Chapter 15
Modeling and Control of a Wind Turbine

R. Tapia Sanchez and A. Medina Rios

Abbreviations

DFIG Doubly fed induction generator
MSC  Machine side converter

NSC Network side converter

DC Direct current

Cp Power coefficient

BEM  Blade element momentum
DFIM  Doubly fed induction motor

15.1 Introduction

Wind turbine is a complex system in which different technical areas are involved.
Some publications deal with this topic, e.g., [22, 24, 25]. In [22] a parametric
and nonparametric model is proposed using advantage algorithms, only the power
curve is considered. Other contribution [25] reviews recent research of numerical
simulation applied to wind energy and in [24] the modeling of a small-scale
distributed power system containing the power demand, a wind turbine, the
photovoltaic arrays, and the electrical connection is presented. These contributions
highlight the importance of having a reliable model of the wind turbine, in order
to conduct dynamic studies of such system. Nevertheless, the use of different
techniques previously developed, and the complexity of a wind turbine make
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possible to visualize even different approaches for their study and analysis. Under
this context, in order to analyze the system in the same reference frame, the bond
graph methodology [3, 19, 37] can represent the whole structure. This methodology
presents some properties that can be applied directly to the model [7].

The bond graph wind turbine model has been addressed in several works, e.g.,
[1, 10, 46]. In the first publication, a detailed model of a blade is proposed. The
aerodynamic structural forces are considered, and also real data of a wind turbine
are used, in order to calculate the output torque. Besides, it is a general model that
can be applied to any wind turbine blade. In [46] a six-mass drive train model
is presented. This complete model is formulated and then simplified. The authors
did not use real parameters of a wind turbine and the aerodynamics forces are not
considered. In [10], a complete wind turbine based on parameters taken from a real
turbine is proposed. The model presents all components of the wind turbine, but the
aerodynamics are not considered in detail. The publication is centered on drive train
effects.

The mechanical part of the wind turbine presented in this chapter is taken from
[44] which consider the blade model presented in [1].

Nowadays, most of the installed wind turbines have kept the configuration with
the use of a gearbox. Based on this context, a model of the gearbox is used in
order to complete the whole system. In terms of a bond graph methodology, gears
have been modeled for transmission applications [6, 8]. The model used here is
based on the one reported in [21], in which a planetary gears is adopted. Also, in
[17] a complete review of graphical tools for modeling gears is given. The authors
conclude that bond graph methodology has major properties, when compared to
others. It is important to mention that gearbox is the most important part of a wind
turbine, because is at this stage where most of faults occur. It is estimated that a
wind turbine has around 20 years of life span, but normally the gearbox needs to be
replaced every 5 years [36].

In this chapter a complete bond graph model of a variable-speed wind turbine
with doubly fed induction generator (DFIG) configuration is presented, which
accounts real data and parameters of a real wind turbine of 750 kW [13]. This
configuration has some important advantages, e.g., the possibility of controlling
active and reactive power, the capability of reducing stresses of the mechanical
structure, and acoustic noise [5]. Also, losses in the power electronics converter are
reduced, as compared to a direct-driver synchronous/induction generator (variable-
speed wind turbine with induction generator configuration). This is due to the fact
that the converter placed between the grid and the double-fed induction machine
rotor handles only a fraction of the turbine rate power [26, 47].

The control of a DFIG has been addressed in several works, e.g., [9, 15, 32, 35].
In [9] a sliding mode control is used, and in [35] the power control of a doubly fed
induction machine via output feedback is presented. The behavior of such machines
in large wind farms, along with the general active and reactive power control has
been addressed in [15]. A novel simplified model of the DFIG appropriate for bulk
power system studies is presented in [32]. In this chapter, the control law developed
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in [45] is taken because this control presents a different structure and the bond graph
model of the DFIG is used in order to obtain the control law applying the bicausality
concepts [11].

The outline of this chapter is as follows: the model description is given in
Sect. 15.2. Then, the wind turbine model is detailed in Sect. 15.3. The DFIG control
is described in Sect. 15.4. The whole system is simulated in Sect. 15.5. The global
conclusions of the chapter are drawn in Sect. 15.6.

15.2 System Description

The wind turbine connected to the electrical network can be represented by
Fig. 15.1. Every single part (blades, hub, bearings, brake, and hub) of the wind
turbine scheme is joined by a bond. In most of the elements there is an associated
mechanical power, but the last part (DFIG) transforms this mechanical power into
a three phase electrical power, represented by three bonds. The stator is directly
connected to the power network, while the rotor is connected through slip rings to a
power electronic converter.

Different considerations can be made for the study of this system. Here, an
analysis of the complete model is presented, by considering all the components as
shown in Fig. 15.1.

The function of blades is to convert the wind velocity into a torque, transforming
the wind into a force and then into a torque. In Fig. 15.1, the causality of the first
bond shows that torque is provided by the blades.

A large torque is produced by blades, and is transferred to the gearbox, which
transforms this big torque into a small one, to be applied into generator. A similar
situation is valid for angular velocity, i.e., there is a high speed provided for
generator, which is transformed by the gearbox into a low speed, presented in the
rotor turbine (hub).

Blades i Hub i Main i Main i Gearbox iBrake ‘High speed‘ Doubly-fed

Bearing Shaft Shaft induction generator

ﬁ'ﬁ'@ﬁﬁﬁ ﬂ@ﬂ@ﬁi@ﬂg Blecrical
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‘D c-lin k‘
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Fig. 15.1 Wind turbine presented in terms of word bond graph
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From the generator point of view, a wind turbine has different configurations.
Also, the wind turbine can operate with either under fixed-speed or variable-speed
mode. This operation depends directly on the generator connection. It means that
for fixed-speed wind turbines, the generator is directly connected to the power
network, since the speed is closely tied to the grid frequency. Besides, for a variable-
speed wind turbine, the generator is controlled through power electronics converters,
which make possible to control the rotor speed. Therefore, as it was mentioned
before, a variable-speed wind turbine with doubly fed generator configuration is
used (Fig. 15.1).

The main advantage of this configuration is the fact that the power electronic
converter has to handle only a fraction (30 %) of the total power [47]. Therefore, the
losses in the power electronic converter can be reduced.

Two power electronics converters: machine side converter (MSC) and network
side converter (NSC) are used in order to have a DC-link between them, thus
allowing the power transfer. With the MSC, it is possible to control the torque or
speed in the DFIG and the power factor at the stator terminals, while with the NSC
functions the DC-link voltage is kept constant.

In the following sections the model of each elements is presented.

15.3 Model Components

In this section the individual bond graph models for the blades, the gearbox, the
doubly fed induction generator, and the converters are presented.

15.3.1 Blades

As mentioned before, the blade model is taken from [1]. In that publication, the
blade structure represents a general model; it means that wind turbines of different
powers capacity can be simulated by changing the data. The model presented in
[1] is divided into three sections; however, it can be divided into more sections.
Here this model is recalled, since it represents the blade aerodynamic wind turbine.
Nevertheless, the blade is divided into only two sections to allow the improvement
of results, in terms of the coefficient of power Cp, as it will be later shown in this
section.

There are problems in system modeling, where lumping of inertia and com-
pliance, used in rigid body dynamics, fails to get the essential dynamics of the
system. Situations like this often arise with systems consisting of long slender
members, whose flexibility plays an important role in the dynamics of the system.
For example, in wind turbine modeling, it will be inadequate to treat the blade as a
rigid body. These members are essentially distributed system parameters, governed
by partial differential equations, and are lumped in space by finite approximation.
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The model is based on Rayleigh Beam Model [29] and the Blade Element
Momentum (BEM) theory [16]; it is a dynamic model in which a modal analysis
can be made. Then, the blade is formed by two main parts: the structural and the
aerodynamic.

15.3.1.1 Model Structure

The structure of the blade is made using C-field and R-field elements, which
represent the stiffness and the structural damping matrix between the center of
gravity of adjacent elements, respectively. These matrices are calculated at the center
of gravity of adjacent elements. Figure 15.2a shows a schematic of a cantilever beam
with regulation and lumping of inertia, which is used in the bond graph formulation.

As it is shown, the whole blade structure is divided into two sections. The length
of each section is the same, 11.7 m, thus allowing a blade of 23.4 m, which is the
characteristic blades length for a 750 kW wind turbine.
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Fig. 15.2 (a) Cantilever beam of blade and (b) structural bond graph of blade
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The bond graph model presented in Fig. 15.2b shows the translation and rotation
motion at the top and bottom of the figure, respectively. Aerodynamic forces for
each section are applied in the translation structure (bonds 12 and 23); this means
that the effort is imposed.

The stiffness matrix is modeled as a 4—port C—field storing, due to the four
generalized displacements shown in Fig. 15.2b. In terms of flexural rigidity (ET)
and element length (/), the stiffness matrix is given by Eq. (15.1).

12 6 —12 6l

EI 6l 4P —61 212
K] =— 15.1
(i} Bl —12-61 12 —6l (5.1

6l 212 —61 42

where E is the Young module of the material, and I the second moment of area
about the axis of deflection. The structural damping matrix is given by [R;] = u[K;],
where the p factor represents the coefficient of structural damping.

The boundary condition of the model is represented by the Sf:v_bound and Se
sources. The connection between the blade and the hub is assumed to be rigid, i.e.,
Sf:v_bound = 0, and the blade has only one degree of freedom Se = 0. Finally, the
rotating inertia J_whole is the rigid body inertia of the whole blade.

Dynamic equations and also the natural frequencies of the blade can be directly
obtained from the bond graph of Fig. 15.2b. In this case, the main dynamics around
the blade structure take into account the parameters (given in Appendix (Table 15.6))
for an NACA 4415 blade [48].

Considering Fig. 15.2b the causal loops and causal paths are presented in
Table 15.1. The causal loops consider the C and R matrix values, in order to
calculate the frequency. Therefore, each causal loop involved with one I element
and one element of the damping matrix (R) is considered. Besides, there are causal
paths present in the model, between the I-elements and the stiffness matrix, and
Table 15.1 shows also the numerical values of these causal paths. It is important to
mention that the main frequencies are produced only by the causal loops.

As shown in Table 15.1, the loop involving the translational mass M, of section 1
has small values (bonds 11, 13, 19), compared to the mass M, (bonds 20, 24). This
verified that high frequency vibrations are introduced by the last blade sections, and

Table 15.1 Causal loop and causal paths frequencies

Causal 2=24—=>14—-6—>14—>16>25—=>18—>13—>11—>/13—>19—> 24 —>20—>

loop 4—2 |6—>14 16—>14 | 18—>25 11—13 19—13 20— 24
Frequency 120.88 |36632.9 | 54245 76827.7 8.77 12.99 32.22
(rad/s)

Causal 2—3 14—5 1310 | 14—>15 13—>21 25— 17 24— 22
path

Frequency 690832.9 39685.3 |224807.7 |39685.33 |224807.8 |9873.15 482100.3
(rad/s)
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Fig. 15.3 Two sections (sub-model) bond graph blade

low frequencies are presented in the first blade section (it is the same for the inertias
J1 and J,). A similar behavior is presented for the causal paths; the high frequency is
introduced by the last blade sections. It is important to say that these are not the real
natural frequencies, they are only an approximation. If an exactly value is required,
then a matrix structure needs to be found, taking into account all the causal loops
and path of the whole structure.

The model of the blade can be represented by sub-models, as shown in Fig. 15.3.
The rotating inertia J whole presents a derivative causality because the angular
velocity is given by bond 1. This means that the blade gives the torque as output
and then it needs the angular velocity as input. Besides, bond 1 makes it possible to
have a connection with the hub.

The two modulate sources of effort, which represent the aerodynamic force, need
to be calculated from the input wind. This means that the wind speed needs to
be converted into aerodynamical force. This process will be presented in the next
subsection.

15.3.1.2 Aerodynamic Force

The aerodynamic loading is caused by the flow (wind) past the structure, in other
words the blades and the tower. Accurate models of the aerodynamic aspects of
wind turbines are essential to successfully design and analyze wind energy systems.
Wind turbine aerodynamic models are used to relate wind inflow conditions to loads
applied to the turbine.

The subsequent analysis develops the most common aerodynamics theory
employed in the wind turbine design and analysis environment. It consists on the
blade element momentum theory (BEM), the fundamental aerodynamic theory used
by the bond graph model presented in this paper.

The whole BEM theory can be found in [27]. Here, the used mathematical
expressions will be recalled, as well as the principal expressions taken from [1],
which are necessary to convert the wind into an aerodynamic force.



554 R.T. Sanchez and A.M. Rios

As it was explained before, blade structure is divided into sections. For each
section BEM theory is applied, in order to provide aerodynamic force to the blade
structure. Equation (15.2) expresses the aerodynamic force F; applied to the ith
section.

1 1
F, = (—pku (Cii sing; — Cyi cos ¢;) ¢ ,) W (15.2)
2 sin’g;

where V,, represents the wind velocity, p the air density, ¢; the wind inflow angle
(Eq. (15.3)), Cj; and Cy; are the lift and drag dimensionless coefficients function on
the angle of attack «;, defined as the angle between the incoming flow stream and
the chord line of the airfoil in the ith section. Also, a; represents the axial tangential
induction factor and is calculated from Egs. (15.4) and (15.5).

_ Vw (1 - ai)
= tan~! (U ma) 153
@; = tan (.Q,r,-(l +a/)) (15.3)
4sin? -
1 i
a=(1+ b (15.4)
o7’ (Cji cos @; + Cg; sin ;)
4sin® B
1 i
al = [ -1+ LI (15.5)
oy (Cjicos @; — Cy; sin ;)

Parameters involving in last expressions are graphically represented in Fig. 15.4.

A modulated gyrator MGY element is used to implement Egs. (15.2), (15.3),
(15.4), and (15.5), since wind is transformed into an aerodynamic force, as shown
in Fig. 15.5.

Modulated inputs to MGY elements of Fig. 15.5 are the pitch angle and the
angular velocity Qr.

In order to simulate the blade model, Eqgs. (15.2), (15.3), (15.4), and (15.5)
are placed within each MGY element; it means that their traditionally constitutive
relation is changed. These expressions represent an iterative process, where the
axial tangential induction factor and the wind inflow angle are changed. The code

an(1+a) ﬁ

Rotor plane

7

w

Incoming
flow velocity

Fig. 15.4 Velocities at rotor blade
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Fig. 15.6 Flow diagram code

flow diagram is shown in Fig. 15.6. In order to estimate the initial value of the
axial induction factor, some conditions are assumed at the starting time; then, an
estimation of the inflow angle is made. This allows to determinate the accurate
coefficient [4]. After that, the calculation of the axial and tangential induction
factor is performed and the new value is used for the next cycle. This iterative
process is conducted until the tangential induction factor and wind inflow angle
have converged to their final values.
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Fig. 15.7 Three blades and hub model

Figure 15.6 also shows the mathematical expressions involved in each stage.

It is important to observe that, due to the complexity involving in the aerody-
namic force conversion, the use of the MGY element was necessary. Nevertheless, it
can be possible to model this part in terms of bond graph allowing having a physical
behavior of this conversion.

A simulation is carried out in order to verify the dynamic response of blades;
this is made using the 20Sim software (www.20sim.com). Figure 15.7 shows the
simulation scheme.

Three blades are used; each of them is divided into two sections with the forces
from the wind in each section applied. The rotating inertia Jp,, corresponds to
the hub structure and represents the rotating inertia of each blade and the hub
itself; it means that Jyu, = 3*Jwhote + Jhup itself. Besides, the R element called Dy,
represents the main bearing.

To observe the transient response in the modulated flow source MSf the angular
velocity applied with a ramp profile is used. The traditional curve of power
coefficient versus tip speed (Cp vs A) is shown in Fig. 15.8.

In Fig. 15.8, the maximum Cp obtained is 0.4, having a tip speed of 7.4; the
theoretical maximum value of Cp is 0.59 (due to Betz limit), at around a tip speed
of 8. In practical designs, the maximum achievable Cp is below 0.5 for high speed,
two-blade turbines, and between 0.2 and 0.4 for slow speed turbines with more
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Fig. 15.8 Curve of Cp vs A

2.5

0 2.5 5 7.5 10 125 15 175 20 225 25
Length

Twist
[=a]

0 2.5 5 75 10 125 15 175 20 225 25
Length

Fig. 15.9 Chord and twist along the blade

blades [33]. The approximation to standard values is acceptable and it is better that
the value shown in [1] (around 0.33). The improvement results from taking two
sections of the blade allow applying the aerodynamic force with maximum chore
and twisting distribution (Fig. 15.9) along the blade length.

Figure 15.9 shows the chord and twist along the blade. By the action of twisting,
the wind comes with a large angle of incidence as it approaches the bottom of blade.
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= Cp
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Fig. 15.10 Curve Cp vs A for different pitch angles

Then, the chord is the distance between the leading edge and the trailing edge of the
blade section. According to these two figures, the values of chore and twist taken
for each section are presented in the Appendix.

It is known that pitch angle is another important parameter in wind turbines,
since the power generated by the turbine needs to be regulated with this parameter.
Figure 15.10 shows the Cp coefficient for different pitch angle values, and confirms
that dynamical model of the blade + hub + main bearing adequately performs. This
is because when the pitch angle increases, the mechanical power decreases.

15.3.2 Gearbox

A planetary stage and two more parallel stages (to increase the angular velocity)
normally compose the gearbox of a wind turbine. Figure 15.11 shows the gearbox
scheme.

Bond graph models of gears have been addressed in previous contributions [6, 8].
The simplest way to model the gearbox is as a whole structure; it means that
conversion ratio (N,/N,, where N, is the teeth number of pinion and N, the teeth
number of gears) can be introduced directly in a transformer element TF. However,
as the gearbox is one of the most important parts of a wind turbine due to its involved
dynamics; thus, a more precise model needs to be developed.

In [17, 21] a detailed gearbox bond graph model is proposed. In [17] the authors
detail the technique, making a comparison of different methodologies in a gear
analysis, and in [21] a planetary gear system is presented. The last publication is
taken as a reference for the wind turbine gearbox model.

Then, in the gearbox model some considerations are taken into account, i.e.,

— Ring gear is a fixed stage.
— Only one parallel stage is considered (including the two parallel stage effects).
— Carrier is considered as input; however, sun is the output.
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Fig. 15.11 Gearbox schema

— Mesh stiffness between planet-ring and planet-sun is considered.
— Bearing stiffness are not considered in the model.

15.3.2.1 Analysis of the Gearbox Model

The bond graph model formulation is made taking as a reference (Fig. 15.11), and
the consideration above mentioned. Figure 15.12 shows the gearbox bond graph
model.

The model of Fig. 15.12 shows the three planet gears represented by momentum
of inertias Jp; (j =1, 2, 3). These planets are bounded to sun and ring gears by the
mesh stiffness K, and K, respectively. Also, there is a relationship between mesh
stiffness and carrier gear. As it is shown, the momentum of inertia J, (ring gear)
has a derivative causality; this is due to a fixed ring stage consideration; it means
that a §f = 0 source is bounded (at the 15 junction) in order to impose a non-angular
velocity at this stage of planetary gearbox. In the model, Z; (i = p, s, r) represents the
teeth number of each gear. The sun output is bonded to TF element, which represents
the two parallel stages output. This model allows a design of the gearbox, using the
parameter estimation concept developed in [30].

The flow junction 1,3, 14, 15, 1 represents the angular velocity of planets,
carrier, ring, and sun gear, respectively. They are all related to each other by TF
elements.
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Fig. 15.12 Gearbox model

Considering the planet 1 (see Fig. 15.12), it is shown that there is a zero junction
01, between the transformer TF;, TF,, and TF;, which represents (effort variable)
that the planet moves in tangential direction. In this junction, the mesh stiffness
between the planet and sun is joined. Transformers TF:Zs, TF,:1/Z;, and TFz:Z,
allow to obtain the rotating speed of the sun gear, the linear velocity of the planet
revolution around the sun gear, and the planet autorotation. This structure is the
same for the zero junction 0, but considering the relationship between the planet,
the ring, and the carrier.

If a more precise model of a gearbox is required, the design can be done as it
was made for the blade model. This means that the gears can be taken as a structure,
considering their mass and the translational displacement. Also, bearing stiffness
and torsional support stiffness can be added to the model.

The main dynamics representation can be directly achieved. Opposite to blade
structure, gearbox of Fig. 15.12 does not have causal’s loops, since nonresistive
elements (bearings) are considered. Thus, only a path loop between the inertial gears
and the mesh stiffness can be found. Parameters (see Appendix) for a 750 kW wind
turbine gearbox are used and have been taken from [13].

15.3.2.2 Gearbox Simulation

One simulation is carried out in order to verify the gearbox model. Table 15.2 shows
the numerical values used for the simulation. Torque and angular velocity for sun
and carrier are shown in Fig. 15.13.
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Table 15.2 Gearbox numerical values

Gearbox
J,=32kgm?, J,=144.2 kg.m?, J. = 59.1 kg.m?, Jp,=32 kg.m?
Z,=39,7,=99, Z, =21, K;, = 16.9¢9 N/m, K, = 19.2¢9 N/m, Ty, = 10.5

100 - = carrier. T {N.m} -

= sun.omega {rad/s} .

10 - = sun.T {N.m} -

carrier.omega {rad/s} ]

0.0997 ]
0 0.2 0.4 06 038 1
time {s}

Fig. 15.13 Simulation gearbox (a) carrier torque, (b) sun torque, (¢) sun angular velocity, and (d)
carrier angular velocity

For the simulation, a constant carrier torque is applied (Fig. 15.13a). This torque
is reduced at the sun output torque with a ratio of 60 (Fig. 15.13c). The same case
is observed in the angular velocity curves (Fig. 15.13b, d). It is known that this type
of system presents a fast vibration, due to the dynamics involved between the mesh
stiffness and the momentum of inertias. In Fig. 15.13, the initial conditions (for
the momentum of inertias) have been considered, in order to show the conversion
ratio of the gearbox. This allows eliminating these vibrations when simulation starts.
Figure 15.13 verifies that the complete gain of gearbox is 60. This is an acceptable
value of the gearbox gain; since a value of 60 or 70 is expected for a wind turbine
with these dimensions (750 kW).

15.3.3 Doubly Fed Induction Generator

Induction machines have been addressed in many publications. Models can be repre-
sented in two general frameworks: one using a Park reference frame [18, 38, 39] and
the other one using the natural reference frame (three sinusoidal waveforms) [28].
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15.3.3.1 Park Reference Frame Model

Figure 15.14 shows a bond graph model of the induction machine in the Park 2-axis

d-q reference frame [38].

The induction machine model is based on the following assumptions:

— Magnetic hysteresis and magnetic saturation effects are neglected.
— The stator winding is sinusoidally distributed along the air-gap.
— The stator slots cause no appreciable variation of the rotor inductances with rotor

position.

An arbitrary dq-frame rotating around the homopolar 0-axis to the speed wy is

chosen.

The equations that describe the bond graph model of Fig. 15.14 are given by Eq.

(15.6).

— R dosa
Vg = Rslsd + d; — WsPsq
. de
Vg = Rslsq + =L+ WsPsa

t
Prd

Vot = Ry + o O +pR2¢y (15.6)
Vg = Ryiry + gtrq + O = pS2Pr

T =p ((prqird - (prdirq)
dQ
711 = Jm? =T,
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The inductance matrices for I-field elements My and My allow coupling the stator
and rotor fluxes by the matrix shown in Eq. (15.7).

(@sd/q) — (Ls Lm) (isd/q) (15 7)
Prd/q Ly Ly ird/q )
where L, L, and L, are the stator self-inductance, mutual inductance between the
stator and rotor, and rotor self-inductance, respectively. I-field element J;,, represents
the shaft and rotor moment of inertia; Ry and R, are stator and rotor resistances, p
is the number of pole pairs, and w corresponds to 2xf, with f being the network
frequency.

It is important to remark that the four modulated sources (dependent on wy)
represent virtual sources (not physical sources), since their power sum is zero
and are only a mathematical consequence of the model, as demonstrated in [18].
They are considered by the arbitrary framework assumption and can be removed
if the stationary frame is chosen (setting d-axis with stator phase a) since w; = 0.
As the machine model is related to the rotor, the stator equations are not influenced
by the rotor speed.

The model of the DFIG was developed by using the equivalent electric circuit of
the induction machine shown in Fig. 15.15 [38].

15.3.3.2 Model Simplification

The methodology shown in [2] can be applied to the bond graph model of the
induction machine, in order to reduce the order model from the energy metric point
of view. However, since the application of the induction machine in the wind turbine
(as a generator) does not involve a high rotor speed, it is assumed that the neglected
mode cannot be excited.

In order to identify the dynamics that can be eliminated, the dynamics approxi-
mation made before with the blade structure is applied to the DFIG. Since the model
has I-field multiports, the dynamics are obtained by using the methodology proposed
in [20], which allows obtaining the causal loops and paths when a multiport is used.

The dynamic model can be simplified through an algebraic equivalent. This can
be achieved if the dynamics are eliminated, the transient is cancelled and the order
of the model is reduced. Thus, by setting gbsq and ¢, equal to zero, the model order
is reduced from 5 to 3.

Regarding Fig. 15.14, the causality change is required in bonds 4 and 19.
Figure 15.16 shows the stator d/g-axis simplified model of the induction machine.

Effort in bond 4 is zero, since the stator dynamics are eliminated. As the current
isq s used to calculate the flux ¢4 (necessary for the MSe source along g-axis), the
same structure is kept, and only the causality is changed. A similar process is made
in bond 19.
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Table 15.3 Doubly fed induction machine parameters

Power 750 kW | Stator inductance | 2.51 mH
Poles numbers 2 Rotor inductance | 2.45 mH
Voltage 690 V Mutual inductance | 2.41 mH
Stator resistance | 0.0022 © | Inertia 63.89 kg.m?
Rotor resistance | 0.0018 & | Frequency 60 Hz

565

Causality changes require a modification of (15.7). Matrix expressions in the
I-field elements are changed to:

2
(Qﬂsd_q) — Ls - IL_T L ( ixd.q)
ird.q - LL_T T @rd,q

r

S

<

(15.8)

Sy

Causality changes reduce from 5 to 3 the number of independent state variables in
the model. The dynamic equation in the stator part is changed for a static one, and
the effort is set equal to zero in these bonds.

15.3.3.3 DFIG Simulation

In order to compare the behavior of the simplified model (order 3) against the
complete one (order 5), a simulation is carried out by considering the doubly fed
induction machine as a motor (DFIM). Table 15.3 shows the numerical parameters
for the machine.

The DFIM is started at instant =0 s, then at r=6.5 s the nominal torque is
applied (Thom =3978.88 Nm). After that, at 1 =8.0 s a voltage reduction of 50 %
during 200 ms is applied. Figure 15.17 shows the obtained results.

As observed from Fig. 15.17, the response obtained with both models is in
close agreement. It is important to observe that oscillations are eliminated when
the simplified model is used. For example, the speed in the complete model (“speed
Comp,” Fig. 15.17a) oscillates at the instant voltage falls; these are eliminated in
the simplified model (speed Simp). A more pronounced difference between models
is observed at the machine starting (Fig. 15.17b).

It is important to mention that the simulation of the DFIM is made considering
the two sources input: one for the stator (vq, vq) and the other for the rotor (vq, vig).

If nominal values around the equilibrium point are assumed, pole location
analysis can be performed. Table 15.4 shows the pole values for the two models. By
using these values, it is verified again that the change of causality (Fig. 15.16) and
dynamics elimination (¢, = ¢, = 0) allow to obtain a model without oscillations.
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Fig. 15.17 Comparison responses of the complete (comp) and simplified (simp) DFIM, (a) speed,
(b) torque, (c) current phase a, and (d) voltage input phase a

Table 15.4 Numerical pole
values for complete and
simplified model

Complete DFIM Model

Simplified DFIM Model

Py =—68+3509i

P, =—6.861+35.9i

P, =—68—3509i

P, =—6.86—35.91

Py=—12.4

Py=—12.39

P,=—15.69 + 376.51
Ps =—15.69 —376.51

15.3.4 Power Electronic Converter

The three phase converter model has been addressed in many papers, such as
[12, 23]. Each presented model has its own characteristic and is used for different
applications.

15.3.4.1 Power Converter Model

As said before, two power electronics converters, the machine side converter (MSC)
and network side converter (NSC), are used in order to have a DC-link between them
allowing the power transfer.
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Fig. 15.18 Network side converter with a three phase LC filter

For the NSC, the model is taken from [42, 43]. This model corresponds to a three
phase converter using an LC filter connection. The filter allows to give a voltage
source behavior for the converter, and also to eliminate the harmonic distortion
introduced by the converter. Figure 15.18 shows the NSC used.

The characteristics of the model are the DC-link is considered as a dynamical
element (Cpys), and the LC filter is composed of three inductances with their
associated resistances and three Delta connected capacitors.

The causality assignment gives to the power electronic converter associated with
the LC filter a voltage source behavior.

In the next section it will be presented the control law necessary to transfer the
active and reactive power to the network.

15.4 Control of the Doubly Fed Induction Generator

As previously shown, the induction machine is a coupled 5th or 3th order system
(depending on the considered model) with four inputs. Actually, the simplification
made in the previous section allows to intuitively knowing that stator dynamics are
not directly involved in the control law. For that reason, the control inputs which are
present in the doubly fed induction machine are those of rotor. The last assumption
is commonly made when a generator control law is deduced, but here, the bond
graph model supports this assumption.
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15.4.1 Torque Control Formulation (Machine Side Converter)

When a wind turbine generator is used, the objective is to control the output torque.
Also, the torque can be controlled indirectly by the speed. This selection will be
dependent on the particular application.

It is important to remark that the proposed control does not consider the
Sommerfeld effect [40, 41], since unbalance rotor conditions are not considered.

In order to control the output torque, it is necessary to control the d-axis rotor
flux supplied by the DFIG. To this aim, a specific algorithm is designed, based on
bicausal bond graph [11].

For the formulation of the inverse bond graph, it is necessary to change the effort
detectors De (assumed ideal), which will be placed in bond 5 of Fig. 15.14 in the
original bond graph, by a source named SS, (which impose zero flow but non-zero
effort to the inverse model), then propagate bicausality (in only one line of power
transfer) from this source (SS: ¢,4) to the input source of the original bond graph
which becomes a detector (i.e., SS: vy4) in the inverse bond graph [31].

The structure of the control in open loop is designed with the inverse bond graph.
The decoupling actions are defined (inverse matrix and disturbance compensation).
The open loop structure is then extended to a closed loop control by fixing the
dynamics of errors.

Figure 15.19 shows the preferred derivative causality assigned in the inverse bond
graph, which allows to deduce the open loop control laws. The rotor flux and torque
sensors are simultaneously inverted via bicausal bonds; two disjoint bicausal paths
are drawn to the two desired inverse model outputs, corresponding to the two control
signals (MSe:v,q, MSe:v,q), which demonstrates that the model is invertible [31]. It
is important to notice that the J,, inertia is not considered in the inverse bond graph
of Fig. 15.19. This is because non-unbalanced rotor operation has been considered
and because this inertia will represent the whole wind turbine inertia.

For the rotor flux control law, no change is presented in the I-field element
My. Otherwise, the causality change in bond 4 is due to the simplified model
consideration (this bond has not a dynamic behavior). Equation (15.9) is derived
from the inverse bond graph of Fig. 15.19, and this relationship corresponds to the
1-junction placed between bonds 5, 6, 7, 8, and 9.

—es + e7+eg—e9g =e5 (15.9)

It is assumed that the numerical value of the elements (resistances and inductances)
is the same for 2 axes. These values have been taken as estimated values, e.g., ﬁ, of
the actual system parameters, in order to consider a slight error. By replacing these
values in (15.4) it gives

d ~
Ud = afprd + Riia + P‘Prq-Q — WPq (15.10)
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Fig. 15.19 Inverse DFIG for calculation of the controls laws

To establish the closed loop control law, the dynamics of the error (€ = @rqref — ¢rq)
are set in (15.10), as ¢ + kj& = 0, where k| represents the controller to be used.
Expression (15.10) becomes (15.11) as:

d .
Urd = a (@rdret — €) + Ryirg + PPr§2 — 0Py (15.11)

Finally,

d .
Urd = &Qﬂrdref + k1 (@rdref — $ra) + Rrira + PPr§2 — 0Py (15.12)
For the last expression, the rotor flux ¢, is assumed to be zero. This is justified
since ¢4, compared to ¢q has not an important impact on the voltage v,q. Actually,
this value is very small compared to the d-axis flux.
Taking the last consideration, (15.12) is represented in the Laplace domain as,

(V) 5y = 5(Praret) (5) + K1 (Praret — Pra) 5y + Rr(ia) ) (15.13)

In the same manner as for the determination of the rotor flux control, the torque
control law is calculated.
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Equation (15.14) is derived from the bond graph of Fig. 15.19 as,
ey —eg+es+ez—er=0 (15.14)

For (15.14), the effort e;7 needs to be calculated from (15.8), by assuming that
¢1q = [ e17. Making the appropriate substitutions in (15.14), it yields,

~ d ~
Vg = L,girq + Ryirg — ppra$2 + 0@ (15.15)

In (15.15), the current iy, of (15.8) has been assumed zero, since the balanced
condition of the Park transformation has been considered. However, the mutual
inductance is not present in (15.15).

The voltage vq and torque relation are not explicitly shown in (15.15). Thus, in
order to relate (15.15) with the torque, another expression is needed.

Two different procedures are visualized, i.e., the first is to replace the speed €2 for
his equivalent relation with the torque, and the second one is to establish an internal
control loop for the i;q current, and cascade the torque relationship in the previously
internal control loop.

The second solution is chosen, since it provides a control law structure similar to
the traditional vector control [49] applied to this machine.

By using the estimated values and establishing the closed control loop (for iy
variable) as previously described, (15.15) becomes,

~ ~d. ~ .
Uq = errq —PfﬂrdQ + WPrd + Lraquref + er2 (quref - qu) (1516)

where k, represents the controller used for this loop. The other necessary expression
is taken from the original model (Fig. 15.14); specifically, in bond 11 the torque is
given by,

T =p (@rqird - @rdirq) (15.17)
As ¢q =0, expression (15.17) becomes 1,11 = —p@rqirg, and can be expressed as
Tref = —P@rdirgrer- This expression is replaced in (15.16), to obtain the control law

(15.18).

~ ~ T, ~ T,
(viq) ) = Reling) ) — P02 + 0 + LrS( = ) + er2( © irq)
PP/ (s5) PP )

(15.18)

The controller block diagram (Egs. (15.13) and (15.17)) is shown in Fig. 15.20. It
is important to notice that the structure of the control law contains a feed-forward
with a derivative action on the reference signals. The signals are constants, so that
they can be removed, and by taking into consideration that the wind does not have
a sudden change, they are kept in this proposed control law. In addition, the control
law needs an estimation of ¢4, then the expression (Ls*irq + L, *isq) [49] is used.
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Fig. 15.20 Torque control law schema

15.4.2 Torque Control Simulation

In order to verify control law, a simulation is carried out by considering that
the DFIG has a primary governor to emulate the torque provided by the turbine
mechanical part. Also, as it is considered that the converter has not an important
impact in the machine behavior, the machine side converter is not used. This allows
to connect the v,q and v voltages directly via the MSe sources. Figure 15.21 shows
the simulation scheme.

The stator machine power is regulated by the rotor. In order to simulate the DFIG,
a three phase load is connected at machine terminals. Park’s transformation is used
in order to transform from the dq reference frame to the abc framework.

The complete DFIG model is used in the simulation. The results presented here
have been verified against the simplified DFIG model, obtaining the same results;
the only difference being that the oscillations due to the fast dynamics are present
in the complete model.

A speed governor is used to maintain the nominal speed in the generator. As the
objective is to test the behavior of the control law; this stage has been represented
by using an ideal Governor (PI controller).

Results are shown in Fig. 15.22. Numerical values of Tables 15.3 and 15.5 are
used for the simulation. The DFIG is started at instant =0 s applying the nominal
torque as reference in the control (Tis = 3978.88 Nm), then at =5 s the nominal
torque is reduce to Tief = 2500. This is made in order to observe that the torque in
the machine is also reduced.
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The charge was selected to have a power factor of 0.8, and how is shown in
Fig. 15.22d the total active power is supplied to the charge when the nominal torque
is set in the reference control, and is reduced when the torque decreases.

15.4.3 Robustness Test

In order to verify the robustness of the proposed control law, the simulation schema
presented before is used (Fig. 15.21).

The pole-plot can be taken directly from the simulator. Then, in order to verify
the robustness of the control, different values of power factor in the load (0.5-1)
are used. The nominal values of torque and the magnetic flux (Ties and phis in
Fig. 15.21) have been considered by taking into account the parameters of Table 15.3
and Table 15.5. Figure 15.23 shows the 3D pole-plot evolution.



15 Modeling and Control of a Wind Turbine 573

200 -
150 -
100 -

50 = rotor speed {rad/s} -

-1000
-3000 -
-5000 -
-7000 -

=torque {Nm} -

-b

800000 - /q = Reactive Power Q {VA} .

600000 - 1c
400000 / -

200000 /

1.2e+006 - Active Power P {W} -
800000 - d
400000 - 3

0°- ' ' ' ' d
0 2 4 6 8 10
time {s}

Fig. 15.22 DFIG responses, (a) Machine speed, (b) torque, (c) reactive power in the charge, and
(d) active power in the charge

Table 15.5 Control and

- Control Charge
charge numerical values

Pl vy PI Vig
K,=1000 |K,=150 | R;,;=05078Q
Ki=1m Kl=10m L]Y2,3=1.01 mH

Poles which have a significant movement correspond to the load poles. Unlike
the generator and control poles, these do not have a significant movement when the
power factor is varied. This shows the robustness of the proposed control in this
system. It is important to mention that in order to take into account the uncertainties
due to parameter estimation the simulation is carried out by assuming a slight error
in the parameters, i.e., 10 % between the model and the controller parameters.

15.4.4 Network Side Converter

As said before, the three phase NSC uses an LC filter in order to impose a voltage
behavior in the converter.

The structure of the converter was presented in Fig. 15.18. Then in this section,
the active and reactive power control is presented.

The control law of this converter is also derived from the inverse bond graph
(using the bicausality concept); the robustness and accurate performance of the
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proposed control has been demonstrated for voltage regulation [42]. Here, the
highlights of this control are recalled. They are as follows:

The controller parameters are obtained considering the two loops in cascade, one
for the current in the L,; and another one for the voltage in Cp;-elements.

Only two phase to phase voltages are considered in the control, the third one
fixing the voltage reference.

The current iy is linearly dependent on the two others (i, and iyp).

The average behavior of the converter is considered.

The control is composed by three principal stages:

. DC bus regulation. It is based on a traditional PI (proportional + integral)

controller. It provides the active power reference.

. Active and reactive power regulation. Inspired from the power flow concept

between two sources, connected through a line impedance.

. Voltage and current regulation. A resonant and proportional controller for voltage

and current control, respectively.

Figure 15.24 resumes the control stages for the NSC.
From Fig. 15.24, the source Vs sets the DC-link regulation reference, the iy

and vy, are necessaries in order to have the total power available in the DC-link.
Since this power provides the active power reference. In the right side of Fig. 15.24
it can see three I-elements connected in series with their respective R-elements.
These elements represent the line impedance, and are necessaries in order to apply
the power flow concept.
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Fig. 15.24 Control schema simulation for the NSC

Finally in Fig. 15.24 it can be identified by a block connected between the delta
connection capacitors (C-elements) and the line impedance. Inside this block is
implemented Eqgs. (15.19) and (15.20) which allows to get the active and reactive
power measures.

P = Unalna + Unbind + Unclne (15.19)

O = ((Una — Unb) ine + (Vnb — Une) ina + (Vne — Vna) inp) / /3 (15.20)

15.4.4.1 Active and Reactive Power Control

In case of connection with an infinite voltage source, the power control loop is
inspired from the power flow concept between two sources (Veo, and vies) connected
by an impedance line Z =R+ jX [14]. Assuming that the transmission line has
small resistance compared to the reactance (R = 0), the active power is given by,

Vcon Vl"eh

PV‘_ ol (15.21)

0= ba (Veon = Vies)
where: Von, and Vi are, respectively, the RMS values for vy, and v, and & is
the phase of Vo, versus V. Expression (15.21) shows that a small difference on
the angle has a direct impact on the active power flow. The magnitudes difference
has a direct impact on the reactive power. The active power control is defining the
value for §. angle and the AV = V,,—V,e define the reactive power, as shown in
the schematic diagram of Fig. 15.25.
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In Fig. 15.25, kp and kq are the gains in the controller, which have to be calculated
taking into account the desired time response, we is the grid pulsation, and Vit is
the network reference voltage.

15.5 Complete System

In this section the previously models are set up in order to simulate the complete
system.

15.5.1 Simulation of a Variable-Speed Wind Turbine

The blades, gearbox, DFIG, and the power converters are associated in order to
formulate the complete model of a variable-speed wind turbine as is shown in
Fig. 15.26.

In Fig. 15.26, the block “Wind Turbine Model” corresponds to the blades and hub
model of the turbine (Fig. 15.7). The gearbox model presented before (Fig. 15.12)
is represented by the “GearBox” block. Also, Fig. 15.26 shows the whole control
law involved in the variable-speed wind turbine. The block called “Wind control”
corresponds to the wind turbine angular speed control. This control provides the
reference torque, which is introduced in the torque control (Fig. 15.20) for the
DFIG (Fig. 15.14). The active power is sensed in order to calculate the maximum
power available in the mechanical part of the turbine. Then, this power is regulated
via the pitch angle, given by the block “Pitch control.” The block “NSC Converter
(4+Control),” groups the continuous voltage (DC-link), power, voltage, and current
controls for the converter (Fig. 15.24).
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It is important to mention that the control laws used for the angular speed and
pitch angle of the blades have been taken from [34], and the NSC control from [42].

Additional elements such as power sensors, Park’s transformation, and the phase
lock-loop (PLL) are required to simulate the system. The turbine, the generator,
and the power converter require sensors. For the turbine a power and angular speed
sensors are used, while for the generator the rotor and stator currents sensors are
needed to estimate the magnetic fluxes. These current sensors are also used in the
power converter control.

In order to show the behavior of the complete model, two different simulations
are conducted. First, a constant wind profile is considered, and then real wind profile
data are used. As made before, these simulations have been performed using the
20Sim software.

15.5.2 Constant Wind Consideration

In this section the wind profile is considered constant with a ramp change in their
speed.

The scenario for simulation is as follows: a constant wind of 5 m/s is applied
at the simulation start; then, at =10 s, a wind ramp is applied. This wind ramp
increases from 5 m/s, at t =10 s to 15 m/s, at t =27.5 s; this value is maintained
until the simulation concludes. Figure 15.27a—c shows the simulation responses for
the wind speed, DFIG speed, the tip speed, the power coefficient, the pitch angle,
and the torque in the DFIG, respectively.

The speed in the DFIG increases in the same ratio as the wind input, i.e., up to the
maximum value (226 rad/s) when the wind speed exceeds 12 m/s (see Fig. 15.27b).
This is due to the fact that this value has been assumed to be the maximum set
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Fig. 15.27 Responses for a constant wind profile (a) wind, (b) DFIG speed, (¢) A, (d) power
coefficient, (e) pitch angle, and (f) DFIG torque

point. The curve called “lambda” corresponds to the tip speed ratio, which presents
its nominal value before the ramp profile starts (Fig. 15.27c). When machine speed
increases to its maximum value, the tip speed decreases from 8 to 5.8. A similar
case is shown for the power coefficient Cp (Fig. 15.27d). Figure 15.27¢ also shows
the pitch angle applied to the blades, which starts at the instant when the wind speed
exceeds 12 m/s. Finally, in Fig. 15.27f the actual torque in the generator is presented.
There is a negative torque because the mechanical power is transferred to the power
network, and their maximum value is —3315 Nm.

Active power needs to be provided by the wind turbine, and then distributed to
the power network. Nevertheless, as a DFIM is used, the reactive power is present.
Figure 15.28 shows the mechanical and electrical power in the wind turbine model.
The power of the main shaft and the high speed shaft exactly match (750 kW); the
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Fig. 15.28 Power curves for a constant wind profile
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Fig. 15.29 Voltage in the DC-link for a constant wind profile

generator active power is closely to these ones (745 kW). This difference is due to
the fact that estimated values for the generator have been calculated. Zero reactive
power (Q) has been set as reference because not reactive power is absorbed by the
network.

The regulation of the continuous bus is also an important parameter to take into
consideration. Figure 15.29 shows the DC-link capacitor voltage, which follows the
voltage reference (1200 V). It is important to mention that an initial condition is
used in order to allow the simulation to be performed.

Figure 15.30 shows the three phase stator currents. A 460 V DFIG is used, with
currents having larger values in order to meet active power demand.

The last simulation results allow the verification of theoretical concepts related
to the wind turbine dynamic operation.
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Fig. 15.30 Stator currents of DFIG—constant wind profile

15.5.3 Variable Wind Consideration

Practical wind behavior has a varying profile instead of being constant. The
performance of the proposed control law can be confirmed if a real wind profile is
used. Data are introduced in the simulator with a “data from file” block, which takes
the numerical values from a table each time step. Figure 15.31 shows the simulation
response for the selected wind turbine variables.

The wind changes (from 9 to 13 m/s) are reflected in the DFIG speed with the
same ratio. When the wind crosses the limit of 12 m/s for small periods of time,
i.e., from 10 to 60 s, the DFIG reaches its maximum value (226 rad/s). Also, this
behavior is presented in the lambda (Fig. 15.31c), the Cp (Fig. 15.31d), and the pitch
angle (Fig. 15.31e) responses.

In order to verify the generation of active power, Fig. 15.31e shows the actual
torque. The torque arises to its maximum value when the wind speed increase (up
to 12 m/s) or same, when the pitch angle increases.

Figure 15.32 shows the power curves for a real wind profile. Unlike the results
presented with constant wind profile, in this simulation changes are observed in the
power generated. As same as in the constant wind profile consideration, the main
shaft and high speed shaft powers exactly match. Zero reactive power (Q) has also
been set as reference.

The DC-link voltage is not presented, because is same as for the constant wind
consideration (Fig. 15.29). Figure 15.33 shows the three phase currents supplied by
the wind turbine to the network. Unlike the current results presented in the previous
section, the changes in the magnitude are notorious.

The simulation results can verify that the proposed model and controls present a
good performance, either for constant or variable wind speed. Nevertheless, some
improvements can be suggested, as for example, the angular speed and pitch control
needs to be improved. This is because they have been taken directly from [34], but
need to be developed taking into account the model presented here.
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15.6 Conclusions

The complete model of a variable-speed wind turbine has been presented.

In order to apply the aerodynamic force, blade structure is considered to be
a flexible body. BEM theory has been used for the wind aerodynamic force
conversion. Values of torque and the coefficient of power in simulations have shown
the validity of this model.

A gearbox model has been presented, where mesh stiffness between planet-sun
and ring-planet are considered, and parallel stages are joined in only one stage.
Power flows transferred by each stage has been presented in the simulation results.

For the DFIG, the causal loop concept applied to the model allowed to identify
the dynamics (slow and fast) of the model approximation. Then, by choosing the
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elimination of the fast dynamics, in order to reduce the order of the model, the
simplified DFIG model has been used. By applying the bicausality concept, the
simplified model has been used in order to formulate the inverse bond graph. The
control laws were intuitively obtained by considering the simplified model.

As the proposed control law strongly depends on the estimated DFIM param-
eters, a traditional pole-place analysis has been conducted in order to verify the
robustness of the control. The small error considered in the parameters did not vary
the pole-place diagram.

The wind turbine behavior was simulated in order to verify the dynamic
performance of the whole system. It has been demonstrated, via these simulations,
that the proposed model yields good results; for real and for a constant wind
consideration. Nevertheless, this model needs to be subjected to different tests, i.e.,
turbulent wind, gearbox faults, etc., in order to know the model performance.

It is suggested to test the proposed control law in a real-time simulator, in order
to make a validation still closer to reality, before being tested in a real wind turbine.
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Only a few publications involving all the stages of a wind turbine can be found in

the open literature. In this context, the model presented here is an important starting
point for the analysis of this complex system.

Appendix

Table 15.6 Wind turbine data

Hub and main shaft

Jiub = 5000 kg.m?, Dy, = 1000 N/m, Kpyg = 3.67€7 N/m, Dpg = 200 N/m
High speed shaft

Ky = 10e7 N/m, Dys = le — 3 N/m

Blade structure data

Section 1 Section 2
E=1.7el0 E=1.7el10
[=11.7m [=11.7m

M =120.8 kg M, =48.7 kg
J=3.3kg.m? J, =2.33 kg.m?
©n=0.01 n=0.01

thole = 1000 kg.m2
Blade aerodynamic conversion

c=19 =1

Bu =11 deg Bo =17 deg

Pair = 1.225 Pair = 1.225

r=5.85m =175

L=117m L=117m
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