turbulent wind is not constant over the swept
area A, but different in every point (see section I11-C).

B. Pitch-Control
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Fig. 10. Generic pitch-controller model

The pitch-controller limits the generator’s speed to a maximum per-
mitted value wmq. by adjusting the pitch-angle 8. Figure 10 shows
a generic pitch-controller model, as it can be used for power system
dynamics analysis.

C. Wind-Speed-Sgnals
Wind speed is generally defined by the mean wind-speed V.o,

which represents the average value in e.g. a 10 minutes interval and a
turbulent component v (t) (see e.g. [10]).

U (8) = Viwo + v4(t) )]

For some applications, it is useful to define the turbulent component
by a deterministic function, e.g. gusts represented by typical ampli-
tudes and duration or to use measured wind-speed signals.

Besides deterministic wind-speed signals, stochastic models can be
applied that are able to predict the occurence of wind-turbulence and
the correlation of wind turbulence at different wind turbines of a wind-
park.

Turbulence models are based on stochastic signals that can be de-
scribed by the power spectral density (PSD). A widely used PSD for
wind-speed signals is the Kaimal-spectrum, whose two-sided form is
given by (e.g. [18]:

0,2

Si(f) =% !

L1
VwO 3 I %
(1+ gmf)

The parameters of the Kaimal-spectrum are defined as follows:
« o Standard deviation of the wind-speed
o Vio: Mean wind-speed
o L: Turbulence length-scale

®)

For the length-scale, the following formula can be used [9]:

20z
L= {600m
z is the hight in m.

When power fluctuations are simulated in the time-domain, time-
series v (t) have to be generated so that its spectra comply with:

V,(HV(f) =S U]

S(f) is the Kaimal spectrum according to (5).

However, the turbulent wind-speed signal v (t) just describes a se-
ries of wind-speeds at one point of the swept area, e.g. the hub wind-
speed.

For calculating the influence of wind turbulence to the mechanical
torque generated by the turbine, it has to be considered that the wind
speed is not constant over the swept area but different in every point.
Therefore, the wind speed in the swept area has to be described by a
vector field v(r, 6, t) (see figure 11). For a detailed analysis of torques

for z<20m
otherwise

(6)

2

Qv(r, 8 1)
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Fig. 11. Turbulent wind-speed-field in the rotor plane

and forces in the rotor, blade iteration techniques need to be applied,
as it is described in many standard-books about wind generation (e.g.
6]).

[ ]I)Blade iteration works well if one wind turbine is analyzed in de-
tail. For system analysis however, when hundreds of wind-turbines are
simulated, the method is too time consuming.

For system analysis, the equivalent wind-speed method described
by Risoe-members in [8], [9] provides a very good compromise be-
tween accuracy and calculation time and seems to be the most appro-
priate at present.

The basic idea of the method is to represent the complete turbulent
wind-speed field by one equivalent wind speed that generates the same
overall rotor torque as the actual field.

The contribution of each blade to the "turbulent” torque depending
on the turbulent wind-speed field can be expressed by ([8], [9]):

R
Mtb(Hb,t):/ Y(r)ve(r, Oy, t)dr (8)



The variables used in this expression are:

o My Torque generated by the turbulent wind-field at blade b.

e 7o: Inner blade radius

« R: Outer blade radius

« 9(r): influence coefficient of the aero load on the blade root

moment in radius r in kNm/(m?s) (linear approximation).

o 6. Angle of blade b.
According to the above explained idea, the equivalent wind-speed must
comply with the following equation:

R
Mtb(()b, t) = Vteq (91,, t) / QJJ(T)dT‘ (9)

Combining (8) and (9) leads to the following definition of the equiva-
lent wind speed:

S p(ryou(r, 6y, tydr
S p(r)dr

The equivalent wind-speed becomes independent from the actual tur-
bine design, blade-angle and mechanical speed, if it is assumed that the
aero-load depends linearly on the radius (¢ (r) = Kae(Viwo, ws, 8)7),
which is a further simplification. The dependence on actual turbine
design, mechanical speed and blade angle is considered by the factor
K., which is equivalent to the aerodynamics-model of the previous
section (see also Fig. 9).

With this assumption, the equivalent turbulent wind-speed just de-
pends on the inner- and outer blade radius and the blade angle, but not
on actual turbine design, pitch angle or mechanical speed:

Vteq (O, t) =

(10)

R
oo Te(r, 0p, t)dr

70

(1)

The equivalent wind speed considering all three blades is the average
of the equivalent wind speeds of every blade. It can be expressed as
function of the position of one blade, e.g. blade 1:

1 2
Vteq (t) = § <Utequ (917 t) + Vtequ <91 - ?ﬂ-y t) +

Vtequ <01 - 4?ﬂ-:t> ) (12)

For modeling the equivalent wind-speed dependence on 6+, the equiv-
alent wind speed is further decomposed into a Fourier-series with re-
spect to 6. Here, only multiples of three need to be considered, be-
cause all other components (1p, 2p, etc.) compensate each other in
(12):

k=00

Viea(t) = D req(3k, )’

k=—oc

(13)

Considering the frequency dependent coherence function of the turbu-
lent wind-speed field between different points in the swept area, the
PSD of the Fourier-coefficients v (3%, t) can be calculated:

St1eq (3K, f) = Fr,.y (3K, £)St(f)

S¢(f) is the PSD of the turbulent wind speed in any point in the
rotor plane described by the Kaimal spectrum (5).

For time domain simulations, equivalent wind-speed signals have to
be generated to comply with:

(14)

St1eq Bk, £) = Ve (3k, )V 1o (3K, f)
Using the admittance function

Ff}teq (3k7 .f) = ﬂ(3k7 f)ﬁ* (3kﬂ f) (15)

equivalent wind speed signals can be generated with

Vieo Bk, f) = HBk, f)V,(f) (16)

with V,(f) being a wind-speed signal with power spectral density
Se(f).

In [11] the admittance functions H (3k, f) have been approximated
for various k by second-order rational functions that can be realized in
the time domain by ordinary differential equations.

For power dynamics applications it is sufficient just to consider
components of order £ = 0 and & = 3. Higher order components are
very well attenuated and are not significantly noticeable in the power
spectrum.

D. Tower Shadow

According to [8], [9], torque variation due to tower-shadow can
be included in the turbulent wind-speed considering constant Fourier-
coefficients for k = 3, k = 6, etc.

The model shown in Figure 12 includes zero- and third order com-
ponents of the equivalent wind speed. Tower shadow effect is modeled
by the constant third-order Fourier-coefficient Cts. The wind-speed
signals vess (t), v+o(t) and vesc(t) are stochastically independent sig-
nals with the same PSD as the hub wind-speed.

wi 1/5 Gt
sin(36;)
'Ut3.s(t) %E(& f)
V0 (t) ﬂ(07 f) \/C; Vteq (t)
'UtSC(t) %E(& f)

cos(36;)
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Fig. 12. Wind-turbulence model including tower-shadow effect

E. Wind-Turbulencein a Wind-Farm

According to IEC 61400-21 [17], it can be assumed that wind-
turbulence at different wind turbines in a wind-farm is not correlated.
However, measurements have shown that neglecting turbulence corre-
lation leads to underestimating the standard-deviation of power fluctu-
ations of a wind-farm [9].

A suitable method for modeling turbulence correlation in a wind-
farm is the complex cross spectral method described in [8], [9].

The cross power spectrum is defined by the Fourier transformation
of the correlation function

Rij(t) = E (vi(t)v; (t — 7)) 17)



The function E is the expectancy.
The cross power spectrum matrix of the hub wind-speeds in a wind-
farm with n wind turbines is:

Sii(f) o S (f)
B a9
S,.:i(f) Spun(f)

The main diagonal components S;; are real functions and represent
the PSDs of turbulent wind at all wind turbines in the wind farm. The
off-diagonal elements consist of the spectral density of the correlation
functions according to (17)

The main- and off-diagonal elements of the matrix in (18) can be
calculated from the wind-farm layout using correlation functions ac-
cording to Davenport, as described in [8], [9].

Knowing the cross power matrix of hub wind-speeds according to
(18), stochastic wind-speed signals can be generated, whose spectral
density function complies with:

V(f) =H(HW() (19)

and
S(f) = H(f)H=(f)

The vector W is a vector of uncorrelated white noise signals.

For generating time-domain signals v;(t), there are two possible
methods

« Calculating the cross power spectrum matrix at a number of dis-
crete frequencies and deriving a wind-speed vector V (f) at dis-
crete frequencies using (19). The white noise is here generated
by a vector of constant amplitude and random phase. For obtain-
ing wind speed signals in the time domain, the spectrum of the
hub-wind-speed of every turbine V., (f) is transformed into the
time domain using inverse FFT.

« Approximating all components of H(f) by rational functions
(of e.g. 2nd order) that can be realized by ordinary differen-
tial equations. White noise is here generated in the time domain
by a random-signal generator. The white noise passes the trans-
fer function-matrix during the time-domain simulation. At the
output of the transfer function-matrix, wind speed signals whose
spectrum complies (approximately) with (19) is available.

Both methods generate turbulence signals with similar accuracy. The
advantage of the first method is that no parameter fitting has to be ex-
ecuted for approximating the functions H(f) by rational functions.
But the resulting signal repeats itself after 7, = 1/Af (with Af be-
ing the frequency step) and is therefore not really a stochastic signal.
However, when choosing a sufficiently small frequency step for ob-
taining large periods the quality of the generated turbulence signal is
very good.

The complex cross spectral method was implemented in the com-
mercially available software package DIGSILENT PowerFactory[12]
using DPL (DIgSILENT Programming Language).

DPL is an object oriented automation interface for PowerFactory al-
lowing to access every parameter of every PowerFactroy model and to
execute every PowerFactory command. The DPL-syntax is very sim-
ilar to C/C++, supports any type of common control structure (e.g.
do ...while(), if(...) then(...) else(...) etc.), all common standard-
functions, arithmetic and logical operations.

The script allows defining a wind-farm by x-y co-ordinates. Wind
speed is characterized by mean wind-speed, turbulence intensity and
hub-hight. When executing the script, time-sequences of hub wind-
speed signals at every wind-generator are generated, which can di-
rectly be used for dynamic simulations.

(20)

IV. MODEL AGGREGATION

A large wind farm sometimes consists of hundreds of generators
connected by a series of feeders. Only for studies of the wind-farm
itself, it is required to analyze the whole wind-farm in detail, repre-
senting each individual wind-generator.

For system impact studies however, when the impact of an entire
wind-farm to a power transmission system and the interaction of the
wind-farm with other power plants is studied, a detailed model of every
individual wind turbine would require too much calculation time.

In these studies, the wind-farm should be modeled by one equiva-
lent model representing the entire wind-farm seen from the connection
point with highest possible accuracy.

The following sections discuss aggregated models for wind-farms
with fixed-speed or variable speed wind generators.

A. Fixed-Speed Wind Generator Aggregation

Because the speed deviation between fixed speed wind generators
in a wind park are only minor, a wind-farm built by fixed-speed wind
generators can be approximated by one equivalent induction generator.

The the mechanical torque of all turbines is summed up and drives
the equivalent inertia:

If wind-speed differences between different turbines in the park can be
assumed to be small, one equivalent aerodynamic model can be used
that is driven by an equivalent wind-speed:

1)

Pr = ney(B, Aeq) S APV, (22)
with R
)\eq N Uweq
and

1
Vweq = E E Vwi
i

n is the number of wind generators in the wind-farm. Because the
speed is assumed to be the same at any turbine, one equivalent pitch-
angle controller is sufficient for representing pitch-control in the ag-
gregated model.

When simulating wind fluctuations, it is recommended not to aggre-
gate aerodynamics. In a model that aggregates the electrical generator
but not the mechanical models , equation (21) is still valid but not the
equivalent wind-speed approach according to (22). Instead, the me-
chanical torques M;; are obtained by the power of each wind-turbine:

Pui = cp(B.\) A%} (23)
Because generator speeds of all turbines are assumed to be the same in
this model too, pitch-angle controllers can be aggregated.

Since shaft oscillations cause considerable power fluctuations in
fixed-speed wind-generators, it is recommended use a two-mass-shaft
model in the aggregated model as well and not to aggregate turbine
inertias but only the generator inertias. Hence, the n turbine inertias
oscillate against the aggregated generator inertia.

For an accurate representation of the fault current contribution of a
wind-farm the impedance of the grid feeding the generators in a wind
farms must be considered as well.

Hence, the short-circuit impedance of the aggregated model must
be equal to the actual short-circuit impedance of the wind farm.

When representing the wind-farm by an equivalent induction gener-
ator having n-times the size of each individual generator but the same
p.u.-impedance, the impedance modeling the wind-farm grid needs to

be set equal to:
" ]_ 1"
Zg'rid = Zfa'rm - Edeni (24)

Z}'Mm is the short circuit impedance of the wind farm seen from the

connection point and Z;'em is the subtransient impedance of each gen-
erator.



B. Variable-Speed Wind Generator Aggregation

Full aggregation (generators and mechanical model) of variable-
speed wind-generators can only be justified if wind-speeds and me-
chanical speeds are assumed to be almost equal. This can be a useful
assumption when just a rough estimate of the wind-park’s behaviour
is required, e.g. in initial planning studies. Also, when carrying out
short-term simulations, e.g. in transient stability studies, when the me-
chanical behaviour has generally no big impact on voltages and power
flows at the connection point, a fully aggregated model representing an
entire wind farm by one equivalent generator having n-times the size
of each individual generator might be a useful approach.

However, when simulating longer term dynamics the fully aggre-
gated, equivalent wind-speed model cannot predict the wind farm’s be-
haviour with sufficient accuracy, due to the highly nonlinear ¢, (X, 3)
and MPT-characteristics.

A very good compromise between model accuracy and calcula-
tion speed consists of aggregating just the electrical system, includ-
ing electrical controls and the electrical part of the generators and to
model the mechanical system of each individual turbine and gener-
ator. This model maintains the nonlinear aerodynamics- and MPT-
characteristics, but it reduces calculation speed considerable compared
to a fully detailed, non-aggregated wind farm model. Hence, the pro-
posed aggregated model for variable speed wind generators uses one
equivalent model for:

« power electronic converters and controls
« electrical part of the generators
Not part of the aggregation are:
« generator inertia
« aerodynamics
« pitch-controllers
Because only the total electrical wind-farm torque M. comes out of
the equivalent generator, assumptions about how to share the electrical
torque amongst the individual generators have to be made:
Me; = k; M, (25)
A reasonable assumption for the participation factor k; is that the elec-
trical torque is shared according to the power-reference of each indi-
vidual wind-generator:
Prefi

ki = el
P’ref

(26)
This results in the following mechanical equation for each generator in
the wind-farm:

Jiwi = My — ki M. (27)

The variables have the following meaning:

« J;: Inertia of generator s.

o My;: Turbine torque of turbine 3

o k;: Torque-participation of generator ¢

« w;: Mechanical speed of generator i.

o M,: Electrical torque of the equivalent generator.

The accuracy of the proposed aggregated and semi-aggregated mod-
els are further analyzed in the next section with the help of some ex-
amples.

V. CASE STUDIES

All models were implemented and tested using the commercially
available power system analysis package DIgSILENT PowerFactory
[12].

In order to present results of the wind model and to validate the
proposed model aggregation of wind parks for fixed speed and variable
speed wind generators for dynamic power system analysis during wind
fluctuations and electrical faults, a set of relevant simulation cases was
developed.

]

<@

Connection Point

R | }

Power System

8
Main MV Bus
e L S
Wind Farm

Fig. 13. Detailed wind farm electrical model

A. Fixed Speed Wind Generation Aggregation

A wind farm consisting of 12 fixed speed stall-controlled wind gen-
erators with relatively weak connection to the external system was
represented in the simulations using the detailed electrical model pre-
sented in figure 13 and an aggregated model according to the proposed
method of section IV. The electrical aggregated model is connected to
the Main MV bus.

1) Wind Fluctuations: According to the wind parameters and
the physical location of the turbines, the time domain behavior of the
wind turbulences was estimated at each turbine taking into account
the expected turbulence coherence along the farm. The same set of
signals vtO(t), vt3s(t) and vt3c(t) were used with the detailed and the
aggregated model to ease the comparison.

Figure 14 presents the electrical magnitudes obtained with both
models at the point of connection of the plant with the system. The ag-
gregated model, although containing only one asynchronous machine
model, reproduces the power fluctuation due to wind turbulence across
the entire park with good accuracy.

The mechanical power of a turbine is presented in figure 15. Due
to the aerodynamic characteristics of the rotor blades of stall-control
turbines, for large wind speeds (above 14 m/s) the power does not
increase. As a consequence, although the fast wind turbulences have a
symmetrical distribution, the wind power presents an skew distribution
truncated at the maximum power the turbine can generate. Besides
torsional interaction between the turbine and the generator rotor, the
turbine speed is fairly constant.

2) Fault Analysis. The simulation of faults in the electrical sys-
tem was also explored. For validating the models under most severe
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Fig. 14. Comparison of detailed and aggregated wind farm model under wind
fluctuations

conditions, full voltage-dip-ride-through capability for faults at the
connection point was assumed, hence no undervoltage tripping occurs
in the simulations.

Figure 16 presents the electrical magnitudes at the point of connec-
tion for a three phase close fault in one of the adjacent lines of the
Power system cleared in 100 milliseconds. It is assumed that the gen-
erators stay connected to the grid. The results match well. It is also
important to notice that the representation of individual turbines in the
aggregated model as proposed in section 1V, does not have a significant
impact in this type of simulations. That is, if only the analysis of the
system under faults is of interest, the representation of one equivalent
turbine for the complete plant is adequate.

B. Variable Speed Wind Generation Aggregation

A wind farm consisting of 12 larger generators was connected to
the same power system with a similar arrangement as in Figure 13.
The wind generators are variable speed concepts with pitch control.
Similarly as with fixed speed generators, simulations were performed
with the detailed model of the farm and the aggregated model obtained
according to the proposed method in section IV.

1) Wind Turbulences. Using the different physical location of
the turbines and similar wind parameters, a new time domain behav-
ior of the wind turbulences at each turbine was estimated. The same
wind speed time-series were used with the detailed and the aggregated
model to ease the comparison. Figure 17 presents the electrical mag-
nitudes obtained with both models at the point of connection of the
plant with the system. Very good accuracy of the aggregated model
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Fig. 15. Mechanical power, equivalent wind speed and turbine speed variations
during wind fluctuations

is observed. The behavior of one turbine is presented in figure 18.
Despite the control capabilities of the variable generator, significant
power variations can be observed as a consequence of wind variations
and the Maximum Power Tracking control of the generator. The action
of the pitch control limiting slow speed excursions to 20above genera-
tor rated speed can be observed in the same figure.

2) Fault Analysis. Figure 19 presents the electrical magnitudes
at the point of connection for a three phase close fault in one of the ad-
jacent lines of the Power system cleared in 200 milliseconds, assuming
that the generators stay connected to the grid (voltage-dip-ride through
capability). The results also match well, indicating that the electrical
aggregation of the wind farm is adequate. The representation of in-
dividual turbines in the aggregated model, as proposed in section 1V,
results in different operation points for the turbines if wind turbulences
are considered simultaneously or if the initialization intentionally sets
the power, and hence speed, of turbines differently. This operating
condition is quite realistic.

If the tripping of the units due to overspeed is not a concern, mod-
eling one equivalent turbine for the complete park should suffice for
short-term fault simulations. In all cases, in which mechanical speed is
of interest, a fully aggregated model leads to highly optimistic results.
Therefore the proposed, semi-aggregated model should generally be
used for assessing speed variations.

VI. CONCLUSIONS

Fixed speed and variable speed wind generator models for power
system dynamics and transient stability analysis were presented. The
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Fig. 16. Comparison of detailed and aggregated fixed speed wind farm model
during system faults

models are valid for the simulation of system faults and power fluctu-
ations resulting from wind-turbulence.

For estimating wind-turbulence in wind farms a stochastic turbu-
lence model was presented considering rotational sampling, tower
shadow and coherence between different wind-turbines in a wind farm.

For dynamic power system analysis of large wind farms, aggregated
wind farm models were derived that present the electrical wind-farm
response by one equivalent generator model. For the mechanical side
consisting of shaft, turbine and pitch controller, aggregation is only
valid for short-term stability simulations, and if mechanical speed vari-
ations are not a concern.

As a conclusion, models combining an aggregated electrical system
with a non-aggregated mechanical system are the most appropriate ap-
proach to wind farm models for dynamic simulations of interactions
between power systems and wind farms. These models provide high
accuracy in many applications like transient and dynamic stability sim-
ulation, and they are very efficient with regard to calculation time.
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