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ABSTRACT: This paper describes the development of a complete methodology for the unsteady aeroelastic and aeroservoelastic
modeling of horizontal axis wind turbines at the design stage. The methodology is based on the implementation of unsteady
aerodynamic modeling, advanced control strategies and nonlinear finite element calculations in the S4WT wind turbine design
package. The aerodynamic modeling is carried out by means of the unsteady Vortex Lattice Method, including a free wake model.
The complete model also includes a description of a doubly fed induction generator and its control system for variable speed
operation and enhanced power output. The S4WT software features a non-linear finite element solver with multi-body dynamics
capability. The complete methodology is used to perform complete aeroservoelastic simulations of a 2MW wind turbine prototype
model. The interaction between the three components of the approach is carefully analyzed and presented here.

KEY WORDS: Horizontal Axis Wind Turbines, Aeroservoelasticity, Non-linear Finite Elements, Unsteady Vortex Lattice Method,
Doubly Fed Induction Generator.

1 INTRODUCTION

Horizontal axis wind turbines (HAWT) are one of the most
popular machines for producing renewable energy in the world.
Over the last two decades, a significant shift in government
policy towards renewable energy has led to bigger and more
efficient wind turbines, a development that has stretched
the capabilities of traditional wind turbine design methods.
High-fidelity and integrated multi-disciplinary models of wind
turbine systems are important for the correct evaluation of the
performance and the load analysis, and thus might reduce the
failure rate during the design stage. This has in turn led
to a need for more advanced design tools, that can model
the complete wind turbine, including nonlinear structural and
control effects as well as unsteady aerodynamics flows around
the rotor. For example, holistic finite element approaches for the
analysis of wind turbines are described in [1], [2].Higher fidelity
aroservoelastic modeling of complete wind turbine model is the
main focus of the present work.

The aerodynamic modeling of wind turbines for power
optimization, blade design and other design aspects had
progressed little beyond the Blade Element Momentum (BEM)
approach. BEM is very efficient but is based on quasi-steady
aerodynamic assumption and is not well suited to modeling the
dynamic response of wind turbines in an aeroservoelastic sense.
In 2006 Hansen et al [3] published an authoritative review of
wind turbine aerodynamic and aeroelastic modeling approaches,
however, the practical application of such methods has lagged
behind. One of the most promising unsteady aerodynamic
modeling approaches is the Vortex Lattice Method (VLM) [4],
[5] that was first applied to wind turbines in the 1980s. The
vortex lattice method models a lifting surface and the wake shed

behind it as a continuous vortex surface. Its main limitation is
that the flow is assumed to be always attached. Nevertheless,
the VLM constitutes a very good compromise between accuracy
and time to model unsteady 3D aerodynamics around wind
turbine rotors in comparison to higher-fidelity Navier-Stokes-
based CFD models.

Apart from advance aerodynamics shape of wind turbine
blade, the power output also greatly depends upon the
control mechanism integrated in wind turbines. As wind can
not be controlled, therefore, the modern wind turbines are
usually equipped with adjustable-speed generators to control the
rotating speed for the power optimization. Doubly-fed induction
generator (DFIG) is a predominant and efficient generator type
for variable-speed wind turbine operation. In the present
work the modeling strategy and integration of the DFIG with
structural model is presented in detail.

The present research has been carried out for the development
of new capabilities for the SAMCEF for Wind Turbines (S4WT)
software package by LMS Samtech. S4WT is one of the world’s
most advanced computation platforms dedicated to wind turbine
design and analysis. It incorporates a combination of dedicated
graphical user interfaces and the high performance generic
non-linear finite element solver SAMCEF/MECANO, which
includes multi-body dynamic modeling capabilities and makes
S4WT perfectly suited to simulate flexible dynamic phenomena
with high accuracy.

2 SAMCEF FOR WIND TURBINES (S4WT)

SAMCEF for Wind Turbines is one of the world’s most
advanced computation platforms dedicated to wind turbine
design. From the early stages in the design process, thanks
to the integrated parameterized model, down to component vi-
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bration analysis, S4WT’s approach exceeds today’s certification
requirements. Some of the key features of S4WT are described
below.

The flexibility of S4WT allows analyzing the behavior of
practically any wind turbine concept. Models can be built
using the predefined parametric models, or new components and
sub assemblies can be integrated. S4WT facilitates a coherent
engineering process, starting from concept models, gradually
detailing out the components, to finally come to a high-fidelity
virtual prototype of the wind turbine that can be simulated
extensively for design certification purposes.

S4WT enables fully coupled simulations of the mechatronic
system of a wind turbine. The wind turbine model contains
the aerodynamic, inertia, hydrodynamic and hydrostatic loads,
Finite Element Model (FEM) components, multi-body elements
and the controller. Within S4WT all components and physical
phenomena interact through strong couplings, hence more
accurate analysis results are achieved, allowing wind turbine
design and performance optimization already in the early
design stages. As a consequence both wind loads and wave
loads are considered in a fully coupled way, meaning the
impact of both wind and wave are considered to compute the
dynamic response of the machine. The software also features
optional co-simulation capabilities which can be exploited if
the aerodynamic model or the control system model are only
available in an external software package.

Blades, tower, nacelle, bedplate, drive train, yaw and pitch
mechanisms can amongst others all be analyzed in great detail
within S4WT. The software relies on the SAMCEF/MECANO
implicit nonlinear finite element solver that includes multi
body simulation elements [6]. It is built to solve models
with millions of degrees of freedom, with large rotations
and strong nonlinearities. The platform handles engineering
tasks like sizing of the components, dynamic characterization,
strength analysis and fatigue life predictions, stability analysis,
dynamic load analysis and optimization, gearbox and generator
induced vibration analysis, mechanisms and controller design,
field measurement correlation studies, acoustic performance
predictions.

3 FINITE ELEMENT MODEL OF THE BLADES

The structural modeling for wind turbine blades is based on a
geometrically exact non-linear beam theory [6]. In S4WT the
entire blade is modeled as beam elements, such elements being
suitable for non-linear modeling, particularly in the the case of
composites blades. In the present model the blade is divided
into 10 beam elements of equal length similar to the seven-
beam element model presented in the top figure in Fig. 1. The
nodes at the end of each beam represent the points where the
physical properties are defined. The bottom figure in Fig. 1
represents the profile of a beam section, which includes the
outer skin and the ribs. In the present paper, the aerodynamic
model is developed in the MATLAB environment. Therefore,
after FEM discretisation of the blade, the structural model of
the rotor is coupled to the aerodynamics model by means of
a co-simulation. In order to carry out the spatial coupling,
it is important to correctly map the aerodynamic grid to the
FEM grid; only the blades are featured in the aerodynamic

Figure 1. FEM beam element model of the blade

model, therefore only the blade grids need to be mapped.
The mapping procedure is presented in the Fig. 2. The FEM
nodes correspond to the aerodynamic center axis of the blade
which is assumed to lie on the quarter chord. The unsteady
aerodynamic forces are calculated at the aerodynamic center
and then transfered to the FEM nodes. The displacements of
the FEM nodes are transferred back to the aerodynamic model.
This exchange of data between the two models is carried out by a
purpose-built sensor box in SAMCEF/MECANO called "DIGI"
element [7]. This "DIGI" element is also used for exchanging
the aerodynamic torque and blade angular velocity between
the two models. The complete co-simulation framework is
described in more detail in Section 6.

FEM beam model

Aerodynamic model

FEM node

Aero node

Figure 2. Superimposition of Aerodynamics node into FEM
nodes

4 UNSTEADY VORTEX LATTICE METHOD

The Vortex Lattice Method can be used to solve incompressible,
irrotational and inviscid flow problems. The method is based on
the solution of Laplace’s equation for potential flows

∂ 2Φ
∂ 2x

+
∂ 2Φ
∂ 2y

+
∂ 2Φ
∂ 2z

= 0 (1)

where Φ is the velocity potential of the flow field, defined such
that gradient of the velocity potential function is

V⃗ = [
∂Φ
∂x

,
∂Φ
∂y

,
∂Φ
∂ z

] (2)

where V⃗ is the velocity vector.
Laplace’s equation is solved subject to the boundary

conditions [3], [4].
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1. Impermeability, i.e. flow normal to the blade’s surface is
zero, leading to

∇Φ ·n = 0 (3)

where n is a unit vector normal to the surface
2. The disturbance created by the body should tend to zero far
from the the body, leading to

lim
r→∞

(∇Φ−v) = 0 (4)

where r is the distance of any arbitrary point P from the body
and v is the relative velocity between the undisturbed fluid and
the body.
3. For a streamline body (e.g. wing or blade), the flow must
satisfy the Kutta condition i.e. it must separate at the trailing
edge.
The Vortex Lattice Method uses vortex rings in order to model
the camber surface of the blade. Vortex rings are solutions of
Laplace’s equation, automatically satisfy the far-field boundary
condition and can easily satisfy the Kutta condition if placed
appropriately on the blade’s surface. The only unknown is
the strength of the vortex rings, which can be determined by
applying the impermeability boundary condition.

4.1 Discretization of blades using vortex rings

The present application of the VLM approach to wind turbine
blades is based on previous work by the authors [8], [9]. First the
entire camber surface of the blade is discretized into rectangular
panels. The chordwise panels are aligned along the x-axis, the
spanwise panels lie along the y-axis and the z-axis points in the
out-of-plane direction. Vortex rings are placed on the geometric
panels and shed in the wake.The free wake technique is used in
the present study. More details about discretization and wake
handling can be found in [4].

Figure 3. Inertial and body coordinates used to describe the
motion of the rotor

Two reference frames are used to model the unsteady flow
around the rotor and to define the related kinematic conditions;
they are presented in Fig. 3. The body frame of reference (x y
z) allows to follow the orientation of the moving body whereas
the stationary inertial frame of reference (X Y Z) is fixed with
respect to the flow field.

4.1.1 Aerodynamic load calculation

The application of the impermeability boundary condition 3
results in the strengths Γi, j of the vortex rings. Once these
strengths are known the pressure difference across each panel
can be calculated from the unsteady Bernoulli equation, such
that

∆pi, j =ρ{[U(t)+uw,V (t)+ vw,W (t)+ww]i, j · τxi, j

Γi, j −Γi−1, j

∆ci, j

+[U(t)+uw,V (t)+ vw,W (t)+ww]i, j · τyi, j

Γi, j −Γi, j−1

∆bi, j

+
∂Γi j

∂ t
}

(5)

where ρ is the air density, U(t), V (t) and W (t) are free stream
velocity components, uw, vw and ww are wake-induced velocities
on the blade’s surface, ∆bi, j is the spanwise length of panel i, j
and ∆ci, j is the chordwise length of panel i, j.

The contribution of any panel to the loads along the body axis
is then

∆F =−(∆p∆S)i, j ·ni, j (6)

where ∆S is the plane form area of the panel and ∆F is the
aerodynamic force which can be resolved in axis components.
For wind turbine blades, force components normal and tangent
to the rotor plane are usually considered. The schematic diagram
of the normal and tangential forces acting on the blades is
presented in Fig. 4.1.1.

5 DOUBLY-FED INDUCTION GENERATOR (DFIG) FOR
CONTROL

For a given turbine blade airfoil, the power extracted from an
air stream depends on both the wind speed and the rotating
speed. As wind cannot be controlled, modern wind turbines
are usually equipped with adjustable-speed generators so that
the turbine rotating speed can be controlled at optimal operating
point. Doubly-fed induction generator (DFIG) is a predominant
and efficient generator type for variable-speed wind turbine
operation.

In megawatt-sized wind turbines, the coupling between the
aerodynamic loads, the structural components and the control
system is significant. On one hand, the increased structural
dynamic load is influential to the transient power production
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especially when there is a rapid change in generator torque
[10]; on the other hand, controllers should be optimized for
not only the power extraction but also the alleviation of flexible
modes [11]. For these reasons, the accurate description of the
electrical and control system is critical for wind turbine dynamic
analysis.

5.1 Modeling of DFIG

In this section, a full-order doubly-fed induction generator
model, which represents both stator and rotor transients, is
introduced and the controller models are presented as well. The
DFIG model is based on the stator-flux-oriented synchronous
reference frame with the Park d-q transformation, where the q-
axis is assumed to be 90◦ ahead of the d-axis. Vector control
strategies can be derived accordingly. The model is described
in a per-unit representation [12], where the quantities are
expressed as fractions of the base values. Thus, the voltage
vectors can be given as:{

v̄s = R̄s īs + jψ̄s + pψ̄s/ωs

v̄r = R̄r īr + jslψ̄r + pψ̄r/ωr
(7)

with {
ψ̄s = L̄s īs + L̄m īr
ψ̄r = L̄r īr + L̄m īs

(8)

where the following notation is used, vs,vr: stator and rotor
voltage vector respectively; is,ir: stator and rotor current vector;
ψs,ψr: stator and rotor flux linkage vector; Rs,Rr: stator and
rotor resistance; Ls,Lr,Lm represent the stator, rotor and the
mutual induction between the stator and the rotor respectively;
ωs: synchronous angular speed in electrical measurement; sl :
rotor slip; the superscript ".̄ ", as hereinafter defined, indicates
per-unit representation; p is the differential operator with respect
to time; j stands for an imaginary number so that v̄s = v̄ds+ jv̄qs
, where v̄ds and v̄qs are the d,q-axis components of stator voltage
respectively. Likewise, other vectors can be expressed in the
same way.
The instantaneous electromagnetic torque vector can be derived
as the cross product of the vectors ψs and is:

T̄e = ψ̄s × īs (9)

5.2 Control strategies of DFIG

Figure 4. A schematic configuration of a DFIG wind turbine

A schematic configuration of a DFIG wind turbine system
is shown in Fig. 4. The DFIG wind turbine is controlled via
the converters on the rotor. The grid side converter (GSC)
is controlled to maintain a constant dc-link voltage and to
guarantee the operation of the converter with unity power factor,

i.e., zero reactive power. The rotor side converter (RSC) is
controlled first for soft grid synchronization, and then for power
optimization once the stator voltage is synchronized with the
grid. The RSC can be considered as a current-controlled voltage
source. Based on the d-q transformation with the synchronous
reference frame, control of the DFIG wind turbine can be
achieved by two coordinated sets of controllers for d,q-axis rotor
currents respectively. For instance, during the control mode of
power optimization, the d,q-axis rotor currents can be decoupled
for reactive and active power control respectively.
When a turbine starts from rest, grid synchronization control
takes place once the rotor speed reaches a certain value, e.g.,
70-80% of the rated speed. The voltage, frequency and
phase angle at the stator terminals are regulated to be the
same as those of the grid, and then the stator winding is
connected directly to the grid. Dynamics of this control mode
is purely electrical, so it is very fast and takes no more than
100 msec. A PI controller is used for each d,q coordinated
controller respectively. Coefficients of the controllers are
derived using the internal model control (IMC) method, where
response can be well predicted [13]. In normal operation with
power control mode, d,q coordinated controllers contribute to
reactive and active power control respectively. Reactive power
control involves only the electrical dynamics, while mechanical
dynamics should be taken into account for active power control.
The WT electrical subsystem dynamics is much faster than
that of the mechanical parts. As a result, cascaded controllers
are proposed in a way that the inner control loop concerns
the generator electrical response while the outer control loop
accounts for the mechanical dynamics that provides reference
inputs to the inner loop. Fig. 5 shows the decoupled control

Figure 5. Decoupled control loops of DFIG WTs for power
optimization

loops for the power control mode. Optimal rotor speed is
obtained from the wind speed and the optimal tip-speed ratio.
As the variation of wind speed can be very fast, a low-pass filter
is applied to provide a smooth reference rotor speed. An IP
controller is applied so that the speed control loop is expressed
as a second-order system and thus torsional damping is added
to the rotor shaft. Coefficients of both IP and PI controllers are
derived via either pole placement or IMC methods [14], [13],
and thus time response is reasonable for each controller.

5.3 Integration of the control/structure models

As for the control/structural interaction analysis, most works
have been exploited on coupled simulation strategies involving
a power electronics simulation software platform with a finite
element analysis tool [15], [16]. Those co-simulation strategies
can be efficient on each specialized simulation platform, but
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they require a careful definition of the communication strategy
between the two solvers.
By contrast, a monolithic approach is proposed in this section,
which leads to improved accuracy and stability properties for the
analysis of control/structure interactions. As described above,
DFIG and its control system are modeled with first-order state
space representation; the structural model of a WT, consisting of
rigid and flexible components with kinematic joints, is typically
characterized by a set of second-order differential-algebraic
equations (DAEs). Combining the nonlinear finite element
method for the mechanical part and the block diagram language
for the control part [17], [13], the coupled equations of motion
with the control dynamics take the following form:

Mq̈+ f T
q λ −g(q, q̇, t)−Lay = 0

f (q) = 0
ẋ− f (q, q̇, q̈,λ ,x,y, t) = 0
ẏ−h(q, q̇, q̈,λ ,x,y, t) = 0

 (10)

where M represents the mass matrix; q , q̇ ,q̈ , respectively the
vectors of position, velocity and acceleration; f , the constraints;
λ , Lagrangian multipliers; x, the control state variables; y, the
vector of the output of the control system; Lay, the action of the
controller on the structural dynamic equilibrium.

With the above nonlinear state-space description of the
control dynamics, this approach presents the advantages of
modularity and generality with a language familiar to control
engineers. The fully coupled equations are constructed from
a modular representation of the mechatronic system as a set
of simple mechanical and control elements. The assembly
procedure is achieved in a numerical way, using a similar
procedure as in finite element codes. In contrast to co-
simulation approaches, a monolithic time integration scheme,
the extended generalized-α scheme, is applied to solve this
problem [17]. As a well known time integration scheme for
structural dynamics, the generalized-α method was successfully
applied to index-3 DAEs with proven second-order accurate
and linear unconditionally stable qualities [16]. The extended
generalized-α method is intended for the representation of
mechatronic dynamics using a similar scheme to the traditional
generalized-α method. With an optimal selection of the
algorithmic parameters, linear stability properties [14] and
second-order accuracy [13] are proven for both the structure
and the control system dynamics.

6 CO-SIMULATION MECHANISM

The fluid-structure interaction problem is solved by means of
a co-simulation that couples the aerodynamic solved to the
finite element solver. The co-simulation is a partitioned fluid
structure coupling; the equations governing the fluid flow are
solved independently from the structural equations. The two
solvers exchange information at specific time instances. In
the present case, the VLM subroutine is used as the flow
solver and MECANO, which includes the structure, controller
and generator models, is used as the structural solver. The
co-simulation is implemented through a Matlab/Simulink s-
function. A schematic view of the co-simulation mechanism

is presented in Fig. 6. During the co-simulation, the output

Figure 6. Schematic diagram of co-simulation

of the VLM subroutine , which is normal and tangential forces
acting on the blade elements is used as input to the MECANO.
The outputs of MECANO, which are blade deflection, rotor
angular velocity and response of other structural parameters
are used as inputs to the VLM subroutine to determine the
aerodynamics loads at the next time instance. This procedure
continues until the end of global simulation time. It should be
noted that the time steps used by the two solvers are different;
the VLM calculations use a constant and relatively large time
step while MECANO uses a variable time step. The exchange
of information occurs at the VLM’s time step.

7 TEST CASES AND RESULTS

Two examples are presented in this section, one concerning the
validation of the aerodynamic loads calculated by the VLM
approach and one demonstrating the application of the complete
aeroservoelastic simulation to a wind turbine prototype.

7.1 Experimental validation of the Vortex Lattice Method

The VLM implementation created for this work was validated
through comparisons to the experimental results published by
the National Renewable Energy Laboratory (NREL) [18]. The
experiments were carried out on a 2-blade rotor in a wind tunnel.
The predictions of the VLM code are compared to several NREL
test cases; only one such comparison is presented. Fig. 7 shows
the comparison between the predicted and measured spanwise
distribution of the force and torque coefficients for test case
S0800000 (wind speed of 8m/s). It is clear that the agreement
between the two sets of data is very good. Equally good
agreement was obtained for all test cases where the flow was
mostly attached to the blades. The VLM predictions deteriorate
in the presence of significant flow separation.

7.2 Aeroservoelastic simulation of wind turbine prototype
model

This section presents the results of complete aeroservoelastic
simulations of a 2MW HAWT prototype model. Different
flow conditions were simulated. The HAWT geometry is given
in Table. 1. Test condition are described in the following
paragraphs. Test 1 : The first test case is carried out for constant
wind speed at 12 m/s, the pitch and yaw controller are not taken
into account. During the simulation DFIG is operating given
1p.u.(per unit scale) driving torque at the very start. The initial
rotational speed of the rotor is 0 rad/s; when the co-simulation
starts, the aerodynamic torque estimated by the VLM subroutine
sets the turbine to rotate and gradually increases the rotational
speed. When the rotational speed reaches 80%(or 0.8p.u) of the
predefined base rotational speed, which is set to ωbase = 1.48
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Figure 7. Spanwise normal and tangential load coefficient
distribution

Table 1. HAWT geometry

Parameters Values Units
Blade length 41 m
Blade profile NACA4415 NA
Tapper ratio 0.3 NA
Blade twist 25 degree

Pitch 3 degree
Tower hight 90 m

rad/s, the grid synchronisation control starts to operate. For this
wind speed, the maximum wind power to be extracted is set to
1.125 p.u. of the base speed, which corresponds to 1.66 rad/s.
The co-simulation is continued for a total simulation time of 45
s. The wake shape behind the rotor for this test case is shown in
Fig. 8 and the d,q rotor current and power output is presented in
Fig. 9 and Fig. 10.

Figure 8. Wake shape behind rotor (Test 1)

Test 2 : The second test case features a step change in wind
speed. The initial rotation velocity of the turbine is 0 rad/s
and the base rotational speed is still ωbase = 1.48 rad/s. At
the start of the simulation the wind speed is 9 m/s. After 25
s, the wind speed increases to 12 m/s and stays constant until
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Figure 9. d,q axis rotor current (Test 1)
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Figure 10. Power output at constant wind 12m/s (Test 1)

45 sec. The PI controller settings are identical to those used in
Test 1. During the simulation Grid synchronization starts at 16
sec of simulation time, when the rotor speed reaches 0.8p.u. For
a wind speed of 9 m/s the maximum wind power extraction is
set to 0.9p.u of base rotational speed, which corresponds to 1.33
rad/s. For 12 m/s it is set to 1.125p.u., as in Test 1.
The simulated d,q rotor current and power output for this test
case are presented in Fig. 11 and Fig. 12. The DFIG controller
model shows good response for current and power optimization
and rotational speed regulation of wind turbines.
The time histories of rotational speed, dimensionless blade tip
deflection (divided by blade span) and dimensionless tower tip
deflection (also divided by blade span) are shown in Fig. 13,
Fig. 14 and Fig. 15 respectively. The structural response of
the model represented in terms of blade tip and tower tip
deflection shows good representation of real time effects. The
oscillating frequency of the blade tip and tower tip is low and
follows closely the frequency of rotation of the rotor. Note
that this frequency ranges from 0 to 1.66 rad/s (Fig. 13),
which corresponds to a maximum frequency of 0.26 Hz. This
frequency range is actually close to the frequency of the first
tower bending mode (0.29 Hz). Moreover, Fig. 14 shows
that when the step wind change occurs (simulation time of
25s) the blade tip response (solid line) includes a higher
frequency component of around 0.8 Hz, which corresponds
to the frequency of the first asymmetric blade bending mode.
This harmonic component dies away quite quickly after the
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windspeed change (around 3s later). The first blade bending
mode shape and the first tower bending mode shape are plotted
in Fig. 16 and Fig. 17 respectively, at an airspeed of 12m/s. The
corresponding frequencies are tabulated in Table 2.

Table 2. Modal Frequency

Parameters Values Units
Blade 1st bending mode 0.8 Hz
Tower 1st bending mode 0.29 Hz
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Figure 11. d,q axis rotor current (Test 2)
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8 CONCLUSIONS

This paper presents new tools for advanced aeroservoelastic
modeling and simulation of complete wind turbines. The
unsteady Vortex Lattice Method and Doubly-Fed Induction
Generator controller are successfully integrated with the non-
linear finite element solver SAMCEF/MECANO to perform
aeroservoelastic simulations of a 2MW prototype HAWT
model.

The newly developed unsteady aerodynamics subroutine
(VLM) gives better estimation of the unsteady aerodynamic
forces acting on the rotor blades. The experimental validation of
the stand-alone unsteady VLM subroutine against experimental
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Figure 13. Time history of rotational speed
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Figure 14. Time history of blade tip deflection

data shows good predictive capabilities. Undoubtedly the
implementation of unsteady VLM in S4WT, which at present
relies on the quasi-steady BEM method, will significantly in-
crease its existing capabilities to estimate unsteady aerodynamic
loads. The software is able to calculate not only steady-state
aerodynamic loads but also unsteady loads caused by the active
control of the wind turbine or by sudden changes in the direction
and intensity of the wind, with better accuracy compared to
BEM.

Apart from unsteady aerodynamic modeling, the modeling
and control of DFIG in variable-speed wind turbine systems
based on an integrated, strongly-coupled finite element ap-
proach is one of the prime foci of this work. New block
diagram functionalities for the description of control systems are
integrated into the SAMCEF/MECANO multi body dynamics
solver. This implementation makes SAMCEF/MECANO less
dependent on use of third-party control engineering software
for simulation of mechatronics systems in a strongly-coupled
environment. The DFIG generator and the controller models are
developed in a modular, parameterized manner. The primary
purpose of their design is to enhance the S4WT/MECANO
wind turbine package, and are also aimed at general-purpose
use based upon strongly-coupled simulations. Control strategies
are presented for grid synchronization and power optimization.
Simulation results demonstrate the ability of the method to
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Figure 16. Blade 1st bending mode shape Test 1

represent the interactions between the DFIG and the rest of the
system using a strongly-coupled simulation approach for large
scale wind turbine generator-control systems.

The sample application of the proposed aeroservoelastic
simulation methodology to a prototype 2MW wind turbine
shows that the physical and control phenomena appear to be
accurately modeled. Therefore, the implementation of unsteady
aerodynamics and advanced control laws in S4WT/ MECANO
sharply enhances its capabilities as an aeroservoelasticity
simulation tool and also provides more flexibility to the user
to design and analyse large scale wind turbines with higher
accuracy.
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