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Abstract

The present PhD thesis analyzes the modelling and control of the two main
topologies of large scale variable speed wind turbines, the doubly fed in-
duction generator and the permanent magnet synchronous generator wind
turbines, to operate under different types of voltage sags. The first part
of the thesis deals with the modelling of the wind turbine from the me-
chanics to the different types of generators and the power converter. The
second part deals with the control of the wind turbine. First, three different
control schemes of the doubly fed induction machine are analyzed, starting
with the most basic one, the conventional vector control meant for balanced
operation which is simulated and compared to experimental measurements
from a voltage sag test, and then moving to the dual synchronous reference
frame and the stationary reference frame control, two different schemes that
allow the operation of the machine under unbalanced voltage sags. Then,
different reference calculation methods for the operation of grid connected
voltage source converters under grid unbalances are analyzed and tested on a
experimental platform. Finally, the vector control scheme of the permanent
magnet synchronous generator and a ride-through strategy for this type of
turbine for balanced voltage sags is presented and tested on a small scale
experimental platform.




v

iv — #8
“PhD” — 2011/6/9 —‘9:55 — page iv #




“PhD” — 2011/6/9 —{9:55 — page v — #9

Resum

Aquesta tesi analitza la modelitzacié i el control per a l'operacié sota difer-
ents tipus de sots de tensi6 de les dues topologies més comunes d’aerogenera-
dors de velocitat variable de gran escala, la basada en generador d’induccié do-
blement alimentat i la de maquina sincrona d’imants permanents. La primera
part de la tesi tracta el modelat de la turbina eolica des de la mecanica
fins als diferents tipus de generadors i el convertidor. La segona part tracta
el control de l'aerogenerador. Primer, s’analitzen tres esquemes de control
diferents de la maquina d’induccié doblement alimentada, comengant pel
tipus més basic, el control vectorial convencional, pensat per l'operacié en
equilibri, que és simulat i comparat amb mesures experimentals d’un as-
saig de sot de tensid, i tractant a continuacié I’anomenat control vectorial
amb doble referencia de sincronisme i el control en referéncia estacionaria,
dos esquemes de control diferents que permeten l'operacié de la maquina
sota sots de tensié desequilibrats. A continuacié s’analitzen i comproven
experimentalment diferents metodes de calcul de referencies pel control de
convertidors amb font de tensié sota desequilibris de xarxa. Finalment, es
presenta ’esquema de control vectorial de maquina sincrona d’imants per-
manents i una estrategia de ride-through per a aquest tipus d’aerogenerador
que és avaluada en una plataforma experimental.
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Thesis outline

The present PhD thesis is divided in two parts plus an introductory chapter
and a conclusion chapter: Part I is centered in the modelling and analysis
of the characteristics of the different subsystems of a variable speed wind
turbine and contains the Chapters 2, 3, 4 and 5. Part II deals with the
control of the wind turbines for the operation under grid disturbances and
contains Chapters 6, 7, 8, 9, 10 and 11.

Chapter 2 deals with the modelling of the mechanical subsystem of a
variable speed wind turbine, the aerodynamic behaviour of the turbine, the
drivetrain dynamics and a simplified speed control to optimize the energy
extracted by the turbine.

Chapter 3 discusses the modelling of a doubly fed induction machine. First
the dynamic equations of the machine are obtained and then steady state
equations are obtained for balanced and unbalanced operating conditions.

Chapter 4 analyzes the modelling of a permanent magnet synchronous
machine. First the dynamic equations of the machine are obtained and the
the steady state equations are derived from the dynamic ones.

Chapter 5 deals with the modelling of the back-to-back converter used
in the topologies of doubly fed induction machine and permanent magnet
synchronous machine variable speed wind turbines.

Chapter 6 describes and analyzes a conventional vector controller for the
DFIG and the grid side of the converter and presents a model validation
using existing measurement data from a real test performed on a large scale
wind turbine.

Chapter 7 presents an extension of the conventional vector control for
the DFIG and the grid side of the converter to operate under unbalanced
conditions called the dual synchronous reference frame vector control.

Chapter 8 analyzes the use of the synchronous reference frame for the
control of the DFIG and the grid side of the converter to operate under
unbalanced conditions while solving some of the drawbacks of the dyal syn-
chronous reference frame vector control.

Chapter 9 presents different important problems of the existing current
calcultion methods for unbalanced operation of grid connected voltage source
converters and possible work arounds for them while providing experimental

vii




“PhD” — 2011/6/9 — 9:55 — page viii — #12

evaluation of the proposed solutions.

Chapter 10 describes the vector control of a permanent magnet syn-
chronous generator-based wind turbine.

Chapter 11 presents a ride-through strategy for permanent magnet syn-
chronous generator-based wind turbine which allows independent control of
both sides of the converter while providing experimental verification of the
proposed algorithm.

Finally the Chapter 12 summarizes the conclusions of the present thesis.
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Chapter 1
Introduction

Wind energy is considered nowadays to be one of the most promising renew-
able energy sources. The historical data on installed wind power capacity
show that it has been growing at an increasing rate for the last 20 years [2].
The growing penetration of wind farms in the grid has arisen a number of
issues for the proper operation of the grid. Namely, wind farms are known to
be less robust to voltage sags than conventional energy generation plants. In
the former days, when a deep voltage sag occurred due to a fault in the grid,
wind farms would disconnect from the grid to avoid damaging the turbines.
This sudden disconnection of power input to the grid would cause an im-
balance which in some situations could lead to network instability. In order
to avoid that, modern wind farms are required to be able to ride through
voltage sags, that is, to remain connected while the fault is cleared.

Voltage sags are usually classified in two types: balanced and unbalanced.
Balanced voltage sags are caused by three phase faults and starting tran-
sients of large machines, they are characterized by a symmetrical sudden
drop of the voltage of the grid voltages. Unbalanced voltage sags are caused
by non symmetrical faults, they are more common than the balanced sags
and cause an asymmetrical drop in voltage of each phase.

The first wind farms to be installed were based on fixed speed squirrel
cage induction generators. During the last decade of the 20th century, the
need to optimize the energy extraction to increase the power rating of the
wind turbines and the need to provide reactive power support to the grid
led to gradually replace this topology by the so called doubly fed induction
generators (DFIG).

The variable speed wind turbines with DFIG are the most common type of
wind turbine generation systems (WTGS) installed nowadays. This topology
uses a gearbox to adapt the low speed of the turbine to the operating speed of
a wound rotor induction generator controlled through a small rated back-to-
back voltage source converter (VSC) connected to the rotor of the machine.

The main benefits of this topology compared to the previous squirrel cage
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wind turbines without power converter are the ability to operate at a wider
range of speeds, thus to optimize the energy extraction from the wind, and
the ability to precisely control the active and reactive power injected to the
grid.

The most common control scheme for the DFIG-based WTGS, the con-
ventional vector control design [3], have been proven to provide good perfor-
mance under balanced conditions. The ride-through capabilities of the DFIG
for symmetrical voltage sags using this control method plus rotor connected
resistors in case of an excess of power flowing through the rotor windings
were analyzed in detail in [4]. The performance obtained by this method was
also later discussed for a number of different scenarios in [5]. This method
can be arguably considered to be the base of the more advanced methods for
unbalance operation and will be extensively analyzed in the present thesis.

Unbalanced conditions caused by non symmetrical faults require different
approaches as the conventional vector control scheme exhibits poor perfor-
mance under such conditions. One possible solution was presented in [6],
where this problem is solved by using the so called double synchronous refer-
ence frame vector control which separately controls the positive and negative
sequence of the current by using band-stop filters to separate the positive
and the negative sequence of the magnitudes. This approach was later used
in [7] where a new current reference calculation method was suggested to
coordinate the control of the machine side and the AC grid side of the con-
verter to minimize the DC bus voltage ripple due to the oscillations of active
power coming from the machine.

Although this current control scheme has been proven to enable the oper-
ation under grid unbalances, its main disadvantage is the need to process the
Fortescue decomposition of the measured signals by the use of filters which
have a limited frequency operating range and decrease the performance that
can be obtained from the system. Different possible alternate designs exist
in the literature: first order all-pass filters are used in [8] and the so called
generalized second order integrator is used in [9]. Although each of these
filters have their own advantages, all of them have a limited bandwidth and
add phase lag to the open loop current transfer functions and thus degrade
the system performance.

A different approach to avoid the use of these filters was suggested in [10]
where unbalanced operation capability is obtained by extending the vec-
tor control scheme by adding high gain to the current controllers around
the double frequency of the grid thus making the controller suitable to fol-
low current reference signals which also contain negative sequence. This
approach has been shown to work well but implies the need of current con-
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trollers designed to follow reference signals around two different frequency
ranges.

Another different approach is the use of stationary frame current con-
trollers which are designed to have a high gain around the grid frequency
to be able to track sinusoidal reference signals. This approach has the same
basic advantages of the scheme proposed in [10] and the only main difference
is that the resulting controllers have a high gain around a single frequency
range, thus they are slightly simpler. Here both the dual synchronous ref-
erence frame and a stationary reference frame design will be extensively
analyzed and discussed.

Regarding, the reference calculation, several options exist in case of un-
balanced voltage sags. The previously mentioned works on control under
unbalanced conditions use the reference calculation scheme from [11]. This
scheme uses negative sequence current to compensate for the oscillation of
the power injected to the grid that appears due to the presence of negative
sequence in the grid voltage. Here a critic analysis of the application of
this method to the calculation of the current references for the control of
a voltage source converter is presented along with remarks on several weak
points of this procedure and possible solutions for them.

Recently, the need to reduce the maintenance costs of the wind turbines
for offshore wind farms have risen the interest in replacing the DFIG by
permanent magnet synchronous generators (PMSG) with full rated power
converter in the new wind turbines. The reason to do that is that even
though this new topology requires a new type of electrical machine with
higher manufacturing costs and a power converter with a higher rating, there
are a number of interesting benefits of this configuration. The first feature of
the PMSG that caught the attention of the wind turbine manufacturers was
the possibility to create PMSGs with a large number of pair poles, rendering
the machine able to operate at very low speeds compatible with the operating
speeds of the wind turbines [12]. This way a direct drive design of the wind
turbine without gearbox could be manufactured to suppress one important
source of maintenance costs and failures.

Another important feature of the PMSG topology is that the machine is
completely isolated from the grid through the converter unlike the DFIG
which has the stator of the machine connected to the grid. This makes the
machine less sensible to grid disturbances, suppressing a number of design
challenges regarding the need to improve the control methods to reduce the
stress over the generator and the mechanical system of the wind turbine in
case of need to operate during grid faults.

Finally, another interesting feature of the PMSG topology is that the
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higher rating of the converter and the complete decoupling between the gen-
erator and the grid connection make it possible to implement with ease new
strategies and special behaviours to operate under different grid conditions.

Vector control of PMSG has been proved to provide good performance
characteristics. The principles behind this method originate in [13] and its
use to control the PMSG is extensively documented in the literature [14, 15].
Here, the basic vector control scheme will be described and a ride-through
strategy which enables independent control of the AC grid side connection
of the converter and the machine rectifier will be analyzed.
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Chapter 2

Wind turbine mechanical system
modelling

2.1 Introduction

This chapter analyzes the modelling of the dynamics of the mechanical sys-
tem of a variable speed wind turbine. First, in Section 2.2, a simple aero-
dynamic model based on [16] is described. This model relates the power
extracted from the wind passing through the surface swept by the turbine
to the wind speed and the rotating speed of the turbine. A linearized ver-
sion of this model is also obtained here to later simplify the analysis of the
performance requirements of the wind turbine generator torque control. In
Section 2.3, a model of the wind speed originating from [17] is presented.
Section 2.4 analyzes the modelling of the wind turbine drivetrain dynamics.
A so called two-mass model is presented and briefly compared to a more
simple one-mass model. Finally, a basic wind turbine speed control called
constant tip speed ratio control is presented and discussed in Section 2.5.
The stability and the dynamic behaviour of the system are analyzed and the
basic performance requirements of the torque control of the generator are
obtained.

2.2 Modeling of the wind turbine aerodynamics

According to [18], wind turbine generation is based on the extraction of
power from the kinetic energy of the wind. Hence, the power extracted by
the turbine P; can be expressed as the kinetic power available in the stream
of air across the area swept by its blades P, multiplied by an dimensionless
coefficient C'p called power coefficient. The C'p can be thought as a measure
of the aerodynamic efficiency of the turbine and depends on the relation
between the average speed of the air across the area covered by the wind
wheel and its angular speed and the geometry of the turbine (which also
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depends on the pitch angle of the blades). The power extracted by the wind
turbine has the following expression:

1
P, =cpP, = cPipAvi (2.1)

where p  is the air density assumed to be constant,
A is the surface covered by the wind wheel,
vy is the average wind speed.

There have been different approaches to model the power coefficient rang-
ing from considering it to be constant for steady state and small signal re-
sponse simulations to using look-up tables with measured data. A common
approach is to use an analytic expression suggested in [16] of the form:

1
cp(A,B) = <62A —c3f —cfP — CG) e=TR (2.2)
where [c; ... cg] are characteristic parameters of the wind turbine which can
be obtained by statistical analysis of measured data from a real turbine and
finite element method simulations, 3 is the blade pitch angle and A is defined
as:

1 A 1 C9
—_ A — 2.3
A A+ 1+33 (2.3)
where A is the so called tip speed ratio and it is defined as:
R
PRl al (2.4)

Vw

where w; is the turbine speed and R is the turbine radius.

To simulate the response of the turbine, the power extracted by the turbine
for a given wind speed, angular speed of the turbine and the blade pitch
angle, can be easily computed by using (2.1). Dividing the extracted power
by the angular speed, the turbine torque, which is needed for the simulation
of the mechanical dynamics, is obtained as:

3 1

1
Iy = CpipA’U (2.5)
The characteristic parameters for a turbine case that will be used along
this document can be found in Table 2.1. Figure 2.1 shows a plot of the
power coefficient as a function of the tip speed ratio for a constant pitch
angle for this turbine. According to [18], this is the usual shape of the Cp
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curve for a three blade wind turbine and it usually has a maximum that can
be obtained by for A ~ 8. In this case, the maximum corresponds to the 48%
of the available power. The theoretical limit for the aerodynamic efficiency
for any possible wind turbine corresponds to approximately 59%[16].

Parameter  Value Units  Description

R 33 m Turbine radius

ol 9 m/s  Nominal wind speedt

P 1,225 Kg/m3 Air density

C1 1 1

c2 39,52 1

C3 0 1

Cy 0 1

cs 0 1 Cp function parameters

c6 2,04 1

c7 14,47 1

cs 0 1

C9 0 1
Aopt 8,28 1 Optimal tip speed ratio
cy ¢ 0,476 1 Optimal power coefficient
w,fv 21,57 min~'  Wind turbine nominal speed
ry 0,322¢6 ~Nm  Wind turbine nominal torque
PN 727,3 kW  Wind turbine nominal power

Table 2.1: Wind turbine characteristic parameters

The maximum efficiency for a given turbine, can be calculated by differ-
entiating (2.2) as a function of A and solving for the roots of this equation.
For the sake of simplicity here the pitch angle is taken as zero as an increase
on the pitch angle always leads to a reduction on the force that the wind
applies on the blades. The maximum efficiency Clogp " becomes:

_cateper
oot = L2 (2.6)
cr
also, the so called optimal tip speed ratio to obtain this efficiency is:
1
NPt — (2.7)

co + %g + é
Thus, considering the wind speed to be known, the power extracted by
the turbine can be maximized by simply driving the turbine to match the
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C, 1]

2 4 6 8 10 12 14 16 18
A1

Figure 2.1: Power coefficient as a function of the tip speed ratio for 5 = 0.

corresponding speed for the optimal tip speed ratio. As the wind is hard to
measure, usually a different open loop strategy without wind speed sensors
is used, this will be explained in more detail later.

On the other hand, to analyze the dynamics of the mechanical system, it
is also useful to do a small signal linearization of the torque equation (2.5)
around the nominal operation. The following relation is obtained:

N N
%&Uw - %&ut (2.8)

Iy ~TN +

where the nominal values for the wind speed, the turbine torque, the turbine
speed are v, T and w)Y and the small signal variables are defined as:

Svw 2 vy — v (2.9)
S VRS (2.10)
dwr 2wy —wl¥ (2.11)

2.3 Wind speed modelling

Wind speed varies from one location to another and also fluctuates over the
time in a stochastic way. As it has been previously shown, it maintains a
direct relation to the force that the turbine blades receive from the wind.
Therefore, it has a direct effect on the extracted power and its evolution
must be taken into account to properly simulate the WT'GS dynamics.

10
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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 [17] 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:

Vo (t) = Vwa(t) + Vr (£) + Vg (t) + Vit () (2.12)

where vy,(t) is a constant component,
Uyr(t) 1S @ common ramp component,
Vg is a gust component,
Vot is a turbulence component.
The vy (t) component is a constant value used to set a constant wind

speed. The vy, component is a limited ramp function used to simulate a
increase in the wind speed and it can be written as a function of time as:

0, per t < T,
Uwr(t) = Ar%v per Ty, <t < T, (213)
A, per T, <t

where Ar is the amplitude of the ramp and T, and T, are the start and
the end time of the ramp.

The gust component may be useful to simulate an abnormal temporary
increase of the speed of the wind and its expression is:

0, for t < Ty
Vg (t) = { A, (1 ~ cos [277 (TZ_T;ig)D  for Ty <t <Ty,  (2.14)
0, for T,y < t

where Ag is the amplitude of the gust and T, and T, are the start and the
end time of the gust.

Finally, as discussed in [19], the turbulence component v,; is a signal
which has a power spectral density of the form:

i |In (£)]
Ppy(f) = M (2.15)

11
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where 0, 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 zg is a roughness length parameter which depends
on the landscape type as shown in Table 2.2.

Landscape type Range of zp (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

Table 2.2: Values of the zq for different types of landscapes. Sources: Panof-
sky and Dutton, 1984; Simiu and Scanlan, 1986

The parameters of the power spectral density function of the wind speed
turbulence can be computed from the height of the wind turbine, the average
wind speed and the kind of landscape where the WTGS is located. The next
step to simulate the evolution of the wind speed is to generate a signal which
has the desired power spectral density. There are many ways of doing this,
as for example by summing a large number of sines with random phases and
amplitudes according to the Pp,; function as suggested in [20] or by designing
a shaping filter and applying it to a flat spectrum noise signal.

Finally, note that although it is important to be able to perform long
simulations with a realistic model for the whole WTGS, as most simulations
for power quality studies are very short in time, sometimes a very simplified
model including only the step component or even a constant wind speed will
be used. The reason for this is that sometimes it is wanted to be able to easily
isolate the changes in the system variables induced by grid disturbances from
the distortions produced by the random nature of the wind.

2.4 Drivetrain modelling

The drivetrain of a WT'GS comprises the wind turbine, the turbine shaft,
the gearbox and the generator’s rotor shaft. The v multiplication ratio of
the gearbox is usually comprised between 50 and 150 and the wind turbine
inertia is usually about the 90% of the inertia of the whole system according
to [1].

The turbine blades are usually made of composite materials which are
light enough to make it feasible to build very large turbines. Due to the

12
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heavy forces applied by the wind on the blades, they tend to deform thus
introducing some dynamic effects on the transmission of the power between
the wind kinetic energy and the mechanical power transmitted to the elec-
trical generator. A common way to model this phenomenon is by the use
of partial differential equations which can be solved by the finite element
method [21]. As solving this equations is computational intensive task, usu-
ally lumped parameter system approximations are used for the simulation of
these systems if only a rough approximation of the behaviour of the mechan-
ical system is needed. A common approximation is to treat the mechanical
system as a series of masses connected through elastic couplings with linear
stiffness, a damping ratio and a multiplication ratio between them [1]. Here a
model of two masses, graphically presented in Figure 2.2 is used. The model
consists of one inertia J; corresponding to the turbine inertia connected to
another inertia J,,, corresponding to the motor and the gearbox through an
elastic shaft with a k angular stiffness coefficient and a ¢ angular damping
coefficient. By applying the Newton’s laws to such system, the dynamical
equations for it are obtained as:

—c c k

wm v2Jm vdm T2 Jm v Wm i (1)

. k

S U vy At A7 A ll I 0 7| [Im 2.16
W 1 0 0 0 Om Tlo 0 I (2.16)
o 0 1 0 0 0, 0 0

where 6;  is the turbine angle,
0., is the generator shaft angle,
w  is the turbine speed,
wy, is the generator speed,
T is the torque applied to the turbine by the wind,
Tm 1S the generator torque.

This equations can be thought as the state space representation of a sys-
tem which has the turbine and generator torque as inputs which need to
be calculated from the wind turbine aerodynamic model and the generator
model to simulate the evolution of the system.

To study the dynamical characteristics of the drivetrain, it is useful to
apply the Laplace transform to its equations. Here the Laplace transform
of the turbine speed wy(s) as a function of the generator and the turbine
torque is obtained as:

13
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Figure 2.2: Two mass drivetrain model

B cvs + kv r
I Jiw?s3 + (Jcv? + Jie) 82 4+ (Jpkv? + Jik)sT ™
Jnv?s? +cs+k
* T Jiv?283 + (Imev? + Jie) 82 + (T kv? + Jik)

w(8)

(s)

Ty(s) (2.17)

From this equation it can be seen that for either ¢ — oo or & — oo, that
is if the mechanical system is considered to be rigid, the equation becomes
equivalent to a one mass model where the inertia of the whole system can
be aggregated:

v (s) + 1
s —_—
(Jml/2 + Jt) S

v 1
—7T,, —7T 2.1
Foln() = 7oTils) (218)

we(s) = mrm Ti(s) =

where J; is the aggregated inertia of the whole mechanical system.

The characteristic parameters for an example case can be found in Table
2.3. The bode plots of the transfer function between the generator torque
and the turbine speed and the turbine torque and the turbine speed for
both models is shown in Figure 2.3 and Figure 2.4. Note that both models
are identical at low frequency, thus proper modelling of the turbine elastic
nature may not be necessary to have a proper representation of the system
behavior for slow transient phenomena.

2.5 Wind turbine speed control

As it was previously shown in Section 2.2, the power available to be extracted
by a wind turbine depends on the average speed of the wind that crosses

14
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Parameter Value Units Description
v 90 1 Gearbox transform ratio
I} 4e6 Kg m? One-mass wind turbine aggregated
inertia
I? 3,6e6 Kg m? Two-mass wind turbine aggregated
inertia
I, 49,38 Kg m? Two-mass generator aggregated in-
ertia
c 108 Nm rad™'  Two-mass damping ratio
k 6e7 Nm srad™' Two-mass stiffness coefficient
wN 1,941 min~! Generator nominal speed
ry 3,58e3 Nm Generator nominal torque

Table 2.3: Drivetrain characteristic parameters

T T
— one mass model
-50 two mass model ||
@ 100 :
s Ty
T \
S _y50k : : T
—-200 i i i i
10 10° 107 107 10° 10’ 10°
Frequency [Hz]
-100 -
B 150
K
=)
g — del
< o0l one mass mo
two mass model
-250 & i i i i i 8
10 10° 107 107 10° 10’ 10°

Frequency [Hz]

Figure 2.3: Bode plot of the transfer function between the generator torque
and the turbine speed
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T T
= one mass model
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-80 | ——— one mass model

two mass model

i i i i
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Figure 2.4: Bode plot of the transfer function between the turbine torque
and the turbine speed

the surface swept by its blades. Also, to have the maximum possible power
extraction from the wind, it was shown that the speed of the turbine must
match a certain value that depends on the speed of the wind.

The precise measurement of the wind speed is a hard task due to the local
variations of the speed and the distortions introduced by the operation of
the wind turbine. For this reason, a number of different control strategies to
maximize the energy extraction by doing the so called maximum power point
tracking (MPPT) without the need of a wind speed measurement have been
suggested in tha past. The most basic and well known of these techniques
is the so called constant tip speed ratio control, which has been extensively
documented in the literature [22, 3, 23] and is usally used for the modelling
of the speed control behavior for power quality simulations of wind turbines.
Here only a some details on this technique which are useful to know for the
proper design of the generator current control will be presented.

The control action for the constant tip speed ratio control can be calcu-
lated as:

1
I} = ~Kcopw? (2.19)
v
where '}, is the generator torque reference value and
1 ( n )3 _Ccateger
c1(C2 CeC7) € €2
Kop = 5pAR?’ o (2.20)

16
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In order to study the resulting dynamics, as the speed control law and
the turbine aerodynamic curve are nonlinear, a small signal linearization of
the equations around the nominal operating point can be performed. Con-
sidering the generator control to be perfect so that I';,, = '} , the following
relation is obtained by linearization:

ory N orhN
~ TN _ t t
N—_——
6Tm

where T'Y and w}¥ are the nominal values for the generator torque and the
turbine speed and the small signal variable 6I',, is defined as:

oL 21, — TN (2.22)

By combining the Laplace transform of the turbine speed as a function
of the turbine and generator torque (2.17) or (2.18), the linealized turbine
torque equation (2.8) and the linealized generator torque (2.21) the transfer
function between the wind speed and the turbine speed can be obtained.
For the sake of simplicity, here only the equation for the one mass model is
presented:

5 3N

W Jguly

ﬁ(s) = %Fiv (2.23)
“ s+ Jgwi¥

From this equation, several conclusions can be drawn. The first to note is

N
that the system will be stable as the term SFtN is always positive. On the

Jgwi
other hand, the system response will be that of a first order system with a
N
time constant of 7 = J?’I;jN which depends on the system characteristics and
gt

can not be adjusted.

In order to properly design the generator current control, it is also useful
to obtain the transfer function that relates the generator torque, which is
the reference input to this control loop, to the wind speed variations. By
introducing (2.23) into (2.21) the following is obtained:

—6(ry)”
or JgolYwl¥
“ s Jgwy¥

Next the response of the system to a step increase of the wind speed is
simulated and its evolution is compared between the linearized model and

17
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the nonlinear model. The evolution of the turbine speed and the generator
torque is presented in Figure 2.5, the evolution of the power coefficient is
presented on Figure 2.6.

Figure 2.5:

Figure 2.6:

24 e
235
e 23p
5
g_ 225 ol
= Nonlinear
221 4 . N
/ Linear
215F i i i i i i |
0 10 20 30 40 50 60 70
Time [s]
441
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£
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—
3.8 = Nonlinear
3.6k Linear
i i i i i i
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Simulated evolution of the turbine speed and the torque applied
by the generator during a step increase of the wind speed when
controlling the generator using the constant tip speed ratio con-
trol technique.

T T T T T T
= Nonlinear

0.474

M

o 0.472

C

0.47

0.468 -

0 16 éU 36 4‘0 5‘0 66 70

Time [s]
Simulated evolution of the power coefficient of the turbine dur-
ing the transient produced by a step increase of the wind speed

when controlling the generator using the constant tip speed ratio
control technique.

It can be seen that there are only slight differences between the predicted
evolution on both models thus confirming the usefulness of the linearization.
It can also be seen that the transient response is very slow with a time
constant of approximatelly 11 seconds, and that during this transient the
power extraction is not optimal.
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2.5 Wind turbine speed control

Figure 2.7 shows the bode plot of (2.24). This graph provides useful
information about the use that the speed control does of the torque control
action, this way it is possible to decide the performance needed from the
generator current controller.

Gain [dB]

i i i
107 107 10° 107" 10 10 10°
Frequency [Hz]

-90.0001 L " 5 L T )
1 10 10° 10 10 10
Frequency [Hz]

0* 10° 2

Figure 2.7: Bode plot of the transfer function that relates the generator
torque to the wind speed variations. Note the graph is nor-
malized to the nominal generator torque.

Note that for a step increase of the wind speed by 1m/s, the system needs
to increase the applied torque by approximatelly 22% (-13 dB) of the nominal
torque in steady state while for frequencies above 20 Hz, the gain becomes
lower than 1% of this value (-53 dB). This frequency can be thought as a
lower bound for the bandwidth of the generator current controller and it is
very low because of the very slow dynamics of the mechanical system.
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Chapter 3

Induction machine modelling

3.1 Introduction

This chapter discusses the modelling of an induction machine. The induction
machine is nowadays the most common type of electrical machine used for
wind generation.

The chapter is organized as follows: first, a dynamic model of the induc-
tion machine based on [24] is presented in Section 3.2. The equations of the
machine are first presented in their abc variable form and later the variables
are transformed to the so called Park variables by introducing the Park vari-
able transformation matrix which will be useful for the study of the machine
and the design of the controllers in later chapters. The steady state opera-
tion equations of the machine, which make it easy to calculate the relations
between the current flowing through the machine windings and the voltage
applied to the machine, are obtained from the dynamic equations. First the
equations for a balanced case are presented in Section 3.3 and later a more
general unbalanced case is analyzed in Section 3.4.

The methods to calculate the current reference values needed to obtain the
desired torque and reactive power output of the machine are also analyzed.
First, the calculation method used in the conventional vector control which
considers the grid voltages to be balanced is analyzed and later a generalized
calculation method for unbalanced operation, which allows to suppress the
machine torque oscillations in case of an asymmetric voltage sag, is analyzed.

3.2 Induction machine dynamic equations

Figure 3.1 shows the connection schematics for the DFIG machine.

We define the machine stator and rotor voltage vectors v2¢ and v as
the vectors of voltages applied to each of their windings. Thus, they can be
written as a function of the transformer secondary windings voltages and

the machine side inverter voltages as:
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Induction machine Stator grid connection
transformer

Machine side inverter

DC bus

Figure 3.1: Detail of the DFIG connection for a Y-Y configuration without
neutral conductor.
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3.2 Induction machine dynamic equations

1
v = % 1 (060 — Vnws) | 1 (3.1)
1
and
1
v = 9% 1 (v — Vpr) |1 (3.2)
1

Also as no neutral conductor is present it can be stated that:

{ isa"_isb"_isczo (33)

lra +irb +tpe =0

According to [24] the relation between the current and the applied voltage
on the windings of a symmetrical induction can be written as:

, d
v = i 4 A (3.4)
dt
. d
v = g jabe 4 — yabe (3.5)
dt
where vfjbc and vﬁba are the stator and rotor voltage vectors,
i%¢ and 9% are the stator and rotor current vectors,
A% and \%¢  are the stator and rotor flux linkage vectors,
rs is the resistance of a single phase of the stator,
T is the resistance of a single phase of the rotor.

Considering an ideal linear magnetic behaviour, the flux linkage vectors
can be written as a function of the current vectors as:

Aabc Labc Labc iabc
|:)\Zbc:| = |:LZZC ngc:| |:'Zbc:| (36)
r rs rr

L

where L%¢ L[ L3¢ and L%¢ are the coupling matrices which can be
written as:
Lls + Lms _%Lms _les
ngc = _%Lms Lis + Lis _§Lms , (37)
_%Lms _%Lms Lis + Lps
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Llr + Lmr _%Lmr _%Lmr
L%«)C = _%Lmr —Liy + Ly _%Lmr ) (38)
- %Lmr - %Lmr Ly + Ly

. cos(6,) cos(0, + Z)  cos(d, — &)
Lobe — {Lﬁg’c} = Ly |cos(6, — %’T) cos(6;) cos(d, + Z) | (3.9)
cos(0, + ZF) cos(d, — ) cos(6,)

where L;, and Ly, are the stator and rotor leakage self-inductances,
L,,s and L., are the stator and rotor core self-inductances,
L, is the maximum value of the coupling inductance
between the rotor and the stator,
0, is the rotor angle multiplied by the number of pair

poles of the machine.

On the other hand, the equation for the torque of the machine can be
obtained by evaluating the power balance on the machine by identifying
the terms that correspond to the mechanical power output. The obtained
expression is:

P Z‘abc t 0 Nabc abc
Fm = 5 |:Z~Zbc:| |:N;18bc 0 :| |:ZZbC:| (310)

T r

where P is the number of pair poles of the machine, and

[V

4 Y 3 Y
Nm:{NWF:—L Q&MH%)$MZZf>z$Z+§§
sr T8 ST 3 3
sin(0, + 2F)  sin(f, — 2F) sin(6,)
(3.11)
The former equations contain a number of time-varying sinusoidal terms
that make them nonlinear and hard to operate. To make the study of the
machine dynamics easier, the so called Park variable transformation matrix
is usually applied to them to eliminate the dependence on the rotor position
and also, as it will be shown, to eliminate one of the equations for every
winding group in absence of neutral conductor.
The Park variable transformation matrix for a Park reference frame (also

referred as ¢d0 frame) is defined as:

9 cos(f) cos(0 — ZF) cos(6 + %)
T(0) = = |sin(d) sin(d—2F) sin(d+ 2F) (3.12)
3 1 1 %

2 2
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and its inverse is

cos(6) sin(6)
T7Y#) = |cos(d — &) sin(h — %”)

1
1 (3.13)
cos(0+ 2 sin(0+ %) 1

The transformation of the 2% vector to a ¢d0 frame with angle  is then
defined as:

2990 & ()b (3.14)
Next we define the Park-transformed variables for the DFIG as:

p10 2 T(0)vebe

L IO (315
030 279 — 6, )b

#0279 —g,)i0be

By introducing the transformed variables to the machine equations, the
following equations in the ¢d0 frame are obtained:
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4y As3 _ %v AwN\N 4 mE\va o 0 AL3 _ %v &wﬂm|
AL3 o %v Aw?N + mE\va 4y AL3 _ %v Lm@m 0 "
0 0T 5= k 0 (17 +"7¢) ~
9eTE 0 g (17 +°7%) S
Ay 4 g & 0 g 0

pit| P 0 Ay g 0 oy & P
I 0 ST + S 0 e

0 st 0 S 4 swyg
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and

di .
Vgp = Lls—so + 7r5is0 (3.17)
dt
di )
Uro = Llrdizo + et (318)

On the other hand, the torque can be written as a function of the current
in the ¢qd0 frame as:

9 .. .
I, = ZPLST (tsqird — Tsdirg) (3.19)

To further simplify these equations, we define the following machine pa-
rameters:

Ls £ %Lms + Lis
Ly £ 3Ly + Ly (3.20)
M £3L,
thus we obtain:
Ls 0 M 0
W lo Ly 0 M| d|id
v (M0 Ly 0| at|i
0O M 0 L,
Ts Lo 0 M6
*Lse Ts — MO 0 Z'qd
. . S
+ 0 M (0 — wr) Ty L, <9 - wr) i?d )
-M (9 — wr) 0 —L, (6 - wr> Ty
(3.21)
{ vso = Lus S + rsiso (3.22)
vro = Ly ngO + 7riro '
3 . .
Iy, = §PM (tsqird — Tsdirg) (3.23)

It is also interesting to obtain the expression for the stator, rotor and
mechanical power exchange. According to [25], they can be written as:
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Por = Toniimn (3.24)
Py = 2 (vagig + vudisa) (3.25)
P = 3 (trgig + traiva) (3.26)
Qs = g (Vsqlisd — Vsdisq) (3.27)
Qr = % (Vrgird — Vrdirg) (3.28)

where P, is the mechanical power,
P;  is the stator active power,
P, is the rotor active power,
Qs is the stator reactive power,
@, is the rotor reactive power.

The first important result, from (3.22), is that the presence of 0 component
on the voltage would imply a 0 sequence current, and the sum of the current
of the three phases would not be zero. Thus:

{ Usnza + Vsnzb + Usnze + 3 ('Unsz - 'Unws) =0 (3 29)
Urna + Urnb + Upne + 3 (Um" - Unwr) =0 '
and the following relations are obtained:
r 1 11
9 2 T2
pibe =211 1 L] (3.30)
31 % 1
L~ 2 2 J
r 1 111
9 2 T2
be __ 1 1 b
’Ug ¢ = g —? 11 —15 ’Ugnc (331)
L~ 2 2 |

3.3 Steady state analysis for balanced operation

Next the equations for the steady state will be derived from the system
equations considering first the case where the voltages applied to the machine
have no negative nor zero sequence components.

A three phase sinusoidal signal 2%%°(t) is said to be balanced and contain
only positive sequence when it is of the form [26]:
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cos(wet + ¢z)
2% (t) = V2X | cos(wet + 5 — ZF) (3.32)
cos(wet + g + 2F)
where X  is the root mean square (rms) of any of the phases,
we is the grid frequency,
@y, is the a phase angle for ¢t = 0.

If the Park transformation matrix 7(6) is applied to this vector by choos-
ing the reference angle to match the angle of the a phase as 8 = w.t + ¢, the
obtained voltage vector is constant of the form:

lI>

299(1) = T(wet + )a™ = V2X [ cos(pz — ) ]

—sin(pz — ¢) [xéz] (3.33)

Tyq

where z7° and zjj* are the steady state values for the ¢ and d components of
z9(t).

Particularizing the machine equations (3.21) for = wet + ¢ and consid-
ering the machine rotational speed w, to be constant and vgd and v?d to be
balanced, it can be seen that the obtained system dynamics are linear. If
the system is stable, then in steady state the current will be constant as
the input voltages are constant. Thus in steady state the derivative of the

current will be zero and the following relations are obtained:

Ugqg = Tslgq T welsigy + weMijy

0 = rsigy — welsigy, — weMiyy (3.34)
Vpg = Tripg + SweLyily + sweMigy )
e sweLriﬁz — sweMz'f;Z

where s = “<== is the so known slip of the machine.

Note that ¢ was chosen to match the angle of the stator voltage at the
time ¢ = 0 so that v}; became 0.

These relations are usually rewritten in a more compact form called phasor
form. We define the phasor form X of the vector 29%(t) in steady state as:

1 .
X = 7 (2% — jaif) (3.35)
Thus, to obtain the phasor form of the steady state equations (3.34),
the equations for each d component are multiplied by the j and subtracted

from the corresponding g component and both are divided by v/2 to put
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everything as a function of the rms values of the corresponding sinusoidal
variables:

‘/S = ({r‘s + jweLS)ls + jweer (3.36)
V,=(rr+jswely) L, + jsweMI, (3.37)

Also as having a different number of turns on the stator and the rotor will
give a transformation ratio between both windings, usually the rotor vari-
ables may be referred to the stator side as it is usually done with transformers
and squirrel cage induction machines. To the reduce the rotor variables to
the rotor side, they are be divided by the ratio between the stator turns Nj
and the rotor turns N,.. The following new reduced variables and parameters
are defined:

v, = ~ (3.38)
N,

I = ﬁ:lr (3-39)

N\ 2
— <Ni> Ty (3.40)

N\ 2
L 2 <N> L, (3.41)
M2 M 3.42
X (3.42)

Then, the steady state phasor equations can be rewritten as:

Vi = (rs + jweLs) I + jweMI, (3.43)
Vi, = (r. + jsweL;) I + jsweMI, (3.44)

Finally as the slip of the machine also changes the rotor impedance, it
is also usual to divide the rotor equation by the slip to obtain the former
equation in the following form:

Vo= (ro+ jwe (Lo = V1)) L+ jeoe M (L, + 1) (3.45)
V! r! - -
= = <§ + je (Ly - M)) I+ jwcM (I, + 1) (3.46)
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3.3 Steady state analysis for balanced operation

From this point it is easy to obtain the equivalent circuit of the machine
which is depicted on Figure 3.2. The parameters for the machine used in
this work can be found on Table 3.1.

I, - LM LM % ‘WL’,

Vs M 0L

Figure 3.2: DFIG machine equivalent circuit.

From the equivalent circuit, considering that the magnetizing inductance
M will usually have a large value in comparison to the resistance of both
winding sets r; and r,. and also to the terms L, — M and L — M which are
related to the leakage flux, we see that usually the it will be usually true
that:

l;" ~ _lsa (347)
V.~ sV, (3.48)

From this relations we can also obtain an approximate relation between
the stator and the rotor active power:

P, ~ —sP, (3.49)

Thus, for operation speeds close to the synchronous speed, that is for small
values of the slip s, the power through the rotor P, is only a small fraction
of the total power extracted from the wind, and thus the machine can be
controlled using a power electronic converter with a small rating connected
on the rotor of the machine, which is one of the important advantages of the
DFIG topology in comparison to other generator types.

3.3.1 Steady state current reference calculation

Usually the output variables of the generator control will be either generator
torque and the reactive power through the stator of the machine. Unfortu-
nately, this variables may either not be measured or be nonlinearly related to
other relevant system variables. Thus usually, as both currents and voltages
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Parameter Value Units Comments
VN 690 A% Phase to phase rms
* 2,5 1
P 2 1 Number of pole pairs
T 3e-3 Q
. 3e-3 Q
we (Ls— M) 20e-3 Q For 50 Hz
we (L. — M) 40e-3 Q For 50 Hz
we]\Z/ 1 Q Calculated for 50 Hz
T 4,8e-4 Q
weLs 1,02 Q Calculated for 50 Hz
wely 0,166 Q Calculated for 50 Hz
weM 0,4 Q Calculated for 50 Hz
sV -0.2942 1 Nominal slip.
PN 562 kW (gen.) Nominal stator active power
PN 165 kW (gen.) Nominal rotor active power
PN 727 kW (gen.) Nominal total power

Table 3.1: Induction generator parameters from [1]
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are easy to measure and have approximately linear dynamics, the genera-
tor is controlled through a feedback current control loop and the reference
values for the machine torque or the output power are used to calculate the
current reference values using a machine model.

The steady state equations presented in the previous section can be used
to calculate the reference values for the current from the desired machine
torque I}, and the stator reactive power ;. To obtain the current references
i5q and ig,, the following system of equations must be solved:

U;Z = rszsq +welsity +weMiy,
T 5 o
0 = gs ad weL lgq — weMiy, (3.50)
. i .
F - PM ( Lsq rd sdqu)

Q@ =i,
This system of equations is nonlinear and leads to multiple solutions which
are hard to compute. A usual approach is to neglect the machine windings’

resistance, which is usually very small in comparison to the other impedances
of the machine. Doing this assumption, the equations to solve become:

Veg = weLsily +weMir,

0 = —weLs i weMi*
F - SPM( sq rd - stlfrq)
Q = ZUSS sd

This equations are linear and the following solution for the current refer-
ence values is obtained:

- _2Ls 1=
2 PMug; Rt
¢ 3Py . (3.52)
i* 2L Q
rd — 3M1}SS s weM

Notice that this reference calculation depends on the knowledge of the
machine parameters and also needs the grid voltage to be measured.

3.4 Steady state analysis for unbalanced operation

Next it will be considered a more general operation condition where the
grid voltage is no longer balanced and the voltages seen by the stator of
the machine have both positive and negative sequence voltages. According
o0 [26], a three phase sinusoidal signal is said to contain both positive and
negative sequence when it is of the form:
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cos(wet + o)
2 (t) = 2P(t) + 2%(t) = V2X T |cos(wet + ¢f — 1)
cos(wet + o + %’T)
cos(wet + ¢ )
+V2X ™ | cos(wet + o5 + )| (3.53)
cos(wet + @, — %ﬂ)

where :L‘ibc(t) and x%¢(t) are the positive and negative sequence vectors,

Xt and X~ are the root mean square (rms) of any of the
phases for the positive and negative sequences,
o and ¢ are the a phase angles for t = 0 for the positive

and negative sequences.

Unlike in the balanced case, here it is no longer possible to find a Park ref-
erence frame where the transformed signals become constant. Fortunately,
as it was shown before, considering a constant rotational speed w, and a
constant reference frame angle, the dynamic equations of the machine (3.21)
become linear. Thus the properties of the linear systems apply to the ma-
chine and in particular if the inputs to the machine (that is the voltages)
can be decomposed as the sum of two terms, the resulting outputs (that is
the currents) will be equal to the outputs that would be obtained for each
of the input terms alone. Thus the study of the unbalanced case for the
machine can be dealt as two separate balanced problems.

By applying the Park transformation to the positive sequence x‘j_bc (t) with
0 = wet + @7 the positive sequence in the positive reference frame xid(t) is
obtained as:

qd 1y _ +yabe gy + [ cos(ed — )
2(t) = T(wet + o) (t) = V2X [ . 3.54
+() (we ©") +() —SIII(QOQJCF—(,OJF) ( )
Doing the same for the negative sequence component z%¢(¢) and taking
0 = —wet — o~ for the negative sequence reference frame, we obtain:
qd " - COS((px_ - ()0_):|
a?(t) = T(—wet — 7)™ (t) = V2X [ T 3.55
(1) = T(~wet — 7 )a(1) I (3.55)

Separating the machine equations for the positive and the negative se-
quence and applying the corresponding transformation in each of them con-
sidering as in the balanced case that for a constant input the output of the
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system will be constant, the equations for the positive sequence are obtained
as:

+ it S+ +
Vg = rsziq + weLszid + weMZ?jrd
0 =Tglgy — weLszsq — weMzrq (3.56)
vE =it 4 swelypit, + sweMiT ’
qf] T ‘7'—‘:1 eHr T e id
Vg =Tl — sweLTzrq — sweMzsq
while for the negative sequence:
Vgg = Tslgg — welsiy— weMi,
0 = Tslgy + welsizy +weMiL, (3.57)
Vg = Trlpg — (8 = 2) weli g — (5 — 2)weMi,

Vg =Trigt (8= 2)welyi, + (s — 2) we Mig,

Note that again, ¢ and ¢~ were chosen to match the stator voltage
angles for both sequences so that vjd and v:d became 0.

As in the balanced case, these equations are usually rewritten in the more
compact phasor form. A phasor for a positive sequence three phase magni-
tude is defined as:

X, & \2 (zf —jay) = X4 (cos(pf) + jsin(e))) (3.58)

while for a negative sequence signal, the corresponding phasor is defined as:

A

X_= \}5 (.TU; —i—jx;) =X_ (cos(gz);) —|—jsin(<p;)) (3.59)

Substituting in the previous steady state equations and reducing the rotor
variables to the stator side using the machine transforming ratio as in the
balanced case, the following phasor relations are obtained for the positive
sequence:

Vsy = (Ts + Jjwe (Ls - M)) ls+ + jweM (ls+ + l;"—&—) (360)
!/ /
=t (7’8 o+ jie (Ly - M)> Iy + jweM (I, +I,.,) (3.61)

while for the negative sequence:
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v, = (7’5 + jwe (LS - M)) I, +jwe (I, +1I.) (3.62)

V. . _ , . ) o /
5 (8_2 + juwe (LT—M>>IT+jweM (I +I.)  (363)

Again, as in the balanced case, this equations make it easy to obtain the
equivalent circuit for the machine as depicted on Figure 3.3.

A r.

Lsr LM LM+ ‘WL'H

>
JB

N
=>

Figure 3.3: DFIG machine equivalent circuit for the unbalanced case.

Also from the equivalent circuit we see that as resistance of the windings
and the leakage inductance can be considered to be small, and the magne-
tizing inductance to be very large, there are the following relations between
the currents and the voltages:

l;“-i- ~ _ls—i-
{ I o~ (3.64)
and
K;'+ ~ SKS-&-
{ Vi~ (s—2)V, (3.65)

Note that unlike in the balanced case, where having a small slip s made the
voltages to apply on the rotor of the machine to be small, in the unbalanced
case this is no longer true as the negative sequence voltage to be applied to
compensate the negative sequence voltage of the grid will be multiplied by
s — 2 instead of s.
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3.4.1 Steady state current reference calculation

As mentioned before, it will be desired for the current control reference cal-
culation to obtain the relation between the output variables and the current
and voltage on the machine. To obtain these relations, both positive and
negative variables which were defined on the positive and negative reference
frames, must be transformed to a common reference frame.

It can be easily proven that the Park transformation matrix 7'(f) can be
decomposed as the product between a conventional rotation matrix and the
Park transformation matrix for a different reference angle 6, as:

T(@) = R(9 — eo)T(eo) (3.66)
where
cos(f) —sin(d) O
R(0) = |sin(d) cos(d) O (3.67)
0 0 1

The natural choice as a common reference frame is the stationary reference
frame, which is obtained by using the Clarke transformation matrix. Thus
the angle for R(f) to transform the positive sequence variables will be 6 =
—wet — ¢ while for the negative sequence it will be § = wct + ¢~. By
introducing these equivalences to the torque equation (3.23) and the stator
reactive power equation (3.28), the following equivalences are obtained:

= Py | O gl = PMRCwt—hith Rt )it

. [ 0 1] (R(-wet = ™)iffl + Rlwet + )i ) (3.68)

-1 0
and
3. @ 0 1]..5_ 3 -
Qs = S{v"}" [—1 0] i = S{R(—wet — oML+ R(wet + ¢ ol )T

' {_01 (1)] (R(—wet — ¢ T)il% + R(wet + ¢7)il? ) (3.69)

Substituting the rotation matrix on the previous expressions, the following
relations are obtained:
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Fm - I_‘0 + Fcos + I‘sin (3-70)
Qs = QSO + Qscos + stin (371)
where
3 .,
o fPM( iag rd — stzrq tigglyg — 1 dqu) (3.72)
3 )
Teos fPM (quzrd rq T qu Td —1 dzjq) cos(2w.t + Pyt + <,0VS—)
(3.73)
3 ) . .
L ‘**Pﬂf(mrm+%ﬂm 1wﬁ§_%ﬂa)$mz%t+@n++¢nﬁ
(3.74)
and
Qs0 = vt + vy, (3.75)
Qscos = (U;Z’Lsd + Vgt :d) cos(2wet + Py+ + QOVS—) (3.76)
Qssin = (Vigisy — Vaglag) SI(2wet + P+ T oy-) (3.77)

Thus unlike in the balanced three phase case, both the torque of the
machine and the stator reactive power can contain sinusoidal time vary-
ing terms in steady state. Also, it can be seen that there are four control
variables {i;,i:d,i@,i;d} while there are six independent outputs terms
{T0, Tcos, I'sin, @505 Qs coss @ssin}- Thus it is not possible in general to force
the value for each of the six output terms but only four of them.

Usually the control of the torque will be prioritized in front to the reactive
power, as it is critical for the physical integrity of the wind turbine. Thus
it will be chosen to force the value of {T'g, I'cos, I'sin, @so} while the output
variables {Qscos, Qssin } Will depend on the choice of the previous ones. As
the choice of the generator torque will depend on the speed control of the
turbine, and it is expected to be much slower than the dynamics of the
electrical system, the sinusoidal terms Iy, and I'cos will be chosen to be
ZEro.

To obtain the current needed to obtain the desired outputs, the following
system of equations must be solved:
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Tsiy —i—weL z —i—weMsz
=71 jd welLs z weMzrq

slsq — wely i_ —weMi,,
=1l Sd—l—weLz —i—weMz

3 -+
PM( sq rd o stqu + qu rd

3 + =+
SPM (Ziflzrd Z+ rq T qu rd
PM (qu lrq - t gty — lsglrg —

+
vsq sd + vsq sd

o (3.78)
— gl Tq)
dqu

+
sdzrd

As in the balanced case, this system of equations is bilinear. To obtain an
approximate solution, a common approach is to neglect the resistance of the
generator windings. Doing this assumption, the system to solve becomes:

o o H
*
|| || ||

Qi =g,

= —welsiy,
= weLsiy,

weLsity +w Mi,

—weLsi;';] — weMi;fq

—weMi_,

g T weMi, ra

2PM (2% it — Zidzrq + gyl Qd
sPM (qu Gy — by +qu rd —

3PM (Zerq 7‘q + Z;’—dlrd quzrq
sq sd + Usq sd

. 3.79

-1 erq) ( )
— 4t

sd rq

+
sdzrd

This system of equations is linear and leads to the following solution:

. 2Ls weU;Z *
it = r* 3.80
"M ()~ (o) )
+ 33 _ (=) ot
Z‘;‘rd — gjL\; USQ — Q: + (Usq) (USQ) U5q2 (381)
(03)" = (wag)” " wedd (o))" = (v5)°)
B 2L w, v;q
i T 3.82
"TPM (57— (o) 552
—\3 n
2LS . Q: + (USQ) (USP) US‘I (383)

’ir_d 3M (Usq)

- (v%)

we ((v)” = (v2)”)

Thus it is possible to obtain a constant torque and the desired mean value
for the reactive except in the case that the amplitude of the positive sequence
is close to the amplitude of the negative sequence, which would require a
current with infinite modulus. Next this condition will be further analyzed.
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According to (3.53) the stator voltage signal is of the form:

cos(wet + ;) cos(wet + ¢ )
V() = V2Viy |cos(wet + ¢F — Z) | + V2V, |cos(wet + @5 + ZF)
cos(wet + @7 + 2F) cos(wet + ¢y — 2F)
(3.84)
By introducing the condition to have the same amplitude for the positive
and negative sequence, that is Vi1 = Vs, = V, into the stator voltage

function, the time signal for this particular condition is obtained:

cos( "ﬁg‘f ) cos(wet + ‘ptggf )

vI(t) = 2V2V | cos(£5E- — 2 cos(wet + £EE) (3.85)

cos(‘ﬁ;“f + 27 cos(wet + %)

Note that the expression of the voltage for each phase is composed by the
product of the cosine of a constant by a cosine which depends on the time
which is the same for each phase. Thus, the voltage of the three phases
becomes zero at the same time two times each cycle and it is impossible to
have a constant power output.
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Permanent magnet synchronous
machine modelling

4.1 Introduction

This chapter presents a model of a permanent magnet synchronous gener-
ator (PMSG) based on the work by [24] and [27]. The PMSG is a type of
synchronous generator that uses permanent magnets in the rotor instead of
excitation coils to create the excitation field of the machine. This type of
machine is very common for small sized machines due to its compact size,
high efficiency and ease to control by a VSC. However, the high price of
the magnets and the mechanical difficulty of handling large magnets, make
these machines less common than ones with rotor excitation coils for high
power applications. Recently, the need to improve the reliability of the wind
turbines to reduce the high costs of maintenance of the offshore wind farms
have risen the interest in using this topology of machine and it is expected
to replace the common DFIG topology in the following years. The main ad-
vantage of the PMSG is that it allows to build machines with a large number
of pair poles, thus making the machine capable to work at very low speeds
such as the operating speeds of the wind turbines. This way, the gearbox,
which is known to be one of the most common sources of failures of the wind
turbines, can be suppressed. Also, unlike the DFIG, this machine doesn’t
have slipping rings in the rotor, thus reducing the need of maintenance of
the system. On the other hand, one important drawback to note from this
machine is that unlike the DFIG it requires a full power-rated converter,
thus for the same wind turbine rating the power converter of a PMSG-based
WTGS will always be more expensive than that of a DFIG.

The equations of the PMSG are described and analyzed in Section 4.2.
These equations are first presented in its abc variable form and then the Park
transformation is introduced to transform the variables into the gd0 frame
which simplifies the understanding of the machine dynamics and becomes
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useful to design the current controllers of the machine. Later in Section 4.3,
the steady state equations of the machine are obtained from the dynamic
ones.

4.2 Permanent magnet synchronous machine dynamic
equations

Figure 4.1 shows the connection schematics for the PMSG machine.

Permanent magnet
synchronous machine

Machine side inverter

DC bus

Figure 4.1: Detail of the PMSG connection for a Y configuration without
neutral conductor.

We define the stator voltage vector v%%

to each of the machine stator windings. This vector can be written as a

as the vector of voltages applied

function of the machine side inverter voltage as:

1
1

Also, as no neutral conductor is considered for the machine connection, it
can be stated that the sum of the current of the three phases will be zero:

isa + ’L.sb + ’L.sc =0 (42)

According to [24], the relation between the voltage and the current in the
machine for the PMSG can be written as:
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, d
vge = raige + XS (4.3)
where %€ is the stator voltage vector,
i%¢ s the stator current vector,
A% s the stator flux linkage vector,
Ts is the resistance of a single phase of the stator wind-

ings.

Here the saturation nonlinearities will be neglected for the modelling of
the magnetic circuit. On the other hand, although the inductances can also
be considered not to depend on the rotor position for machines with sur-
face mounted magnets, a more general case must be considered to properly
model the behavior of a machine with buried magnets. In such model, the
inductances are considered as a function of the projection of the rotor angle
as:

sin(6, )
AP = ([La] + [La(0,)]) 88 + A [sin(0, — 2F) (4.4)
sin(f, + %)
with
Lis+La —3La —3L4
[L\]=| —3La Lis+La —3La (4.5)
—%LA —%LA Lig+ Ly
and

cos2(0,)  cos2(6, — %) cos2(0, + )
[L2(0,)] = —Lp |cos2(0, — %) cos 2(0, + %) cos 2(6y,) (4.6)
cos 2(0, + %) cos 2(6,) cos2(0, — %)

where A\, is the flux linkage per rotating speed unit due to the rotor magnets,
L4 is a inductance term which does not depend on the rotor position and
Lp is the maximum inductance value for a term that depends on the rotor
position. Note that for surface mounted magnets, Lg ~ 0.

Differentiating the flux by the time, the following is obtained:

d}\abc_ I Lo(6 d abc d Lo(0 -abc A COS(GT)2
= () 1200 G . 0] 2 dr |eostr )
cos(6 ?
(4.7)
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By substituting this in equation (4.3), the relation between the machine

voltages and currents is obtained:

052 = (o] g (28] ) 8%+ () + [£a(6)) 2™

cos(6,)
+ Amwy |cos(6r — 2F) | (4.8)
cos(f, + )

This equation is hard to analyze as it contains a series of elements which
vary with time. In order to solve this problem, usually the Park variable
transformation matrix (3.12) is applied to this equation [24]. The new trans-

formed variables are defined as:

qd0 & abc
va " =T(0)ve
{ i® 2 1(p)ike (4.9)

By multiplying (4.8) by T'(9) the following is obtained:

10 — [T, 10(6)] <r5 1I3] + ‘”’“ddar [Lg(@r)]> [T.5(0)] 2
d qd0

+ [Taao®)) (L] + [L260)) [T,(0)] 278

Fo D@ (D] + [£26)) | T | 40
cos(6)

+ Amwr [Tyao(0)] | cos(6, — Z5) | (4.10)
cos(6, + 2{)

By manipulating this expression the following is obtained:
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0 sty 0 0
o, 1P ) . )
(11%) | (p— “p)uts— | “mx + b, | 0 (9 —9)gso0dTE + VL 4 €I (£ —6—"9)gso0dTt +
(6 — “9)s02 0 (L — 9 —*9)gsoo mqm (9 — )z s0o m@m — <@m + st
m.(& O O
oph? (% — 60— "9)gs0o (mg — “mg) & — 5u (9 — “9)g 500 (mg — *m9) 7% + (V& 4 sIT) oo | = 70

0 (6—"9)gs09 (mg — *mg) m?.\m + A?Nm + S7)

(£ — 0 —"p)gs0o (mg — *mg) 78 4 *u
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On the other hand, a much simpler equation can be obtained by using the
rotor position as the transformation angle, that is § £ 6,

Ts Wy (Lls + % (LA + LB)) 0
I = | —w, (LlS + % (La— LB)) Ts 0 | 940
0 0 Ts
Lis+3(La—Lp) 0 01, 1
+ 0 Lis+3(La+Lg) 0 %igdo + Amwr |0
0 0 L 0

(4.12)

Note that the zero sequence component 0 is decoupled from the gd com-
ponents, thus this equation can be split as:

L1 — [ Ts wr (Lis + 3 (La + LB)):| jad
s —Wr (Lls + % (LA - LB)) Ts #
Lis + % (LA - LB) 0 d -qd 1
— A 4.13
+[ 0 Lis+3(La+Lp) gr's T Amer o) (413)
and
0 -0 d -0
vy = Trsig + Llsa% (4.14)

This equations can also be manipulated to obtain an explicit equation for
the current derivatives:

d —Ts _wT(Lls+%(LA+LB)) 1
Gjad _ | Lists(La-Lp) Lit3(La—Lp) | cqd_ Lo ilaln)
at's = u’T(LZS‘E%(LA—LB)) 271"5 ig = Amwy | 2(0A B)
Lis+35(LatLp) Lis+2(La+Lp)
N 0
# [Froraate) | ]vﬁd (4.15)
0 Lo 3(tatis)
and
d 1
i) = — 220 (4.16)
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Here no neutral conductor will be considered, in this case the sum of the
abc currents will be zero thus the will be no zero sequence current and only
the qd subsystem equations will need to be taken into account.

On the other hand, the equation for the torque of the generator can be
obtained by calculating the mechanical power of the generator, Pp; and
dividing it by the mechanical speed. To obtain the mechanical power, the
stator voltage (4.8) is multiplied by the rotor voltage and the terms which
do not correspond to the losses due to the joule effect and the power stored
in the inductances are identified as:

T g T cos(6,)
Py = w, {igbc} 2 La(6,)]4%% + Aoy {igbc} cos(f, — )| (4.17)
do, S
cos(0, + )

By applying the Park transformation to this equation, it can be put as a
function of the gd0 variables as:

o [L2(0,)] |Tyab(0)] 12
T T cos(6,)
AW, {igdo} [Tq;lé(e)} cos(0, — %)
cos(0, + &)
33Lpcos2(6, —0— %) 33Lp cos2(6, — ) 0

T
= w, {igdo} 33Lp cos2(6, — ) ~33Lpcos2(6, — 60— ) 0] 49
0 0 0
3 cos(6, — 0)
+ S Ay {ngo} —sin(6, — 0)| (4.18)
2 0

This can be further simplified by identifying the stator flux as:

3
Py = Swr (Asdisg — Asqlsd) (4.19)

where
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Lis+3La— 3Lpcos2(6, —0) 3Lpcos2(0, —0—1T)
A0 — 3Lpcos2(6, —0— 1) Lis+ 3La+ 3Lpcos2(0, — 0)
0 0
sin(6, — 6)
+ A |cos(6, —0)| (4.20)
0

By dividing this equation by the mechanical speed, the torque equation
is obtained as:

ro— gp (Nading — Asgisd) (4.21)

Also, by using the rotor position as the Park reference angle, a further
simplified equation is obtained:

; S0 3Ly 0 A1
T = 5P {igdo} 3Ly 0 0|4\, {igdo} 0
0 0 0 0

3 . .
= §P (Amisq + 3LpBisgisa) (4.22)

Note that for a machine with surface mounted magnets, where Lp ~ 0,
the torque of the machine only depends on the ¢ component of the stator
current, while for a machine with buried magnets, the torque also depends
on the product of the ¢ and d components. Thus for a surface mounted
machine, there is only one possible value of the ¢ current to obtain the
desired torque on the machine while the d component can be adjusted for
other purposes while for a machine with buried magnets, it becomes harder
to decide the proper value for the current for a desired torque.

Finally, to write the equations in a more compact form in the ¢d base,
usually the following new parameters are defined:

3

Ly = Lis+ 5 (Lsa— Lg) (4.23)
3

Lg% Lis+ 5(LA+LB) (4.24)

Then, the equations of the machine become:
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qd _ Ts wTLd -qd Lq 0 i'qd 1
vl = [_erq " } i+ [O L, dtzs + A 0 (4.25)
and
3 ) ..
T = 5P Ovnsg + (Lt = L) gia) (426)

Also the current derivatives in explicit form become:

d 4 T ] i & 0]
—i1 = @ |9t =\ L I g 4.27
dtZS WZEq 2?;3 ls mWr [ 0 } 0 le Vs ( )

4.3 Steady state analysis

In this section the characteristics for the steady state operation of the PMSG
will be obtained from the machine equations.

Note from (4.26) that in order to obtain a constant torque from the ma-
chine, the stator current must be constant in the gd reference frame. Under
such condition, the current derivatives are zero and thus the following rela-
tion between the voltages and the currents is obtained:

(4.28)

88 __ *58 *58
Vi = —wTLd’LSq + rsity

{ v;‘; = rsigf] + wp Lty 4+ Ay

In the case of a machine with surface mounted magnets, where Lg =~ 0
and thus L £ L, = Lg, this system of equations can be put in a more
compact form by combining both equations into a single complex equation

using phasors as:

1
Amwr (4.29)

V,=(rs +jw,L)I, + —
Vo= s+ jwr )L+ 5

L w,

Em

Figure 4.2: PMSG machine equivalent circuit.
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Chapter 5

Power converter and grid-side system
modelling

5.1 Introduction

This chapter analyzes the modelling of the voltage source converter and the
dynamics of the AC grid connection of the converter. The voltage source
back-to-back converter is an “AC to DC to AC* converter with two three-
phase inverters with IGBT switching devices connected trough a DC bus
with large capacitors in parallel, hence the name of voltage source in contrast
to the so called current source converters with large inductors in series.

The high frequency switching capabilities of the IGBTs make it possi-
ble to use high frequency pulse-width modulation (PWM) techniques which
allow high performance control of the current while minimizing the low fre-
quency current harmonics without the need of large passive filters. The high
frequency modulation also makes it possible to use a low frequency model
of the converter and to approximate the behaviour of the inverters as ideal
controllable voltage sources. This is possible thanks to the low pass nature
of the physical systems connected to the inverters, which have the ability
to filter the high frequency content of the voltage applied by the inverters.
This allows to apply the well known linear system analysis tools to study
the system and design its controllers.

When studying the dynamics and the design of the control of the con-
verter, a common approach is to divide the design problem into a series of
small problems. Namely, as the capacity of the DC bus is large, its dynam-
ics are usually slower than the dynamics of the current of the generator and
the current on the AC grid side. Thus, usually the design of the generator
current controllers, the AC grid side current and the DC bus voltage is dealt
separately.

This chapter is organized as follows: first in Section 5.2, the equations of
the dynamics of the DC bus, which later will be used to design the regulator
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of the DC bus voltage, are presented. Later, in Section 5.3, the dynamic
equations of the AC grid side connection of the converter are discussed.
As in the Chapter 3, the steady state analysis is first presented for the
balanced case, as used in the conventional vector control, and later it is
generalized for the unbalanced case. Unlike in Chapter 3, the calculation of
the current reference values is not dealt here but in Chapter 9, where several
issues arising from the traditional approaches will be discussed. Finally, the
equations for a dynamic model of a transformer are presented in Section 5.6.

5.2 DC bus dynamic equations

The schematic diagram of the DC bus is shown in Figure 5.1. Notice the di-
agram is represented for the DFIG configuration, in the case of the converter
of the PMSG, the diagram is equivalent by replacing the rotor variables by
the stator equivalents. Using the Kirchoff laws to analyze the circuit, the
following set of equations is obtained:

Machine-side DC bus Grid-side
inverter . . inverter
iDCm inpcl
ira ila
[ -
L I i b
] b Una -| Unna »lb '
/ ire il ¢
Uy v c
- T Inb —>\

\ vrnc
Hy

Figure 5.1: Back-to-back converter DC bus

d 1.
#Vpe = &ipc
Vbc = rpciper (5.1)
\ ‘pom = tpc +ipci + ipor
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where Vpe  is the DC bus voltage,

C is the DC bus capacity,

rpo  is the so called DC bus discharge resistor,

ipC is the current flowing through the DC bus capaci-
tors,

ipor 18 the current flowing through the DC bus discharge
resistor,

ipo; is the current flowing through the DC side of the
grid side inverter,

ipcm 1S the current coming from the the DC side of the
machine side inverter.

Solving the previous equations, the derivative of the DC bus voltage can be
put as a function of the DC bus voltage and the current from both inverters
as:

d 1 1
o= (——— DO — i 2
p Vbe c < oo Vbe + ipc chz> (5.2)

Here the inverters are considered to have an ideal behavior with no losses.
Thus, the current on the DC side of each inverter is related to the power
flowing through the AC side of the inverter. For the grid side of the converter
the following relation is obtained:

abc T~abc .
{Uz } i;~ = Vpcipc (5.3)

On the other hand, the machine side equations depending on which wind-
ing set is connected to the converter. In the case of a DFIG the following
relation is obtained:

b T b
{v;}C} i1 = _Vpoipom (5.4)

while for a PMSG:
T
{U?bc} i = —Vpeipom (5.5)

5.3 Grid side system dynamic equations

Figure 5.2 depicts the connection of a three phase voltage source converter
to the grid.
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Grid side Grid connection

inverter ransformer
verte Converter transforme
DC bus

inductances

Figure 5.2: Grid side converter connection

Here the grid at the point of connection of the wind turbine will be consid-
ered to have an infinite short-circuit power. Thus, the voltage at the point
of connection of the converter inductances v will be assumed to not de-
pend on the current injected to the grid il“bc. This hypothesis can arguably
be made when designing the current control loops and the current reference
calculation procedure as the controller will measure v2¢ and will be able to
adapt to the changes in v2%¢ due to the injected current. Also, the hypothesis
can be relaxed when simulating the system behaviour by modelling the grid
connection transformer. A model of transformer with two secondary wind-
ings will be presented later. This type of transformer is common in DFIG
wind turbines where the stator and the converter of the rotor are connected
to different secondary windings of the grid connection transformer.

By applying the Kirchoff laws to the grid side circuit, we obtain the fol-
lowing relations:

d
gt 4 oite (5.6)

1
VI 4 (v — vps) | 1] = e 4+ L o
1

where v%’c is the voltage between the inverter terminals and

the DC bus neutral,

ve is the voltage between the transformer terminals
and its neutral,

Un, is the voltage of the neutral point of the secondary
windings of the grid connection transformer,

vy is the voltage of the neutral point of the DC bus,

7] is the resistance of the grid connection impedance,

L; is the inductance of the grid connection impedance.
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Also if no neutral conductor is considered, it can be stated that:

i1q + iy + i1 = 0 (5.7)

By summing the a, b and ¢ equations in (5.6) and introducing (5.7), the
following relation between the voltages is obtained:

Unl — Unz = g Vzna + Vznb + Vzne —Vina — Vinb — Vine | = V20 — Vi0 (5-8)

3vz0 3vi0

where vy is the so called homopolar sequence of vlari’c,

v, is the homopolar sequence of v2%.
We define:
1
. UVia Vina — 3010
_ A
v = | = Ve — 300 (5.9)
Vle Uine — 300
and
1
X Vza VUzna — 3020
— A
V= v | = | Venb — 3020 (5.10)
Vze Vzne — gvzo
thus obtaining:
. d .
vfbe = rpigbe 4 Llﬁz?bc + e (5.11)

Next, in order to simplify as much as possible the study of these equations,
usually the Park transformation matrix is applied to the variables, allowing
to suppress one of the equations when there is no neutral conductor and also
transforming the time varying sinusoidal signals in steady state in constants
if the right parameters of the transformation are chosen.

The Park variable transformation matrix can be defined as:

o [cos(f) cos(0 — ) cos(f+ &)
T(0) = 3 sml(H) sin(91 Zmy sm(91+ ) (5.12)
2 2 2

which has an inverse of the form:
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cos(6) sin(6) 1
T710) = |cos(h — 2;”) sin(0 — ) 1 (5.13)
cos(0+ 2 sin(0+ ) 1
we define the Park transformed variable 299 of a three phase abc signal
1 as:

2990 & 7 (g) b (5.14)
We introduce the Park transformation matrix to the circuit equations by

multiplying equation (5.11) by 7'(#), obtaining;:

T(0)vie = rT(0)if% + LlT(G)%i?bc + T (0)vebe (5.15)

By operating with this expression and introducing (5.14) we obtain:

1 Llé 0 d
Sl B N B | R Ll&ilqdo + 240 (5.16)
0 0 n

From (5.9) and (5.10), we know that both v and v2* don’t have 0
component. Thus from (5.16) we know that i;p will be 0 and the equation
for the 0 component can be suppressed:

qd:|: r o Lif

.qd d qa d
V] Lo Tl]z? + Ly—if" + vd (5.17)

dt

this equation can be put in the conventional linear system state space
representation as:

d -qd _% _é -qd 1 qd 1 qd
- — | - - — 5.18
'l [ 6 —n|t R TR (5.18)

one particular interesting choice for 6 is 8 = 0, the so know stationary
reference frame, in this reference frame usually gd is replaced by a3 and the
following equation is obtained:

d
o = mip? 4 L 4 02 (5.19)
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5.4 Steady state analysis for balanced operation

A z%%(t) sinusoidal three phase positive sequence signal can be defined as
[26]:

cos(wet + )
2 (t) = V2X | cos(wet + 5 — ZF) (5.20)
cos(wet + @z + %)

From equation (5.18) we see that the dynamics of the grid-side system are
linear. If we assume that they are also stable, we know that for a sinusoidal
input, in steady state the system output will be also sinusoidal of the same
frequency. Also, from (5.18) we see that the a, b and ¢ components are
decoupled from each other, thus for a positive sequence grid voltage v‘z‘bc
and a positive sequence converter voltage v?bc, the current will also become
a positive sequence signal in steady state.

By applying the Park transformation matrix 7(f) to a generic positive

sequence signal 2%%°(t) with 6 £ w.t 4 ¢ we obtain:

cos(pz — )
29%0(1) = T(wet + ©)2%° = V2X | —sin(ps — ) (5.21)
0

Thus if all the voltage inputs are positive sequence signals, by using this
reference frame all steady state signals become constants and in steady state
the following simplified relations are obtained:

US55 = Tl’iss + Llw ;55
{ lq z2q lq e’ld (5'22)

v — Uiy =Ty — Llweiqu
As this equation is linear and invertible it becomes easy to solve the steady
state voltage for a given steady state current and vice versa.

These equations are also often written in the more conventional phasor
form. We define the phasor X as:

1 ,
X2 7 (25° — jai’) (5.23)

by combining both expressions in (5.22) we obtain:

Xl - Xz = (T[ +jweLl)ll (524)

Usually it is interesting to solve for the steady state variables for a given
power output instead of a given current. To do that, two power equations
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must be added to the system to be solved. These equations usually will
come from the power balance on the converter or the power balance at the
grid connection point of the converter inductances.

According to the instantaneous power theory [25], the instantaneous active
and reactive power can be written as a function of the instantaneous voltage
and current as:

3, . :

P= B (vglq + vaiq) (5.25)
3, . .

Q= ) (Vgla — Vaiq) (5.26)

Considering the power balance on the AC side of the converter we have:
P = (vigiss + visisy ) = 3%e {V,1}
Qi =% (vigiss — viigy ) = 39m (VuI;}

whilst for the grid connection point of the converter inductances we have:

(5.27)

P, =3 (vsgis + vsgits) = 3%e {V.I})

3 88,88 $8:85) — a9~ * (5‘28)
QZ =3 (vzqzld - vzdzlq> = 3Jm {lel}

5.5 Steady state analysis for unbalanced operation

A x“bc(t) sinusoidal three phase signal with positive and negative sequence
components can be defined as sum of a positive sequence signal plus a nega-
tive sequence signal, which in turn is equivalent to a positive sequence signal
with two of the three phases permuted [26]:

cos(wet + o) cos(wet + @5 )
x%(t) = V2XT |cos(wet + o — )|+ V2X ™ | cos(wet + @5 + )
cos(wet + ¢ + ZF) cos(wet + ¢z — )
(5.29)

Unlike in the positive sequence case, here it is no longer possible to apply
the Park transformation to obtain a steady state constant value for the
system variables.

To overcome this problem, the additivity property of the linear systems
can be taken into account as the obtained current output for a combination
of positive and negative voltage inputs is equal to the sum of the current
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output that would be obtained for both the positive and negative sequence
alone. Thus solving the steady state problem for the relation between the
voltage and the current can be dealt by solving two independent balanced
problems.

If we apply the Park transformation matrix with 0 £ w.t + ¢ to the
positive sequence we obtain:

qd abc _ COS(‘P; - 90+)
2 (t) = T(wet + o) (t) = V2X+ [_ sin(grt @d (5.30)

Whilst if we apply the Park transformation matrix with 6 £ —w.t — ¢~
to the negative sequence we obtain:
qd o _ B abc COS( - 907)
29(t) = T(—wet — ¢ )z%e(t) = V2X~ [sm(gp B 90_)] (5.31)

As in the balanced case, the simplified steady state equations can be
obtained for both positive and negative sequences:

F vt = -
Uy — Uz rlzlq + Liweiyy (5.32)
vt — fu+ rit — Ljweir ’
ld zd — "lhd ety
and
Ulg Yz = 111 — Laelig (5.33)
Vg — Vg = Ty + szellq

These expressions, can also be rewritten in a more compact notation by
using phasors. Here we define a phasor for the positive sequence as:

X, & 2 (of — ) (5.34)
whilst for the negative sequence we define:
s Lo,
X_ = 7 (acq + jzy) (5.35)
Thus the steady state equations can be rewritten as:
vl o

As in the positive sequence case, usually it will be desired to solve for
the current values as a function of the desired power balance. To compute
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the power, both positive and negative sequence must be put on the same
reference frame as:

3 3
ety [(1) ﬂ = S{R(-wet — ")+ Rlwet + 7)™}

' B ﬂ (R(—Wet —w*>i1d+R(wet+<p*>z'q_d) (5.37)

{ sy [ (1)] {R( 90+)vid + R(wet + gof)vq_d}T
‘ [_01 é] (R(—wet — ¢M)i% + R(wet + go_)iq_d) (5.38)

where R(0) is a rotation matrix defined as:

o< 1) ) =
it can be easily proven that:
T(9) = [Ré‘)) ﬂ 7(0) (5.40)

In the three phase positive sequence case, the sum of the power of the
three phases is constant in steady state as a result of the symmetrical angle
difference between the variables of each phase. In the unbalanced case,
with both positive and negative sequence components, this is no longer true
and both active and reactive power may contain time-varying sinusoidal
components.

If the active power is put as a function of the steady state voltage and
current, the following expression is obtained:

P = Py + Py + Psin (5.41)
where
3
P0:§(v z +vd2d+v g —i—vdzd) (5.42)
3 .
Peos = 3 (vFigy +ogig +vgif +vgif) cos(2wet + T + @) (5.43)
3 . L —. _
Pyin = 3 (—viig +vfig +o iy —vgiy)sin(2wet + " +97)  (5.44)
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whilst for the reactive power:

Q = Qo + Qcos + Qsin (5.45)

where
Qo= 2 (ofif —ufif +vgif —vgig) (5.46)
Qcos = % (vFiy —vjiy +v it —vgil) cos(2wet + T + ¢7) (5.47)
Qsin = % (vFiy +ojig —vgiy —vgig)sin(wet + ¢ +¢7)  (5.48)

The use of this equations to obtain the current reference value for a given
desired active and reactive power will be discussed in Chapter 9.

5.6 Three phase transformer with two sets of
secondary windings

The basic scheme of a three phase transformer with two secondary winding
sets can be seen in Figure 5.3, where the subindex 1,2” and 2” represents the
primary and the first and the second secondary.

The equivalent electric circuit of the transfomer can be seen in Figure 5.4.
By applying the Kirchoff laws to this circuit, the following equations can be
obtained:

Ui = Tt + Lll% + ek for k=ua,b,c (5.49)
Uor = Toriorg + Loy dZth/k ~+ eorg, for k=ua,b,c (5.50)
Uy, = Toniony, + Lign dizi + eqng, for k=ua,b,c (5.51)
ek = 1k — rl ek for k=ua,b,c (5.52)

Fe

and
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Figure 5.3: Three phase transformer with three-leg core and two secondary
winding sets.
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Figure 5.4: Equivalent electric circuit of the three phase transformer with
two secondary winding sets.
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d\ d
T”‘f - NI% for k=a,b,c (5.53)
_dho o dog B
=—Z = NQ/W for k=a,b,c (5.54)
dAan d
= 2275 k= Ny CZ’“ for k=a,b,c (5.55)

is the voltage of the k-th phase of the j-th winding set,
is the current of the k-th phase of the j-th winding set,
is the flux flowing through the k-th phase of the j-th wind-
ing set,

is the flux linkage of the k-th phase of the j-th winding
set,

is the electromotive force of the k-th phase of the j-th
winding set,

is the resistance of the j-th winding set,

is the flux leakage inductance of the j-th winding set,

is the resistance that models the core losses of the trans-
former.

The equivalent magnetic circuit of the transformer can be found in Figure
5.5. Notice that even though the transformer depicted in Figure 5.3 cor-
responds to a three-legged transformer, a homopolar flux ®¢ is considered.

Thus, depending on the value given to the reluctance of the homolpolar path,

the model can properly describe the dynamics of a four legged transformer

as well. The following equations can be obtained from this circuit:

o, cv

fo R(£,) 1 R(E)
+

+

S+ -4 .+

]Vl Yea ]Vl Yeb Ivl Yee
.+ +

Nyiyy Nyiyy, Nyig,
.+ +

Nyvigeg Ny-iyn, Nyvigre

Figure 5.5: Equivalent magnetic circuit of the three phase transformer with

two secondary winding sets.
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e =R(fu)or per k=a,b,c (5.56)

and

fr = Nit1er + Noriorg, + Nonigng, — Ro Z ¢; for k=a,b,c (5.57)

i=a,b,c
where  fi is the magnetomotive force of the k-th leg,
N; is the number of coil turns around the core of the j-th

winding set,
R(fr) 1is the reluctance of the flux path through the k-th leg,
Ro is the reluctance corresponding the homopolar path.

In order to take into account the non-linear magnetic properties of the
core, the following equation equation is used to describe the relation between
the reluctance and the magnetomotive force [28]:

R~ = s + K, (5.58)

(- (1))

Notice that for f ~ 0, this function becomes:

lim R(f)! = K + Ky (5.59)
f—0

whereas for f — oo, it becomes:
lim R(f)™' = Ko (5.60)
f—oo

Thus, K7 and K5 are two characteristic parameters that can be used to
adjust the limit values of the inverse of the reluctance, while fs,; and p can
be used to adjust the transition betweeen both values. Insights on how to
adjust this parameters for an existing transformer can be found in [28].
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Chapter 6

Conventional DFIG vector control

6.1 Introduction

This chapter analyzes a conventional vector control approach for the control
of the current of the DFIG and the AC grid side connection of the converter.

The basic idea behind the conventional vector control approach is that
by applying the Park transformation matrix to the system variables and
chosing the derivative of the Park reference angle to match the angle of the
time-varying sinusoidal magnitudes of the system, most system variables
become constant in steady state. Thus, it is possible to use the proportional-
integrator (PI) and other well known low pass controllers, meant to track
step-wise reference signals and reject step-wise disturbances, to control the
current.

The chapter is organized as follows: first, the design of the current control
for the DFIG is analyzed in Section 6.2 using the DFIG model obtained in
Chapter 3.

Next, Section 6.3 is divided in two parts: first, in the Section 6.3.1 the
design of the DC bus voltage regulator using the equations obtained in Sec-
tion 5.2 is described. This regulator will also be used in Chapter 7 and 8
where the vector current controllers for the generator and the AC grid side
will be replaced by designs meant for unbalanced operation.

Later, Section 6.3.2 analyses the design of the current controllers for the
AC grid side of the converter using the model obtained in Section 5.3.

Finally, Section 6.4 presents a validation study of a simulation model
for a DFIG-based WTGS controlled using conventional vector control using
existing experimental measurements from a voltage sag test performed on a
real large scale wind turbine.
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6.2 Machine side control

It was shown in Chapter 3 that assuming a balanced state, by using a Park
reference with the same angular speed as the grid frequency, all the Park-
transformed magnitudes of the DFIG become constant in steady state. This
way, it is possible to design the current controllers using the well known con-
troller design tools meant for regulation problems instead of having to design
more complex controllers to track general time-varying reference signals.

By chosing 6 to match the grid frequency we, the DFIG machine equations
(3.21) become:

Vsq Ly 0 M 0 lsq
Vsd | _ 0 Ly 0 M d lsd
Urq M 0 L, 0] dt lrq
Urd 0 M 0 L, ird
Ts Lswe 0 Mw, lsq
n —Lgwe Ts —Mwe 0 tsd
0 M (we — wy) T, Ly (we —wr) | |irg
—M (we — wy) 0 —Ly (we — wy) T Ird
(6.1)
and also
{ T = 3gPM (isqird — Gsdirg) (6.2)
s = 5 ('Usqisd - Usdisq) ’

It was shown in Section 3.3.1 that it is possible to calculate the rotor
current that allows to obtain the desired machine torque and stator reactive
power for a given grid voltage. As the torque is rarely measured due to the
complexity and the cost of this type of sensor, usually a current reference
will be calculated from the torque and reactive power refence signals as:

s« 2L *

irq = ~3PMuggim 6.3
= — 2L Q*+ Ug; ( : )
rd — 3MU§3 s weM

where vgy is the measured grid voltage.

This reference will then be fed to a feedback current controller which will
compare the desired current with the measured one and will calculate the
voltage to be aplied to the machine through PWM modulation of the DC
bus voltage.
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According to the machine equations in (6.1), there exist an important
coupling between the stator and rotor magnitudes and also between ¢ and
d, thus this coupling may interfere the performance of the control loops if
decoupled controllers are to be used. To cope with this problem, it has been
suggested to use the following decoupling feedback loop [3]:

|:Urq:| _ |:@rq + (U-)e - w?‘) Migq + (We - Wr) Lrird:| _ |:@rq + (we - wr) Ard
Urd Upg — (we - wr) Misq - (We - Wr) Lyirq Upg — (we - Wr) )\rq

(6.4)
where 0,4 and 0,4 are the outputs of two single input single output (SISO)
controllers fed with the error for the ¢ and the d current errors.

To test the effectiveness of this decoupling loop, a simulation of the current
response under different conditions is performed. A voltage step on 0,
is applied while maintaining 0,4 equal to zero (see Figure 6.1) for 1.000
and 1.900 min~! machine speeds. The simulations are performed in two
different models, one that uses an averaged converter model and another
which simulates the PWM for a switching frequency of 3 kHz. In both
simulations the controllers are implemented in discrete time with a sampling
frequency matching the switching frequency of the converter.

a
=)
T
o

Voltage [V]
NooW A
s 3
T T
a

I

S
T
I

o
T
I

=)

i i i i i i i i i
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time [s]

Figure 6.1: Simulated voltage step to test the decoupling feedback loop used
by the conventional vector controller of the DFIG

The resulting simulated rotor voltages, which contain @?d plus the decou-
pling terms can be seen in Figure 6.2, the rotor current is shown in Figure
6.3. Note that for all the cases, v.q = 04, thus the decoupling loop does
not change significantly the ¢ component of the current as i,y remains small
compared to i,4, which is a good result. On the other hand, notice that the
decoupling voltage v,.q needed to keep i,4 small is very large even compared
to Upgq.

Thus, even though the decoupling loop works, it becomes apparent that
care must be taken when designing the current feedback controllers as for

69




“PhD” — 2011/6/8 — 1?:01 — page 70 — #100

Chapter 6 Conventional DFIG vector control
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Figure 6.2: Rotor voltage applied to test the decoupling feedback loop used
by the conventional vector controller of the DFIG
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Figure 6.3: Evolution of the rotor current for the test of the decoupling feed-
back loop used by the conventional vector controller of the DFIG
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instance, the decoupling loop may easily interfere with the proper operation
of them and significantly reduce their performance.

Assuming the decoupling feedback loop to completely decouple the mag-
nitudes, the rotor current dynamics become:

trg] _ [Le 07 d [irg] | [rr 0] Jirg 65

[m] [0 LJ 0t [iva] L0 1] Liva (6.5)

By applying the Laplace transformation to this equation, the following
transfer function between the voltage and the current is obtained. As both

g and d have the same transfer function, here for the sake of simplicity only
the ¢ component equations will be displayed:

irq(s) _ 1
Urq(s)  Lps+ry

G(s) = (6.6)

Then a PI controller can be used to control this system. One common way
to adjust the parameters of this controller is based in the so called Internal
Model Control (IMC) [29]. This method consists in designing the current
controller transfer function K (s) by multiplying the open loop transfer func-
tion that allows to obtain the desired closed loop transfer function by the
inverse of the system transfer function (when possible). Here, the desired
closed loop transfer function 7'(s)* is taken as:

irq(s) _ 1
irg(s)  Ts+1

T(s)* = (6.7)

where iy (s) is the rotor current reference signal and 7 is the desired closed

loop time constant of the system.
Then, the open loop transfer function that allows to obtain this is:
0 1
L(sy =l _ L 6.

erq(s) TS

where e,4(s) is the rotor current error signal.
Thus, the controller can be obtained as:

_Lys+r. 1 %S%—Tl

K(s) = G~Y(s)L(s)* G (6.9)

1 TS S
Note that this corresponds to the transfer function of a proportional-
integrator (PI) controller:

N KPS+K[

K(s) = =22

(6.10)
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where Kp and K7 are the so called proportional and integral gains:

_ Lr
{2 (6.11)

A simulation is performed on the system to test the performance obtained
using the designed controllers. Time constant for the design of the PI con-
trollers is chosen so that the steady state is reached in 6 ms. A step change
of the 7y, reference is simulated from 0 to the value needed to have the nom-
inal torque. The operating point before the reference change corresponds
to the machine spinning at the 1.900 min~! and the nominal grid voltage
applied to the stator. The current response is shown in Figure 6.4 for the
averaged and the switching simulation models. Notice the rise time of the
current response corresponds to the design parameter. On the other hand,
note also that the 0 steady state error is not reached in that time as there
exists a small error which vanishes at a slow rate because of the dynamics
introduced by the decoupling loop.
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Figure 6.4: Evolution of the rotor current of the DFIG to a step reference
change when using conventional vector control

A diagram representation for this control scheme can be found in Figure
6.5. Note that for the sake of completeness the PLL used to synchronize the
reference frame to the grid magnitudes has been included in the lower-right
side.
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Figure 6.5: DFIG conventional vector control

6.3 Grid-side control

6.3.1 DC bus voltage regulation

The dynamics of the DC bus are described by the equation (5.2). Apply-
ing the Laplace transformation to this equation, the following relation is
obtained:

rpc . roc .
Voafs) = ___ e 6.12
pc(s) rpoCs 11 00m i 11 e (6.12)
Ga(s) G(s)

where G(s) and G4(s) are the transfer functions between the grid side current
and the machine side current and the DC bus voltage respectively.

Here, a one degree of freedom controller will be used to control the DC
bus voltage through the grid-side current. To do so, the output of the DC
bus voltage controller, i, ~; will be transformed into a power reference value
which will be fed to the current control loops of the AC side of the inverter
as:

ko +3%
B = Vpcipe
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In order to simplify the design of the voltage controller, a model reduction
will be applied by considering the current control loops will to have an ideal
instantaneous response (ipci = i¢;). Thus, the current control loops will
be designed to have a faster response than the voltage control loop.

Considering a generic controller DC bus voltage controller K (s), the closed
loop transfer function between the DC bus reference signal and its actual
value, T'(s), and the closed transfer function between the machine side cur-
rent and the DC bus voltage are:

_ Vbo(s) _ —K(s)
T(s) = Vic(s) — Os— K(s) + 1 (6.13)
and
_ Vbel(s) 1
Sls) = ipcm(s)  Cs— K(s)+ T;c (6.14)

From the equation of T'(s) it can be seen that if rpc ~ oo, a simple
proportional K (s) will make the transfer function be approximately equal
to one at zero frequency (for s = jw|,_,) and thus the system will have a
nearly zero steady state error for constant reference values. On the other
hand, from S(s) it can be seen that with such controller, ipcy, 7# 0 will lead
to a DC bus voltage error as S(0) # 0. To avoid this drawback, a controller
with a integrator, such as a PI controller, can be used:

K K;
K(s) = % (6.15)
this leads to:
_Kp K
T __T c
() | D& (6.16)
5(5) = 5w
where
1 1 K;
Ds)=s’+—=——-K,|s—— 1
(s)=s —|—C (TDC p>s e (6.17)

Then, the parameters of the PI controller can be adjusted to tune the
system response. Both T'(s) and S(s) two poles which are the same, the
damping ¢ and the natural frequency w,, of such poles can be related to the
PI controller gains as:
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K, = —2CCwy, + —
{ o pC (6.18)

=
|

where

D(s) = 5% + 2Cwps + w?
= (s+wn (- V@) (s+wn (¢+VE-T)) (619)

To test the performance of this controller, a simulation of the response is
performed using a simplified model of the DC bus fed by two ideal current
sources corresponding to the machine and the grid side inverters. The DC
bus voltage reference value is changed stepwise from 900 V to the nominal
value of 1.338 V at ¢t = 0,04 s and the power injected by the machine side
inverter to the DC bus is also changed from 0 to 300 kW at ¢ = 0,5 s. The
simulated evolution of the DC bus magnitudes is shown in Figure 6.6. The
voltage regulator PI controller parameters are adjusted to have ( = 1 and
wy, = 32 rad/s. Using this parameters, the poles of the system have a settling
time of approximately 0,1 s. Notice, though, that the obtained settling time
for both simulated changes is slightly slower due to the zeros of the closed
loop transfer function.

6.3.2 AC side current control

It was shown in Chapter 5 that assuming a balanced state, the AC side
magnitudes of the grid side inverter become constants in steady state by
matching the Park reference angle to the grid frequency. Under such condi-
tion, the equations of the grid side of the inverter (5.17) become:

qd [ 7] Liw,

d
s ]z’lqd+L,z’qd+vgd (6.20)

dt

Also, in Section 5.4 it was shown that if the grid side voltages are con-
sidered to be independent from the inverter output current, it is possible
to calculate a reference current that leads to the desired active and reactive
power output using (9.7). This way a current reference is calculated from
the power reference and the current is controlled by a feedback loop which
compares the reference with the actual current and decides the voltage to
be applied by the inverter using PWM modulation of the DC bus voltage.
The current reference values are calculated as:
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Figure 6.6: Evolution DC bus voltage and the current on the DC side of the
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machine and the grid side inverter for a change in the DC bus
voltage reference value and a change in the power injected to the
DC bus by the machine inverter.
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From (6.20) we see that there is a coupling between the ¢ and d variables
which may have an adverse effect on the performance of the current control
loops if two SISO controllers are used and the coupling is neglected. To
avoid this adverse effect, a feedback decoupling loop have been suggested to
be used [3]. This can also be combined with a feed-forward to compensate
for the grid voltage as:

88
vzq

[vlq] _ |:1A)lq + weLjtyg + 24 (6.22)

U4 U1g — welLiyiyg

where f)lqd is the output of a pair of SISO controllers fed with the error

between the reference current and its actual value.

To test the proper operation of the decoupling feedback loop, the evolution
of the current to a step voltage input applied in ¥y, is simulated using an
averaged model of the converter and a discrete time implementation of the
controller with a sampling frequency of 3 kHz. The voltage step can be seen
in Figure 6.7 and the evolution of the current is shown in Figure 6.8. The
evolution of the current shows that the decoupling is not perfect during the
transient, however the maximum value reached by i;4 is approximately 500
times lower than the DC gain of 44, thus it is arguable to assume ¢ and
d to be successfully decoupled using the decoupling feedback and use SISO
current controllers for each component of i?d. On the other hand, notice
from Figure 6.7 that although the voltage step is applied on 74, the actual
applied voltage v, is much smaller than v;4, which means that the choice to
control 7;, through v;, might not be the best possible choice.

Assuming the decoupling and the feed-forward to completely compensate
for the grid voltage and the coupling between ¢ and d, the dynamics of the
system become:

@#:mﬁ+g%ﬁ (6.23)

Then, two independent SISO controllers can be designed to control the
q and d components of the current through the corresponding components
of the voltage. By transforming the previous equation through Laplace, the
following transfer function between the grid side current and the inverter
voltage is obtained:
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Figure 6.7: Simulated voltage step to test the decoupling feedback loop used
by the conventional vector controller of the AC side current con-
trol. Upper graph: evolution of f)lqd. Lower graph: evolution
of vlqd including the voltage applied by the decoupling feedback
loop.
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AC side current control.
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_ ilq(s) N 1
Gls) = viq(s)  Lis+r,

(6.24)

As in the case of the DFIG current controllers described in the previous
section, the IMC technique can be used to tune the parameters of two PI
controllers for the current [29]. The transfer function for such controllers is:

N KPS+K[

K(s) . (6.25)
with:
Kp=1L=
{ K = %T (6.26)

where 7 is the time constant of the expected closed loop transfer function
of the system, that is:
ilq(s) 1

T(s) = i (5) = T (6.27)

To test the performance of the current loops, a simulation of the response
of the system to a step change in the reference value of 7;,. The current
loops are adjusted to have a settling time of 6 ms, that is 7 =2 ms and the
amplitude of the reference step is 350 A, which approximately corresponds
to the current needed to have the nominal output power from the converter.
The evolution of i?d can be seen in Figure 6.9 and ifbc is also shown in Figure
6.10. Notice that the performance specification is met as the resulting time
constant of the response is approximately 6 ms. The evolution of the applied
voltage compared to the grid voltage is also shown in Figure 6.11. Notice
that the v;q4 is very small in comparison to v;; due to the need to compensate
the grid voltage.

The complete scheme for the grid side controller can be seen in Figure
6.12.

6.4 Validation of the simulation model using
experimental results

In order to test the matching between the model of the WTGS with conven-
tional vector control and the behaviour of a real wind turbine, the response
of the system to a symmetrical voltage sag is simulated and the results are
compared to experimental measurements from a test performed on a real
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Figure 6.12: Gride-side conventional vector control

wind turbine. The experimental test was done on a ECO74 Wind turbine
from Alstom (see Figure 6.13) while operating at partial load. Measure-
ments of the electrical magnitudes on the medium voltage (MV) side of the
farm connection transformer of the wind turbine were available to compare
with simulation results (see Figure 6.14). Table 6.1 shows the parameters of
the operating point before the voltage dip and the nominal values used to
compute the per-unit (pu) quantities.

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 dip 0,0033 pu

Table 6.1: Characteristic parameters of the WT'GS used for the voltage sag
test.

The simulated voltage sag was a symmetrical drop of the voltage applied

81




“PhD” — 2011/6/8 — 1p:01 — page 82 — #112

Chapter 6 Conventional DFIG vector control

Figure 6.13: Picture of a real ECO74 WTGS. More detail is available on
http://www.power.alstom. com.
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Figure 6.14: Voltage sag test measurements.
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to the medium voltage side of the wind turbine transformer. Table 6.2 shows
the parameters of the sag and Figure 6.15 shows the root mean square (rms)
graph of the measured MV side voltages from the experimental test which
are used as the input to the simulation model.

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

Table 6.2: Voltage dip parameters
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Figure 6.15: Rms value of the abc voltages on the MV side of the wind
turbine transformer during the voltage sag test.

During a voltage sag, the current needed to inject to the grid to keep the
same active power output rises due to the drop in the grid voltage. If the
WTGS is working on a operation point close to the limits of the converter,
the converter may be unable to output the desired amount of power to the
grid, thus producing a power imbalance in the DC bus of the converter
which will make the DC bus voltage to rise. Different strategies exist to
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deal with voltage sags doing the so called ride-through and avoiding to have
to stop and disconnect the WTGS from the grid. 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 used here is split in two different procedures: the first one is
the replacement of the torque and the stator reactive power control current
reference signals computed from (6.3) during the sag by two constant values
from tabulated data as soon as the voltage sag is detected. The second
procedure is the use of the so called crowbar protection which is a resistor
that is connected to the machine rotor terminals to absorb part of the current
flowing through the machine rotor windings during transients when the DC
bus voltages reaches a threshold value of 1.140 V.

According to the quasi-decoupled active and reactive power control, giving
a 0 as the 7,4 reference value during the sag, 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 providing
reactive power to the grid which may be a requirement during voltage sags.
As the grid voltage reaches its nominal value, the constant current reference
signals are replaced again by the ones computed from (6.3). The torque
reference is kept constant for a few seconds and then switched back to the
output of the speed control torque reference signal.

6.4.1 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.

Figure 6.16 shows the evolution of the rotor current and its reference
value. 1i,q current reference value is kept constant for one second after the
rise of the voltage. The rotor voltage applied by the converter can be seen
in Figure 6.17. It be seen that the d component does not remain constant
despite the constant value of the torque reference due to the linearization
state feedback which depends on the mechanical speed. Figure 6.18 shows
the stator reactive power and the generator torque and its reference values.
Notice that according to the ride-through strategy, the torque reference from
the speed control is ignored during the voltage dip. The evolution of the
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angular speed of the generator can be seen in Figure 6.19, it can be seen
that the speed of the machine increases during the voltage sag due to the
reduction of the generator torque.
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Figure 6.16: DFIG rotor current. The continuous black line corresponds
to the reference value, the continuous grey line corresponds to
the actual value and the grey dashed line corresponds to the
crowbar connection state.

The grid-side converter control DC-bus voltage and reactive power refer-
ence inputs are kept constant despite the voltage dip. The currents through
the converter and its reference values can be seen in Figure 6.20. The volt-
ages applied by the converter on the AC side can be seen in Figure 6.21.
The evolution of the DC bus voltage can be seen in Figure 6.22.

6.4.2 Comparison with experimental results

In this section a comparison between the simulation results and the mea-
surements available from the real test is presented.

Figure 6.23 shows the evolution of the active and reactive power output
of the MV transformer on the MV side. The comparison of the evolution of
the RMS values of the currents on the MV side of the transformer can also
be seen on Figure 6.24.
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Figure 6.17: Machine-side inverter voltages voltage during the voltage sag.

The comparison shows that the evolution obtained from the simulated
model and the measured data are very close despite the reactive power in
the real system shows a slightly slower evolution at the end of the sag. As
the measurements were made on the MV side of the transformer, the close
resemblance of the active power evolution suggests that the neglection of the
transformer magnetizing transients may be the cause of these differences.
Dynamic models of transformers can be found in the literature which can
be adapted from experimental data from transformer tests [30] and could
be added to the model to improve its accuracy. Unfortunately, to adapt the
model and confirm these hypothesis, measurements from both sides of the
transformer which are not available would be necessary.
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6.21: Grid-side inverter output voltages during the voltage sag.
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Figure 6.22: DC bus voltage during the voltage sag.
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Figure 6.23: Active and reactive power output of the WTGS measured on
the MV-side of the transformer
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Figure 6.24: RMS value of the abc currents of the MV-side of the transformer
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Dual synchronous reference frame
DFIG vector control

7.1 Introduction

This chapter analyzes the use of a dual synchronous vector control design
for the control of a DFIG-based WTGS to make the system able to operate
under grid voltage unbalances due to unbalanced voltage sags.

As mentioned in the previous chapter, the conventional vector control is
meant for the operation under balanced conditions. This restriction is usu-
ally not an important issue as in most common vector control applications
with squirrel cage induction motors or synchronous permanent magnet mo-
tors, the machine is isolated from the grid by the converter. In the case of
the DFIG, though, the stator is connected to the grid, thus the voltages seen
by the machine can no longer be assumed to be balanced.

The former DFIG wind turbines which used conventional vector control,
usually assumed the network unbalances to be small. In such case, when an
unbalanced voltage sag occurred, if the negative sequence grid voltage was
small compared to the positive sequence, the effect on the performance of
the current control would be small and the system would be able to remain
connected during the fault. However, if the voltages are very unbalanced,
the current control was likely to be unable to properly control the machine
and it the would be needed to disconnect the machine from the grid.

The dual synchronous reference frame is an extension of the conventional
vector control which solves the restriction imposed by the conventional vec-
tor control to operate under balanced conditions. To do so, it uses the
Fortescue transformation to split the system in two decoupled systems cor-
responding to the positive and negative sequence, which are both balanced,
and controlling them separately by using two independent vector controllers.

The chapter is organized as follows: first the design of a dual synchronous
reference frame vector controller for the DFIG is analyzed in Section 7.2.
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Later, in Section 7.3, the same design principle is used to extend the vector
controller of the AC grid side of the converter.

7.2 Machine side control

As it was shown in Section 3.4, considering a general unbalanced condition,
the Park transformation is no longer capable of transforming the time vary-
ing steady state system magnitudes into constant vectors because of the loss
of symmetry between the three phases. However due to the linear nature of
the system, the analysis tools for balanced systems can be extended to the
unbalanced systems by decomposing the system as a sum of the so called
positive, negative and zero sequences. To do so, the so called Fortescue vari-
able complex transformation matrix, introduced in [26], must be applied to
the variables. This transformation is defined as!:

Xt 1 1 a o] [X,
X | £ 3 1 a® al |X, (7.1)
X0 1 1 1] 1|X

==C

where a 2 /% and X,, X;, X, are the phasors associated to the magnitudes
of each phase and can be related to the abc time signal as:

V2X, cos(wet + Prq) Re {V2X e IweledPaa}
2 (t) = | V2Xp cos(wet + pup) | = | Re {V2Xpe IwetemIvm
V2X. cos(wet + @ze) Re {V2X e IweteIpae )
Re {ﬂgae—j%t}
= [Re {V2X e @t} | (7.2)
Re {V2X eIt}

and thus

Xae_]:wet = Xq (cos(za) + J sin(¢za)) e_'jwet
Xye 7t = X (cos(pap) + 7 sin(pqp)) eI (7.3)
X et = X (co8(pue) + 7 sin(pue)) €774

Note that these signals are complex and only the real part correspond to
a physical magnitude which can be measured in the real system. However,

!Note that to be consistent with the definition of the positive and negative sequence
phasors introduced in (3.58) and (3.59), X~ appears in (7.1) as a complex conjugate.
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the signal is a so called analytical signal as the imaginary part is equal to
the real part with a phase shift of 90 degrees. Thus, the imaginary part can
be obtained from the real part by using a Hilbert transform filter, which is
a filter with a unit gain and a phase of 90 degrees for all the frequencies of
the spectrum:

X et = 5 (2a(t)
Xpe Iwet = = (ap(t)
1
2

—jwet __
X emiwet —

— J (H(t) * z4(t)))
— J (H(t) * zp(1))) (7.4)
—J (H(t) * zc(t)))

where H (t) is the impulse response of the Hilbert transform filter and * is
the convolution operator.

This suggests that the Fortescue transformation can be used in conjunc-
tion with a series of Hilbert transform filters to decompose the measured
signal into positive and negative sequence and apply a synchronous refer-
ence frame controller to control the variables of each sequence.

Considering the case of a three wire system where the 0 sequence can be
eliminated from the equations, (7.1) can also be combined with the Clarke
transformation matrix 7°(0) to put the variables as a function of the af
components suppressing the 0 sequence:

X e Jwet 1 a® a Xﬁe_jwet
) Ta(t)
1|1 a a”| 1 —5 0 0] |H(t)*xu(t)
3 [1 a® a}T (0) [0 0 1 —3} z5(t) (7.5)

H{(t) * wp(t)

Then, the a8 components of the positive and negative sequence can be
obtained as:

z b (t) = Re {XTedwet

xg(t) = —Jm {Xte et (76)
z, (t) = Re {X~elwet '
25 (1) = Jm {X"eit)

Finally, as the former transformations are linear, an equivalent multivari-
able transformation filter transfer function can be obtained by combining its
equations:
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1 —H(s)
z¥PH(s)] 1| H(s) 1 o
|:$aﬂ(8)] T2 1 H(s) 2*(s) (7.7)
—H(s) 1
J(s)

Note that, as the number of degrees of freedom remains two, there exist
the following equivalences:

g (s) = H(s)zl(s)
75 (s) = —H(s)z; (s)
As J(s) is not square, it is not possible to invert it. However, a 1-inverse

matrix can be found for it. As J(s) is full column rank, its Moore-Penrose
pseudoinverse .J(s)' can be found as:

(7.8)

J(s)" = (J(5)7 () (7.9)

This matrix is the so called left inverse of J(s), thus:

J(s)TJ(s) = I4 (7.10)

where 1 is a 4x4 identity matrix.
Taking the DFIG machine equations in (3.21) for § = 0, the following
equations are obtained:

Ly 0 M 0
o Ly 0 M| d|i°
o IM 0 Ly 0| dt|i2”
0 M 0 L,
T 0 0 0
0 T 0 0 ie?
0 oM o —wL Lgﬁ (7.11)

wyr M 0 wy Ly Ty

Transforming this equation by Laplace, we obtain:

Lgs s 0 Ms 0
W | 0 Lt 0 Ms | [i€”(s) (7.12)
v (s) Ms —wy M Lys+r, —wpLy | [i%(s)
wr M Ms wrly  Lps+r,
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The variable transformation is then introduced to the stator and rotor
variables using the following 8x4 variable change matrix:

a [J(s) Os2
N(s) = [04’2 7(5) (7.13)
which has the following 4x8 pseudoinverse:
Jis) 0
t_ 2.4
N(s) [ 0n.4 JT(S)] (7.14)

Multiplying (7.12), we obtain:

Lss+rg 0 Ms 0
af
vs (s)| 0 Lgs+rg 0 Ms "
N(s) [v,?‘ﬁ(s)] =N | s CoM Lostr  —wlL N(s)
wrM Ms wy Ly Lys+r ]
.af3 ]
is (8)
- N(s 7.15

Replacing the machine magnitudes by their transformations the following
is then transformed into:

U?ﬁ+(8) Lgs+rg 0 Ms 0
af—
vs” ()| 0 Les+rg 0 Ms t
vﬁ‘ﬁ+(3) = N(s) Ms —w,M Lys+7r, —w.L, N(s)
vf‘ﬁ_(s) wr M Ms wpLy,  Lps+r7,
’L'?'8+(5)
aff—
is” (s)
7.16
7 (s)

Substituting N(s) and NT(s) in this equation and applying the equiva-
lences shown in (7.8), the following equations are obtained:
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The split positive and negative sequence vectors can then be transformed
to a synchronous reference frame by using a rotation matrix R(6) as:

299F = R(wet + pF)zB+
{ $qd7 = R(—wet — 80*)$a/3* (720)
The equation for the positive sequence becomes:
L; 0 M 0
iy |0 Ly 0 M| d e
pddt M 0 L. 0] at]|%
0O M 0 L,
Ts ste 0 Mwe
N —Lswe s —Muw, 0 s
0 M (we — wr) Tr L, (We W?“) igd+
—M (we — wy) 0 —L, (we — wy) Ty
(7.21)
while the negative sequence equation becomes:
Ly 0 M 0
vgd_ |0 Ly 0 M i zgd_
19| T M0 L. 0| at |
0O M 0 L,
Ts Lswe 0 —Mw,
n Lswe Ts Mw, 0 zgd_
0 —M (we + wy) Ty — Ly (we +wy) | 394~
M (we + wy) 0 L, (we + wy) Ty
(7.22)

The structure of the current controller for each sequence is based on the
same principle as in the conventional vector control. It combines a decou-
pling feedback loop which also eliminates the dependency of the dynamics
on the machine speed and a feedback controller fed with the error between
the measured current and the reference value. The equation for the positive
sequence voltage applied to control the positive sequence current is:

|:'U'rq—|—:| _ |:'[)7'q+ + (we - w'r) Misd+ + (we - w'r’) L'r’irdJr

. . . 7.23
Urd4- Urd+ — (We - wr) Mlsq—‘r - (We - wr) Lytray ( )
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where 0,44+ and 0,44 are the outputs for the ¢+ and d+ positive sequence
current controllers. Also, for the negative sequence the voltage equation is:
|:'U7"q—:| _ |:ﬁrq— - (we + wr) Migq— — (we + Wr) Lyirg— (7 24)
Urd— Upd— + (We =+ Wr) Misqf + (we + Wr) Lyiyg—

where 0., and 9,4 are the outputs for the ¢g— and d— positive sequence
current controllers.

To test the performance of the decoupling loops, a simulation of the re-
sponse to a step change of 50 V in the 0,44 control action is applied for two
different machine speeds (1.000 and 1.900 min~!) the same way it was done
for the conventional vector control in the previous chapter (see Figure 6.1).
Figure 7.1 shows the evolution of the applied rotor voltage, which contains
the controller output 0, plus the decoupling terms for both the positive and
negative sequence synchronous reference frames. Notice that although the
negative sequence voltage is not zero, it is smaller than the positive sequence
voltage, thus proving the proper decoupling between both sequences. This
is further confirmed by the evolution of the rotor current which is shown in
Figure 7.2.

200

100{-
LT TP U S
A

100
-200
-300

3= < < 5
a a8 a 3
e S

v, for 1000 min™" [V]

I I I i I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time [s]

v, for 1900 min™" \Y]
la& 3 3 3
e ¢ ¢ ¢

Time [s]

Figure 7.1: Rotor voltage applied to test the decoupling feedback loop used

by the double synchronous reference frame vector controller of
the DFIG

From the evolution of the current (Figure 7.2), it can also be seen that the
dependence on the rotor speed is suppressed. On the other hand, comparing
the evolution of the current to that obtained for the same test with the
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Figure 7.2: Evolution of the rotor current for the test of the decoupling feed-
back loop used by the double synchronous reference frame vector
controller of the DFIG

conventional vector control (Figure 6.3), it can be seen that the decoupling
between ¢ and d is bad during the transients although it works well in steady
state. This is due to the use of Hilbert transform filters with a limited
bandwidth which only provide the proper phase delay for frequencies close
to the nominal grid frequency as will be explained later. This suggests that
the performance obtained from this system will be worse than that of the
original conventional vector control for a balanced operating point.

As in the conventional vector controller, a PI controller can be used in
the current control loop and its parameters can be tuned the same way as
in the conventional vector control case using (6.11).

The output voltage of the controller to be applied on the machine, which is
usually fed to a PWM scheme to generate the switching signal for the semi-
conductors, is obtained by transforming the positive and negative sequence
voltages to a common reference frame. This is accomplished by inverting
the rotation matrices as:

2% = R(—wet — 1)z + R(wet + ¢~ )a?4™ (7.25)

In order to test the performance of the controller, a simulation of the
response of the current control is performed for a constant grid voltage equal
to the nominal voltage and a step from 0 to the nominal torque for the same
two operating points tested for the conventional vector control (1.000 and

99




“PhD” — 2011/6/8 — 1‘7?:01 — page 100 — #130

Chapter 7 Dual synchronous reference frame DFIG vector control

1.900 min~—!). The evolution of the current is shown in Figure 7.3, notice
that the response is similar to that of the conventional vector controller
(Figure 6.4) although the effect on the d component of the current is greater
as the performance of the decoupling loop is worse. Figure 7.4 shows the
response of torque of the machine, notice that although there exists a small
ripple in the torque, it reaches the final value in almost the same time as
the rotor current.
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Figure 7.3: Evolution of the rotor current of the DFIG to a step reference
change when using dual vector control

Finally, the design of the Hilbert transform filter H(s) must be discussed.
Several options exist, here a first order allpass filter is used. This filter has
the following transfer function:

S — We
H(s) = P (7.26)

Although the ideal Hilbert transformation filter should have a unitary
gain and a phase delay of -90° for all the frequencies, the first order all-pass
filter has a phase delay that goes from -180° at the DC frequency to 0° at
infinite frequency and it only has the correct delay of -90° for a frequency
of 50 Hz. Thus, in steady state the electrical magnitudes may be properly
transformed using this filter if the frequency of the grid magnitudes is exactly
the same as the frequency for which the filter is designed. However, if the
distortion caused on the signals by a wrong delay of the filter may cause
the overall performance of the system to be worse in comparison to the
performance obtained under balanced conditions using a conventional vector
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Figure 7.4: Evolution of the DFIG torque to a step reference change when
using dual vector control
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Figure 7.5: Bode plot of the first order allpass Hilbert transformation filter.
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control scheme. This may force to reduce the performance specifications for
the current controllers as the current measure used to calculate the error
fed to the controller may have a small bandwidth around the grid nominal
frequency.

7.3 Grid-side current control

7.3.1 AC side current control

According to Chapter 5, the equations that describe the AC side current
dynamics of the converter (5.17), can be written for the stationary reference
frame with § = 0 as:

v, [0 7"1] i+ U + v (7.27)
By applying the Laplace transformation to these equations, the following
is obtained:

af, \ _ [Las+ 0 .af aB 9
O LI [ RR® (7.23)

Then, as in the previous section, the equation is multiplied by J(s) to
obtain the equations for the positive and negative sequence:

Lis+ 1 0

J(s)vlo‘ﬁ(s) = J(s) [ 0 Lis + Tl] J(s)TJ(S)@'?‘B(S)+J(S)U?5($) (7.29)

This can be easily proven to be equivalent to the following if and only if
the constraints in (7.8) are met:

Lis+r 0 0 0
PP 0 Lis+m 0 0 it N vePt
o0 0  Ls+n 0 i B P

0 0 0 Lis+ 1

(7.30)

These equations are decoupled between the positive and the negative se-

quence, thus they can be controlled separately. the equations for each se-

quence can be obtained by splitting the previous equations as two different
systems as:
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aft, \ _ |Lis+m 0 af+ af+

v (s) = [ 0 Ls + Tl] i, (s) + v (s) (7.31)
af— . Lis+my 0 .afB— aBf—

v " (s) = [ 0 Lis + 7”1] i, (s) + v (s) (7.32)

By applying the inverse Laplace transform to these equations, the corre-
sponding differential equations are obtained:

s+ _|mt O .ap+ d oy

v = [0 Tl] i+ Llﬁz? + 2Pt (7.33)
g— _|m Of .ap— d .- _

7T = [0 7’1] i+ Llal;l + 0P (7.34)

As in the previous section, the equations for the positive and negative
sequence can be transformed using a conventional rotation to synchronous
reference frame by defining the new transformed variables as:

{ 290+ — R(wet + ¢+)$aﬁ+ (7.35)

299 = R(—wet — ¢ )a®h~

By applying this transformation to the split stationary frame equations
the following is obtained:

qd+ _ T wely| .qd+ i .qd+ qd+
oo |:_weLl T ] Wtk al T (7.36)
and
gd— | m —wely] .qa- d gd- qd—
T |:(/JeLl T ] Wtk gt T (7.37)

As these equations are coupled between ¢ and d and depend on the grid
frequency and the grid voltage, as in the conventional vector control, a
decoupling feedback loop plus a feed-forward is added by defining the voltage
applied by the converter as:

vlqur _ |:7A)lq+A+ welLitqy .+ Uzq+:| (7.38)
gy — welqtgs

whilst for the negative sequence:
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p0d— _ Oig— — WeLiiyg— + vzg—

! {}ld— + weLmq_ (739)

To test the proper operation of the decoupling loop, the step response of
the system is simulated. In this simulation, a step of 50 V is applied on the
control action for the ¢ component of the positive sequence current @l+ while
keeping the control action for the other loops equal to zero. The evolution of
the voltage vector applied by the decoupling loop plus the control action is
shown in Figure 7.6 and the response of the current is shown in Figure 7.7.
From the evolution of the current, it can be seen that although the step is
applied to the ¢ component of the positive sequence, neither the decoupling
between both sequences nor the decoupling between the ¢ and d components
are perfect. Also, comparing this simulation to the one performed to test the
decoupling loop of the conventional vector control of the grid side converter
(Figure 6.8), the decoupling between ¢ and d is worse. Thus, the performance
that can be obtained from this system can be expected to be worse than that
of the conventional vector control for balanced operation.
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I I I I I I I I I
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Time [s]
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Time [s]

Figure 7.6: Simulated voltage step to test the decoupling feedback loop used
by the dual synchronous reference frame vector controller of the
AC side current control. Upper graph: evolution of @fd. Lower
graph: evolution of v?d including the voltage applied by the de-
coupling feedback loop.

Then, assuming the compensation to be perfect, the equations of the
decoupled system become:
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Figure 7.7: Evolution of the AC side current for the test of the decoupling
feedback loop used by the dual synchronous reference frame vec-
tor controller of the AC side current control.

R 0] . d .

UZ]CH_ = |:7E)l Tl:| Z?d+ + Lla’l?d—‘r (740)
and

~qd— 1 0| .qd— d q—

vlqd = [Ol 7’1] z?d + Ll%z?d (7.41)

where 17;1‘” and f}lqd_ are the control action output of the current feedback

controllers for the positive and negative sequences.

A pair of PI current controller can then be used to control the current
for each component of each sequence. The parameters for these controllers
can be adjusted following the same procedure developed for the conventional
vector control from (6.24).

To test the performance of this controllers, a simulation of the response
to a reference step change is performed. In this simulation, a step in the ¢
component of the positive sequence current is performed while keeping the
other components zero. Figure 7.8 shows the evolution of the current com-
pared to the reference value. Note that the performance can be considered
as acceptable although it is worse than that obtained from the conventional
vector control for the same situation (Figure 6.9). However, by plotting
the evolution of the current in the natural abc variables, Figure 7.9, it can
be seen that the evolution doesn’t differ a lot from that obtained from the
conventional controller, Figure 6.10. Finally, the evolution of the applied
voltage by the gd components of both positive and negative sequences is
shown in Figure 6.11. Note that the evolution of the control action does
not exceed the acceptable limits of the applied voltage and the negative se-
quence voltage is 60 times smaller than that of the positive sequence during
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the transient, thus confirming that the decoupling between both sequences
is good.
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Figure 7.8: Evolution of the AC side current of the grid side inverter in the
qd reference frame to a step reference change when using dual
synchronous reference frame vector control
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Figure 7.9: Evolution of the AC side current of the grid side inverter in the
abc reference frame to a step reference change when using dual
synchronous reference frame vector control
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Figure 7.10: Evolution of the voltage applied on the AC side of the grid
side inverter due to a step change in the current reference when
using dual synchronous reference frame vector control
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Chapter 8

Stationary reference frame DFIG
control

8.1 Introduction

This chapter presents a stationary reference frame current control design for
a DFIG-based WTGS which allows the machine to operate under unbalanced
conditions.

As mentioned in the previous chapter, the dual synchronous reference
frame vector control allows to extend the principles of the conventional vec-
tor control to the more general unbalanced case by using two vector con-
trollers plus a filter which separates the positive from the negative sequence.
The drawback of this design, as mentioned in the previous chapter, is that
the complexity of the resulting controller is increased while the robustness
and the performance obtained from the control is decreased in comparison
to a conventional vector control design under balanced conditions.

The idea behind the stationary reference frame control is that by using the
stationary reference frame, taking the derivative of the Park reference angle
used by the controller as constant, the advantage of transforming the sys-
tem magnitudes into constant values in steady state is lost but the design
of controllers to operate under both balanced and unbalanced conditions
is simplified and the resulting scheme can be compared in complexity and
performance to those of the conventional vector control under balanced con-
ditions.

The chapter is organized as follows: first the design of a stationary refer-
ence frame controller for the DFIG is analyzed in Section 8.2, then the same
design procedure is used in Section 8.3 to control the AC grid side.
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8.2 Machine side control

To obtain the stationary reference frame equations of the DFIG, 6 is chosen
as § = 0 in (3.21). This way, the Park transformation matrix T'(d) becomes
a constant matrix which corresponds to the so called Clarke transformation
matrix. Here, the ¢qd notation will be replaced by «f, which is a common
way to tell the Clarke transformed variables from the synchronous reference
frame Park transformed variables.

The machine equations become:

Ls 0 M 0
v?'g |10 Ly 0 M i z?ﬁ
o2 T M0 L. 0] adtl|i®?
0 M 0 L
rs 0 0 0 ,
0 Ts 0 0 is
Tlo —oM o —wl [Z-gﬁ] (8.1)

wr M 0 wy Ly T

From this equation, it can be seen that there exist a coupling between the
electrical and mechanical variables because some terms in the equation de-
pend on the mechanical speed of the machine. Also this dependance makes
the system be nonlinear as there are products between state variables. For-
tunately, as it was previously shown in Chapter 2, the mechanical dynamics
are very slow, thus the generator speed can arguably be considered constant
when studying the generator equations to design its current controllers.

Assuming the mechanical speed to have very slow dynamics compared
to the electrical variables, there exist different possible ways to design the
controller. Here, a decoupling feedback will be introduced in the control
action which ideally will suppress the dependance of the electrical dynamics
in the mechanical speed while also suppressing the existing coupling between
the o and 8 variables. To do this, the voltage applied to the rotor windings
will be computed as:

.
aB _ B 0 —wr M 0 —wrLy| |1
St M 0w, 0 | |28 (8.2)
where 927 is the output of a current controller fed with the current error.

To verify the proper compensation of the terms which depend on w, and
decouple v and § a simulation of the rotor current response when voltage
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is applied to the stator windings of the machine in the direction of vg,.
The simulation is performed in an averaged model of the system and the
controllers are implemented as discrete time controllers with a sampling
time of 3 kHz. The stator voltage input v?ﬁ can be seen in Figure 8.1, the
evolution of the rotor current and the voltage applied by the decoupling
feedback are shown in Figure 8.2 and 8.3. The simulation is also performed
for a range of generator speeds.
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Figure 8.1: Stator voltage applied to test the decoupling feedback loop
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Figure 8.2: Rotor current evolution during the simulated test of the decou-
pling feedback loop

The simulation results show that although the compensation of the cou-
pling terms is not perfect and certain dependance on the machine speed still
exists which increases with the machine speed, the gain between v, and
irg is 50 dB lower than the gain between v, and i,, in all cases. Thus the
«a and B components can arguably be considered to be decoupled when the
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Figure 8.3: Rotor voltage applied by the decoupling feedback loop during its
test simulation

decoupling loop is present and decoupled SISO controllers may be used to
control them independently.

Doing the assumption that the compensation completely suppresses the
coupling between « and ¢, the machine equations (8.1) can be rewritten as:

0 M T 0
02 0 L. 0 M| d [i&” 0 r, 0 0] [i%
(M 0 L, 0dt|if 0 0 7 0] [ (8.3)
0 M 0 L 0 0 0 7

The derivatives of the current can be put as a explicit function of the
current and the voltage applied to the machine thus obtaining the usual
state space representation of the equations:

Tl 0 —rrM 0 )
d i’ 1 0  rsLy 0 —rM| |’
dt |i®®| ~ LsL, — M2 |-rsM 0 o Lg 0 iob
0 —rsM 0 rrLs |
L. 0 -M 0]
1 0 L. 0 —M| [P
8.4
+L8LT—M2 -M 0 Ly O [@gﬂ (8.4)
0 -M 0 L |
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Transforming by Laplace the equations and solving for the current, the
transfer function between the current and the voltage is obtained:

Ly.s+r, 0 —Ms 0
iPs)] 1 0 L.s+r, 0 —Ms 0P (s)
it’(s)|  D(s) | —Ms 0  Ls+rs 0 08 (s)
0 —Ms 0 Lss+rg
(8.5)
with
D(s) = (LsLy — M?) 8* + (Lgry + Ly7s) 8 + 107 (8.6)

Note that although a and 8 are decoupled, there exists a coupling between
the stator and rotor variables.
The Laplace transform of the rotor current is:

e (s)

S

(8.7)
Note that as a and 8 are decoupled and symmetrical, they can be con-
trolled independently and the same controller can be used for both, thus
from now on only the « equations will be displayed for the sake of simplic-
ity.
The Laplace transform of 4, is:

. 1 |Lgs+r 0 R 1 [—Ms 0
af _ s s afs
PEO=pm 1 o Lss—i—rs] )+ B [ 0 —Ms]

Lss+rg
LyL, — M?) 8?2+ (Lgry + Ly1s) s + 107

G(s)

Ura(S)

ira(s) = (

- “ buals)
(LsLy — M?) 82+ (Lgry 4+ Lyrs) s +1rprs O

Ga(s)

8.8)

where G(s) is the transfer function between 0., and i,q,
Gq4(s) 1is the transfer function between vy, and irq.
As v, is a exogenous signal that does not depend on the state of the
system, it can be thought as an external disturbance when designing the
current controller.
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To control the rotor current, a two degrees of freedom controller consisting
in a feedback controller K (s) fed with the error between the current refer-
ence signal i, and its actual value i, plus a feed-forward controller K (s)
fed with the measured disturbance vs,. The purpose of the feed-forward
controller is to speed up and improve the compensation of the effect of the
disturbance vs,. The diagram of the proposed controller is shown if Figure
8.4, note that the notation used in the diagram corresponds to a commonly
used notation in control theory which identifies the reference signals as r,
the system output as y, the disturbances as d, the error as e and the control
action as u.

K,() &\_

+ e A +Y- u +¥+
r_>_$_/9 K(s) zou > cw ag——y

Figure 8.4: Proposed current control structure for the stationary reference
frame controller of the DFIG.

In order to take into account the effect of the discrete time nature of
the controller while using the continuous time controller design tools, the
effect of the zero order hold will be approximated by a time delay of half a
sampling period [31]. Figure 8.5 shows the resulting simplified scheme.

Ko e

e . +¥+
rﬁ?ﬁ K(s) et >1 G(s) y

Figure 8.5: Simplified model of the generator control.
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8.2.1 K, feed-forward compensation design

When designing a feed-forward compensation to minimize the effect of the
stator voltage disturbances on the current control of the machine, a common
approach is to assume the stator resistance rs to be small and the stator cur-
rent to not have any influence in the rotor current. Then, from the equations
of the generator (8.4) it is found that in order to completely suppress the
effect of vs on i,, a very simple Ky, which will be referred as K49, can be
used:

K =——+ (8.9)

In order to verify the effectiveness of this compensator, a simulation of
the response of the system to a change in the stator voltage is performed.
Figure 8.6 shows the applied voltage disturbance and the effect that it has
on the rotor current when no compensator is used. Figure 8.7 shows the
evolution of the current when Ky is used. Note that this simulations are
performed using a controller which besides the feed-forward compensator,
only contains the decoupling feedback loop previously designed. From the
simulation results, it can be seen that the compensator greatly diminishes
the effect of the stator voltage by reducing the gain of the stator voltage
to the rotor current to one tenth. On the other hand, it gives a very slow
transient.

i i i i i i i
0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
Time [s]

0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
Time [s]

Figure 8.6: Simulated stator voltage disturbance to test the feed-forward
compensator used by the stationary frame controller of the DFIG
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0.4 ‘ i

Time [s]

Figure 8.7: Simulated evolution of the rotor current under a stator voltage
disturbance using the Ky feed-forward controller

In order to improve the performance of the system,the effect of the stator
current must be taken into account to properly compensate it. Considering
a general feed-forward compensator K4(s) fed with the measured stator volt-
age, the transfer function between the current error and the stator voltage
can be written as:

—~

e

(Sg =1 - G(s)e 2°K4(s)G; (s) (8.10)
S

From this equation it can be seen that in order to completely compensate
the effect of d(s), the desired feed-forward compensator transfer function
Kq(s)* is:

S8

Kq(s)* = Ga(s)G(s)e2* (8.11)

Note that this controller is acausal hence it is impossible to realize. Thus
it can be stated that the effect of the stator voltage disturbances can not
be completely suppressed by using a feed-forward controller. On the other
hand, this function can be approximated using realizable transfer functions
and a better approximation of this function will lead to better rejection of
the disturbance.

The first possible approximation of (8.11) is obtained by suppressing its
time delay:

—Ms

Kg1(s) = Ga(s)GL(s) = Tsir

(8.12)

This controller can be transformed into a difference equation using the
Tustin bilinear transformation. This transformation maps the s plane of the
Laplace transformation into the z plane of the Z transformation by using
the following approximation:
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1— L
z R~ n 7%3 (8.13)
+ 78

Substituting the numerical values of the parameters of the system, the
following transfer function in z is obtained:

-0,3921 + 0,392121
K == ! 8.14
at(2) 1—0,99972—1 (8:14)
In order to test the performance of this controller, a simulation is per-
formed under the same conditions that were used to test K49. The resulting
evolution of the current can be seen in Figure 8.8. It can be seen that Kg;
improves the transient response of K49 although in steady state the gain of

the stator voltage over the rotor current is the same for both compensators.

R [Tt
AL

0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
Time [s]

Figure 8.8: Current response for the stator voltage disturbance test of the
feed-forward controllers K41 and Kgs.

To explain this phenomenon a frequency analysis is performed on the
transfer function of the ideal feed-forward compensator and its approxima-
tion. The bode plot of Kj(s), Kqo(s) and Kg41(s) is shown in Figure 8.9 (note
that the inverse of these functions is represented instead as the Matlab tools
used to draw the bode plots require the transfer functions to be causal).

From the bode plot of these functions, it can be seen that both Ky, and
K41 provide the same degree of approximation of K around the grid fre-
quency (50 Hz) whilst K4 approximation is better for for low frequencies,
which explains why K gives provides a better transient response.

One thing to note from the graph is that because of the phase delay caused
by the zero order hold, the phase of K49 and Ky differs from K at the grid
frequency, thus making the steady state response worse. In order to improve
that, a phase advance controller can be put in series with the feed-forward in
order to compensate the phase delay of the zero order hold. A new transfer
function K49 is then obtained:
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Figure 8.9: Bode plot of the inverse of the transfer function between the
stator voltage and the rotor current along with the proposed
feed-forward compensators.

2,7e-4s + 1
Kdg(s) = m}—(dl(s) (815)

The bode plot of Ky is shown in Figure 8.9. Notice that although the
adjustment of the gain curve of Kg9 becomes worse than Ky due to the
distortion caused by the phase advance controller, the adjustment of the
phase is greatly improved.

In order to test the adequacy of the new controller, a simulation is per-
formed under the same conditions as in the previous tests of K49 and K.
As in the previous cases, the transfer function in the z domain of Ko is
obtained using the bilinear transformation:

-0,6421 4+ 0,794z~ — 0,1519272
K = ’ ’ 8.16
a2(2) 1 0,74972-1 — 0,2499-2 (8.16)

The controller response can be seen in Figure 8.8. The simulation results
suggest that the addition of the phase advance controller greatly improves
the performance of the compensator. Notice that as Ky(s) is a feed-forward
controller and it works in open loop, its performance is related to the ad-
justment of the model of the system used to design the controller to the
actual dynamics of the system. The fact that the phase advance improves
the response that much suggests that the adjustment of the phase in K (s)
is critical. Hence in order for K (s) to be useful in a real implementation of
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the controller, the different phase delays in the real system due to sensing
of the system magnitudes, the communications and the modulation used to
control the switching devices should be carefully measured and considered
in the design of this controller.

8.2.2 K feedback controller design

The design of the feedback controller K (s) will done using a inverse-based
loop shaping approach. This method is closely related to the so called Inter-
nal Model Control (IMC) [29]. The idea behind this method is that as the
controller is connected in series with the system, the dynamics of the plant
can be suppressed by including the inverse of the plant in the controller.
Then, the controller transfer function can be obtained in a systematic way
by multiplying the inverse of the plant transfer function by the desired open
loop transfer function. On the other hand, care must be taken when the
system transfer function contains non-invertible elements as unstable poles
and zeros and time delays.

Considering the dynamics of the DFIG described by (8.8), neglecting the
time delay due to the time discretization, the transfer function between the
controller output voltage ¥, and the rotor current i, is stable with no zeros
with positive real part. Then, the controller can be obtained as:

K(s) = G7(s)L*(s) (8.17)

where G7!(s) is the inverse of the plant transfer function,
L*(s)  1is the desired open loop transfer function.

The choice of L*(s) depends on the desired system performance and must
be chosen so that the K (s) is causal, that is, the degree of the denominator
of K(s) must be greater or equal to that of the numerator.

As an example of choice for L*(s), in case of need to have a good tracking
of constant reference values, a common choice would be [32]:

Li(s) = = (8.18)

This open loop transfer function has a crossing frequency of w,., an infinite
gain at 0 frequency, a gain tending to 0 as the frequency tends to infinite
and a phase going from 0 degrees at zero frequency to 90 degrees for infinite
frequency. The corresponding closed loop transfer function would be:

T (s) = zzg = 51+ 1 (8.19)
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That would mean that for a constant reference value, the steady state
error would be 0 and the close loop bandwidth would be approximately w..

One drawback of this controller is that it would have an infinite gain at
zero frequency and thus would require an anti-windup loop to avoid limit
cycles and unwanted hard to predict nonlinear behavior due to the saturation
of the control action. A possible solution for that is to limit the gain at zero
frequency by replacing the integrator of Li(s) by a pole:

% w
LQ(S) - S—:a

In that case, if w. >> a, the crossing frequency would be approximately
w¢ and the gain at 0 frequency would be:

(8.20)

I1L50)] =~ — (8.21)

As the current reference signals in the stationary reference frame are sinu-
soidal time-varying of 50 Hz, it is wanted to have a high gain around 50 Hz
instead of 0 [33]. To obtain a suitable transfer function a low-pass to band-
pass frequency transformation, which is commonly used for filter design, can
be applied to the previous equation, obtaining:

2w 2we S
1/ S 1/ S s2 402 1 o 2 1 2( :
* 2s : ""3 (“‘(QJ 1 “(2) ’ 0

where wp is the transformation frequency (here it is 2750 rad
s,
we is the approximate equivalent low pass crossing fre-
quency of L*(s),
¢ is the damping of the poles of L*(s) which allows to
tune the gain at wy frequency (¢ = wio)
Here, the bandwidth is chosen to approximately match the bandwidth
needed for the torque actuator considered when designing the speed control,
which is 20 Hz. The gain at wq is chosen to give a steady state error of 0,1%,

by taking ( = 4e-4. The resulting controller is:
_0,2846s° + 9,0885% + 4,158s
83+ 1,17352 + 9,87eds + 9,119¢4

This transfer function is then transformed to z using the Tustin bilinear
transformation for a sampling frequency of 3 kHz:

K(s)

(8.23)
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K(z) = 0,2853 — 0,85282~! + 0,8498272 — 0,2823273
0 1-2,98921 + 2988272 — 0,999623

The Bode plot of K(z) is shown in Figure 8.10 and the resulting closed
loop transfer function 7T'(s) can be seen in Figure 8.11. Notice that the
gain of the closed loop transfer function is approximately 0 dB around 50
Hz, which means that the controller provides a good tracking of the current
reference signals. Also, the gain of T'(s) is always less than 0 dB, which is
also desirable as it is a measure of robustness of the system [32]. Finally,
note that the gain of T'(s) drops below -25 dB at frequencies above 200 Hz,
which is also required in order to avoid amplifying possible additive high
frequency noise from the current measures.

(8.24)

Gain [dB]

Frequency [Hz]

Angle [9]

Frequency [Hz]

Figure 8.10: Bode plot of the DFIG feedback controller transfer function.

In order to test the performance of this controller, a simulation of the
response of the system to a change in the reference current is performed.
The evolution of the current compared to its reference value is shown in
Figure 8.12. Notice that the system exhibits a damped response close to
that of a first order system with a settling time which is approximately that
of the specification.

8.3 Grid-side current control

In Chapter 5, the dynamical equations for the grid side system were ob-
tained. From equation (5.19) we have that the relation between the grid
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Figure 8.11: Bode plot of the closed loop transfer function of the current
controller of the DFIG.

T T T T T T T T T T
1L A — actual o
r
05+ \ / 1 . f . f . -
z [
R [
—05} \ i ‘ '
Ak \/
i i i i i i i i i i
-0.01 0 0.01 0.02 003 0.04 005 0.06 0.07 008 0.09

Time [s]

Figure 8.12: Simulated evolution of the DFIG rotor current for a current
reference change.
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side voltage and the current in the stationary reference frame can be writ-
ten as:

d
o =rip? + L ot (8.25)

This equation can be put in the conventional explicit state space repre-
sentation as:

d 1 1
Dyos Ty Loon L as (5.26)

It can be seen that the dynamical equations are linear and decoupled
between « and [, thus the controller design can be carried using single
input single output (SISO) system design techniques. Also as the dynamics
for both a and g are the same, for the sake of simplicity, from now on only
«a will be considered in the discussion as all the reasonings done for o can
be directly transferred to .

For the control design, the considered output variable will be the converter
current 7;, the control variable will be the converter voltage v; and the grid
voltage v, will be considered an exogenous disturbance signal which can be
measured.

In Section 5.4 and 5.5 it was shown that in the stationary reference frame
in both balanced and unbalanced conditions, the steady state magnitudes be-
come time-varying sinusoidal signals. Thus for the controller design, unlike
in the conventional regulation control design problems, here the frequency
band of interest is located around the grid frequency instead of 0 frequency
as both reference values and disturbances can no longer be considered con-
stant values.

To design the controller, first the transfer functions in the Laplace domain
for the system are obtained. By applying the Laplace Transformation to the
a equation in (8.25) we obtain:

ila(S) = m Ula( ) _LS T ’UZQ(S) (827)
——
G(s) Ga(s)
where s is the Laplace variable,

G(s) 1is the plant transfer function,
Gq(s) 1is the disturbance transfer function.
The proposed control scheme is a two degrees of freedom controller con-
sisting on a feed-forward disturbance rejection controller K4(s) fed with the
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grid voltage measurement plus a feedback controller K (s) fed with the cur-
rent error e. The proposed scheme is depicted on Figure 8.13. In order to use
the conventional control theory signal notation, the current will be referred
as the output variable y, whereas the current reference will be referred as
r, the applied voltage will be referred as the control action v and the grid
voltage will be referred as the disturbance d.

K, (s) fe—N—ro

+ e 7 +¥+ ” +Y+
rﬁ%_/e K(s) ZOH G(s) —

Figure 8.13: General current control system structure

In order to be able to use the continuous time linear systems analysis tools
while taking into account the effect of discrete time nature of the digital im-
plementation, there are a number of different possible well known strategies.
The simplest approach is neglecting the effect of the time discretization,
which is usually valid when the sampling frequency is reasonably high and
the design bandwidth of the controller is low. A more accurate approach is
the use of the so called Tustin bilinear transformation to map the z plane
to the w plane in the discrete time system transfer function obtained by
considering the zero order hold in series with the plant. Another common
approach, which will be used here, is to approximate the effect of the zero
order hold as a time delay of half the sampling period [31] as depicted on
Figure 8.14.

K, (s) <

r%?%ms) O] & B G(s)a% y

Figure 8.14: Simplified current control structure
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8.3.1 K, feed-forward compensation design

A feed-forward compensator is designed prior to the feedback controller to
minimize the effect of the grid voltage disturbances to the current control.
To design the feed-forward controller, first the transfer function between the
system error and the disturbance is deduced from the simplified diagram
(Figure 8.14) by suppressing the feedback controller:

e(s) = —Gy(s) — G(s)efgst(S) (8.28)

d(s)

For a good compensation the K (s) is desired to be:

Kq(s) ~ —e2°G(s) " Ga(s) (8.29)

As in this system G(s) = —Gy4(s) according to (8.27), this can further be
simplified to:

Ky(s) = e2? (8.30)

As €7 is not causal and thus it is not a realizable transfer function, the
first obvious choice is to ignore the time delay due to the zero order hold
and choose Kd to be 1. Thus the first compensator option to be evaluated
will be Ky = 1.

To be able to evaluate the performance of the feed-forward controller, the
response of the grid current to a 50% grid voltage sag is simulated. The
parameters for the simulation are shown on Table 8.1. The grid voltage is
considered to not depend on the grid voltage and its forced evolution can
be seen on Figure 8.15. The simulation is carried in two different models:
the first model uses an averaged converter model by considering the voltage
applied to be continuously varying according to the controller command,
the second simulation is carried using a switching model where the voltage
is applied by the converter by PWM.

oo

0.08 0.1

-500

Grid voltage v:bc v

Time [s]

Figure 8.15: Grid voltage evolution for the Ky feed-forward controller
simulation.
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(b) Switching model simulation

Figure 8.16: Current response to a voltage disturbance comparing K49 and
Kg.
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Symbol Value Units Description

r 0,01 Q Grid connection inductance resistance

L 0,0069 Grid connection inductance

wl 50 571 Grid nominal frequency

VN 690 A% Nominal phase to phase rms grid voltage
« 50 % Voltage sag amplitude

T 0,34 ms Converter switching period (3 kHz)

T T. 1 Controller sampling period

Table 8.1: Grid connection converter parameters.

The obtained current evolution for the K4y compensator can be seen on
Figure 8.16 for both models.

Unlike in regulation problems with constant disturbances, here it is seen
that the time delay produces a phase difference between the grid voltage and
the applied compensation voltage which makes the feed-forward compensa-
tion less effective, even in steady state. As mentioned before, to obtain a
better compensation, one should invert the time delay in the feed-forward
controller, which would mean making a non-causal controller. This option
is sometimes valid when the feed-forward input comes from the reference
instead of the disturbance measurement as sometimes it is possible to have
a prediction of the future value of the reference, thus this option is some-
times used in robot manipulator control loops [32]. Here, this option is not
valid and the inverse of the time delay must be approximated by means
of causal controllers. One possible way to do that is to use the transfer
function of a phase-advance controller, which is well known from the classic
linear control theory based on the frequency domain. The transfer function
for a phase-advance controller can be written as:

s+ %
Kyi=K T (8.31)
S+ o

where K is a design parameter used to adjust the desired gain,
a is a design parameter used to adjust the desired phase
increase,
T is a design parameter used to adjust the frequency for
the phase increase.
If @ is the desired phase increase, a can be calculated as:

_ 1—sin®

_ 2 —sm® 32
T 1 sind (8.32)
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If wp is the central frequency for the phase increase, it can be chosen as:

1
N wo\/5

Finally if it is wanted to have a unitary gain on Ky for wy, K can be
adjusted as:

T

(8.33)

K=— 8.34
7 (3:34)
To properly compensate the delay due to the zero order hold at the nomi-
nal grid voltage frequency, the phase increase at the nominal grid frequency
should be:

(8.35)

Choosing wp and ® to obtain the best approximation of e7% is a diffi-
cult task which can only be solved by using numerical optimization. One
suboptimal choice which warrants the correct phase delay at the nominal
frequency would be to choose wg = wév . In this case, the obtained controller
is:

1,054s 4 314,2
K, = — 8.36
a9 = g (8:36)
To obtain the discrete time transfer function to be implemented in the dig-
ital controller, the Tustin bilinear transformation is applied to this transfer

function as:

1—Lsg
2
~ 8.37
1+ %s ( )
Thus obtaining:
1,048 — 0,94912~1
Kq(z) = (8.38)

1-0,8954z~1

The bode plots for both K49, K41 and the desired ideal feed-forward com-
pensator are plotted on Figure 8.17. Notice that Kg gives a better ap-
proximation than Ky which matches the gain and the phase of the desired
compensator at the nominal grid frequency, which means that in steady
state the compensator will provide a nearly perfect compensation of the
disturbance whilst during the transients the small disadjustments between

128




“PhD” — 2011/6/8 — 12:01 — page 129 — #159

8.3 Grid-side current control

the ideal compensator and Ky will make the compensation less effective.
Notice also that as mentioned before, one way to improve the compensation
obtained with Ky could be to make wy slightly higher than w!Y in order
to improve the adjustment of the phase around the nominal frequency thus
improving the transient response of the compensator. As the adjustment of
the gain would also change, numerical methods should be used to design the
transfer function parameters.

0.5F

efTIZ s
1K ,4(S)
1K, (5)

Gain [dB]
o

-0.5¢ i i
10° 10" 10°
Frequency [s ]

5 — T2 :

1K (5)
10} 1K, (5)

Angle [A%]

10° 10" 10°

Frequency [s Y]

Figure 8.17: Bode plot comparing Kgy, K41 and the ideal feed-forward
compensator.

As with K49, the current response to a voltage variation is simulated
in both averaged and switched models to test both the obtained steady
and transient response. The obtained results can be seen on Figure 8.16
compared to the K g response. It is seen that K4 provides a better com-
pensation than Kyy although in the switching model the difference is less
noticeable due to the presence of the switching noise which at low power
levels become important due to the low mean value of the current.

8.3.2 K feedback controller design

For the feedback controller design an inverse based controller scheme will be
used. The main idea of this approach is that for a system with invertible
dynamics, it is possible to systematically design a controller K (s) for it by
choosing a desired L(s)* open loop transfer function and multiplying it by
the inverse of the plant dynamics.
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One common problem of this approach is that when the system has un-
stable poles or non minimum phase zeros, the plant dynamics can no longer
be inverted in order to avoid internal instability of the system. In this case,
as mentioned in the previous section, a time delay has been used to approxi-
mate the effect of the time discretization of the controllers thus the dynamics
of the plant cannot be inverted because of the non-causality of the resulting
controller.

The effect of having a time delay in the control loop is that the phase
of the open loop transfer function becomes worse and the system becomes
less robust. Also depending on the amount of delay, the desired system
performance may become impossible to obtain. In this case the time delay
depends on the sampling period of the controller, which in turn depends on
the switching frequency of the converter which is a design parameter of the
converter which should be chosen according the expected performance of the
converter among other things.

The first approach will be to ignore the time delay and expect the high
gain of the controller to be able to compensate for it in closed loop on the
band of interest. Thus K (s) will be chosen as:

K(s) =~ G (s)L*(s) (8.39)
Choosing L*(s) is complex task which depends on the desired system
closed loop performance and the limitations of the actual system. Here the
prototype function will be obtained by applying the filter design techniques
to transform a regulation problem prototype function to the band of interest.
For regulation problems, where proportional integral (PI) controllers come
in use, usually it is wanted to have a zero steady state error for constant
references and a desired w, crossover frequency which is related to the band-
width of the closed loop system. Both objectives can be obtained by having
a open loop transfer function of the form:
Li(s) = = (8.40)
One disadvantage of this choice is that usually for systems of type 0, the
controller must have an integrator and in some situations this might lead
to control action saturation and windup effects. To avoid this problem,
usually anti-windup modifications are used to limit the integrator values.
One different choice is to limit the gain at 0 frequency of the controller by
substituting the integrator by a non-zero stable pole of the form:

We

Ly(s) = =

(8.41)
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as w. >> a, usually this maintains approximately the same crossover
frequency.

In this case, it is wanted to follow sinusoidal time varying references in-
stead of constant values, thus the aforementioned function prototypes are
not valid. To obtain a valid prototype function, a low pass to band pass
transfer function transformation from the well known classic linear filter
design techniques will be applied to L}(s), obtaining:

=S 28
L* S :L* S 2402 — % = ) 8.42
(5) 2()3: Bl %852—{—3—‘8‘8%—1 %3324—027584-1 542

where wy is the nominal frequency of the current references to
be followed,
we i the equivalent low-pass approximate crossover fre-
quency of L*(s),
¢  is the damping ratio of the poles of L*(s) which can
be used to adjust the gain at the nominal frequency.

For the controller design, the controller parameters are chosen as wg =
wév =27 50 rad s7!, w, = 20 Hz and ¢ = 4e-4. In order to obtain a 0,1%
of error and an approximate 50 ms settling time for 50 Hz current reference
signals. The obtained transfer function is:

- 1,398e-065% + 6,366e-05s
~ 1,013e-0552 + 2,546e-065 + 1

The bode plot of the obtained controller transfer function can be seen
on Figure 8.18. Also the resulting open loop and the closed loop transfer
functions can be seen on Figure 8.19. From the open loop bode plot it is
found that the closed loop system has a gain margin of GM = 20 dB, which
is very good considering that usually it is recommended to be higher than
6 dB, and a phase margin of PM = 83° which is also good as usually it
is recommended to be higher than 40°, thus according to this performance
measures, the system is expected to be robust Notice also that the closed
loop transfer function doesn’t have any peak over 0 dB, that is M7 < 0 dB
which is also a measure of robustness closely related to the GM and PM
and it is recommended to be less than 2 dB [32].

Transforming this equation using the Tustin transformation the discrete
time transfer function is obtained as:

K(s) (8.43)

_0,1387 — 0,27522"1 4 0,136622

K
(2) 1— 1,989 + 0,099922

(8.44)
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Figure 8.18: Bode plot of the controller transfer function K (s).

To evaluate the performance obtained with this controller a simulation of
the response of the system to a change in the reference current is carried
on both the averaged and the switching models. The parameters of the
simulation are shown on Table 8.2.

Symbol Value Units Description

V., 690 A% Phase to phase rms grid voltage

Iio(tp) O A Rms of 4, before the reference change
Lo (ty) 420 A Rms of i, after the reference change
Iig 0 A Rms of 4,5 for the whole the simulation

Table 8.2: Parameters for the simulation of the current reference value.

The simulated evolution of the grid currents is shown on Figure 8.20.
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(a) Open loop transfer function
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(b) Closed loop transfer function

Figure 8.19: Bode plots of the open loop and closed loop transfer functions.
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(a) Averaged model simulation
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(b) Switching model simulation

Figure 8.20: Current response to a current reference change comparing the
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averaged and the switching model evolution. The light grey
line on the graph corresponds to the actual current, the dark
gray line corresponds to the current measurement sampled by
the controller and the black line corresponds to the current
reference value.
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Figure 8.21: Scheme of the proposed controller
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Chapter 9

VSC reference calculation issues for
unbalanced operation

9.1 Introduction

VSCs are used in a number of applications ranging from low voltage mi-
crogrid applications [34] to large high voltage DC VSC for offshore wind
generation [35]. VSC has been successfully used as a grid connection inter-
face for most renewable energy sources as DFIG and PMSG wind turbines
and photovoltaic panels.

The increasing penetration of renewable energy in the grid, has brought a
need to develop new methodologies of control for this devices to allow them
to remain connected to the grid during different types of grid disturbances
and avoid having to disconnect, a feature which is commonly known as ride-
through.

Voltage sags are the most frequent type of grid disturbances. They are
reductions of the voltage amplitude and are usually classified between bal-
anced, when the reduction of the voltage is the same for each phase, and
unbalanced otherwise. Balanced voltage sags are usually caused by the start-
ing transients of large machines and three phase short circuits. Unbalanced
voltage sags are caused by single phase or two phase short-circuits and are
the most common type of sags [36].

Ride-through capabilities for unbalanced voltage sags present a number
of challenges. The existence of negative sequence components in the voltage
causes a ripple in the power injected to the AC grid. This causes the DC bus
voltage to also have a ripple which in some cases may be critical. Also, the
existence of negative sequence voltage causes negative sequence current to
appear which needs to be controlled. Conventional vector control is designed
to control positive sequence currents and it exhibits poor performance when
controlling negative sequence. Different choices for alternative designs of the
current controllers exist such as the double synchronous reference frame vec-
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tor control and the stationary frame current control described in the previous
chapters. A number of different control methods can also be found in the
literature: in [11] a current reference calculation scheme was proposed that
enables suppressing the active power oscillations during unbalanced volt-
age sags using conventional SRFVC with enhanced current controllers able
to track a reference current signals containing both positive and negative
sequence. In [37] a different current control design with a double SREVC
and independent controllers for positive and negative components was intro-
duced. In [38] and [7] this current control is used for a coordinated control
of the back-to-back converter of a DFIG turbine to enable the suppression of
the machine torque and the ripple of the DC bus voltage caused by the net-
work unbalances. In [39] a double SRFVC using linear quadratic regulators
(LQR) current controllers is proposed for the operation of a PMSG wind
turbine under unbalanced voltage sags. In [40] and [41], coordinated control
of the back-to-back converter of the DFIG using stationary frame current
control with proportional-resonant controllers is proposed. Stationary frame
control has also been proved to provide good performance under unbalance
operation of VSC while simplifying the structure of the current controller

[42].

The previously mentioned works use current reference calculation methods
deriving from the one introduced in [11] which uses negative sequence current
to compensate for the oscillation of the power due to the presence of negative
sequence in the grid voltage. The present chapter analyzes this method and
provides a critic analysis and some remarks on its limitations and some
important weak points which to the best of the knowledge of the author
have not been addressed in the past. Also, modifications of the method to
solve for this problems are proposed.

This chapter is organized as follows: the equations of a VSC from Chapter
5 are used in Section 9.2 to analyze the steady state for balanced operation
and to obtain the current reference calculation equations of the conventional
vector control. In Section 9.3 the steady state equations for unbalanced
operation are obtained and the current reference calculation formulas to
control the power output of the converter are derived and discussed. Finally
the conclusions drawn in the previous section are tested on a simulation
model in Section 9.4 and on an experimental platform in Section 9.5.
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9.2 Analysis of the current reference calculation for
balanced operation

According to [26], a generic 2%%°(t) three phase positive sequence signal is a
function of time that can be described as:

cos(wet + )
%€ (t) = V2X | cos(wet + @p — ) (9.1)
cos(wet + g + 2{)

By choosing the %0 = w, for the Park reference angle, the transformed
signal becomes a vector of constants:

cos(pz — @)
9% (1) = T(wet + )% = V2X | —sin(p, — @) (9.2)
0

We define:
3] o V2X cos(pz — @) (9.3)
23|~ |~v2X sin(p, — ) |

Considering a balanced case where both the inverter voltage vﬁbc and the

grid voltage v2%¢ are positive sequence signals, choosing # to match the angle

of v,, and assuming the derivatives of the current to become zero in steady

state, the following relations can be obtained from (5.16):

’UZS; — ’Ugg = ’r‘liqu + Llweilsj (9 4)
’Ufj = ’I“lifj — Llweifj ’

These equations can be used to solve for the current needed to have a

certain steady state power. According to [43], active and reactive power can
be calculated using the voltage and current in the gd form as:

. . 1 0.
P = % (vgiq + vaiq) = %{qu}T [0 1] i

3 spoqdyt | 00 1] ga (9:5)
@ = (uria—vaig) = 30y | &) {l e
Substituting for the grid connection point:
P, = 3v.4
g g =1 9.6
{ Q. = %Uquld ( )
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Assuming v.4 to be zero, which can be ensured by an adequate tracking
of the grid voltage measure using a phase locked loop (PLL), (9.6) implies
that active and reactive power are proportional to the 7;, and ;4 respec-
tively. This is commonly used to calculate a current reference value for the
current control from a power reference signal usually generated by the DC
bus voltage regulator and a reactive power command:

= 2B

lg — 3w,

7 (9.7)
ld ™ 3wz

One drawback of this reference calculation method is that it ignores the
power loss due to the resistance of the converter filter and its dynamic behav-
ior. Thus even having a perfect current control, the active power output of
the converter P, will not be equal to the power on the grid connection point
P, and the DC bus voltage regulator will need to be able to compensate for
that difference. Usually this is not a important issue as the filter resistance
is small and the regulators used to control the DC bus are designed for dis-
turbance rejection. On the other hand, one possible workaround to match
the DC bus voltage regulator power command to the actual power output
by the inverter in steady state is to subtract the losses due to the filter to
the active power reference value:

Py =B = (i) + (i5)°) (9.8)

Note that 4;, and i}, depend on the choice of P}. As the losses due to filter
resistance will be very small in comparison with P}, the actual solution may
be close to the initial guess P*, thus one possible approach is to iteratively
solve for the current as:

(iqu> T %(%2”
AT @) (99)
“d), 1 T 3 v
with
(P2, = P =i (i) + (G52 (9.10)

9.3 Analysis of the current reference calculation for
unbalanced operation

According to [26] a three phase signal with positive and negative sequence
components can be described as:

2 (t) = 2% (t) + 2 (t) (9.11)
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where

cos(wet + tpx 5
zPe(t) = V2XT | cos(wet + gox ) (9.12)
| cos(wet + ¢F + 23?)_

cos(wet + @5 )
2% (t) = V2X "~ |cos(wet + @5 + ZF) (9.13)

| cos(wet + ¢ — %’r)_

Unlike in the balanced case, here it is not possible to transform the time
varying signal £2%¢(t) into a constant signal by using the Park variable change
matrix. On the other hand it is possible to decompose the system in two
decoupled systems corresponding to the positive and the negative sequence
which can be analyzed using the same procedure as in the balanced case due
to the linear properties of the dynamics of the system and the symmetrical
nature of its impedances [26].

The positive sequence magnitudes can be transformed into constant sig-
nals by choosing a Park reference angle matching the angle of the a phase
of the original signal:

qd abc _ + COS(@;_ - 90+)
24(t) = T(wet + =V2X [ ; 9.14
+() (e 90) () _Sln(@;—80+) ( )
while the negative sequence magnitudes can be transformed into constants
by choosing 6 to be equal to the angle of the a phase multiplied by -1:

qd _ _ _ abc COS( - ()07)
29%(t) = T(—wet — 7 )x™(t) = V2X~ Lm(@ _SO_)] (9.15)
As in the balanced case we define the steady state components in the
synchronous reference frame as:

[g] [ \\ffXX+ +C(S)ISIE((,0:E iﬁ))] (9.16)

and
N V22X~ cos(py —¢7)
1= _7 _ (9.17)
zg]  [V2X7sin(py —¢7)
Also, as in the balanced case, the steady state equations can be obtained
from (5.16) by assuming the derivatives of the current to be zero:

(9.18)

F ot =
Ulﬁ v rlzlq +flwezld
S T”ld Llwezlq
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and
UlE - UZ_‘.]_: " _._Llwelld (9.19)
Uy = Ty + Llwezlq
As of the power equations (9.5), they include multiplications between
voltage and current, thus they are not linear and it is no longer possible to
separate positive and negative sequence, as there will be crossed products
of terms from both. To calculate the power, the steady state positive and

negative sequence magnitudes are transformed to a common reference frame
with 6 = 0 as:

3
P= §{R(—wet - gpﬂvid + R(wet + ¢ )7

' [(1] (1]] (R(—wet — )il + R(wet + cp*)z'q_d) (9.20)

and
3 +y,,9¢ —\,,2d\ T
Q= §{R(_W6t - )U+ + R(wet + ¢~ )v? }

‘ [_01 é] (R(—wet = )il + Rlwet + ¢7)i") - (9.21)

where R(0) is a rotation matrix defined as:
R(0) = [cos(f) —sin(6)sin(d) cos(0)] (9.22)

Note that it can easily be proven that the following relation exists between
T(0) and R(6):

T(0) = [Ré‘g) ﬂ 7(0) (9.23)

The resulting equation of the active power can be written as:

P = Py + Peoscos(2wet + @1 4 ¢©7) + Pynsin(2wet + o7 + o) (9.24)

where P o
{vis +vaia vty +vaia)
P.os :g (vq zq‘_—i— vy Zﬁj— qugj— vy z_d) (9.25)
Pin = 3 (—vfig +vjiy +vg iy —vgif)
The reactive power expression can be written as:

Q = Qo + Qcos cos(2wet + ot + ¢ ) + Qsin sin(2w,t + ot + v ) (9.26)
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where
Qo =} (ui —vfif +vyif —viiy)
Qoos = 5 (v iy —vlig +vgif —vyif) (9.27)
Quin = 5 (v iy +viiy = vty = vyij)

Unlike the balanced case, the steady state active and reactive power con-
tains a constant component plus time-varying sine components with a fre-
quency of twice the grid frequency. Also, although six power magnitudes
were defined, there only exist four independent currents. Thus it is only
possible to decide the value of four of the six power terms while the rest
depend on the choice of the previous ones. In this situation it is common to
choose to constraint the value of the three components of the active power,
which have a direct effect in the evolution of the DC bus voltage, and the
mean value of the reactive power. Usually the reference value for the sine
components of the active power is set to be zero to avoid the ripple in the
DC bus voltage. However, it can also be set to match another time-varying
power input as described in [7]. The equations to solve for the power on the
grid connection point of the converter are:

_3(, 4+t — -
P =5 |Vl + Vzglly
_ 3,4+ -+
Preos =5 (Vzglig T Vgl (9.28)
P =3 _ytim 4o—it '
Zsm - T 2 vquld + Q]quld
_ § + + P
| @0 =3 Uquld_{_vquld)

Solving to obtain the reference current for a given active and reactive
power reference, the following relation is obtained:

2q R zq zq B 2q
i =3 (UZI);WQZO + m » sin 9.9
Zl_q = % o (vjq);i_q(v;q)2P;0 + (vjq);%q(vzquzcos)
. +

As in the balanced case, this calculation neglects the difference between
the active power in the grid connection point of the converter and the ac-
tual active power output of the inverter. The active power on the inverter
terminals can be written as a function of the active power output to the grid
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as:

42 ) N2 )
Po=P,o+m ((ZE) + (i) + (zlq) + (i) ) (9.30)
]chos = Pooos + 31 (Zl—;'ﬁl_q + Zl—zzl_d) + 3weLl (_Zl—zzl_d + Zl—;’bl—(]) (931)
Pisin = Pasin — 31 (ifqi;d - z’ﬁjz';q) — Bwely (i;;ilj] + ilfiz';d) (9.32)

Note that unlike the balanced case, the voltage drop in the inductor not
only affects the mean value of the active power, which can be properly
compensated by the DC bus voltage controller, but also affects the time-
varying terms of the active power, which sometimes are controlled in a open
loop way by setting them to be zero.

As it was suggested in the balanced case, one workaround for this problem
is to iteratively solve for the current reference by correcting the active power
reference value:

(1) s = 2 M (Pr), — 2 Y (pr ) (9.33)
lg/) n+1 3 ("U;;t])z . (UZ_q)Q 20/n 3 (UZ])Q _ (v;q)z zcos/n .
(=2t 2 (e, (030

ld) n+1 3 (1);2)2 + (Uz_q)2 20 3 (1);2)2 N (v;q)g zsin/n .

_ 2 vy Ly L2 v .

i =i +3 Poos), (935

( lq)n+1 3 (UZI)Q (’Uz_q)z ( zO)n 3 (’UZ])Z B (U;Q)Q ( zcos)n ( )

— 2 Uz_q * 2 UZ] *
) nis = 3 3@~ s e (Pande (936)
( ld)n—I—I 3 (/U;:])Q + ('U;q)Q 20 3 (v;_q)Q + (v;q)Z zsin/n
where , , , ,
(Plo)n = Pio — 1 ((z’fq)n + (i) + (i), + (i,—d)n) (9.37)

(Pleos)n = Pieon = 310 (i), i), + (i), (i22),)

— Bwe Ly (—(i;;)n(z'l_d)n + (z'j;l)n(ilj])n) (9.38)
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(Plin)n = Ban + 30 (i), (), — (i), (i),

+ 3wy (i), ). + (), (6),,) - (9:39)

Finally, one important result from (9.29), whose implications have not
been addressed in previous works is that there exists a discontinuity that
causes the reference current to become infinite when vj'q = v, le. when
the magnitude of the positive sequence of the voltage is equal to that of the
negative sequence (there is no dominant voltage component). To analyze
this particular situation, this condition is introduced in the equation of a

unbalanced three phase signal (9.13) yelding:

COS_S ‘P+_;‘p_ ) cos(wet + “D+J2rf_ ) )
va(t) = 24 cos(EFE— — &) cos(wet + £FE-) (9.40)
+2 - +3 -
cos(EFE + &) cos(wet + £FE-)

where A 2 2V F =2V,

From this equation it can be seen that under such condition, each phase
of v%¢ become zero at the same time and it is not possible to get a constant

power output from the converter without the need of an infinite current.

One possible solution to this problem would be to limit the result of (9.29)
to a certain value by modulus. One important drawback of this solution is
that in that case, it is not possible to assure that the resulting current
reference will lead to the desired mean value of the active power, which is
critical to maintain the desired mean value of the DC bus voltage.

A different approach based on combining two different reference calcula-
tion formulas is possible. The reference calculation expression (9.29) can be
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rewritten as:

_ 2 _
v v «
j»q Pz()i iqucos
-+ 2 1 * Vz Vz
1 =5 + a2 z
lq 3vz+q 20 (U;q>2
1-( 2
Vg
— 2 —
v v
| -(52) @t Bpn,
+ —_ 2 1 * zq zq
Ud = 3% 20T @ —
Vzq 1+('Uzq>
3
, (9.41)
U;q * v;q *
9 v+ chosvar PzO
i— — £ (0% P* + zq zq
lq 3 ,qu Z CoS (qu ) 2
i
vZg
1)2_(1 2P* vz_q .
L 2 «a « qu zsin+v2»q z0
g =5+ | —Pignt
ld 3vjq zsin v\ 2
1+ (22
Vg

where « is a parameter that allows switching between two different reference
calculation methods. For a = 1, (9.41) becomes equivalent to (9.29) whereas
for a = 0 the reference calculation formula becomes:

+ 21

Zlq—ggpzo*

+ 21

= 5= *

1= 53,00 (9.42)
zlq:O

i =0

This equation is equivalent to the one used for the conventional vector
control meant for balanced operation, thus the references for the negative
sequence current are zero. From (9.28) it can be seen that this produces the
desired mean value for the active and the reactive power but does not allow
to control the sine time-varying terms of the active power.

One important remark that can be made by comparing (9.42) and (9.29)
is that in general in the case of existence of negative sequence voltages in
the grid, the suppression of the active power oscillation by injecting negative
current leads to a reduction of the mean value of the active power. This in
turn leads to the need of a higher positive sequence current to maintain the
mean value of the active power. Thus, in case of a voltage sag, where usually
the maximum allowed current becomes an issue, (9.29) is more likely to have
problem to extract the needed active power to maintain the desired DC bus
voltage. On the other hand, as the effect of the power oscillation on the DC
bus voltage is directly related to the capacitance of the DC-side capacitor
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filter, this suggests that systems which use a DC-side capacitor filter with
a small value of capacitance, which may be the standard practice in HVDC
link systems, it may be necessary to overrate the current capability of the
inverter to be able to compensate for the oscillations in case of a network
unbalance.

9.4 Simulation testing of the proposed reference
calculation scheme

In order to test the performance of the proposed control methods, a simula-
tion of the response of the system to an unbalanced voltage sag is performed.
The characteristic parameters of the simulated converter and the operation
point for the simulation can be found in Table 9.1. The rating of the con-
verter and its switching frequency the same as the grid-side inverter of the
rotor converter of the 1 MW DFIG wind turbine in [44]. The machine-side
inverter has been modeled as a constant power input of 300 kW with no
ripple. Thus the power references for Py, and P.,s will be set to zero to
avoid a ripple in the DC bus voltage.

Parameter Units Value Description

74 690 \Y Grid nominal voltage
PZN 300 kW  Nominal active power
QY 100 kVAr Nominal reactive power
V[])VC 1338 \Y DC bus nominal voltage
7] 0.05 Q Grid connection filter resistance
L 27 mH  Grid connection filter inductance
fs 3 kHz  Inverter switching frequency
T; 50 ms  Current control settling time
Tprr 20 ms Grid voltage PLL settling time

Table 9.1: Characteristic parameters of the simulated scenario.

The response of the system to a unbalanced voltage sag is simulated using
three different calculation methods (see Figure 9.1). The first one, referred
as I, uses the formula presented in (9.41) for a = 0, the second one, referred
as II, uses the presented formula in (9.41) for @ = 1 plus the iterative
compensation of the filter impedance and the third one, referred as III, uses
the same formula as II but without compensating the filter impedance.

The simulated voltage sag corresponds to a two phase to ground sag which
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Figure 9.1: Current reference calculation methods.

causes the voltage of two of the phases to drop by a 65%. The waveform of
the grid voltage seen by the inverter is shown in Figure 9.2 and the amplitude
of the positive and negative sequence as measured by the phase locked loop
(PLL) used by the controller is shown in Figure 9.3. Note this sag causes
the positive sequence of the voltage to reduce to 0.36 pu and the negative
sequence to appear with an amplitude of 0.30 pu, thus the ratio between the
positive and the negative sequence amplitudes is 1.2 which is close to 1.0
which is the limit of the IT and IIT methods.

T R —
lxzy:x\yﬁuﬁv"v"v”

V]
o

vabc
z

-500

-0.05 0.05 01
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Figure 9.2: Voltage at the PCC of the converter.

The controller used in the simulation model uses the double synchronous
reference frame (DSRF) current controller described in [7] and a PLL for
unbalanced voltages described in [45]. The performance specifications for
both parts of the controller can be found in Table 9.1.

Figure 9.4 shows the evolution of the voltage during the sag. Notice that
the initial transient is the same for all the methods as expected but the
steady state differs. Methods I and III produce a significant steady state
ripple, the reason for that is that method I does not use negative sequence
and method IIT does not compensate the difference between the power on
the grid connection point and the power on the inverter terminals. This can
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Figure 9.3: Amplitude of the positive and negative sequence of the voltage
at the PCC measured by the PLL.

further be confirmed by plotting P, and P, (Figure 9.5). Notice that method
IIT allows to suppress the ripple in P, but causes an important ripple in P,
which makes the DC bus voltage to have a larger oscillation than method I.
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Figure 9.4: Comparison of the evolution of the DC bus voltage using I (a),
IT (b) and III (c) current reference calculation methods.

The evolution of the current is shown in Figure 9.6. Note that all methods
require an increase of the current due to the reduction of the voltage and
as noted before methods II and III require more current than I even though
the oscillation in III is larger than in I.

9.5 Experimental testing of the proposed reference
calculation scheme

In order to further verify the theoretical results, a test of the analyzed current
reference calculation schemes is performed on an experimental platform. The
test platform consists of two CDM2480 [46] low power voltage source three
phase inverters fed by two independent 24V DC buses and connected by the
AC side through a three phase inductor (r = 0.1 Q, L = 4.9 mH). One of
the inverters, referred as the generator grid side inverter, is used to emulate
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Figure 9.5: Comparison of the evolution of the converter output power mea-
sured on the inverter versus the power measured on the PCC
using I (a,d), IT (b,e) and IIT (c,f) current reference calculation

methods.
S J.WMM o]

Figure 9.6: Comparison of the output current of the converter using I (a),
IT (b) and III (c) current reference calculation methods.
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9.5 Experimental testing of the proposed reference calculation scheme

the grid side inverter of a grid connected power source and inject power
from its DC bus to the other inverter, referred as the grid emulator, used to
emulate the behaviour of the grid. A picture and a diagram of the differents
parts of the experimental setup can be seen in Figure 9.7. The voltage of
the terminals of the generator side inverter and the grid emulator and the
current flowing through the inductors are measured and recorded using a
data adquisition device.

I TR
(TR,

j"_— 23 :
T_'EJI} @30@ 7 1 -E!}

- ®
L
.. T

enerator grid Grid emulator
side inverter

o]

Figure 9.7: Picture and schematics of the experimental setup. (1) gener-
ator grid-side inverter, (2) grid emulator, (3) converter induc-
tances, (4) generator-side DC power source, (5) grid emulator
DC power source and load, (6) generator grid-side inverter volt-

age ’U?bc measurement, (7) grid emulator voltage v measure-

z
ment, (8) generator grid-side output current ifbc measurement,

(9) grid connection switch, (10) data adquisition device.

Each inverter is controlled by a TMS320F2812 eZdsp™ control board
which have been programmed for the test. The grid emulator inverter is
programmed to apply three phase voltage waveforms on its AC side cor-
responding to those of the two phase fault used in the simulations in the
previous section whilst the current flowing thorugh the generator side in-
verter is controlled using a DSRF current controller as in the simulated
scenario of the previous section.
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Three different tests of the response of the system under the same un-
balanced voltage sag are performed on the experimental platform using a
different current reference calculation method each time. The evolution of
the grid voltage, the current and the active power flowing through the con-
verter and the active power injected to the grid for each scheme can be seen
in Figures 9.8, 9.9 and 9.10. It can be seen that the voltage sag requires
an increase of the current to keep the same average power output from the
converter in any case. In the case of method I, which only injects positive
sequence current, the increase is smaller and symmetrical for each phase,
whereas methods IT and III require asymmetrical currents which are higher
in, at least, one of the phases. Regarding the power ripple, method I pro-
duces an important ripple both in the power injected to the grid and the
converter output. Method III is able to compensate the ripple in the power
injected to the grid but produces a higher ripple in the converter output
power. By compensating the effect of the inductor impedance, method II is
able to suppress that ripple but then produces a ripple in the power injected
to the grid.
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Figure 9.8: Experimental results for method I. From top to bottom:
vgbﬂif”ﬂﬂ and P,.
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Figure 9.9: Experimental results for method II. From top to bottom:
vgbc,z’?bc,Pl and P,.

9.6 Conclusions

The injection of negative sequence currents have been shown to allow to
suppress the oscillation on the DC bus voltage due to the oscillation of
the power injected to the grid during a unbalanced voltage sag. However,
compared to the standard method of injecting only positive sequence current,
this method have been found to require larger currents to maintain the
same level of average active power. For deep voltage sags, this may lead to
even higher oscillations of the DC bus voltage if the effect of the AC filter
impedance on the converter power output is not properly compensated and
a method has been proposed to do it. Also, a special condition has been
identified which makes it impossible to control the oscillating terms of the
active power and a solution for the calculation of the current references in
that case has been proposed.
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Figure 9.10: Experimental results for method III. From top to bottom:
v b P and P,.
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Chapter 10
PMSG vector control

10.1 Introduction

This chapter analyzes the use of a vector control design for the current
control of PMSG-based WTGS.

As the PMSG is isolated from the grid by the converter and the machine
impedances can arguably be considered to be balanced, here there is no need
to use the extensions of the vector control for unbalanced operation.

The control of the AC grid side of the converter of the PMSG is not
presented in this chapter because the topology of the converter for this type
of WTGS is equivalent to that of a DFIG wind turbine and can be controller
using the same the current control designs described in the previous chapters.

Section 10.2 describes the design of a vector current control of the PMSG.
This control scheme will be used later in Chapter 11 in the simulation models
and in the controller of the experimental system used to study a ride-through
strategy for this type of WTGS.

10.2 Machine side control

From Chapter 4, we know that the relation between the voltage and the
current in a permanent magnet synchronous machine can be written as:

pad [ Ts Wy (Lls—i-g(LA—FLB))] Jad
s —wy (Lis+ 3 (La — Lp)) Ts s
Lis+3(La—Lp) 0 d 1
— Am W 10.1
+[ 0 Lis+3(La+Lp)| at™ T o (10.1)

From these equations, it can be seen that the ¢ and d variables are coupled
and the dynamic behavior of the current depends on the mechanical speed
of the machine. In order to simplify the design of the current controller, a
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decoupling feedback is used which both decouples the g and d component
and eliminates the dependency on the mechanical speed of the machine, thus
eliminating a non-linearity of the dynamics [47]. To do that, a voltage is
applied on the stator of the machine which compensates the coupling terms.
This voltage can be writen as:

{’Usq} _ {ﬁsq + wrLgisq + )\mwr} (10 2)

Vsd Vsd — w’/‘Lqisq

where 054, and 9,4 are the control outputs of a linear current controller.
Assuming the compensation to be perfect, the dynamics become:

~qd _ Ts 0 -qd Lq 0 i.qd 1
0 [0 TJ 1%+ { 0 Lyl @ (10.3)

Note that these equations no longer depend on the mechanical speed and
are decoupled. Thus, they can be split as two different systems for ¢ and
d. Applying the Laplace transform to these, the following transfer functions
can be obtained:

lsq 1

—(8) = ——— 10.4

Usq Lgs + s ( )
and

) 1

s (10.5)

Vgd 8= Lgs+rs

One possible way of designing the current controllers which has been suc-
cesfully used in the past is the so called IMC [29], where the controller
transfer function is contain the inverse of the plant dynamics plus the de-
sired open loop transfer function to obtain the desired closed loop dynamics.

Here, the pole of the system is suppressed by putting a matching zero in
the controller transfer function plus an integrator so that the steady state
error for step reference inputs is zero and the controller is causal. The closed
loop transfer function becomes:

(it =[] {E) 0o

The controller transfer function corresponds to that of a PI controller with
the transfer function:

N Kps—i—Ki

K(s) = =20

(10.7)
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where

K, = al,
K = ar, } (10.8)

and « is a design parameter which is proportional to the bandwidth of the
system.

A wide bandwidth will result in a fast response, which is a desirable fea-
ture, but in turns makes the system more sensible to feedback measurement
noise and will require a higher bandwidth of the control action. Note that
when studying the system, an averaged model was used for the converter
by neglecting its switching nature due to the use of a high frequency pulse
width modulation and the assumption that the controller output was a low
pass signal. A high bandwidth of the control action make these assump-
tions to be false, thus a balance between a fast controller response and a
low bandwidth of the control action is needed for a proper design of the
controller.

10.2.1 Discrete time implementation of the controller

For the sake of simplicity, the previous section describes a continuous time
design of the system controller even though the real implementation of the
controller must be done in a digital discrete time system. An approximation
of the effect of the time discretization can be taken into account in the design
of the controller by the addition of non minimum phase zeros to the open
loop transfer function. Such approximation will be used here by using the so
called bilinear transform to obtain a continuous time transfer function of the
plant. To avoid the redundancy, as the ¢ and d variables exhibit equivalent
dynamics, only the results for ¢ are shown.

A discrete time controller with a T' sampling time and a zero order hold
will be considered. In this case, the transfer function in z can be obtained
for 54 as a function of vs, from the continuous time transfer function of the
system (10.4)) as:

—I\Z) = T3 10.9
)= (109)

The bilinear transformation maps the z plane to the so called w plane, it
is defined as:
a2z-1

v Tz-i—l

(10.10)
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By introducing the bilinear transformation to the previous transfer func-
tion, we obtain:

. 1 T
lsq Ts (_fw + 1)
) = T 2 10.11
@sq( T (14e T 1 ( )
P2 e K
1—e q

By comparing this transfer function to the transfer function of the plant
without the zero order hold, it can be seen that a non minimum phase zero
has been added at 2/T due to the time discretization. The existence of this
zero puts an approximate upper bound to the bandwidth of the system at
1/T [32]. As the sampling frequency is usually chosen to match the frequency
of the pulse width modulation used to trigger the switching devices of the
converter and it is usually technology limitation, this sets an upper bount
to the performance that can be obtained from the system.

On the other hand, the existence of a non minimum phase zero, also
called unstable zero, makes it impossible to invert the plant dynamics in the
controller in order to keep the system internally stable. Thus, the zero must
be either kept or approximatelly compensated. Here, the zero is kept and
the pole of the system is suppressed the same way as in the continuous time
design by using a PI controller defined in w using the following parameters:

_TsT
K,=aT (et
’ “( " (10.12)
K; = arg

Note that for small sampling times, as T'— 0, K, tends to oL, which is
the K, parameter of the continuous time design in (10.8)).
The transfer function of the PI in w is:
K K;
Go(s) = 20 T 2 (10.13)

w

By inverting the bilinear transformation, the corresponding transfer func-
tion in z is obtained:

T —-Kp+ZK;
(K, + LK) (Z bt >

G.(z) =

10.14
o (10.14)
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Chapter 11

Voltage sag ride-through of PMSG
wind turbines using droop control

11.1 Introduction

Voltage sags are reductions of the voltage amplitude. These are the most
common type of grid disturbances and they can be caused by short-circuits,
overloads and starting transients of large machines [36]. WTGS are known
to be very sensible to voltage sags as wind farms are usually installed on
far locations leading to high network impedance and thus weak network
connections. In the last decade the need for the WTGS to stay connected
during this type of faults using the so called ride-through strategies have
increased due to the rising penetration of wind farms on the network [4, 48].

Here a new strategy based on droop control is introduced which makes it
possible to ride through voltage sags without the use of the so called DC
bus chopper resistor by reducing the power extracted from the wind by the
generator in case of a grid fault. This strategy also enables the independent
control of the grid connection inverter and the generator rectifier and in-
creases the robustness in case of communication failure between the control
system of both sides of the back-to-back converter allowing to place both
sides in different locations far from each other. Also, even though here a
PMSM wind turbine with full power converter will be considered, the same
procedure can be easily extended to other topologies of wind generators
connected to the grid through full power converters.

11.2 Problem formulation

The power injected to the grid by the grid side inverter of a wind turbine,
P., depends on the grid phase-to-neutral voltage V, and the inverter output
current [; as: P, = 3V, [jcos(¢), where ¢ is the angle between the voltage
and the current. Assuming a the efficiency of the inverter to be constant, P,
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can be considered to be proportional to the power extracted by the inverter
from the DC bus, Ppcy:

P, = nPpcy (11.1)

where n; is the approximate efficiency of the inverter plus the filter. The
different stages of the power conversion are depicted in Figure 11.1.

Figure 11.1: PMSM wind turbine with full power converter.

During a voltage sag, V. is reduced. Therefore the voltage applied by the
inverter, V;, is also reduced and the current flowing through the grid side, I,
must be increased in order to maintain the same power output. As voltage
source converters (VSC) work in boost mode, there is no problem in reducing
Vi. However, I; is usually the limiting factor which makes the converter
unable to output the desired power when the operating point before the
fault is close to the rated power. Under such condition, a strategy to reduce
the power injected to the DC bus by the machine rectifier is needed to avoid
the DC bus voltage to increase due to the power imbalance.

The mechanical power extracted by the electric generator F,, depends on
the torque and the turbine speed, wy, as: P,, = 'iw;. Assuming the efliciency
of the generator plus the machine rectifier to be constant, this power can be
considered to be related to the power injected by the rectifier into the DC
bus, Ppcy, through:

Ppem = MmPm (11.2)

where 1, is the efficiency of the generator plus the machine rectifier. Thus,
when both sides of the back-to-back converter are controlled together, the
desired power reduction can be achieved by simply reducing the torque refer-
ence value, I'}, of the generator control loops when the grid fault is detected.

The actual torque applied by the generator and the reference torque signal
are related through the generator current control dynamics which will be
approximated as a first order system with a time constant 7. and zero steady
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11.3 Generator control strategy formulation

state error: 1
ry = T68+1F;‘ (11.3)

Fast changes in the torque of the generator are possible due to the fast
dynamics of the generator current control loops, while the turbine speed wy
varies slowly due to the high inertia and the slow mechanical dynamics of
the turbine. Thus, for short duration faults, the machine speed can arguably
be considered to be constant and it is possible to rapidly reduce the power
injected to the DC bus by the rectifier using this procedure.

In case the converter is split and the sides of the back-to-back are far from
each other, it might not be possible or not desirable to reduce the torque
reference signal from the grid side inverter control. In such case, a different
strategy avoiding the need to communicate the controllers from both sides
is preferred. This can be achieved by using the DC bus voltage value to
trigger a power reduction in the machine side control.

11.3 Generator control strategy formulation

According to [22], optimal power extraction from the wind is achieved by
using the so called constant tip-speed ratio control, which is a open loop
speed control strategy which applies a generator torque I'; proportional to
the square of the turbine speed w; as:

I = Kopw? (11.4)

where K¢, is a parameter which depends on the geometry of the wind wheel.

The reference torque I'; must be modified by the generator control in order
to reduce the power extraction in case of need to limit the power input from
the generator to the DC bus. This can be achieved by using the so called
droop control which commands a power reduction proportional to the error
of a measured variable which is inversely proportional to the power input.
This technique has been successfully applied for the power regulation of AC
grids using the frequency as the measured variable, as an small decrease in
the load consumption diminishes the torque of the synchronous generators
and makes them accelerate. In the case of the DC bus of the power converter
of a grid connected power source, the DC bus voltage can be used as the
trigger variable as a decrease in the power injected to the AC grid produces
a power imbalance which makes the DC bus voltage to rise.

The equation of the torque reference becomes:

F? = -KVCHDW%2 - Kdroop (VDC - VD*C’) (115)
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where Vpe and Vj are the DC bus actual voltage and its reference value
and K g40p is the so called droop constant. This working principle is depicted
in Figure 11.2 where two different operating points 1 and 2 are depicted
along with the corresponding steady states 1’ and 2’ for a generic voltage
sag. Notice from Figure 11.2(a) that the maximum allowed power output of
the converter diminishes linearly with the grid voltage. Thus, for a sz ault
voltage lower than the grid nominal voltage VZN , the maximum power output
becomes P hence producing an imbalance, P1*"" and P?¢'", between the
power output to the grid and the power input from the generator to the DC
bus which produces a rise in the DC bus voltage. As the power input is
reduced according to (11.5) in a proportional manner to the voltage error,
the system tends to a state where the power input from the generator equals

the maximum allowed power output as depicted in Figure 11.2(b).
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(a) Output power (b) DC bus voltage

Figure 11.2: Droop control ride-through steady state.

11.4 Power reduction controller analysis and design

In order to obtain a procedure to design the droop constant from a perfor-
mance specification, a dynamic model of the system must be obtained.

The DC bus is considered to have an equivalent capacitor C' connected in
parallel with the machine rectifier and the grid side inverter (Figure 11.1).
The equation of the voltage of the DC bus is:

d 1 1

%VDC = Gipce =& (ipcm — ibci) (11.6)

where i pc. is the current flowing through the capacitor, ¢ poy, is the current
coming from the machine rectifier into the DC bus and ip¢; is the current
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Figure 11.3: Block diagrams of the DC bus dynamics.

going to the grid side inverter from the DC bus. ipcy, and ipg; are related
to Ppow, and Ppey through: Ppow, = Vpoipom and Ppor = Vpoipor.

Combining the relations between the different magnitudes, a block dia-
gram of the whole system shown in Figure 11.3(a) can be obtained. Note
that the diagram contains several multiplications and divisions between sys-
tem variables, thus the system is nonlinear. However, if the turbine speed
is considered to be constant due to the short duration of the fault and the
DC bus voltage is considered to be arguably close to its rated value Vj, a
linearization can be applied to the system in order to be able to use the well
known linear system analysis tools to study its characteristics. The resulting
diagram is shown in Figure 11.3(b).

In order to study the dynamics of the system in case of a voltage sag, a
transfer function between the variation in the grid voltage, AV,, and the
variation of the DC bus voltage, AVpe, can be easily obtained from the
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linearized system:

31; cos(o) Tes + 1
m 7—e‘/DCC’S2 + VpcCs + androopwt

AVpe(s) = — AV,(s) (11.7)

From this transfer function, the steady state increase of the DC bus voltage
for a given grid voltage drop can be easily obtained by applying the final
value theorem:

lim AVpo(t) = lim AVpe(s) = S0 1 (VZN — v/ a““)
=00 s—0 U/ N K droopwt

(11.8)
where V" is the phase-to-neutral voltage during the fault and V" is its
rated value. Note that the steady state error of the voltage is proportional
to the voltage drop and inversely proportional to the droop constant.

As the maximum allowed voltage of the DC bus is a technology limita-
tion due to the maximum allowed voltage of the switching devices and the
capacitor of the DC bus, one possible design criterion would be to choose
K iroop to have a given voltage error for a given voltage sag depth and an
operating speed:

31, cos(¢) VN — yfautt
MNmWt AVpc

Kdroop = (119)
Regarding the dynamical behavior of Vp¢, notice that (11.7) is a second
order system with a stable zero and two poles which depend on the system
parameters. As 7. is likely to be small, it can be arguably approximated as
Te = 0 to simplify the understanding of the dynamics:
1
31[ COS(¢) andT‘OOpwt

VpcC
nl ,r]mKd'rooth § + 1

AVDc(S) ~ —

AV.(s) (11.10)

By considering the generator current control loops to be very fast com-
pared to the dynamics of the DC bus, the dynamics of the voltage become
those of a first order system with a time constant 7pc which can be calcu-
lated as:

(11.11)

Thus, the droop constant could also be set to have a desired settlement
time (tset = 3TpC):
3VpcC

NmtsetWt

Koroop = (11.12)
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11.5 Simulation testing of the proposed scheme

Two possible design criteria to choose Kg,0p have already been shown,
the one based in a specification of the maximum allowed increase in the
DC bus voltage being the preferred one, as it is more likely to be a critical
limitation of the system. It has also been shown that both criteria are not
contradictory. Indeed, a high droop constant will produce a small steady
state error and also a fast response, which are both desired features of the
control.

11.5 Simulation testing of the proposed scheme

In order to test the performance of the proposed control scheme, two sim-
ulations of the system behaviour under different conditions are performed.
The characteristic parameters of the system can be found in Table 11.1,
note that they have been chosen to match those of the scale experimental
platform which will be used in the next section to test a real implementation
of the proposed control scheme.

The first simulated scenario is a symmetrical sudden 50% drop of the
grid voltage (see Figure 11.4). The droop controller constant K jo0p = 0.21
Nm/V is calculated from (11.9) so that for a voltage drop of 50% while
extracting 1 kW at 2.000 min~!, the voltage error is approximatelly 10 V.
According to (11.11), this in turn would imply that the time constant of
the voltage dynamics would be 7pc =26 ms. As this value is very close to
the current dynamics time constant (7. =20 ms), it is clear that the current
control dynamics can not be neglected. Taking the non simplified second
order system in (11.7), it can be seen that the poles of the system have a
natural frequency wy =43.24 rad /s and a damping coefficient ( = 0.58, which
corresponds to an underdamped response with a settling time of tse; = 120
ms. The response of the system can be seen in Figure 11.4, notice that the
transient response of the DC bus voltage corresponds to the predicted one
and the system is able to adapt the power extracted from the mechanical
system to match the power injected to the grid by the grid side inverter
while keeping the DC bus voltage in the specified range.

The second simulated scenario corresponds to a dampened 50% voltage
sag with a settling time of ¢,,, = 500 ms applied to the same system used in
the first simulation scenario. The purpose of this simulation is to simulate
the response of the system to the type of voltage sag that can be applied in
the experimental setup. The response of the system is shown in Figure 11.5.
Notice that as the evolution of the grid voltage is slow compared to the DC
bus voltage dynamics, they can arguably be neglected, thus the transient
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Parameter description Symbol Value Units
Nominal grid voltage Uy 230 V rms ph-ph
Nominal power factor cos(¢p) 1 1

Nominal active power PN 1 kW

Current control time constant 7, 20 ms

Power during the sag pfet 500 W

Nominal DC voltage Vgc 490 A%
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Table 11.1: Simulated scenario parameters

0 ll”’llllll]]lll]llllll]]lll]lll]Hl]lu]lu]lll]lu]l
lmmlnllnllnl,lnllnllmlmllnlnllhlllnn.

Power [W]

1000
800
600
400
200

0

0 0.2 0.4 0.6 0.8 1
Time [s]
— P
z
| p
m
0 0.2 0.4 0.6 0.8 1
Time [s]

Figure 11.4: Simulation results for a sudden drop of the grid voltage.
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11.6 Experimental results

evolution of the DC bus voltage matches the evolution of the grid voltage.
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Figure 11.5: Simulation results for a dampened drop in the grid voltage.

11.6 Experimental results

To further test the performance of the proposed control law, a voltage sag
test on a real platform controlled by an implementation of the proposed
scheme has been performed. The platform setup is depicted in Figure 11.6.
The setup consists of a back-to-back VSC converter connected to a PMSM
used as the WT'GS generator connected by the shaft to an identical PMSM
machine which is used to emulate the wind turbine. A motor drive converter
fed by a diode rectifier is used to power the turbine emulator machine. A
three phase autotransformer is used to connect the back-to-back converter in
order to be able to decrease the voltage seen by the converter to simulate a
voltage sag[49]. A picture of the whole setup can be seen in Figure 11.7. The
parameters of the system were used in the simulation model of the previous
section and can be found in Table 11.1. The droop controller constant
K jroop used in the real implementation is identical to the one designed for
the simulation model.

A 50% voltage sag is applied to the converter while working on its nominal
operating point. An oscilloscope capture of the most significant magnitudes
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Figure 11.6: WT'GS emulator setup

(a) Machine (b) Converter

Figure 11.7: Picture of the real WTGS emulator setup. (A) PMSG gen-
erator, (B) PMSM turbine emulator, (C) Turbine emula-
tor converter, (D) grid connection autotransformer, (E) grid
side inverter, (F') generator side rectifier, (G) grid connection
inductance.
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Figure 11.8: Oscilloscope capture of the voltage sag test. Cyan Ppoy, power
flowing to DC bus from the machine rectifier, dark blue DC bus
voltage, red AC grid side current, blue grid voltage.

is plotted in Figure 11.8.During the fault, the current injected to the grid is
kept constant as the current limitation has been set to match the nominal
operating point. As the grid voltage is reduced, the power injected to the
grid is reduced. The imbalance between the input and the output power
of the DC bus makes the DC bus voltage to rise. The rise of the DC bus
voltage triggers a reduction of the torque of the machine which reduces the
power injected to the DC bus by the machine rectifier so that it matches
the power injected to the grid and the system reaches a stable state where
the DC bus voltage is kept constant. From the measurements it can be
seen that the steady state DC bus voltage error is 11.75V which is slightly
higher than the specification threshold. According to (11.8), a decrease in
the efficiency of the grid inverter or the machine rectifier implies an increase
of the error of the DC bus voltage. Thus, as the efficiency of the system has
been neglected in the design step in the previous section, the steady state
error is expected to be higher than in the simulated system and a proper
identification of the system efficiency is needed if a more precise tuning of
the controller is wanted.
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11.7 Conclusions

A control strategy to allow to keep the wind turbine connected to the grid
during voltage sags without the need of comunication between the controller
of the grid side inverter and the machine rectifier has been presented. Design
rules for different design criteria have been proposed and the performance
of the control scheme has been successfully tested in both simulation and in
an implementation of the controller in a small scale experimental platform.
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Conclusions

12.1 Contributions

The operation of DFIG and VSC under unbalanced voltage sags have been
extensively analyzed. Under such condition, the existence of negative se-
quence grid voltage has been shown to require the current control loops to
be able to control at will the negative sequence current. The conventional
vector control is not capable to control negative sequence current. Two
different alternative control schemes which allow to control the negative se-
quence current have been analyzed, being the stationary reference frame
current control the preferred one as several drawbacks of the dual reference
frame vector control have been found.

Regarding the VSC operation under unbalanced voltage sags, several op-
tions have been shown to exist when calculating the reference current. One
possible method is to inject only positive sequence current, which has been
shown to allow to inject the desired power to the grid to keep the DC bus
voltage from becoming unstable but implies a ripple in the power output.
Another option, which can be found in the literature, is to compensate the
oscillation of the power injected to the grid by using negative sequence cur-
rent. This has been shown to require a higher current which in turn will
produce a higher ripple in the power output of the converter. Also, a special
situation has been found where this method can not be used as it would
require an infinite current. In order to deal with these limitations, two
modifications of this method have been presented which allow to avoid this
special situation and to compensate the effect of the converter output filter
impedance so that the ripple of the power output of the converter is sup-
pressed. However, this method has been shown to require a larger current
than the method which only injects positive sequence current. Therefore,
either method should be chosen depending on the need to suppress the ripple
in the power or to minimize the required current.

Finally, a ride-through strategy for power reduction during voltage sags
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has been presented for PMSG-based wind turbines. This strategy has the
advantage that it can be implemented without the need of communication
between the generator control and the AC grid connection control, rendering
the system more robust to communication failures and enabling the use of
new configurations of wind turbines where the machine rectifier and the grid
side inverter are located far from each other.

12.2 Future work

The present work have arisen a number of interesting topics for further
research:

e Application of the proposed control schemes for VSC to High Voltage
Direct Current (HVDC) inverters.

e Extension of the proposed current control designs for islanded and
weak grid operation.

e Study of new topologies of inverters for high power applications.
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