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a b s t r a c t

As a result of the increasing wind farms penetration on power systems, the wind farms begin to influence
power system, and therefore the modeling of wind farms has become an interesting research topic. In this
paper, new equivalent models of wind farms equipped with wind turbines based on squirrel-cage induc-
tion generators and doubly-fed induction generators are proposed to represent the collective behavior on
large power systems simulations, instead of using a complete model of wind farms where all the wind
turbines are modeled. The models proposed here are based on aggregating wind turbines into an equiv-
alent wind turbine which receives an equivalent wind of the ones incident on the aggregated wind tur-
bines. The equivalent wind turbine presents re-scaled power capacity and the same complete model as
the individual wind turbines, which supposes the main feature of the present equivalent models. Two
equivalent winds are evaluated in this work: (1) the average wind from the ones incident on the aggre-
gated wind turbines with similar winds, and (2) an equivalent incoming wind derived from the power
curve and the wind incident on each wind turbine. The effectiveness of the equivalent models to repre-
sent the collective response of the wind farm at the point of common coupling to grid is demonstrated by
comparison with the wind farm response obtained from the detailed model during power system
dynamic simulations, such as wind fluctuations and a grid disturbance. The present models can be used
for grid integration studies of large power system with an important reduction of the model order and the
computation time.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Wind power is the world’s fastest growing energy source with a
growing at an annual rate in excess of 30% and a foreseeable pen-
etration 12% of global electricity demand by 2020 [1]. As a result of
the increasing wind power penetration on power systems, the
wind farms begin to influence power system. This justifies the
development of adequate wind farms models to be included in
power systems simulation software in order to represent the
behavior of wind farms, evaluate their influence and improve the
planning and exploitation of electrical networks [2].

The two most widely used wind generation systems used in
wind farms are based on induction generators [3]: (1) squirrel-cage
induction generators (SCIG) directly connected to grid with
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power-factor-correction capacitors; and (2) doubly-fed induction
generators (DFIG) with wound rotor induction generator and
back-to-back power converter connected to the rotor winding.
Hence, this work deals with the development of equivalent models
for wind farms equipped with these wind turbines.

Modeling of wind farms depends on the purpose of investiga-
tions to be performed. For investigations of the internal behavior
of wind turbines within a wind farm, it is required the wind farms
to be modeled by a detailed model. It includes the modeling of all
the wind turbines and the wind farm electrical network, such as
performed for wind farms with SCIG in [4–6] and with DFIG in
[7,8]. It can be also used to represent the collective response of a
wind farm during transient stability studies of large-scale power
systems. In such a case, when a wind farm with large number of
wind turbines is modeled, it is obtained a high order model and
therefore the simulation requires relatively large computation
time. To reduce the complexity of the wind farm model during
simulations of a large power system, equivalent models of wind
farms have been developed to simulate the collective response of
wind farms on large power systems.

One of the most used equivalent models of wind farms is based
on aggregating wind turbines experiencing identical incoming
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winds into an equivalent wind turbine. It presents re-scaled power
capacity and operates at an equivalent wind farm network. This
equivalent turbine receives the same wind as the wind incident
on the group of wind turbines [9–12]. Applying this aggregation
method, it is obtained an equivalent wind farm with so many
equivalent wind turbines as groups of turbines with identical
winds. However, there are many wind farms with wind turbines
experiencing different winds, where the aggregation of wind tur-
bines with identical winds is not possible, and therefore, a new
aggregation method must be used. In such a case, the differences
in the incoming winds lead to output power deviations among
the aggregated wind turbines, and therefore the wind incident on
each wind turbine should be considered in the aggregation
method.

The aggregated models of wind farms with wind turbines
experiencing different incoming wind speeds developed until
now [13–15] are based on using a dynamic simplified model of
each individual wind turbine that receives the corresponding
incoming wind speed. Equivalent models for SCIG and DFIG wind
turbines are proposed in [13]. For SCIG wind turbines, the dynamic
simplified model calculates the mechanical power of each individ-
ual wind turbine. For DFIG wind turbines, the dynamic simplified
model computes the active and reactive powers of each aggregated
wind turbine. The powers of the individual wind turbines are
aggregated to calculate the wind farm production. Therefore, it is
not used an equivalent wind turbine with the same model as the
individual wind turbines. This fact leads to differences between
the collective responses of the wind farm obtained from the de-
tailed and equivalent models, as it can be observed in the results
shown in [13].

In the work [14] for SCIG wind farm and in [15] for DFIG wind
farms, the equivalent models are also based on a dynamic simpli-
fied model of each individual wind turbine. However, it is used in
this case an equivalent generation system with the same model as
the individual wind turbines. The dynamic simplified model
approximates the generator mechanical torque, instead of the
powers as performed in [13]. The generator mechanical torques
of the individual wind turbines are aggregated and the resulting
torque is applied to an equivalent generation system. To represent
the dynamic response during power system simulations, this
equivalent generation system is composed of the third-order mod-
el of the induction generator and an equivalent compensating
capacitor with variable reactance for SCIG wind turbines [14] and
an equivalent converter for DFIG wind turbines [15]. This approach
achieves a better approximation of the collective response of wind
farm as compared with the results shown in [13].

New equivalent models of wind farms with SCIG and DFIG wind
turbines are presented in this paper. The equivalent wind turbine
proposed here presents the same model as the individual wind tur-
bines, not only for the generation system but for the complete
model, including the turbine, drive train and generation system.
It has re-scaled power capacity and receives an equivalent wind
of the ones incident on the turbines. Two equivalent winds are con-
sidered: (1) the average wind of the ones incident on the aggre-
gated wind turbines, and (2) an equivalent incoming wind
derived from the power curve and the wind incident on each wind
turbine. Therefore, it is not required a dynamic simplified model of
each individual wind turbine, as used in previous works [13–15].
This approach allows a reduction of the equivalent model order
as compared with works [14,15], since it presents less differential
equations. The effectiveness of the proposed equivalent models to
represent the collective response of the wind farm at the point of
common coupling to grid is demonstrated by comparison with
the wind farm response obtained from the detailed model during
power system dynamic simulations, such as wind fluctuations
and a grid disturbance.
2. Wind farms equipped with wind turbines based on induction
generator

Depending on the generation system, the wind farms equipped
with wind turbines based on induction generator can be classified
in: (1) SCIG wind farms or fixed speed wind farms and (2) DFIG
wind farms or variable-speed wind farms.

SCIG wind turbine (Fig. 1a) presents a squirrel-cage induction
generator connected directly to the grid and coupled to the wind
turbine rotor through a gearbox. This generator presents very small
rotational speed variations, because the only speed variations that
can occur are changes in the rotor slip, so that these wind turbines
are considered to operate at fixed speed. In order to limit the
power extracted from the wind for high winds, the wind turbine
rotor limits the power extracted from the wind using the stall ef-
fect (stall regulated wind turbine) or controlling the blade pitch an-
gle (pitch regulated wind turbine). A SCIG consumes reactive
power, so that capacitors are added to generate the induction gen-
erator magnetizing current, thus improving the power factor of the
system.

DFIG wind turbine (Fig. 1b) uses a wound rotor induction gen-
erator coupled to the wind turbine rotor through a gearbox. This
generator presents the stator winding connected directly to the
grid and a bidirectional frequency converter feeding the rotor
winding. It is made up of two back-to-back Insulated Gate Bipolar
Transistor (IGBT) bridges linked by a direct current (DC) bus. This
converter decouples the electrical grid frequency and the mechan-
ical rotor frequency and thus enabling variable-speed generation of
the wind turbine. The wind turbine rotor presents blade pitch an-
gle control in order to limit the power and the rotational speed for
high winds. Furthermore DFIG presents noticeable advantages
such as the decoupled control of active and reactive powers, the
reduction of mechanical stresses and acoustic noise, the improve-
ment of power quality, and the use of a power converter with a
rated power 25% of total system power.
3. Detailed models of wind farms

A wind farm can be modeled by a detailed model, which in-
cludes the modeling of all the wind turbines and the internal elec-
trical network of the wind farm. To represent the behavior of the
wind farm during power system simulations without increasing
unnecessarily the detailed model order and simulation time, re-
duced models of the wind turbines, both SCIG and DFIG, and the
electrical network of the wind farm have been developed. The re-
duced models described below are based on widely used models
in the literature.

3.1. Detailed model of SCIG wind turbines

Stall controlled SCIG wind turbines has been considered in this
work since they are the most widely used fixed speed wind tur-
bines in wind farms. They can be represented by the modeling of
rotor, drive train and generation system with generator and
power-factor-correction capacitors.

3.1.1. Rotor model
The rotor model [16,17] expresses the power extracted from the

wind as

Pwt ¼
1
2
qAv3Cpðk; hÞ ð1Þ

with Pwt the power extracted from the wind (W), q the air density
(kg/m3), A the rotor disk area (m2), v the wind speed (m/s) and
Cp the power coefficient that is a function of the tip speed ratio
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Fig. 1. Wind turbine configuration: (a) SCIG and (b) DFIG.
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k and the pitch angle of rotor blades h. For stall controlled SCIG wind
turbines, Cp is a function of only k, since h stays fixed in these
turbines.

3.1.2. Drive train model
The drive train of the SCIG wind turbines is represented by the

two masses model [16]:

Twt � Tmec ¼ 2Hr
dxr

dt
ð2Þ

Tmec ¼ Dmecðxr �xgÞ þ Kmec

Z
ðxr �xgÞdt ð3Þ

Tmec � Te ¼ 2Hg
dxg

dt
ð4Þ

where Twt is the mechanical torque from the wind turbine rotor
shaft, Tmec is the mechanical torque from the generator shaft, Te is
the generator electrical torque, Kmec and Dmec are the stiffness and
damping of mechanical coupling.

3.1.3. Generation system
The dynamic behavior of a SCIG has been represented by the

third-order model of the induction machine, as usual for power
systems simulations [18]. The electrical equations of a SCIG, ex-
pressed in direct(d)-quadrature(q) coordinate reference frame
rotating at synchronous speed xs are the following:

de0d
dt
¼ � 1

T 0o
� ðe0d � ðXs � X0sÞ � iqsÞ þ s �xs � e0q ð5Þ
de0q
dt
¼ � 1

T 0o
� ðe0q þ ðXs � X0sÞ � idsÞ � s �xs � e0d ð6Þ

Te ¼
1
xs
� ðe0d � ids þ e0q � iqsÞ ð7Þ

The third differential equation is the generator mechanical equa-
tion, included in the drive train model.

SCIG uses local power-factor-correction capacitors to provide
the induction generator magnetizing current. Therefore, the cur-
rent injected by a SCIG wind turbine at the generation node is gi-
ven by

idg ¼ ids þ idc ¼ ids þ
1
Xc
� uqg ð8Þ

iqg ¼ iqs þ iqc ¼ iqs �
1
Xc
� udg ð9Þ

where Xc is the reactance of the power-factor-correction capacitors,
idc and iqc are the current components of the capacitors, udg and uqg

are the voltage components at the generation node of the wind
turbine.

The generation system model for a SCIG wind turbine can be
modeled by the equivalent circuit shown in Fig. 2.

3.2. Detailed model of DFIG wind turbines

The detailed model of a DFIG wind turbine considered in this
paper includes the following models: rotor, generation system
with generator and converters, and control system.
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3.2.1. Rotor model
The rotor of a DFIG wind turbine presents the same model as a

SCIG wind turbine. However, the DFIG wind turbine includes blade
pitch angle control in order to limit the power extracted and the
rotational speed for high winds. Therefore, the rotor model is de-
scribed by Eq. (1).

3.2.2. Drive train
Again, the drive train model of a DFIG wind turbine is described

by the same equations as SCIG wind turbine, Eqs. (2)–(4).

3.2.3. Generation system
The wound rotor induction generator of a DFIG wind turbine

has been represented by the third-order induction machine model,
expressed in d–q coordinate reference frame rotating at synchro-
nous speed with the position of the d-axis aligned to the maximum
of the stator flux. This transformation allows the independent
control of active and reactive power of a DFIG wind turbine [19].
The modeling of the generation system of a DFIG is expressed by
[18]

de0d
dt
¼ � 1

T 0o
� ðe0d � ðXs � X0sÞ � iqsÞ þ s �xs � e0q �xs �

Xm

Xr
� uqr ð10Þ

de0q
dt
¼ � 1

T 0o
� ðe0q þ ðXs � X0sÞ � idsÞ � s �xs � e0d þxs �

Xm

Xr
� udr ð11Þ

Te ¼
Xm

xs
� ðids � iqr � iqs � idrÞ ð12Þ

The bidirectional frequency converter is made up of two back-
to-back IGBT bridges linked by a DC bus. A converter is connected
to the rotor winding (rotor side converter) and another converter
to grid (supply side converter) [20]. The rotor side converter con-
trols the rotor voltage, and thus the wind turbine can operate with
optimum efficiency below nominal winds or with the output
power limited to rated power above nominal winds and with the
desired power factor. The supply side converter maintains the ex-
change power from the rotor circuit to the grid and operates at
unity power factor. It is assumed in this paper that these convert-
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Fig. 3. Equivalent circuit of a DFIG wind turbine.
ers are considered ideals and the DC link voltage between the con-
verters is constant, as usual for power system simulations [21–24].
This supposes the decoupling of the converters and only funda-
mental frequency components are taken into account.

The rotor side converter is modeled as a controlled voltage
source with the q-axis rotor voltage uqr controlling the rotor speed
and d-axis rotor voltage udr controlling the reactive power. The
supply side converter is represented by a controlled current source,
which provides the exchange of active power from the rotor circuit
to the grid with unity power factor. The DFIG generation system
can be represented by the equivalent circuit shown in Fig. 3.

3.2.4. Control system
The control system of a DFIG wind turbine is composed of three

controllers: rotor speed, blade pitch angle and reactive power
controller.

The rotor speed controller (Fig. 4a) computes the quadrature
component of the rotor voltage for the output power control
[19]. This controller uses a power–speed curve as the one proposed
in [25], which defines the reference output power according to the
actual rotor speed. Thus, the wind turbine can operate with vari-
able-speed below nominal winds maximizing the power extracted
from the wind or limiting the output power to rated power above
nominal winds.

The reactive power controller (Fig. 4b) computes the direct
component of the rotor voltage, which enables the wind turbine
operation with the desired power factor [19]. This controller in-
cludes a subordinated voltage controller, which maintains the gen-
eration voltage between the limits when trying to reach the
reactive power reference. However the reactive power delivered
to grid is limited to restrictions imposed by the power electronics
converters connected to the rotor winding and expressed by rotor
currents limits in order to avoid an excessive heat of converters, ro-
tor slip-rings and brushes [8].

The limited stator reactive power Qs,lim depends on the stator
active power Ps, the stator voltage Us and the maximum rotor cur-
rent Ir,max, expressed as [8]

Qs;lim ¼ �
U2

s

Xs
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXm

Xs
� Us � Ir;maxÞ2 � P2

s

s
ð13Þ

Because DFIG wind turbine only delivers reactive power to grid
by the stator winding, the maximum value for the reactive power
reference that can be imposed to the reactive power controller is
the limited stator reactive power, calculated according to Eq. (13).

DFIG wind turbine includes a blade pitch angle controller
(Fig. 4c) to reduce the power coefficient and thus the power ex-
tracted from the wind, when the generator speed goes up to the
control speed. This controller prevents high generator speed, when
the wind turbine operates with the output power limited to rated
value above nominal winds. The control scheme shown in Fig. 4c
includes the actuator with pitch angle saturation and rate limiter.
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To work effectively, the power converter must be controlled in
collaboration with the wind turbine pitch control. The wind tur-
bine control is based on the following control strategies:

1. Power optimization below rated wind speed. In this case, the wind
turbine generates the optimum power corresponding to the
maximum power coefficient. The blade pitch angle controller
keeps the pitch angle to its optimal, whereas the tip speed ratio
is driven to its optimal value by the rotor speed controller act-
ing on the rotor speed/generator torque.

2. Power limitation above rated wind speed. The wind turbine oper-
ates with the power limited to the rated value. In this case, the
rotor speed controller assures the rated power by acting on the
rotor voltage, whereas the blade pitch angle keeps the genera-
tor speed limited to the control value by acting on the pitch
angle.

3.2.5. Protection system
To limit the rotor voltage and current, and to protect the elec-

tronic devices used in the power converter, DFIG wind turbine pre-
sents a crowbar [23], which protects the rotor and power converter
against over-current. The crowbar protection is external rotor
impedance, coupled via the slip-rings to the generator rotor in-
stead of the converter. When a grid disturbance occurs and the
control system detects a rotor current value above the current pro-
tection limit, the rotor side converter is disabled and bypassed by
the crowbar protection. Therefore, DFIG is turned into squirrel-
cage induction generator, and the independent controllability of
active and reactive power gets lost.

3.3. Wind farm electrical network

The wind farm electrical network is modeled by the static mod-
el of electric lines and transformers, represented by constant
impedance, as usual for power systems simulations [18].

4. Validation of the wind turbine models

The models of SCIG and DFIG wind turbines used in this work
have been validated by comparison with the responses simulated
from the built-in models for SCIG and DFIG wind turbines included
in the SimPowerSystems library of MATLAB/Simulink�. These
built-in models, developed by Hydro-Quebec Power System Simu-
lation Laboratory, implement phasor models of both SCIG and DFIG
wind turbine [26]. In this work, a 350 kW SCIG wind turbine and a
660 kW DFIG wind turbine have been modeled. Appendix 2 shows
their parameters. Both models described in this work and the Sim-
PowerSystems models have been simulated in MATLAB/Simulink
environment [27] and their responses have been compared.

A wind speed sequence as depicted in Fig. 5a was used for the
simulation of both SCIG and DFIG wind turbine. This wind fluctu-
ates between 8 and 13 m/s. It corresponds to below nominal wind
for SCIG wind turbine, and wind between below and above nomi-
nal wind for DFIG wind turbine.

Wind turbines were simulated assuming the connection to an
infinite bus, without compensating capacitors in the SCIG wind
turbine, and with unity power factor (zero reactive power) for
the DFIG wind turbine.

Fig. 5 illustrates the results obtained from the simulation. For
both SCIG and DFIG wind turbine, the active and reactive powers
(Fig. 5b), and the generator speed (Fig. 5c) are presented. Fig. 5d
shows the pitch angle of the DFIG wind turbine.

When the responses are compared, a high degree of correspon-
dence for all the variables shown can be observed. SCIG wind tur-
bine generates below rated power and consumes reactive power.
Below nominal winds (less than 11.8 m/s), DFIG wind turbine gen-
erates below rated power at variable-speed and the pitch angle is
kept at minimum degree (0�). Above nominal winds, the control
system of DFIG wind turbine adjusts the output power to the rated
power, limits the rotational speed to the control speed and acts on
the pitch angle limiting the power extracted from the wind. Fur-
thermore, the wind turbine operates with zero reactive power
(unity power factor) during all the simulation.

As it can be observed, this comparison shows a high degree of
correspondence between the responses obtained with the models
used in this work and the SimPowerSystems models. Therefore,
the models presented here can be considered suitable and valid
to represent the response of both SCIG and DFIG wind turbines.

5. Equivalent models of wind farms

Equivalent models of wind farms with SCIG and DFIG are pro-
posed in this paper, which are based on aggregating wind turbines



Fig. 5. Validation of the models described in this work by comparison with the wind turbine models included in the SimPowerSystems library of MATLAB/Simulink: (a) wind
speed; (b) active and reactive powers; (c) generator speed; and (d) pitch angle of the DFIG wind turbine.
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into an equivalent wind turbine with re-scaled power capacity. It
presents the same complete model as the individual wind turbines
and receives an equivalent wind from the ones incident on the tur-
bines. These equivalent models are described next.

5.1. Equivalent winds

The wind distribution in wind farms depends on the wind farm
location. For wind farms located in smooth land or offshore, the
wind turbines are placed in rows. The wind turbines placed at
the same rows present similar winds, whereas the incoming winds
between rows are different because of shadowing among the rows
of wind turbines. The wind farms located in rough land (mountain
ladder) or with wind turbines widely separated present wind tur-
bines with different incoming wind. Therefore, there are some
wind farms with groups of wind turbines receiving similar incom-
ing winds and other wind farms with all the wind turbines experi-
encing different winds.

Actually one of the most widely used equivalent wind farm
models is based on the aggregation of wind turbines with identical
incoming winds into an equivalent wind turbine which receives an
equivalent wind equals to the wind incident on the group of the
wind turbines. For wind turbines experiencing similar incoming
winds (small differences in wind speed), it is proposed in this
paper to use the average wind from the ones incident on the aggre-
gated wind turbines as equivalent wind incident on the equivalent
turbine.

veq ¼
1
n
�
Xn

j¼1

v j ð14Þ

where veq is the wind incident on the equivalent wind turbine, vj is
the wind incident on an individual wind turbine, j index
corresponds to each individual wind turbine and e index refers to
equivalent wind turbine and n is the number of aggregated wind
turbines.

The described equivalent wind farms present so many equiva-
lent wind turbines as groups of wind turbines with similar winds.

As a result of the differences in the generation of the wind tur-
bines experiencing different incoming winds, the aggregation of
these wind turbines requires an equivalent wind turbine that con-
siders the wind speed incident on each wind turbine. In this paper,
this equivalent model is based on using an equivalent wind turbine
with re-scaled power capacity that receives an equivalent wind of
the ones incident on the turbines. This equivalent wind is derived
from the power curve of the wind turbine, according to the follow-
ing procedure:
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1. An approximation of the power that generates each wind tur-
bine Pj is derived from the power curve of the wind turbine
according to the incoming wind.

Pwt
j ¼ PCwtðv jÞ ð15Þ

where PCwt is the function which represents the power curve of
the wind turbine and super-index wt represents the value in p.u.,
expressed in the individual wind turbine base.

2. The sum of power that generates each wind turbine is the
equivalent power Peq,

Pwt
eq ¼

Xn

j¼1

Pwt
j ð16Þ

3. The power curve of the equivalent wind turbine PCewt is
obtained from the sum of the powers of the individual wind tur-
bines for each incoming wind speed. The resulting power curve
expressed in the equivalent wind turbine base is the same as
the individual wind turbines,

Pewt
eq ¼ PCewtðveqÞ ð17Þ

PCewt ¼ PCwt ð18Þ

where super-index ewt represents the value in p.u. expressed in
the equivalent wind turbine base.

4. The equivalent wind is derived from the inverse function of the
power curve of the equivalent wind turbine PC�1

ew and the power
of the equivalent wind turbine, obtained from Eq. (16) and
expressed in the equivalent base.
�1
veq ¼ PCewtðP
ewt
eq Þ ð19Þ

5. If all the aggregated DFIG wind turbines experience above nom-
inal winds, the equivalent wind is the average wind, since the
power curve is limited to rated power and therefore any above
nominal wind could be solution for Eq. (19).
Rr+Rsj⋅(Xσs+Xσr)

Pe

gU j⋅Xm

rI

Fig. 6. Steady-state model of an induction generator.

Q j ¼ U2
g;j �

Xc � Xm

Xc � Xm
þ ðXrs þ XrrÞ �

U2
g;j þ 2 � ðRr þ RsÞ � Pe;j

2 � ððRr þ RsÞ2 þ ðXrs þ XrrÞ2Þ
� ðXrs þ XrrÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðU2

g;j þ 2 � ðRr þ RsÞ � Pe;jÞ2 � 4 � P2
e;j � ððRr þ RsÞ2 þ ðXrs þ XrrÞ2Þ

q
2 � ððRr þ RsÞ2 þ ðXrs þ XrrÞ2Þ

ð23Þ
5.2. Equivalent wind turbine for SCIG wind turbines

The equivalent wind turbine from the aggregation of SCIG wind
turbines presents re-scaled power capacity, and therefore the rated
power is equals to the sum of rated power of aggregated wind
turbines,

Seq ¼
Xn

j¼1

Sj ¼ n � Sj ð20Þ

This equivalent wind turbine receives the equivalent wind as
incoming wind. The use of a single equivalent wind incident on
the equivalent wind turbine implies that all the aggregated wind
turbines experience the equivalent wind as incoming wind and
therefore all they develop the same generator mechanical torque.
Therefore, the equivalent generator mechanical torque is n times
the torque of an individual wind turbine when the values in p.u.
are expressed in the individual wind turbine base,
Twt
mec;eq ¼

Xn

j¼1

Twt
mec;j ¼ n � Twt

mec;j ð21Þ

The generator mechanical torque of an individual wind turbine is
calculated from the same model for the rotor and drive train as
any individual wind turbine, Eqs. (1)–(3) with identical parameters.

When the equivalent generator mechanical torque is expressed
in the equivalent wind turbine base, this value is equal to the gen-
erator mechanical torque of an individual wind turbine expressed
in its base,

Tewt
mec;eq ¼ Twt

mec;j ð22Þ

The aggregation of the generation system for SCIG wind turbines,
represented by their equivalent circuit (Fig. 2), implies that the
equivalent induction generator presents the same model as an indi-
vidual wind turbine, represented by Eqs (4)–(7) with the same
mechanical and electrical parameters in p.u.

Applying the aggregation to power-factor-correction capacitors,
it is obtained an equivalent capacitor with the same reactance in
p.u. as an individual wind turbine. However the use of this capac-
itor with constant reactance would provoke errors in the approxi-
mation of the reactive power for the aggregated wind turbines,
since the reactive power for a SCIG wind turbine depends on the
active power and the generation voltage and these variables differ
in each wind turbine when the incoming winds are different. A bet-
ter approximation for the reactive power can be obtained by an
equivalent capacitor with variable reactance, which provides the
difference in the reactive power between the aggregated wind tur-
bines and the equivalent wind turbine without capacitor. The pro-
cedure to calculate the equivalent capacitor is described next.

1. A approximation to the reactive power Qj of each individual
wind turbine is obtained from the steady-state model of the
induction generator (shown in Fig. 6), the electrical power Pe,j

and the generation voltage Ug,j according to the following
expression:
The electrical power of each wind turbine is derived from the
power curve (shown in Fig. 7 for the SCIG wind turbine
considered in this work) and the incoming wind. The generation
voltage of each wind turbine Ug,j is approximated from the gen-
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Fig. 7. Power curve of a SCIG wind turbine.
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eration voltage of the equivalent wind turbine Ug,eq operating in
the equivalent wind farm network.

2. The reactive power of the aggregated wind turbines Qawt is
equal to the sum of the reactive powers of each wind turbine:

Q awt ¼
Xn

j¼1

Q j ð24Þ

3. The reactive power of the equivalent wind turbine without
power-factor-correction capacitors Qeq,wc is obtained from the
steady-state model of the equivalent generator without
capacitors.
Q eq;wc ¼
U2

g;eq

Xm;eq
þ ðXrs;eq þ Xrr;eqÞ �

U2
g;eq þ 2 � ðRr;eq þ Rs;eqÞ � Peq

2 � ððRr;eq þ Rs;eqÞ2 þ ðXrs;eq þ Xrr;eqÞ2Þ

� ðXrs;e þ Xrr;eÞ � �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðU2

g;eq þ 2 � ðRr;eq þ Rs;eqÞ � PeqÞ2 � 4 � P2
eq � ððRr;eq þ Rs;eqÞ2 þ ðXrs;eq þ Xrr;eqÞ2Þ

q
2 � ððRr:eq þ Rs;eqÞ2 þ ðXrs;eq þ Xrr;eqÞ2Þ

ð25Þ
4. The variable reactance of the capacitor is calculated as
Xc;eq ¼
U2

g;eq

Q awt � Qeq;wc
ð26Þ
A scheme of the equivalent wind turbine model for SCIG wind tur-
bines is shown in Fig. 8.
5.3. Equivalent wind turbine for DFIG wind turbines

The equivalent wind turbine for aggregated DFIG wind turbines
presents re-scaled power capacity and therefore its rated power is
equal to n times the rated power of the individual wind turbines,
where n is the number of aggregated wind turbines. Assuming that
each individual wind turbine can operate with a different reference
reactive power, the reference reactive power of the equivalent
wind turbine is equal to the sum of the reference reactive power
of the aggregated wind turbines:
Seq ¼
Xn

j¼1

Sj ¼ n � Sj ð27Þ

Qref ;eq ¼
Xn

j¼1

Qref ;j ð28Þ

A wind farm control level computes the commanded reactive
power Qcom for each wind turbine. As commented before, the reac-
tive power of a DFIG wind turbine is limited (Fig. 9 shows the gen-
eration Ps–Qs limit curve for the DFIG wind turbine considered in
this paper), and therefore the reference reactive power Qref for each
wind turbine can differ from the reactive power Qcom demanded by
the wind farm control level. The maximum reactive power of a
DFIG wind turbine has been calculated from Eq. (13), the stator ac-
tive power and the generation voltage of each wind turbine. The
stator active power is calculated from the power curve (Fig. 10 de-
picts the power curve for the DFIG wind turbine used in this work)
and the incoming wind. The generation voltage of each wind tur-
bine is approximated from the generation voltage of equivalent
wind turbine.

Again, this equivalent wind turbine receives an equivalent
incoming wind, which is used with the rotor and drive train model
of an individual wind turbine in order to compute its generator
mechanical torque. To calculate the equivalent generator mechan-
ical torque with this method, it is assumed that all the aggregated
wind turbines experience the equivalent wind as incoming wind,
therefore all they develop the same generator mechanical torque.
This torque, expressed in the individual wind turbine base, coin-
cides with the generator torque of the equivalent wind turbine
when it is expressed in the equivalent base.

Furthermore, the equivalent wind turbine includes the same
model as an individual wind turbine for the generation system
(induction generator and frequency converter), the control scheme
and the controllers (rotor speed, reactive power and pitch angle
controller) and the protection system. A scheme of the equivalent
wind turbine model for aggregated DFIG wind turbines is depicted
in Fig. 11.

5.4. Equivalent internal electrical network in the wind farm

The equivalent wind turbine operates at an equivalent internal
electrical network. Then the common network of the aggregated
wind turbines is replaced by equivalent impedance. This equiva-
lent impedance is calculated assuming that the short-circuit
impedance of the equivalent wind farm must be equal to the
short-circuit impedance of the complete wind farm.

6. Simulation results

The equivalent models described in this paper have been veri-
fied by the comparison of steady-state and dynamic responses of
the complete and equivalent wind farm models. They have been
implemented and simulated in MATLAB/Simulink� environment.
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6.1. Steady-state simulations

Steady-state simulations have been run in order to establish the
application limits of the equivalent models according to the wind
speed incident on the aggregated wind turbines.

It has been considered a wind farm of two SCIG wind turbines
and another of two DFIG wind turbines. The response of the de-
tailed models of these wind farms have been compared with the
ones obtained from the equivalent wind farms. This equivalent
farm has been represented by a single equivalent wind turbine
receiving the equivalent winds proposed in this paper.

To cover the greater part of possible cases of aggregation of
wind turbines, the wind farms have been simulated with the first
wind turbine experiencing three different constant wind speed
(cut-in, nominal and intermediate wind speed, between cut-in
and nominal wind) and the second wind turbine with different
constant wind speed from cut-in to cut-off wind speed for each
one of the winds considered in the first wind turbine. DFIG wind
farm has been simulated assuming that all the wind turbines gen-
erate the maximum reactive power, which supposes the more
unfavorable case for the equivalent models.

The simulation results demonstrate that the equivalent wind
turbines with average winds are valid when the winds incident
on the aggregated wind turbines are similar (differences in wind
speeds less than 2 m/s) and when all the aggregated DFIG wind
turbines receives above nominal winds since the control system
assures the rated power. On the other hand, the equivalent wind
turbines with equivalent wind obtained from the power curve
are valid with any wind speed incident on the aggregated wind
turbines, both SCIG and DFIG wind turbines, although the DFIG
wind turbines generate the maximum reactive power. Next, these
application limits can be observed in the dynamic simulations
performed.

6.2. Dynamic simulations

The equivalent models have also been evaluated during
dynamic simulations. In this case, two operation conditions have
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been considered: (1) normal operation (wind fluctuations in the
wind farm) and (2) a grid disturbance (a short-circuit fault at the
point common coupling of the wind farms to grid).

Two wind farms have been considered during the dynamic sim-
ulations, one with SCIG wind turbines and another with DFIG wind
turbines, connected to the point common coupling (PCC) to grid by
a feeder as depicted in Fig. 12.

Each wind farm presents five wind turbines, organized into a
network of two sections with two and three wind turbines, respec-
tively. SCIG wind farm is composed of wind turbines of 350 kW,
660 V and compensating capacitors each. DFIG wind farm uses
wind turbines of 660 kW, 660 V each. A pair of indexes has been
used to identify the wind turbines within the wind farm, where
the second index denotes the number of the group and the first in-
dex refers the number of wind turbine within the group.

Two equivalent wind farms models have been considered. The
first one presents an equivalent wind turbine for each group of
wind turbines with similar winds, which receives the average wind
of the aggregated wind turbines as incoming wind (Fig. 13a). The
second one uses an equivalent wind turbine for each wind farm,
which receives the equivalent wind obtained from power curve
as incoming wind (Fig. 13b).

Case 1: Wind fluctuations. In this case, the wind farms have been
simulated during wind speed fluctuations. It has been considered
the same wind speeds incident on the wind turbines, both for SCIG
and DFIG wind farms (Fig. 14). The first group of wind turbines re-
ceives close nominal winds for SCIG wind turbines and above nom-
inal winds for DFIG wind turbines. The second group of wind
turbines experiences below nominal winds, but with differences
in winds less than 2 m/s between the wind turbines of the same
group.

In the performed simulation, SCIG wind turbines operate with
compensating capacitors for half rated power. DFIG wind turbines
operate with unit power factor during 30 s and generate the max-
imum reactive power for the rest of simulation.

The simulation of complete wind farm provides the operating
conditions for the individual wind turbines depicted in Fig. 15 for
SCIG wind farm and in Fig. 16 for DFIG wind farm. These figures
show the active and reactive powers of each wind turbine. It can
be observed the difference in the active power generation among
the wind turbines due to the incoming winds, and the operation
of the DFIG wind turbines with unit power factor during the
half of the simulation and with maximum reactive power for the
rest of simulation.

The evaluation of the equivalent models has been performed by
comparing the response of the complete and equivalent wind
farms. The comparison variables are the active and reactive power
of each wind farm and the total power at PCC of the wind farms to
grid (shown in Fig. 17), and the voltage at PCC of each wind farm
and at PCC of the wind farms to grid (depicted in Fig. 18). It has
been used in these figures solid lines for the response of complete
wind farms, dashed lines for the equivalent wind farms with equiv-
alent wind turbines and average winds as equivalent winds, and
dotted lines for the equivalent wind farms using equivalent winds
derived from the power curve.
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Analyzing the simulation results, it can be concluded that the
present models allow an accurate approximation of the dynamic
response of the wind farms operating with different winds incident
on the wind turbines, although the DFIG wind turbines generate
the maximum reactive power.

Case 2: A grid disturbance. The equivalent models have been also
evaluated during a grid disturbance. In this case, it has been con-
sidered a short-circuit fault at PCC of wind farms to grid at t = 1 s
with a duration of 100 ms, and after the fault the voltage starts
to recover. Because the grid disturbances are much faster than
wind speed variations, the wind speeds have been assumed
constant.

Again the simulation results (Figs. 19 and 20) show a high cor-
respondence between the response of the complete and equivalent
wind farms, in this case, during a short-circuit fault.

Regarding the simulation time, an approximate reduction of
75% is obtained for the equivalent wind farm of Fig. 13a with re-
spect to the complete wind farm and of 96% for the equivalent
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wind farm of Fig. 13b, both for the wind fluctuations as well as for
the grid disturbance.

6.3. Discussion

In this section, the present equivalent models are compared
with the ones used in previous works [13–15] for wind turbines
experiencing different incoming wind speeds.

The equivalent models proposed in [13] are based on a dynamic
simplified model of each wind turbine, which approximate the
powers generated. These powers are aggregated to compute the
wind farm production. Therefore it is not used an equivalent wind
turbine with the same model as the individual wind turbines. This
approach leads to differences between the collective responses of
wind farm obtained from the detailed and equivalent models, as
it can be observed in results shown in [13]. These differences are
mainly due to the simplifications applied in deriving the equivalent
models.
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In the case of the works [14,15], the equivalent wind turbine in-
cludes an equivalent model of the generation system, which pre-
sents the same model as the individual wind turbines. The
turbine and drive train of the equivalent wind turbine are replaced
by a dynamic simplified model of each individual wind turbine,
which computes the generator mechanical torque. The equivalent
generator torque, which is applied to the equivalent generation
system, is calculated as sum of the individual generator torques.
The simplified model for SCIG wind turbines proposed in [14],
and for DFIG wind turbines used in [15] presents two differential
equations for each individual wind turbine. In the case of SCIG
wind turbines, the simplified model consists of the rotor and drive
train models, and the steady-state generator electrical torque. For
DFIG wind turbines, it is composed of the rotor and drive train
models, the induction generator represented by the first-order
model (the mechanical equation), the rotor speed controller repre-
sented by the power–speed control curve, and the blade pitch an-
gle controller. Therefore, the equivalent wind turbine model
presents 2n � 2 more differential equations than the individual
wind turbine model, where n is the number of aggregated wind
turbines into the equivalent turbine. As it can be observed in the
results shown in [14,15], this approach achieves a better approxi-
mation of the collective response of wind farm as compared with
results shown in [13].

As commented before, the equivalent wind turbines proposed
in this work present the same model as the individual wind tur-
bines, not only for the generation system but also for the complete
model, including the turbine, drive train and generation system. It
has re-scaled power capacity and receives an equivalent wind of
the ones incident on the turbines. Therefore, it is not required a dy-
namic simplified model of each individual wind turbine, as used in
previous works [13–15]. Thus, the equivalent wind turbine model
presents the same number of differential equations as the individ-
ual wind turbine model. As it can be observed from the simulation
results, the present equivalent models achieve similar results to
the ones obtained with the equivalent models described in
[14,15]. However, this approach allows a reduction of the equiva-
lent model order and therefore, the computation time is reduced
as compared with the previous works [14,15].
7. Conclusions

In this paper, new equivalent models of wind farms equipped
with SCIG and DFIG wind turbines are proposed in order to repre-
sent the collective behavior on large power systems simulations,
instead of using the complete model of wind farms where all the
wind turbines are modeled. The main feature of these models is
the aggregation of wind turbines into an equivalent wind turbine
with re-scaled power capacity. This equivalent turbine receives a
wind, which is the equivalent of ones incident on the aggregated
wind turbines. Unlike the equivalent models developed until
now, the equivalent wind turbine presents the same complete
model (turbine, drive train and generation system models) as the
individual wind turbines. Steady-state and dynamics simulations
were performed to illustrate the effectiveness of the present equiv-
alent models. The results analysis demonstrates that the equiva-
lent wind turbine with the average wind obtained from the
aggregated wind turbines must be used for wind turbines with
similar winds (differences in wind speeds less than 2 m/s) or when
all the aggregated DFIG wind turbines receives above nominal
winds. The equivalent wind turbine with the equivalent wind ob-
tained from the power curve supposes the best way of reducing
the model order and the simulation time, enabling the aggregation
of all the wind turbines of wind farm into a single equivalent wind
turbine. This approach achieves an adequate approximation of the
collective response of the wind farm during power system dynamic
simulations, such as wind fluctuations and a grid disturbance.

Appendix A
Nomenclature
A
 rotor area of wind turbine (m2)

C
 coefficient (p.u.)

D
 shaft damping (p.u.)

e0
 internal voltage of induction generator (p.u.)

H
 inertia (s)

i
 current (p.u.)

K
 shaft stiffness (p.u.)

n
 number of aggregated wind turbines

P
 active power (p.u) or (W) [indicated in text]

Q
 reactive power (p.u.)

R
 resistance (p.u.)

s
 slip (p.u.)

S
 rated power (MVA)

T
 torque (p.u.)

u
 voltage (p.u.)

v
 wind speed (m/s)

X
 reactance (p.u.)

h
 pitch angle (deg.)

q
 air density (kg/m3)

x
 frequency (p.u.)

capital letter
 space vector modulus of voltage or current (p.u.).

small letter
 instantaneous voltage or current component

(p.u.).

Indexes

awt
 aggregated wind turbines

com
 commanded value

d
 direct component

dwf
 doubly-fed induction generator wind farm

e
 electrical

eq
 equivalent

ewt
 equivalent wind turbine

g
 generator

j
 number of wind turbine

k
 number of wind turbines group

lim
 limited value

m
 mutual

mec
 mechanical

q
 quadrature component

r
 rotor

ref
 reference value

s
 stator

swf
 squirrel-cage induction generator wind farm

wt
 wind turbine

r
 leakage
A.1. Parameters

A.1.1. SCIG wind turbine
Rated power: 350 kW, rated voltage: 660 V, A = 2903.33 m2,

Hr = 5 p.u., gear box ratio: 1:44.5, Kmec = 100 p.u., Dmec = 10 p.u.,
Hg = 0.5 p.u. Rs = 0.00571 p.u., R0r ¼ 0:00612 p:u:, Xrs = 0.00690 p.u.,
Xr0r ¼ 0:18781 p:u:, Xm = 2.78 p.u., Xc = 2.5 p.u.

A.1.2. DFIG wind turbine
Rated power: 660 kW, rated voltage: 660 V, A = 6939.77 m2,

gear box ratio: 1:52.5, H = 3 p.u. Rs = 0.01p.u., Rr’ = 0.01 .u., Xrs =
0.04 p.u., Xrr’ = 0.05p.u., Xm = 2.9 p.u.
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A.1.3. Wind farms electrical network
LV/MV transformers: SCIG group 1 (800 kVA, 20/0.66 kV, ecc =

6%); SCIG group 2 (1250 kVA, 20/0.66 kV, ecc = 6.5%); DFIG
(800 kVA, 20/0.66 kV, ecc = 6%).

MV/HV transformers: SCIG (2500 kVA, 66/20 kV, ecc = 8%); DFIG
(4000 kVA, 66/20 kV, ecc = 8.5%).

Electrical lines: LV lines of SCIGs and MV lines of DFIGs:
r = 0.4 X/km, x = 0.1 X/km, length = 200 m; MV lines of wind tur-
bines groups: r = 0.15 X/km, x = 0.1 X/km, length = 0.5 km (group
1), 1.5 km (group 2).

Feeder: SCIG (r = 0.16 X/km, x = 0.35 X/km, length = 10 km);
DFIG (r = 0.2 X/km, x = 0.4 X/km, length = 20 km).

Grid: Short circuit power at PCC: 500 MVA. X/R ratio: 20.
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