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a b s t r a c t

This paper presents a modelling methodology to analyse the impact of wind farms in surrounding net-
works. Based on the transient modelling of the asynchronous generator, the multi-machine model of a
wind farm composed of N generators is developed. The model incorporates step-up power transformers,
distribution lines and surrounding loads up to their connection to the power network.

This model allows the simulation of symmetric and asymmetric short-circuits located in the distribu-
tion network and the analysis of transient stability of wind farms. It can be also used to study the islan-
ding operation of wind farms.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction ments in the case of faults in the power system, and fault ride
Distributed energy generation is becoming a larger part of the to-
tal generation of power systems worldwide and, in particular, wind
energy represents 50% of the total renewable energy in Europe.
Aggregate wind power installed in the European Union (EU-27) at
the end of 2007 was 56,535 MW, that covers 3.78% of EU-27 electric-
ity consumption [1]. In Spain installed wind power was 15,145 MW,
being the second country in the world.

Wind generation provides several advantages over other power
generation systems, such as no cooling water use, no carbon diox-
ide emissions, proximity of generation to local loads and unloading
of transmission lines. It may be asserted, however, that as installed
wind power expands, issues related to integration, stability effects
and voltage impacts become increasingly important [2].

Due to this fact, several transmission system operators have
defined specifications for connecting wind farms to their net-
works [3–5]. The purpose of the specifications is to ensure the
essential properties for power system operation as regards secu-
rity of supply, reliability and power quality. These specifications
include frequency and voltage quality conditions, active and
reactive power control ability, stability and protection require-
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+34 943017131.
ia), xabier.ostolaza@ehu.es

regui), gerardo.tapia@ehu.es
through capability.
Regarding transient stability, Eltra specification requires that

the interaction between the power system and the wind farm at
faults in the power system must be verified by means of simula-
tions, and it is the responsibility of the plant owner to provide
the necessary models for these simulations [3].

In this context, it is necessary to develop accurate models of
wind farms in order to evaluate their impact and predict the farm’s
influence on the dynamic behaviour of the electrical system [6–
11]. With these dynamical models it could be possible to create dif-
ficult to test scenarios, such as balanced and unbalanced short-cir-
cuits and loss of mains [12–14]. Furthermore, these models could
support the design of new protection systems [15], new control
algorithms [16–18] and operational strategies to improve their real
time exploitation [19], enhancing their collaboration to the support
of the electrical grid.

Given that a mathematical modelling of wind farms is a must
for their grid integration, a first question arises immediately:
which is the appropriate model to analyse consistently the impact
of wind farms to the surrounding electrical network?

Typically, two main wind farm modelling tendencies have been
observed in references: the aggregated model and the detailed or
multi-machine model. The aggregated approach represents a wind
farm by one equivalent machine with re-scaled power capacity
[6,7]. This model has been applied to the study of voltage stability
of the power system [8] as well as to transient stability [9,11], and
it has also been tested for load flow analysis [10,20]. On the other
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Fig. 1. Schematic cross-section of induction generator.
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hand, it allows, under certain conditions, the analysis of transient
stability of large wind farms [12,13,21] and their control [16].

The drawback of aggregated models is that they do not reflect
effects due to the real operation point of each wind generator, such
as mutual interactions or power oscillations between wind tur-
bines. But it is often claimed that aggregated models are able to re-
flect worst-case scenarios when electrical disturbances affect the
normal operation of the wind farm [22]. However, this has resulted
not to be exact because they do not describe the general behaviour
of wind farms, except in very particular operating conditions
[13,19]. To solve this problem several authors have proposed an
intermediate detail level where large wind farms are modelled
based on wind turbine groups, e.g., an equivalent wind farm for
each turbine row [12].

With regard to detailed models, due to their inherent complex-
ity, it is more difficult to find contributions in the bibliography.
Several references suggest that multi-machine models are inappro-
priate because their simulations are much more demanding com-
putationally and that, essentially, the potential advantages do not
pay off the additional modelling effort.

But, despite this stance, just a few authors have developed solu-
tions to the detailed model of large wind farms, from two main
ways to set out the problem. The first one is the automatic devel-
opment of simulation models by means of simulation programs,
such as PSCAD/EMTDC or SimPowerSystems, which numerically
compute the state-space model of the system. With this approach
short term voltage stability of the wind farm when the external
network is subjected to short-circuits [14], or when there are wind
speed changes [23] is analysed. The second option is to explicitly
obtain the overall network model, as for the simulation—assuming
a simplified generator model—and short-circuit study in an iso-
lated system [24,25]. Obviously, this second approach provides im-
proved knowledge about the system, and interactions among
generators are studied with more detail.

This paper presents a methodology to develop electromagnetic
transient simulation models of wind farms, to predict their behav-
iour under normal operating conditions and also under electrical
disturbances. It will be assumed that the wind farm will have a ra-
dial shape, that is, several generators connected to a common bus
bar and, from this a connection line as far as the Point of common
coupling to the electric power system.

Simulation models will be developed from a double point of
view. Firstly, development of detailed multi-machine models,
where each generator has its own point of operation. And secondly,
simplified aggregated or macro-generator modelling. Several sim-
ulation results of a spanish wind farm, obtained after the imple-
mentation of the models in Simulink, are also presented.

2. Electromagnetic transient modelling of the wind generator

In the general case, the electromagnetic transient model of the
generator has six differential non-linear equations called the general
three phase model of the machine. This model describes the evolution
of rotor and stator voltages and currents [26]. But, in this model, all
six equations are interdependent due to leakage inductances.

To deal with this problem several transformations have been pro-
posed—Clarke’s transformation, Park’s transformation—that ex-
press the original differential equations in different frames of
reference, as shown in Fig. 1, where the cross-section of an induction
generator containing stator and rotor windings, is depicted. Using
these transformations it is possible to refer stator and rotor variables
either in the stationary frame ‘‘D � Q � 0”, or in a reference frame
that rotates with the rotor at its electrical speed xr , ‘‘a� b� 0” [27].

When induction generator variables are referred to their natural
frames, the stator side is referred to the stationary frame
‘‘D� Q � 0” and the rotor side is referred to the rotating frame
‘‘a� b� 0”. This ‘‘sD� sQ � s0� ra� rb� r0” model is also called
‘‘Quadrature-Phase Slip-Ring” [26].

As Fig. 1 shows, direct and quadrature axes of both frames of
reference: stationary—D, Q—and rotating—a, b—are confined in
the cross-section of the machine, while zero sequence axis
—0—is aligned with the rotor shaft. As a result, zero sequence com-
ponents are decoupled from direct and quadrature ones, so the ori-
ginal model of six interdependent differential equations leads to a
more accessible modelling with just four coupled differential equa-
tions plus two independent differential equations.

Furthermore, as zero sequence components cancel out in the
case of balanced systems, it is usual to apply only
‘‘D� Q � d� q” or ‘‘D� Q � a� b” models [16]. Owing to this fact,
Clarke’s transformation is usually called three to two-axes trans-
formation. However, for a general research about the behaviour
of generators under all kind of disturbances (symmetric and asym-
metric), this assumption leads to erroneous results, since, in such
cases, zero sequence components take non zero values.

In this paper, stator and rotor variables will be expressed in the
stationary reference frame ‘‘D� Q � 0”, because this modelling ap-
proach has three main advantages: firstly electrical parameters of
the induction machine are easily calculated from steady-state cir-
cuit parameters. Secondly, state equations are much simpler than
those of ‘‘Quadrature-Phase Slip-Ring” model. And finally, calcula-
tion of the electromagnetic torque of the generator is straightfor-
ward, as we will show below. This model is also known as
‘‘Quadrature-Phase Commutator” [26].

Keeping in mind all this considerations, the electric model
might be expressed through (1)–(6) with currents isD, isQ , is0—for
the stator side—ird, irq, ir0—for the rotor side—, as electrical state-
variables of the electromagnetic transient model. This model will
be referred as ‘‘D� Q � 0� d� q� 0” [19].

disD

dt
¼ LrðvsD � RsisDÞ þ Lm½xrðLmisQ þ LrirqÞ þ Rrird � v rd�

L2
m � LsLr

ð1Þ

disQ

dt
¼ LrðvsQ � RsisQ Þ � Lm½xrðLmisD þ LrirdÞ þ Rrirq þ v rq�

L2
m � LsLr

ð2Þ

dis0

dt
¼ �Rsis0 þ v s0

Lls
ð3Þ

dird

dt
¼ LmðRsisD � v sDÞ � Ls½xrðLmisQ þ LrirqÞ þ Rrird � v rd�

L2
m � LsLr

ð4Þ

dirq

dt
¼ LmðRsisQ � v sQ Þ þ Ls½xrðLmisD þ LrirdÞ þ Rrirq þ v rq�

L2
m � LsLr

ð5Þ

dir0

dt
¼ �Rrir0 þ v r0

Llr
ð6Þ
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where Ls and Lr are the stator and rotor side inductances, Lm is the
magnetizing inductance, Rs and Rr are the stator and rotor resis-
tances, and xr is the rotor electrical speed.

2.1. Mechanical model

The equation that describes the mechanical dynamics of the ro-
tor is

Te þ Tw ¼ J
dxrm

dt
þ Dxrm ð7Þ

where Te is the electromagnetic torque, Tw is the torque due to the
wind, J is the inertia of the rotor, D is the damping coefficient,
xrm ¼ xr

P is the rotor mechanical speed, and P is the number of pole
pairs of the generator.

The electromagnetic torque is described, for the ‘‘Quadrature-
Phase Commutator” modelling [26], by the following expression:

Te ¼ �
3
2

PLmðisDirq � isQ irdÞ ð8Þ

where regarding electromagnetic torque, one may observe that zero
sequence currents is0 and ir0 have not influence at all.

Finally, if we write (7) as a set of two ordinary differential equa-
tions, we get two mechanical state-variables for the wind generator:

dhr

dt
¼ xr ð9Þ

dxr

dt
¼ 1

J
½P Te þ Twð Þ � Dxr� ð10Þ

Consequently, the overall electromechanical subtransient model
of the wind generator is described as a system of eight differential
non-linear Eqs. (1)–(6), (9) and (10), in the state-space, being isD,
isQ , is0, ira, irb, ir0 electrical state-variables, and hr , xr mechanical
state-variables.

3. Description of the wind farm

The wind farm chosen for its modelling has a radial shape, and
is placed on ‘‘El Perdón” hill in Navarre, Spain. Diagram in Fig. 2
represents the outline of the overall system. This wind farm con-
sists of N = 40 Squirrel Cage Induction Machine (SCIM) ABB G39-
20 MVA
Xcc=12%

500 kVA
Xcc=6%

66 kV

690 V

R=0.0972
XL=0.124

Load 
9.6 MW

3.5 MVAR

125 KVAR

Distr. Line 1

20kV

40 SCIM×
500kW =

20MW

Δ Y

Fig. 2. Single-line diagram of
500 wind generators of 500 kW and a nominal voltage of 690 V,
with 125 kVAR capacitive compensation. After a step-up Ynyn
transformer of 690/20000 V, each induction machine is connected
through subterranean lines with the common bus at 20 kV. There is
another step-up Dyn transformer of 20/66 kV that connects the
wind farm with a distribution line up to its connection through
two Ynyn transformers of 68 MVA to the point of common cou-
pling at 220 kV. The wind farm helps to feed two local loads at
66 kV, as sketched in the diagram.

Distribution line parameter values, loads and capacitor values
have been provided by IBERDROLA S.A. utility. Loads connected
to the distribution system are residential loads, so a dynamic
model has not been considered of interest and they have been
modelled as static.

To obtain the electrical parameters needed to define the dy-
namic model of the four-pole 500 kW Squirrel Cage Induction Ma-
chine, different tests were performed in a test bed placed in the
origin factory. From those standard tests, parameter values col-
lected in Table 1 were obtained.

When modelling the surrounding electrical elements, trans-
formers are of great importance, particularly because of their vec-
tor group. In Spain, Yyn and Dyn connections are the most used in
step-up transformers. The first one (Yyn) is straightforward to
model, because there is not interaction between phases.

But Dyn connection presents additional difficulties when devel-
oping models of electrical networks, mainly due to the non diago-
nality of transformation matrices. As a consequence, these
connections show coupling between phases and, to analyse the
three-phase electrical network, it is not enough to keep into ac-
count just one per-phase equivalent circuit. A further complication
is that the transformation matrices are singular, and this places
conditions on the state-variables of the electrical network.

3.1. Wind data for the simulations

In order to attain realistic behaviours with the simulations of
the wind farm, to have consistent wind data is a key issue. In all
cases, wind simulation will be done using real time wind data re-
corded in a Spanish wind farm. A detail of the time progress of the
wind speed on each generator, which was actually recorded in
‘‘Salajones” wind farm every one second, is shown in Fig. 3.
68 MVA
Xcc=16%

220kV66 kV

R=0.014
XL=0.017

1

Distr. Line 2

Load 2
61 MW

8.6 MVAR

68 MVA
Xcc=16%

Infinite
BusBar

‘‘El Perdón” wind farm.



Table 1
Generator electric per-phase parameters.

Parameter Value

Rs , stator resistance 5.1 mX
Lls , stator leakage inductance 232.3 lH
Ls , stator inductance 13.2 mH
Lm , magnetizing inductance 31.9 mH
Rr , rotor resistance 101 mX
Llr , rotor leakage inductance 2.38 mH
Lr , rotor inductance 82.1 mH
n, turns ratio 0.4
P, number of pole pairs 2
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Fig. 3. Evolution of wind speed in each generator.
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Fig. 4. Power generation curve of wind turbines of el ‘‘El Perdón” wind farm.
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In addition, Fig. 4 shows the wind power generation curve of the
wind turbines.

4. Integration of the surrounding electrical network in a
compact matrix form

As stated previously, state equations of generators are given my
means of (1)–(6), (9) and (10). But, in order to obtain the overall
model of the wind farm, it is necessary to integrate the distribution
network, with its loads and transformers in a compact form. Fig. 5
shows the per-phase equivalent circuit of ‘‘El Perdón” Wind Farm,
where only one phase has been reflected.

4.1. Modelling objectives and state-variables

In Section 2 stator side variables of the generators are expressed
in ‘‘D� Q � 0” axes. However, it seems reasonable to express the
surrounding network in ‘‘a� b� c” components, in order to keep
the physical meaning of magnitudes. Consequently, it will be nec-
essary, when needed, to perform either the Clarke’s transformation
from ‘‘a� b� c”—surrounding network—to the ‘‘D� Q � 0” sys-
tem—generators—, or the inverse Clarke’s transformation from
‘‘D� Q � 0” to three-phase quantities.

From state-space theory, it is well known that the number of
states of a dynamical system equals the number of independent
energy storage elements. The electrical network between the com-
mon busbar and the point of common coupling (Fig. 5) has five
inductors, but their currents are not independent among them, be-
cause i2 ¼ i1 þ il1 and ipcc ¼ i2 þ il2. Thus, this electrical network has
only three state-variables per-phase: ipcc , i1 and il1.

4.2. Development of the network model

4.2.1. Compensation capacitors
By effect of the compensation capacitors of each generator k

(k ¼ 1; . . . ;N), stator voltage is a state-variable of the network,

isuk � isk ¼ C
dVsk

dt
ð11Þ
4.2.2. Subterranean lines
From each wind generator to the common busbar we can write,

Vcb ¼ Vsk þ Lt
g þ Lsu

� �disuk

dt
þ Rsuisuk ð12Þ

where Lt
g is the impedance of the step-up transformer of each gen-

erator, and Rsu, Lsu are the resistance and inductance of the subter-
ranean lines.

The algebraic sum of N Eq. (12) formulated for each generator,
as it is supposed that all generator transformers and subterranean
lines are equal, produces

NVcb ¼
XN

k¼1

Vsk þ Lt
g þ Lsu

� �XN

k¼1

disuk

dt
þ Rsu

XN

k¼1

isuk ð13Þ

If we now express �Vs ¼ 1
N

PN
k¼1Vsk, and taking into account that

icb ¼
PN

k¼1isuk, we can conclude that

Vcb ¼ �Vs þ
Lt

g

N
þ Lsu

N

 !
dicb

dt
þ Rsu

N
icb ð14Þ
4.2.3. Distribution network
The equations of the distribution system that connects the wind

farm to the main network are the following:

Vpcc ¼ Lt
pcc

dipcc

dt
þ Rl2ðipcc � i1 � il1Þ þ Ll2

d
dt
ðipcc � i1 � il1Þ ð15Þ

Rl2ðipcc � i1 � il1Þ þ Ll2
d
dt
ðipcc � i1 � il1Þ

¼ R2ði1 þ il1Þ þ L2
d
dt
ði1 þ il1Þ þ Rl1il1 þ Ll1

dil1

dt
ð16Þ

Rl1il1 þ Ll1
dil1

dt
¼ R1i1 þ L1 þ Lt

cb

� �di1

dt
þ V66 ð17Þ
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where V66 denotes voltage at the high side of the Dyn transformer.

4.2.4. Common busbar connection transformer
As already mentioned, the transformer which connects the

common busbar of the wind farm (20 kV) with the distribution
network (66 kV) has Dyn connection. Fig. 6 shows its internal
configuration.

Consequently, the relation between voltages at low voltage and
high voltage sides is

Va
66

Vb
66

Vc
66

2
64

3
75 ¼ 1ffiffiffi

3
p

1 �1 0
0 1 �1
�1 0 1

2
64

3
75

Va
cb

Vb
cb

Vc
cb

2
64

3
75;or V66 ¼

1ffiffiffi
3
p MvVcb ð18Þ

In addition, the relation between currents of both sides of the
transformer is

ia
cb

ib
cb

ic
cb

2
64

3
75 ¼ 1ffiffiffi

3
p

1 0 �1
�1 1 0
0 �1 1

2
64

3
75

ia
1

ib
1

ic
1

2
64

3
75;or icb ¼

1ffiffiffi
3
p Mii1 ð19Þ

given that ia
cb ¼

PN
k¼1ia

suk, ib
cb ¼

PN
k¼1ib

suk, and ic
cb ¼

PN
k¼1ic

suk.

If Eqs. (18) and (19) are replaced in (14), Eq. (17) takes the form

Rl1il1 þ Ll1
dil1

dt
¼ R1i1 þ L1 þ Lt

cb

� �di1

dt
þ 1ffiffiffi

3
p MV

�Va
s

�Vb
s

�Vc
s

2
64

3
75

þ Rsu

3N
MVMi

ia
1

ib
1

ic
1

2
64

3
75þ Lsu þ Lt

g

3N
MVMi

dia
1=dt

dib
1=dt

dic
1=dt

2
64

3
75

ð20Þ
4.2.5. State equations
Eqs. (15), (16) and (20) define the model of the surrounding net-

work. They can be expressed as a system of nine linear equations,
whose unknowns are the derivatives of the state-variables ipcc , il1,
i1, for each of their components ‘‘a� b� c”.

A �

diabc
pcc

dt

diabc
l1

dt

diabc
1

dt

2
6664

3
7775 ¼ b ð21Þ

A ¼

ðLt
pcc þ Ll2ÞI �Ll2I �Ll2I

Ll2I ð�Ll2 � L2 � Ll1ÞI ð�Ll2 � L2ÞI

0 �Ll1I
ðL1 þ Lt

cbÞIþ

þ LsuþLt
g

3N MVMi

 !
2
66664

3
77775

b ¼

Vabc
pcc � Rl2 iabc

pcc � iabc
l1 � iabc

1

� �
�Rl2iabc

pcc þ Rl1 þ Rl2 þ R2ð Þiabc
l1 þ R2 þ Rl2ð Þiabc

1

Rl1iabc
l1 � R1 þ Rsu

3N MVMi
� �

iabc
1 � 1ffiffi

3
p MV

�Vabc
s

2
6664

3
7775

where ð�Þabc means a column vector with the ‘‘a� b� c” compo-
nents of the variable under consideration, I is the 3� 3 identity ma-
trix, and 0 is the 3� 3 zero matrix.

At this point, it is convenient to highlight that, given the param-
eters of the electrical network between the generators and the
Point of Common Coupling, matrix of coefficients A of system
(21) will be known, and it is possible to compute its inverse A�1 be-
fore the simulations. Consequently, in order to compute efficiently
the state equations of ipcc , il1, and i1 at simulation stage, the equa-
tion to be followed is given next,

diabc
pcc

dt

diabc
l1

dt

diabc
1

dt

2
6664

3
7775 ¼ A�1

� �
� b ð22Þ

with vector b to be computed, given Vabc
pcc , iabc

pcc , iabc
l1 , iabc

1 ,�Vabc
s , at every

simulation step.

4.3. Additional remarks

In this section, state equation (22) of the electrical network sur-
rounding the wind farm has been developed for the no-fault, no-
islanding case. In order to obtain a more general model, it would
be essential to incorporate iabc

Fault as a state-variable of the model.
As any electrical disturbance affects the system, the topology of
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the network will change and, of course, ðA�1Þ matrix will, as well.
But the structure of the state equation, before, during and after
the electrical disturbance will remain unchanged.

For the analysis of the behaviour of wind farms facing electrical
disturbances, selection of iabc

pcc , iabc
Fault as state-variables is a must.

When whichever electrical disturbance influences the system, the
pre-fault and post-fault value of iabc

Fault must be zero, and if there
happens a loss of mains in any whatever phase, during this situa-
tion ipcc ¼ 0.

Simulation results of the behaviour of the wind farm under nor-
mal operation and electrical disturbances will be given below.

5. Aggregation of wind generators

Based on the electromechanical subtransient model of each
generator—(1)–(6), (9) and (10)—and if capacitors, transformers
and subterranean lines are included, for a wind farm of N wind tur-
bines, dimension of the system increases linearly, with 14 differen-
tial equations per wind generator.

To face this dimension increase, a lot of modelling effort has
been focused on a re-scaled equivalent generator model to simu-
late the wind farm. This model is usually called Aggregated or
Macro-generator, as a parallelism with synchronous generators.
Aggregation of constant speed wind generators is easily found in
the literature [6–10,12]. However, this modelling approach merits
closer examination, and its equations are described below.

5.1. Electrical model

The modelling objective is to obtain one aggregated model of
the wind farm, such that there is some kind of equivalence
between the original multi-machine model and the aggregated
model, when seen from the common busbar of the wind farm.

The ideal aggregation could be stated as follows: under the
same wind speed distribution and equal voltage at the common
busbar, then identical output current from the wind farm. But in
the multi-machine case, this current is the sum of the individual
currents of the generators,

icb ¼
XN

k¼1

isuk ¼
XN

k¼1

isk þ
XN

k¼1

iCk ð23Þ

The aggregated model of the wind farm will be obtained as an un-
ique fixed-speed generator whose stator side current is

P
isk, the

current at the equivalent compensation capacitor is
P

iCk and the
current in the equivalent subterranean line is

P
isuk.

The electric model of the induction machine in
‘‘D� Q � 0� d� q� 0” components [26] shows that the matrix
equation of one fixed-speed induction machine can be expressed as

Vs ¼ ZM � is ð24Þ

with constant impedance matrix ZM . And, when the wind farm has
N equal machines, the algebraic addition of their matrix equations
is given next

XN

k¼1

Vsk ¼
XN

k¼1

ZM � iskð Þ ¼ ZM

XN

k¼1

isk ð25Þ

If the sum of stator voltages is denoted as

XN

k¼1

Vsk ¼ N�Vs ð26Þ

then

�Vs ¼
ZM

N

� �
�
XN

k¼1

isk ð27Þ
With this definition, Eq. (27) has the same format as (24). As a
result, it represents another induction machine—the equivalent or
aggregated machine—whose stator voltages must be interpreted as
the average values, and currents as the sum of the particular ones,
and ZM

N is the impedance matrix of this equivalent machine.
Therefore, in order to obtain the ‘‘D� Q � 0� d� q� 0” model

of the aggregated generator, its electrical parameters should take
the following values

RN
s ¼

Rs

N
; RN

r ¼
Rr

N
; LN

s ¼
Ls

N
; LN

r ¼
Lr

N
; LN

m ¼
Lm

N
ð28Þ

In a similar way, based on the equation of the capacitor that im-
proves the power factor of each induction machine

iCk ¼ C
dVsk

dt
ð29Þ

the equation of the equivalent capacitor is calculated by the alge-
braic addition of N equations. As all generators have the same
capacitor value, and, applying the stator average voltage

XN

k¼1

iCk ¼ CN
d�Vs

dt
ð30Þ

then, the equivalent capacitor of the N-machine is N times the
capacitor of each machine,

CN ¼ CN ð31Þ

Finally, Eq. (14) shows the relationship between average stator
voltages, sum of subterranean line currents and voltage of the wind
farm common busbar Vcb. As all generator transformers and sub-
terranean lines are considered to be equal, the equivalent parame-
ters of aggregated transformer and subterranean lines are

LtN
g ¼

Lt
g

N
; RN

su ¼
Rsu

N
; LN

su ¼
Lsu

N
ð32Þ
5.2. Mechanical model

The mechanical model of the aggregated wind generator will be
developed in a similar way to that of the electrical model. Based on
Eq. (7) for a single machine, the mechanical equation of the wind
farm will be the algebraic addition of N induction machines.

XN

k¼1

Tek þ
XN

k¼1

Tmk ¼
XN

k¼1

J
dxrmk

dt
þ
XN

k¼1

Dxrmk ð33Þ

Due to several circumstances, such as different wind speeds, not
all generators will have the same angular speed, but the average
angular speed could be defined as

�xrm ¼
1
N

XN

k¼1

xrmk ð34Þ

and the modified aggregate mechanical equation isXN

k¼1

Tek þ
XN

k¼1

Tmk ¼ JN
d �xrm

dt
þ DN �xrm ð35Þ

It looks as if the mechanical parameters of the macro-generator
are the inertia and damping coefficients of a single one multiplied
by the number of generators, and the mechanical speed of the
macro-generator is the average value of those corresponding to
the particular generators

JN ¼ JN; DN ¼ DN; xN
rm ¼ �xrm ð36Þ

then, wind torque and electromagnetic torque of the aggregated
machine will be, respectively, the algebraic addition of wind tor-
ques and electromagnetic torques of each machine, that is to say,
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TN
m ¼

XN

k¼1

Tmk ð37Þ

TN
e ¼

XN

k¼1

Tek ð38Þ

Expression (38) will be analysed in more detail. Based on the
electromagnetic torque of the induction machine in ‘‘D� Q � 0�
d� q� 0” components (Section 2)

Te ¼ �
3
2

PLmðisDirq � isQ irdÞ ð39Þ

the algebraic addition for N machines should be

XN

k¼1

Tek ¼ �
3
2

PLm

XN

k¼1

isDkirqk � isQkirdk
� �

ð40Þ

On the other hand, if the equivalent electromagnetic torque is
calculated from equivalent currents of the aggregated generator,
its equation will be

TN
e ¼ �

3
2

P
Lm

N

XN

k¼1

isDk

XN

k¼1

irqk �
XN

k¼1

isQk

XN

k¼1

irdk

 !
ð41Þ

Obviously, Eqs. (40) and (41) lead, in general, to different re-
sults, while expression (38) of the aggregated generator calls for
their equality. This incongruity is the most serious drawback of
macro-generator models.

On the other hand, it is observable that under adjoining rotor
speeds among all generators, Eqs. (40) and (41) give similar results.
This approximation is remarkable when the wind farm operates
under normal conditions, with generator rotor slips close to or
smaller than the nominal value (typically 1%).

The other side of the coin is, however, that under electrical dis-
turbances and with different wind speeds for each generator, the
aggregated model gives erroneous results. In spite of all criticisms
about superfluous model complexity and computational time
requirements, for transient stability studies there is no alternative,
as it will be shown in the simulations.

6. Simulator implementation

As stated previously, Eqs. (1)–(6), (9) and (10) define the behav-
iour of the induction generators, and (22) the surrounding net-
work. Based on these equations, the steps to implement the
simulation algorithm are described below:

(1) Convert compensation capacitor voltages from three-phase
Vabc

s to ‘‘D� Q � 0” axes: v sD, v sQ , v s0.
(2) Compute differential equations of the wind generators given

by Eqs. (1)–(6), (9) and (10), in this case with v rd ¼ 0, v rq ¼ 0,
vr0 ¼ 0 as the generators are Squirrel Cage.

– Multi-Machine case: calculate ð8� NÞ derivatives of the

state-variables: isDk, isQk, is0k, irdk, irqk, ir0k, hrk, xrk, for each
generator.

– Aggregated-Machine case: calculate 8 derivatives of the
state-variables: isD, isQ , is0, ird, irq, ir0, hr , xr for the single
macro-generator.
(3) Convert generator stator currents from ‘‘D� Q � 0” axes to
‘‘a� b� c” values: iabc

s .
(4) State equations of compensation capacitors (11) and

calculate:

– Multi-Machine case: �Vabc

s .
– Aggregated-Machine case: Vabc

s .
(5) Using matrix equation of the surrounding network (22), cal-
culate derivatives of iabc

1 , iabc
l1 , iabc

pcc .
(6) Calculate Vabc
cb from Eq. (14), by considering that

iabc
cb ¼ 1ffiffi

3
p Mii

abc
1 .

(7) Derivatives of subterranean line currents iabc
suj , following (12).

(8) Integration of derivatives and go to the next simulation step
(1).

This simulation algorithm shows that both models, multi-ma-
chine and aggregated-machine, share the same modelling struc-
ture. Evidently, the most significant difference between them
comes from the number of state-variables. For ‘‘El Perdón” wind
farm, with N ¼ 40 generators, in the case of the multi-machine
model, the number of state-variables is 14� N þ 9 ¼ 569; and for
the aggregated model is 14 + 9 = 23.

The number of inputs (3 + N) is independent of the modelling
approach and corresponds to voltage components at the point of
common coupling with the transmission network Vabc

pcc , and the
wind speed for each generator vwk.

The number of outputs can be defined independently from the
number of state-variables. It has been set to: stator current and
voltage, mechanical speed of each generator, voltage and current
at the wind farm busbar, currents of the different electrical loads
of the network, and current at the connection point with the trans-
mission network.

The simulation program developed to model the wind farm ‘‘El
Perdón” has been implemented as a C-MEX S-Function for Simu-
link, with all parameters in the per-unit system—Base power:
SB ¼ 20 MVA—. Using this simulation platform, several cases have
been analysed in Sections 8 and 9. Simulation times will be shown
for each case, taking a standard Pentium IV 3.2 GHz Personal Com-
puter as simulation platform.

7. Alternative multi-machine model for validation purposes

In order to validate the results given by the simulations of the
proposed multi-machine transient model, a simplified pseudo
steady-state model has been developed. The modelling approach
is the step-by-step formulation of the impedance matrix [Z] of
the overall network [28], as used for the fault analysis in power
systems. All distribution lines and transformers are modelled as
complex impedances, and induction generators are described by
conventional steady-state T-equivalent circuits [29].

As a consequence, this phasor-based modelling does not reflect
any electrical transient phenomena. But, as T-equivalent circuits
depend on the particular slip s of each generator, it is possible to
simulate them—pseudo steady-state—in conjunction with their
mechanical Eq. (10), where

Te ¼
3P
xss

R0rI
02
r xs ¼ 2pf f ¼ 50 Hz ð42Þ

The simulation algorithm for this simplified model is detailed
next:

(1) Convert mechanical speeds to generator slips: sk ¼ 1� xrmkP
xs

.
(2) Compute impedance matrix ½Z� of the overall network, fol-

lowing [28].
(3) Voltages at all nodes of the network are calculated as

Vnodes ¼ ZInodes, where Inodes except for the point of common
coupling are all zero.

(4) Given the voltages at the inner node of the T-equivalent cir-
cuits of each generator (V 0rk), obtain I0rk ¼ V 0r k

R0r=skþjX0lr
.

(5) Calculate Tek, following (42).
(6) Compute differential equations of the wind generators given

by (10).
(7) Integration of derivatives and go to the next simulation step

(1).
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Fig. 8. Wind farm voltage at the common busbar.
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8. Start-up of the wind farm

In this experiment, the objective is to simulate the start-up pro-
cess of the whole wind farm. Initially, all the generators are
stopped and they begin rotating freely impulsed by the power of
the wind, until the rotor mechanical speed reaches synchronism
and, in that moment, the generator is connected to the grid. Simu-
lation lasting for 4 s wind farm time: Multi-machine: 24 s, aggre-
gated model: 1.6 s.

Figs. 7 and 8 show, respectively, currents and voltages at the
common busbar of the wind farm. For the multi-machine results,
it is possible to detect the connection of each generator.

It should also be noted that, in the case of aggregated modelling,
voltages and currents differ remarkably from multi-machine re-
sults. This is because, at connection time, with the aggregated
model, the surrounding electrical network faces the sudden con-
nection of a generator whose rated power is the total of the wind
farm. And, for the multi-machine model, the connection of each
generator happens when its particular speed is high enough.

In addition, Fig. 9 presents the behaviour of currents at the sta-
tor of the generators, computed with the multi-machine model.
The instant of connection for each generator appears clearly.

Up to this point, Figs. 7–9 show RMS values of currents or volt-
ages, computed from their instantaneous values. Obviously, this
transient model allows the particular study of each variable of
the overall network. Fig. 10 shows the behaviour of phase a instan-
taneous current at the startup of generator no. 32, whose connec-
tion happens at t = 1.94 s.

8.1. Validation of simulation results

First of all, this experiment has proved consistency among rated
operation variables of the generators: When wind speed of the
wind turbines takes its nominal value—vw ¼ 16 m

s —, slip of
the generators also reaches its rated value—1.8 %—, and so does
the output stator current—447 A—.

In addition to that, Figs. 11–13 show, respectively, simulation
results of mechanical speed, stator current and generated active
power; for both multi-machine models: pseudo steady-state ap-
proach and full electromagnetic transient model.

Both simulation models present, under equivalent wind condi-
tions, exactly the same connection times for each generator. And,
in general, the pseudo steady-state model is able to forecast gener-
ator speeds and RMS values of electrical variables after their tran-
sient behaviour.
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Obviously, pseudo steady-state simulation does not reflect all
the interactions between the generators and the electrical net-
work. In particular, the main issue when connecting generators is
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Fig. 10. Instantaneous current at connection of generator no. 32.
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Fig. 14. Mechanical speed of the generators for the islanding test.
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the stator overcurrent needed to magnetize them. As connection
happens when rotor speed reaches synchronism, for the pseudo
steady-state case stator current is virtually zero, and it increases
as the mechanical speed does, until an equilibrium is reached be-
tween Tw and Te. But, simulation of the transient model shows
clearly (Fig. 12) the magnetizing overcurrent—6� the rated one—.

Finally, Fig. 13 shows that the active power generated by the
wind farm fluctuates, for each generator connection, much more
than the 1=N ratio. This behaviour is clearly correlated with the
mechanical speed (Fig. 11).

9. Islanding operation

The second test presents the behaviour of the wind farm when
operating under islanding condition. In order to present more
clearly simulation results, half of the generators will have a wind
speed of 16 m=s, and the remaining half 8 m=s. The loss of mains
begins at t = 0.1 s, and the reconnection is at t = 0.7 s. Simulation
lasting for 2 s wind farm time: Multi-machine: 18 s, aggregated
model: 0.8 s.

In this test, simulation results of the aggregated model, shown
in Fig. 14, do not predict correctly the behavior of the wind farm.
Whenever rotor speeds of all the generators are similar, the aggre-
gated model really behaves with an average speed of all the gener-
ators. But, after reconnection, the aggregated model predicts
erroneously a stable return to the previous condition, when actu-
ally half of the generators are not able to recover their previous
mechanical speed.

Moreover, Fig. 15 shows the incongruity of the supposed addi-
tion torque for the aggregated model, compared with the real
added up torque, as analysed in Eqs. (40) and (41). While there is
no remarkable difference of rotor speeds among generators, the re-
sponse of the aggregated model is very similar to that of the multi-
machine model. But, after reclosing, its evolution is very different
with respect to that of the multi-machine model.

9.1. Comparison of simulation results with steady-state ones

To start with, Fig. 16 presents similar evolutions of mechanical
speeds of the generators, with half of them showing unstable
behaviour, for both pseudo steady-state and transient models.

Regarding transient stability, pseudo steady-state simulation
provides less conservative results. When loss of mains starts,
mechanical speeds begin growing immediately. But, for the full
transient model, there is an initial braking effect because of the fact
that generators try to supply all the loads in the islanded network.
This effect lasts as much as voltage at the common bus bar—shown
in Fig. 17—does not collapse.
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Both evolution alternatives, as for generator stability, are ex-
plained for the steady-state case as follows: when the wind farm
is working under full islanding operation, the torque vs. speed
characteristic of the generators cancels out totally. If, initially,
the steady-state operating point of each of them is given in
Fig. 18 by A, this is because the original electromagnetic torque
equals the generating torque given by the wind. In other words,
this is an initial equilibrium point.

When loss of mains occurs, the electromagnetic torque cancels
out and, if the generating torque remains constant, an acceleration
torque appears, which increases the rotor mechanical speed. When
the wind farm is reconnected to the utility network, voltage at the
common busbar trends toward its pre-fault value. If, due to the
duration of the loss of mains, the rotor mechanical speed exceeds
that of point B, an acceleration torque will appear again. In this sit-
uation, such generators will not be able to regain its previous oper-
ating point A.

10. Conclusion

Wind generators have been modelled in terms of the Quadra-
ture-Phase Commutator full transient model, with six electrical
state-variables, and two more mechanical. The electrical network
from the wind farm common busbar up to the point of common
coupling has also been modelled in state-space. Delta-wye connec-
tion of the transformer at the wind farm common busbar has also
been integrated in the overall model, and rated values of the gen-
erators have also been verified.

The approximation of aggregated modelling of Squirrel Cage
Induction Machines has been discussed in detail, providing the
physical meaning of aggregated parameters and variables. The
aggregated induction generator works in an average operating
point corresponding to average rotor speeds and average stator
voltages. But this modelling approach is only valid when all the
generators have similar angular speeds. Generalization of this
modelling could mask the real evolution of each wind generator
that might be very different to the evolution of the re-scaled
machine.

Steps needed for the simulation of the overall system have been
specified. The multi-machine model and the aggregated approxi-
mation share the same simulation structure. As a consequence, it
is quite straightforward to simulate both models in the same
platform.

An alternative simplified multi-machine model for validation of
the proposed full transient model has been developed. This model
is based on the formulation of the impedance matrix of the overall
network, as used for the fault analysis problem. The model is sim-
ulated according to the particular slip of each generator. Compari-
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son between results of the full transient model and those of the
simplified one shows that, in general, both models predict the
same pseudo steady-state behaviours.

The proposed modelling method has been found appropriate for
the analysis of different disturbances affecting the wind farm. Sim-
ulation results show that aggregated models are not able, in gen-
eral, to predict correctly the real behaviour of the wind farm.

The methodology has been applied to the real wind farm of ‘‘El
Perdón”. Its model has been implemented as a C-MEX S-function
for Simulink. With those compiled models, simulation speeds are
clearly superior to that of block-based models.

The multi-machine model not only describes more precisely the
behaviour of the wind farm, but it is also indispensable for the de-
sign and validation of new operational strategies for wind farms.
This model is a necessary tool for challenging problems such as ac-
tive and reactive power control.
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