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tection and electrical grid is described. The different level control strategies both in normal
operation and under voltage dig conditions are discussed, including speed control, torque
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1. Introduction

Wind power may be considered as one of the most promising renewable energy sources after its progress during the last
three decades. However, its integration into power systems has a number of technical challenges concerning security of sup-
ply, in terms of reliability, availability and power quality. Wind power impact mainly depends on its penetration level, but
depends also on the power system size, the mix of generation capacity, the degree of interconnections to other systems and
load variations. Since the penetration of wind power generation is growing, system operators have an increasing interest in
analyzing the impact of wind power on the connected power system. For this reason, grid connection requirements are
established. In the last few years, the connection requirements have incorporated, in addition to steady state problems, dy-
namic requirements, like voltage dip ride-through capability. This leads to the need for detailed modeling of wind turbine
systems in order to analyze the dynamic phenomena in the power grid.

Moreover, new wind turbine technology integrates power electronics and control making it possible for wind power gen-
eration to participate in active and reactive power control. The typical generator configuration for new variable speed tur-
bine is the doubly fed induction generator (DFIG) shown in Fig. 1. This configuration consists of a wound rotor induction
generator where the stator windings are directly connected to the grid and the rotor windings connected to a back-to-back
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Fig. 1. Variable speed wind turbine scheme.

power converter. This back-to-back power converter is dimensioned for partial generator power and is able to operate bi-
directionally.

The massive employment of DFIG machines has lead to motivate the modeling [1] of such doubly fed induction genera-
tors, mainly in the issues related to power quality and ride-through capability. Different modeling approaches are presented
in [2,3] for grid integration studies. A doubly fed induction generator model for transient stability analysis is proposed in [4],
considering the control loops of instantaneous response. In [5-7] the ride-through capability of doubly fed induction gener-
ators is studied. The response under unbalanced sags is addressed in [8,9]. A DFIG ride-through control scheme without crow
bar is suggested in [10]. As far as the converter control is concerned, some proposals have been added to classical approach of
[11,12], sliding mode control is used in [13]. The power control of a doubly fed induction machine via output feedback is
investigated in [14,15]. A model reference adaptive system (MRAS) observer for sensorless control of standalone doubly
fed induction generators is addressed in [16]. The behaviour of such machines in large wind farms, along with the general
reactive and active power control of wind farms have been studied in [17,18].

Due to the large dimensions of the wind turbines, usually small scale laboratory prototypes are used to validate the sim-
ulation models meant for large wind turbines. The present work presents a model focussed in the proper simulation of the
wind turbine behavior and compares the simulation results obtained from the developed model with real measurements
from a real test done in a full scale 1.5 MW wind turbine from Alstom.

The model formulation for the induction generator, the back to back converter (including the crow bar) and the electrical
network is presented. Also the detailed description of the reactive power, DC bus voltage and torque controllers, along with
its corresponding current loops. Simulation results are analyzed and discussed.

The paper has been structured as follows. In Section 2 the modelization of the system is discussed. The control scheme is
presented in Section 3. The model validation is presented in Section 4, showing the comparison of results from simulations
and from real voltage sags. Finally, the conclusions are summarized in Section 5.

2. Model
2.1. Wind wheel modeling

Wind turbine electrical generation systems’ (WTGS) power comes from the kinetic energy of the wind, thus it can be ex-
pressed as the kinetic power available in the stream of air multiplied by a Cp factor called power coefficient or Betz's factor. Cp
mainly depends on the relation between the average speed of the air across the area covered by the wind wheel and its angu-
lar speed and geometric characteristics of the turbine (including the instantaneous blade pitch angle configuration)[19]. The
power extracted by the wind turbine has the following expression:

1
Py = CpPying = CPE,DAUan (1)

where Pynq is the air stream kinetic power, p is the air density assumed to be constant, A is the surface covered by the wind
wheel and 7, is the average wind speed.

There have been different approaches to model the power coefficient ranging from considering it to be constant for steady
state and small signal response simulations to using lookup tables with measured data. Another common approach is to use
an analytic expression originated from [19] of the form:

1
Cp(2, Bpiten) = €1 <C2 =~ C30piten — Callgieen — f:s> e i, 2)
where /1 is the so called tip-speed ratio and it is defined as
w¢R
A=— 3
o 3)

where oy is the turbine speed, R is the turbine radius and A is defined as
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where [cy,...,cq] are characteristic constants for each wind turbine and 0y is the blade pitch angle.
Thus by knowing the wind speed, the angular speed of the wind turbine and the blade pitch angle, the mechanical torque
on the turbine shaft can be easily computed.

2.2. Wind speed modeling

Wind speed usually varies from one location to another and also fluctuates over the time in a stochastic way. As it has
been previously seen, it maintains a direct relation to the torque over the turbine axis and therefore it may also have some
direct effect on the power output of the WTGS hence its evolution must be taken into account to properly simulate the WTGS
dynamics.

One possible approach to generate the wind speed signal on simulations may be to use logs of real measurements of the
speed on the real location of the WTGS. This approach has some evident limitations because it requires a measurement to be
done on each place to be simulated. Another choice, proposed by Slootweg [20] is to use a mathematical model which takes
some landscape parameters to generate a wind speed sequence for any location. This wind speed expression has the form:

7/w(t) = ywa(t) + 7/wr(t) + Z/wg(t) + th(t), (5)

where v,4(t) is a constant component, %,,(t) is a common ramp component, 7, is a gust component and v, is a turbulence
component.

The gust component may be useful to simulate an abnormal temporary increase of the speed of the wind and its expres-
sion is

0, for t < T,
Ung(t) = ﬁg<1 — cos [2%(@5@)}), for Ty < t < Te, (6)
0, for Teg < €,

where ;lg is the amplitude of the gust and Ty, and T are the start and the end time of the gust.
Finally, as discussed in [21], the turbulence component is a signal which has a power spectral density of the form:

R 2
rot - el B "
[1+152]

where 7, is the average wind speed, h is the height of interest (the wind wheel height), | is the turbulence scale which is
twenty times h and has a maximum of 300 m and z, is a roughness length parameter which depends on the landscape type
as shown in Table 1.

By knowing the height of the wind turbine, the average wind speed and the kind of landscape where the WTGS is, the
power spectral density of the wind speed turbulence is known. The next step is to generate a signal, function of time, which
has the desired power spectral density. There are many ways of doing this: by summing a large number of sines with random
phases and amplitudes according to the Pp, function as [22] or by designing a shaping filter and applying it to a flat spectrum
noise signal. Provided that the Pp, is very close to the response of a first order filter, the use of this kind of filter is suggested
here. The designed filter’s transfer equation is

K
H(s) = ——
0 =51 ®)
with
3/5
2n<(1<§) ! —1>
p=——+——+*_ K=Kip, 9)

Ko\ /K2 -1

where K; and K; are defined as

Table 1
Values of the z, for different types of landscapes. Sources: Panofsky and
Dutton, 1984; Simiu and Scanlan, 1986.

Landscape type Range of zo (m)
Open sea or sand 0.0001-0.001
Snow surface 0.001-0.005
Mown grass or steppe 0.001-0.01
Long grass or rocky ground 0.04-0.1

Forests, cities and hilly areas 1-5
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h -2
Ky =1v, {ln <—>} , (10)
4
l
I<2:1.5@W, (11)

and the power spectral density of the generated signal has the form:

Pfilter = W- (12)

2
2.3. Drive train modeling

The drive-train of a WTGS comprises the wind wheel, the turbine shaft, the gearbox, and the generator’s rotor shaft. The
gearbox usually has a multiplication ratio between 50 and 150 and the wind wheel inertia usually is about the 90% of the
inertia of the whole system.

Because of the high torque applied to the turbine shaft, its deformation must not be neglected and its elastic behaviour
should be taken into account because of its filtering properties. A common way to model the drive-train is to treat it as a
series of masses connected through an elastic coupling with a linear stiffness, a damping ratio and a multiplication ratio be-
tween them. On this paper a model with two masses, graphically presented in Fig. 2, is used treating the wind wheel as one
inertia J; and the gearbox and the generator’s rotor as another inertia J,, connected through the elastic turbine shaft with a k
angular stiffness coefficient and a ¢ angular damping coefficient. Applying the Newton'’s laws, the dynamics of the resulting
system can be described as

o ¥ vk k 1

O B T iy 4 A O I {T'"} (13)
Wm 1 0 0 O Om 0 ofl7

oF 0 1 0 0 0 00

where 6, and 0,, are the angles of the wind wheel and the generator shaft, w, and w,, are the angular speed of the wind wheel
and the generator, 7, is the torque applied to the turbine axis by the wind wheel and 7, is the generator torque.

2.4. Generator modeling

The generator of a doubly fed WTGS is a wounded rotor asynchronous machine. Assuming the stator and rotor windings
to be placed sinusoidally and symmetrical, the magnetical saturation effects and the capacitance of all the windings neglect-
able and the neutral of the stator and rotor windings to be floating and taking as positive the currents flowing towards the
machine, the relations between the voltages on the machine windings and the currents and its first derivative may be writ-
ten on a synchronous reference qd frame representation as

Vsq L, 0 M O Isq Ts Ly 0 Mo, Isq
0 Ly 0 M i —Lss Ts —May 0 i
Va | _ d)tal f ko e (14)
Urq M 0 L 0]dt)]ig 0 sMws I sLyws irq
Vrd 0O M 0 L Irg —sMaws 0 —sLy s Ty Irg

where L and L, are the stator and rotor windings self-inductance coefficient, M is the coupling coefficient between stator and
rotor windings and s is the slip.

Fig. 2. Two mass drive-train model.



A. Junyent-Ferré et al./Simulation Modelling Practice and Theory 18 (2010) 1365-1381 1369

Also the torque expression and the stator reactive power, which are the control objectives of the rotor-side converter con-
trol, have the following form:

3 ., ..
I'm = jPM(zsqlrd — Isglrg), (15)
and
3 . .
Q= 3 (Usqlsd - ”sdlsq)7 (16)

where P is the number of pairs of poles of the generator.
When simulating the system, expression (14) is rewritten to have the current derivatives as a function of the instanta-
neous currents and the applied voltages as in the usual system space-state representations.

2.5. Converter modeling

The most common topology [23] of the converter of the doubly fed WTGS is the IGBT voltage source back-to-back con-
verter with an inverter connected to the rotor windings fed by a DC bus connected to another inverter which acts as an active
rectifier connected to a three phase grid through a filter inductance in a series connection (graphically represented in Fig. 3).
The so-called crow bar can be connected in parallel before the converter on the rotor side or in the DC bus, it acts as an aux-
iliary mechanism to avoid overvoltages in the DC bus due to excessive power flowing from the rotor inverter to the grid-side
converter.

Dealing with the modelization of the converter is not a trivial task and different levels of detail may be achieved doing
some assumptions. In this work, it is assumed that the switching frequency is high enough to assume that the high-fre-
quency components of the voltage signals generated by the inverters are totally filtered by the system and also that the
switching energy losses can be neglected.

Making this assumptions, the dynamics of the grid-side electrical circuit between the grid voltage and the voltage applied
on the AC side of the converter assuming the currents positive when flowing towards the machine can be described as

1
) d.
v — U (Vg — v)d 1 p =i 4 Llﬁﬁ% a7
1
and
1
Uen — Um :7(Z/Zu+yzb+vzc7 Vig — Uzp — Z}ZC)v (18)

3

where v and 2§ are the abc voltage vectors of the grid and the AC side of the converter, r; is the resistance of the filter
inductors and L, is the inductance of the filter.
The dynamics of the voltage of the DC bus can be described as

1/t .
E=Eot [ (i~ ioc)dt (19)
0
iper e
° o ¥ o ° °
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lea la zq
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Fig. 3. The machine side and grid-side converter.
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Fig. 4. The grid model.
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Fig. 5. The grid model’s electrical circuit.

where E is the voltage of the DC bus, ip is the current through the DC side of the grid-side inverter, ipc, is the current through
the DC side of the rotor-side inverter and both currents can be computed by doing a power balance on each inverter.

The crow bar is assumed to be on the AC side of the rotor converter and its applied voltages to be the same as the ones on
the rotor windings generated by the rotor-side inverter (as shown in Fig. 3). Making these assumptions, the current through
the AC side of the rotor converter can be described as

-abc -abc -abc
I =L"+1,, (20)

where i and i are the rotor converter and the crow bar abc current vector.

The dynamics of the current through the crow bar can be described as
d -abc T'w .abc 1 abc

alw :—Elw +Ez/r , (21)

where 1, and L,, are the crow-bar resistance and inductance.

2.6. Grid modeling

The grid’s model comprises from the conductors connected to the stator and rotor windings to the whole country grid
(Fig. 4).

A simplified grid model consisting in a grid of impedances and an ideal three phase voltage source is used. The stator and
rotor voltages are fully determined and thus can be computed from the values of the stator and rotor currents and the grid
model’s generator voltage. Fig. 5 depicts the electrical circuit of the model.

3. Control

The control problem of variable speed WTGSs, as many electrical actuator problems, can be split into two separate control
problems with different time constants: a fast-response electrical control and a slow-response speed control. This decom-
position is depicted in Fig. 6 and a block-diagram of the electrical control which will be explained in the following sections
can also be seen in Fig. 7. The speed control, which may also be thought as part of a high level control, actuates on the pitch
angle and gives torque signal references to the electrical control which actuates on the converter.

3.1. Speed control

There are two main modes of operation of the variable speed WTGSs: the partial load and the full load, and the speed
control system acts in a different way in each one. In the partial-load region, the goal of the control system is to capture
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Fig. 6. The general control scheme.
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Fig. 7. The converter control diagram.

as much energy from the wind as possible while on the full load region its goal is to keep extracting the nominal power while
avoiding overloads. In each region different control schemes are possible.

In the present work, only the partial-load region is considered and the constant tip-speed ratio, which is the most com-
mon partial-load scheme, is analyzed. The constant tip-speed ratio scheme leaves the pitch angle in a fixed position and gives
torque references to the electrical control as a function of the rotating speed. Thus, the advantage of this scheme is that it
does not require a wind speed measurement but also its main drawback is that its open-loop nature does not warrant
the maximum power extraction.
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To find the torque function that gives the optimal power extraction we take the Cp function and find its maximums. By
doing the derivative of the expression (2) with respect to the tip-speed ratio and solving the zero, a maximum of the Cp for is
found on /oy and its value is

‘5
<4705 oy *3°7Opitch 67 +€2

Cpopt = C1C2C5 e ) . (22)

By substituting Cpope and Zope 0N the extracted power expression (1) and dividing it by the angular speed, a turbine torque
for the maximum power extraction expression is obtained which for 6, = 0 (a common value for the pitch in the partial-
load region) has the following form:

_CgC7te

e 2 (CaC7C9 + C6C7 + Ca
2 4
GG

3
1
) 5 PAR 0} = Ko, 7, (23)

L °P‘|0pitch=o -
0p|tch =0

where R is the length of the blades of the wind wheel and K¢, is optimal torque coefficient of the turbine.

It can easily be proven that if the pitch keeps constant and the optimal torque function is passed as reference to the elec-
trical control, the system tends to an equilibrium point corresponding to the maximum power extraction point for each wind
speed.

3.2. Rotor-side converter control

The control of the induction generator is done by the rotor-side control system by vector control using a synchronous
reference with the g axis aligned to the computed stator flux. This control scheme requires the measurement of the stator
and rotor currents, the stator windings voltages and the rotor angle and has the advantage that it provides a nearly decou-
pled control between the torque and the reactive power.

The control is divided in two stages: on a first stage, the rotor current references are computed using the following
expressions which can be deduced from (15) and (16):

i %’-SQ; +MUsqirg +Vsd/sq
rq _ Muvgy (2 4)
= 2L T, ’

lra 3PMigg

where A is the stator flux.

These current references are then saturated of modulus according to the current limitations of the rotor-side converter
and fed to the second stage of current control loops.

The control of the current is done by linearizing the current dynamics using the following state feedback:

{ Urq } _ { Urg + M(w;, — @r)isq + L (), — r)ira }

A . . 25
Urd Urd — M(CU;_S - COr)lsq - Lr(w/ls - CUr)qu ( )

where 2,4 and ;4 are the output voltages of two controllers, w;, is the time derivative of the phase of the stator flux and w; is
the generator angular speed seen by the electrical system.

If the effect of the derivative of the stator current is neglected, the linearization leads to the following expression of the
current dynamics where the g and d components are decoupled:

d (i = 0] (i r 0]l(»
_{'q}:_L, r, {’q}+ ko {f"}. 26)
dt iy 0 7] lin 0 £ lom

Thus, the controller can be designed using any of the classical linear control techniques, in this study the Internal Model

Control (IMC) [24] is used. The parameters of a proportional-integrator controller (PI) are obtained giving a desired system
time constant 7 (and thus desired bandwidth) using the following parameters:

r
K,==", Ki=-L. 27
p==. K= 27)
By choosing a high bandwidth, the gain of the controller increases and the controller action becomes more likely to sat-
urate because of the voltage limitation of the converter thus worsening the response of the system. Also it should be avoided

to have a large gain at higher frequencies due to the switching nature of the converter.
3.3. Grid-side converter control

The grid-side converter controls the voltage of the DC bus and acts as an active filter which can generate reactive power.
Its control is done using a synchronous reference frame with its q axis aligned to the grid voltage which allows active and
reactive decoupled control and requires the measurement of the grid and DC bus voltages and the currents of the AC side of
the grid converter.
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To control the reactive power, a i, reference is computed from the desired grid-side reactive power and the instantaneous
grid voltage as follows:

L2qQ;
lig

=50 (28)

where Q; is the desired grid-side reactive power.

The active power, which is responsible of the evolution of the DC bus voltage is controlled by the i;, component and its
reference signal is output by a linear controller designed to give a zero stationary voltage error for a constant power flow
from the rotor-side converter. When designing the controller, some assumptions are done because of the non-linear dynam-
ics involved in the evolution of the DC bus voltage as described in [11]. The dynamics of the voltage error are described by
the following Laplace function:

s 1

s +30G(s)

e(s) E'(s) + ipcr(8), (29)

C

S +32G(s)
where m is a term which is assumed to be constant and can be computed as the grid voltage divided by the DC bus voltage, C
is the capacitance of the DC bus, E'(s) is the Laplace transform of the desired DC bus voltage evolution (usually constant) and
G((s) is the transfer function of the controller.

Assuming the current control fast enough to consider its evolution instantaneous for the DC bus voltage control loop, the
zero stationary error objective for a constant power flow from the rotor side can be obtained by using a PI controller which
also gives a desired damping ratio and natural frequency by using the following PI parameters:

2C

Ki =50, (30)
AC |

I(p = %gwn, (31)

where { can be chosen to be greater than 1 to have a overdamped response without oscillations and w, can be chosen to have
the desired response speed.
The computed current references are limited according to the converter capabilities and fed to the current control loops.
The grid-side current dynamics of the AC side are described by the following expression in the grid voltage g-aligned syn-
chronous frame:

Uzq B U]q _ I —Lla)e ilq} |:L1 0:| g{l[q} 9
{0} {Vld}_|:Llwe I }{ild "o Lijdt i) G2)

The current control is done by the following state linearization feedback as with the rotor currents:

{ Vyq } _ { —i/lq:F Uzq - Ll.a)eilq }> (33)
Vi — Vg + Liwelyy
where the #, and 74 are the voltages output by the current controller.

The controller is designed the same way as the current controller of the rotor side, using the methodology exposed in [24].
The parameters of a PI controller to obtain a desired time constant 7 are obtained:

Kp= Ki= % (34)

3.4. Crow bar control

The crow bar control, as mentioned before, acts when the grid-side converter is not capable of outputting the whole
power coming through the DC bus from the rotor converter to avoid the overvoltage of the DC bus capacitors. Its activation
is triggered for a fixed time when the DC bus voltage exceeds a high threshold and disconnects as soon as the voltage is lower
than a lower threshold. During its operation, the rotor-side converter may be disconnected as described in [5] although some
authors [6] suggest to keep the converter connected to avoid loosing control over the machine. In the present work the rotor-
side converter is disconnected, thus suppressing the rotor converter current, allowing a fast DC bus voltage response.

3.5. Converter limits

The presence of limitations on the applicable controller actions is an important yet difficult to study subject in the anal-
ysis and design of control systems. Systematic study methodologies have been proposed to deal with actuator saturation [25]
but as this is not the main subject here, another common pragmatical strategy is applied.
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Fig. 8. The anti-windup modification.

First the controller system is designed neglecting the limitations of the converter and then anti-windup modifications are
introduced to the control loops to avoid the undesired unlimited increase of the integral part of the PI controllers due to the
saturation effect. These anti-windup modifications are depicted in Fig. 8.

4. Simulation and validation results

In order to test the matching of the model, a real voltage dip response test done on a real WTGS is simulated and its re-
sults compared to the measurements done in the test. The real test was done in the partial-load operation region on a ECO74
Wind turbine from Alstom (see Fig. 9) and measures of the electrical magnitudes on the MV-side of the TR1 transformer are
available to compare with simulation results (see Fig. 10). Table 2 shows the parameters of the operating point before the
voltage dip and the nominal values used to compute the per-unit (pu) quantities.

The voltage dip tested is a symmetrical gap applied to the medium voltage side of the TR1 transformer. Table 3 shows the
parameters of the gap and Fig. 11 shows the root mean square (rms) graph of the measured MV voltages from the experi-
mental test which are also used as input to the model.

Fig. 9. Picture of a real ECO74 WTGS. More detail is available on http://www.power.alstom.com.
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DFIG
Ly Ly TR 1 MV grid
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data measurement
Fig. 10. Scheme of the voltage dip test measurement.
Table 2
Base and operational parameters.

Parameter Value  Units

Nominal power (stator plus rotor) 1.76 MVA

Nominal MV voltage 17.32  kV (phase to phase rms)

Nominal MV current 33.81 A (rms)

Rotor-side converter rated power 750 kVA

Grid-side converter rated power 480 kVA

Active power before the voltage dip  0.1532 pu

Reactive power before the voltage 0.0033 pu

dip
Table 3
Voltage dip parameters.

Parameter Value Units
Duration 540 ms
Voltage amplitude during the dip 0.215 pu
Drop start ramp length 15 ms
Drop end ramp length 30 ms

Real measurement
Simulation

1.5
Time [s]

2 25

Real measurement
Simulation
1 1 1 =
0.5 1.5 2 25 3
Time [s]

Real measurement

Simulation

0.5

1.5
Time [s]

2 2.5

Fig. 11. RMS value of the abc voltages of the MV-side of the TR1 transformer.

1375
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Different strategies exist to deal with the voltage dip and avoid having to disconnect the WTGS doing the so called ride-
through. Here, the same strategy implemented on the real WTGS is used in the simulation to ensure the correlation between
the simulation and the real test.

The strategy consists in substituting the torque and stator reactive power control current reference signals computed
from (24) by a pair of constant values. According to the quasi-decoupled active and reactive power control obtained from
the stator flux qd orientation, giving a 0 as the i,4 reference signal during the dip, suppresses the generator’s torque and
the active power flowing through the rotor windings thus minimizing the power through the rotor-side converter and
the rise of the DC bus voltage. Also, giving a non-zero value as the i,, reference signal allows generating reactive power
to the grid which may be desirable during voltage dips to rise the grid’s voltage.

As the grid voltage reaches its nominal value, the constant current reference signals are substituted again by the ones
computed from (24). The torque reference is kept constant for a few seconds and then switched back to the output of the
speed control torque reference signal.

4.1. Controller response

In this section a series of graphs of the evolution of some relevant internal variables of the model are presented which
show the proper behavior of the different WTGS control loops. Note that this variables were not measured on the real test
thus no comparison with the actual system evolution is shown, proper comparison between simulation and experimental
measurements will be presented for the MV variables later.

Fig. 12 shows rotor current evolution and its reference values. i,4 current reference value is kept constant for one second
after the rise of the voltage and as said before, the control over the current is lost during the crow bar connection. The voltage
output actuation signal can be seen in Fig. 13. It can be seen that the d component does not remain constant despite the con-
stant value of the torque reference due to the linearization state feedback which depends on the mechanical speed. Fig. 14
shows the stator reactive power and generator torque obtained and its reference signals. Notice that torque reference from
the speed control is ignored during the voltage dip. The evolution of the angular speed of the generator can be seen in Fig. 15,
the speed during the voltage dip is increased due to the absence of generator torque.

The grid-side converter control DC bus voltage and reactive power reference inputs are kept constant despite the voltage
dip. The currents through the converter and its reference values can be seen in Fig. 16. The voltages applied by the converter
on the AC side can be seen in Fig. 17. The evolution of the DC bus voltage can be seen in Fig. 18.

4.2. Comparison with experimental results

In this section a comparison between the simulation results and the simulated evolution of the system is presented.
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Fig. 12. Generator rotor currents in the stator flux qd frame. Continuous black line - reference value; continuous grey line - actual value; grey dashed line -
crow bar connection state.
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Fig. 13. Rotor-side converter AC output voltages in the stator flux qd reference frame during the voltage dip.
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Fig. 14. Stator reactive power and generator torque during the voltage dip. Continuous grey line — output values; continuous black line - reference value;
grey dashed line - crow bar connection state.

Fig. 19 shows the evolution of the active and reactive power output of the TR1 transformer on the MV-side. The compar-
ison of the evolution of the RMS values of the currents on the MV-side of the transformer can also be seen on Fig. 20.

The comparison shows that the variables obtained from the simulated model and the measured evolution on the real sys-
tem are very close despite the real system show a slightly slower evolution of the reactive power at the end of the gap. As the
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Fig. 16. Grid-side converter AC output currents in the stator flux qd reference frame during the voltage dip.

measurements were made on the MV-side of the TR1 transformer, the close resemblance of the active power evolution sug-
gest that the neglection of the TR1 transformer magnetizing inductance transients and its non-linear behavior may be the
cause of these differences. Nonlinear dynamical models of transformers can be found in the literature which can be adapted
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Fig. 17. Grid-side converter AC output voltages in the stator flux qd reference frame during the voltage dip.
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from experimental data from transformer tests [26] and could be added to the model to improve its accuracy. Unfortu-
nately, to adapt the model, measures from both sides of the transformer, which are not available here, would be necessary

to do it.



1380 A. Junyent-Ferré et al./Simulation Modelling Practice and Theory 18 (2010) 1365-1381

1 T T T T T ]
0.5 =
= Or T
K=
& 05 R
1+ : : Real measurement|_|]
Simulation
=15 I I I i 1 3
0 0.5 1 1.5 2 25 3
Time [s]
1F T T T T T ]
ol b .
. | ™
K=
o -1r 7
Real measurement
b Filtered Real measurement| |
Simulation
1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3
Time [s]
Fig. 19. Active and reactive power output of the SGTV measured on the MV-side of the TR1 transformer.
T T T T T I
Y Real measurementH
i Simulation
e 2f N
@
g 1r “ -
0E M, 1 T 1 1 T =
0 0.5 1 1.5 2 25 3
Time [s]
T T T T I
N o Real measurementH
2 Simulation
ZTQ 2 —
@
g 1| m 4
0E 1 - T 1 I T .
0 0.5 1 1.5 2 25 3
Time [s]
T T T T T I
— 3r Real measurement H
2 Simulation
—~ 25 —
__L)
@
€ 1} m 4
0 1 T 1 T T
0 0.5 1 1.5 2 25 3
Time [s]

Fig. 20. RMS value of the abc currents of the MV-side of the TR1 transformer.

5. Conclusions

The paper has presented a model for a wind turbine generation system based on a doubly fed induction generator. A de-
tailed modeling of the mechanical dynamics, the wind turbine electrical system, the converter and the electrical grid has
been presented and the design of the control loops for each subsystem has been discussed. Special attention is dedicated
to ride-through capability of the system, studying the behaviour of the model under voltage dip condition. The results are
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compared to experimental data extracted from real voltage sags provoked to wind turbines, the ressemblance between the
simulated evolution and the experimental data suggest the model is able to produce useful results for wind turbine behavior
studies.
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