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Abstract
In this paper, a free general-purpose multibody
dynamics code is used to analyze the
aeroelastic behaviour of the control advanced
research wind turbine. The wind turbine model
has been built up with beam elements, joints,
aerodynamic elements. An impulsive wind is
applied to the turbine rotor plane. The blade
and tower natural frequencies are obtained.
Steady and unsteady wind speeds are then
applied. A couple which is a function of the
rotor angular velocity is applied at the rotor
horizontal revolution hinge to counteract the
aerodynamic torque. Simulation results are
then obtained, presented and discussed in
terms of the variation of blade tip deflection
(flap wise, edgewise, and torsional) as a
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function of time together with its effect on the
output power.
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1 Introduction
The design of high-performance wind turbines
requires high fidelity analysis of the system
behavior including the interaction of its aspects
like structural dynamics, aerodynamics, power
generation and control. To ensure that
designers explore different architectures and
design details, the analysis tools must be
versatile and flexible. Unlike the commercial
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softwares doing wind turbine aeroelastic
simulation, the free/open source analysis tools
give the designers more flexibility to solve
their own special design problems by
modifying the source codes [1].
There have been various methods in structural
modeling over the past several decades. Firstly,
the assumed mode shape method [2] is very
popular in the wind energy industry due to its low
computational cost and can provide a compact
system matrix for control design. However, this
type of approach is not sufficient for the detailed
design of the wind turbines, especially for the
large diameter rotors with flexible blades. Finite
Element Method (FEM) could produce more
detailed results for these problems, but at high
computational cost. Thus, a method based on
flexible, non-linear multi-body dynamics may
become a good choice [3]. This work utilizes a
free general-purpose multibody dynamics
software MBDyn [4] to analyze the aeroelastic
behavior of the control advanced research wind
turbine using general purpose elements, such as,
beam elements, joints, aerodynamic elements and
control system components.

2 Wind Turbine Description
The reference wind turbine used in the
simulations is the Controls Advanced Research
Turbine (CART0) which is a machine rated at
600 kW. The CART0 is fitted with an induction
generator, rigid coupling, and individual
electromechanical pitch actuators. The rotor
runs upwind of the tower and consists of two
blades and a teetering hub [5].
2.1 Wind turbine model assembling and
description
In order to use MBDyn to do time domain
calculation on a wind turbine, a model has to
be built up with beam elements, joints,
2
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aerodynamic elements which are provided by
the code. In MBDyn, the reference wind
turbine system is modeled as a deformable,
elastic tower, 34.862 m high, carrying a rigid
nacelle, on which a rotor is mounted with two
flexible blades. The tower is modeled by five
beam elements, each containing three nodes.
The rotor hub is described by a rigid body
element and can rotate around a horizontal
revolution hinge, but at the free end of the
main shaft, which is rigidly connected on the
nacelle element having 3.7 degrees tilt angle.
Two blades are mounted on the hub with a
0.668 meters offset from the Low Speed Shaft
(LSS) coupling and with 0 degrees pre-cone
angle. They are clamped on the hub while the
pitch angle can be imposed. The blades have a
span of 19.955 meters. They are modeled by
five, three node beams. A couple which is a
function of the rotor angular velocity is applied
at the rotor horizontal revolution hinge to
counteract the aerodynamic torque, which
works as a generator torque. The blade elastic
and inertial properties are varying along the
spanwise position. A schematic of the overall
assembling result is presented in Figure 1.
The aerodynamic model in MBDyn is Blade
Element Momentum (BEM) theory with tiproot loss correction [6]. In this paper, at the
same blade radius position in the rotor plane, a
uniform induced velocity is considered.
Standard air density at hub center height is
considered, that is ρ = 1.225kg/m3. The
aerodynamic forces on the blades are taken into
account by means of five aerodynamic
elements each one attached on each blade beam
element at the middle node of the beam
element. The airfoil considered along the
spanwise direction of the blade is S809 which
is developed for wind turbine applications.
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According to NREL [7], it exhibits a maximum
lift coefficient (Clmax) which is relatively
insensitive to roughness effects.
The
aerodynamic elements use the experimentally
determined aerodynamic coefficients Cl, Cd and
Cm to calculate the aerodynamic force on each
blade.

Nacelle

location of the node, ωi is the angular velocity
of the node, sixi is the static moment of the node
referred to the node’s location, and Jixi is the
inertiatensorofthenodereferredtothenode’s
location. The equilibrium of each node yields
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where all external forces, fi, and moments, mixi,
acting on the node are considered. The
equations of motion of all the unconstrained
nodes can be summarized as

Hub

Mq  p
p  f(q, q , p,t )
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Figure 1. Structure model of wind turbine

3 Multibody Model
The multibody analysis is based on an original
formulation, implemented in the free general
purpose software MBDyn. It performs the
direct time integration of Initial Value
Problems (IVP) written as a system of first
order Differential-Algebraic Equations (DAE)
[8]. The equations of motion of each
unconstrained body are written in first order
form using the Newton-Euler approach.
The definitions of momentum, βi, and angular
momentum about the node γxi, for the i-th node
are
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where mi is the mass of the node, xi is the

where q summarizes the kinematic variables of
the nodes, while p summarizes the momentum
and angular momentum. The function f
represents the generic configuration-dependent
forces acting on the nodes. It includes the
contributions
related
to
structural
deformability, significantly those related to
finite-volume beam elements [9]. The
constrained system dynamics are modeled by
explicitly adding kinematic constraints
between the nodes in form of algebraic
equations, using the Lagrange’s multipliers
formalism. The addition of mh holonomic and
mnh non-holonomic constraints, respectively
expressed by φ (q, t) = 0 and ψ (q˙,q, t) = 0,
result in

Mq  p
p  φ λ  ψ μ  f(q, q , p,t )
φ(q,t )  0
ψ(q, q , t )  0
T

T

(7)
(8)
(9)
(10)

where λ and μ respectively are the multipliers
related to the holonomic and non-holonomic
constraints. The implicit DAE problem of the
system assumes the form.

g(y, y , t )  0

(11)

where y = [qT, pT, λT, μT] T summarizes all the
3
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variables of Eq. (8). Eq. (11) is solved using a
Newton-Raphson technique.

between the results and the modal survey is
observed with reasonable error.
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4 Modal Analysis
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Figure 3. Blade flapwise and torsional
deformation spectrum
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An impulsive wind speed is applied to the rotor
plane of the turbine model. The impulse input
is shown in Figure 2. Figure 3 shows the
frequency spectrum of blade flapwise and
blade tip torsional deformation. For flapwise
deformation, the first mode is observed to be at
2.096 Hz. For blade tip torsional deflection, the
first mode is observed to be at frequency of
11.09 Hz.
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Figure 2. Impulse input
Figure 4 shows the spectrum of tower fore-aft
deflection, where the first mode is observed to
be at 0.898 Hz. The tower lateral deflection is
observed to be of the same natural frequency as
the fore-aft deflection. This is due to the fact
that the cross section of the tower top is
symmetric.
The results obtained are compared with the
modal survey of the CART0 wind turbine
conducted at the National Wind Technology
Center [5]. Our simulations are compared with
their rotor being in a vertical azimuth
configuration. To summarize, table 1 shows a
comparison between the experimental modal
survey of the CART0 wind turbine and the
results obtained in this work. A good matching
4
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Figure 4. Tower fore-aft deformation
spectrum
Table 1. Comparison of results from the Modal
Survey and MBDyn
Modal
MBDyn
Modeshape
Error
Survey
Freq.
Description
%
Freq. HZ
HZ
1st tower fore0.858
0.898
4.6 %
aft bending
st
1 tower
0.877
0.898
2.4 %
lateral bending
1st flap wise
2.06
2.096
1.7 %

M. W. Mehrez, A. A. El-Badawy

In this aeroelastic simulation, constant wind
field with vertical shear inflow at 12m/s is
applied. The vertical wind shear is defined by
the hub height wind speed conformed to the
power law shear profile shown in Eq. (12). It is
used to determine the wind speed Vz at any
height, z, based on the hub height, zhub, and hub
height wind speed,Vhub.
(12)
Vz  Vhub ( z z hub )
Typically, the value of α is 0.1 for a sand
terrain [10]. The displacements of the blade tip
in a frame attached to the tower base are shown
in Figure 5 and Figure 6.
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Figure 5. Blade tip vertical displacement
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Figure 7 shows a steady deformation of about
0.38 m backwards which is due to the steady
inflow. The oscillations around this mean value
is composed of two frequencies namely that
due to the wind shear profile as well as that of
the tower fore-aft oscillations.
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Figure 7. Blade flapwise deformation
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of the blade tip is within 15.61 m and 58.14 m,
which is the real physical range based on the
previously mentioned blade and tower
dimensions. Figure 6 shows that the horizontal
displacement of the blade is again within the
real physical range. The flapwise and edgewise
deformations of the blade tip expressed in the
blade root frame are shown in Figure 7 and
Figure 8.
Blade Flapwise Tip Deflection(m)
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Figure 6. Blade tip horizontal displacement
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Figure 8. Blade edgewise deformation
Figure 5 shows that the vertical displacement

From figure 8, it can be realized that the order
5
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of magnitude of the edgewise deformation is
smaller than that of the flapwise, which is
expected since the bending stiffness in the
edgewise direction is higher than that in the
flapwise direction.
The torsional deflection of the blade tip is
shown in Figure 9. The magnitude of the
steady-state response of the torsional
oscillations is about -0.005 degrees which is
considered to be negligible.

6 Random Inflow Analysis
Random wind with maximum amplitude of 12
m/s is then applied together with the power law
wind profile. The responses of the bladewise,
torsional and tower fore-aft deformation are
shown in Figures 11, 12 and 13 respectively.
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For the given wind profile the wind turbine
steady-state output power is then calculated and
reached almost 400 kW which is within the
rated power of the selected turbine.
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Figure 9. Blade torsional tip deformation
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Figure 11. Blade flapwise deformation spectrum
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The wind turbine generator power is shown in
Figure 10. A couple which is a quadratic
function of the rotor angular velocity is applied
at the rotor horizontal revolution hinge to
counteract the aerodynamic torque.
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Figure 12. Blade Torsional deformation spectrum
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Figure 10. Generator power
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A good agreement between the impulse
response obtained earlier with that obtained
from the random excitation is observed as
expected. The torsional oscillation at the 2 Hz
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frequency, matching the frequency of the first
bending mode, is mainly due to the coupling
between the bending and the torsional modes
which is also clear from Figure 3.
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Figure 13. Tower fore-aft deflection spectrum

7 Conclusions
In this work, an aeroelastic analysis is
implemented using a free multibody dynamic
software. The modal analysis implemented by
applying an impulsive wind field as well as
that using random wind excitation showed
good match with the modal survey carried out
by the National Wind Technology Center. The
output power of the turbine was also calculated
for a steady wind inflow.
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