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Abstract. This paper deals with a methodology for the preliminary design of a mechatronic system regarding
the vibrational aspects using analytical approach with Modelica/Dymola. In fact, today, the most commonly
used approach for modeling the vibrational behavior of a system is the finite element method. This method is
effective however; it is very costly in computation time and space memory and not allows analyzing the whole
mechatronic system because of the large number of components to be integrated. The main purpose of this work
is to create compact analytical models and especially flexible beams inModelica/Dymola. These elements can be
thereafter inserted in a mechatronic system in order to study its vibrational aspects. The proposed approach
aimed to highlight the importance of the structure analysis from the early stage of design and how the developed
models allow a fast modeling. Our proposed approach is illustrated for the wind turbine system. In order to
predict the motion and the deformation of the flexible system, the derived model considers the structural
dynamics of the system and includes the dynamic coupling between the subcomponents. Selected simulation
results have been presented to validate the model with respect to scientific reference case. The correctness of the
results has been also ascertained by a comparison with those obtained by the finite element analysis using
ABAQUS and with those obtained by the model based on the Beam component which belongs to the Modelica
Flexible Bodies Library.

Keywords: preliminary design / analytical method / Modelica/Dymola
1 Introduction
Mechatronic system can be considered as a mechanical,
electrical and control subsystem interacting among each
other. The mechanical system can be considered as a multi-
physic system coupling the mechanical part with other
multi-physic parts like thermal, electrical and electromag-
netic [1]. The behavior of a mechatronic system should be
analyzed by an integrated mechatronic design, taking into
account the coupling between the different subsystems
[2–4]. Mechatronic systems are confronted with different
physical constraints such as temperature and vibration
which are in relationship with the system reliability.

The development process of a mechatronic product
includes three main phases which are the requirement
analysis, the pre-sizing and the detailed sizing. The pre-
dimensioning phase of a mechatronic system targets to
amza.ghazoi@gmail.com
verify that the chosen design is in accordance with the
system requirements and tominimize the risk of new design
phase [5–7]. The choices made in this phase will guide all
design activities during the detailed design phase [8–10]. To
better predict the behavior of a mechatronic system, the
pre-dimensioning phase requires the development of robust
modeling and simulations of the overall system in order to
optimize the search for an optimal design [11].

During the preliminary design, the designers make
resort to multi-physics models in order to validate the
product numerically, for which the representation of certain
physical phenomena is very important [8]. Currently, a
major focus is on the development and implementation of
numericalmethods to simulate physical phenomena. In fact,
knowledge of the impact of vibration in the preliminary
design of a mechatronic system is rarely considered as
essential. Many vibration studies are occurred only after the
system manufacturing. When the structure is subjected to
dynamic loading caused by forces, it may produce vibration
phenomena which are often seen as distracting.

mailto:hamza.ghazoi@gmail.com
www.edpsciences.org
https://doi.org/10.1051/meca/2017023
http://www.mechanics-industry.org


Fig. 1. Flexible beam with a rigid mass.
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Wind turbine can be considered as a typical example of
a mechatronic system. Such a system operates in a hostile
environment. The varying loads with an elastic structure
create a perfect breeding ground for induced vibration.
Several solutions have been presented to decrease the
dynamic loads. As far as the dynamic behavior of a wind
turbine is known, we can choose the best shapes and the
best material to build it and decrease the maintenance cost.
For this reason, it is very important to take a great effort
form the early phase of the design cycle of a wind turbine.
For instance, a preliminary design of the modular wind
turbine tower is proposed in [12]. This approach is based on
the study of the rise tower base diameter effects on its tower
mass and wall thickness. To validate the model, simplified
finite element models have been investigated and compar-
isons with exact solutions aremade. Arbaoui andAsbik [13]
proposed a decision support system for the preliminary
design of a wind turbine. This method is based on the
development of numerous constraints derived from
engineering knowledge, to assist various actors in making
decisions about choices inherent to their activities in the
domain of wind energy. It is targeted to improve
performance and decrease the cost of the generated energy.

Jafri et al. [14] developed rotor dynamic model of a wind
turbine using an analytical approach. The effects of
numerous parameters like rotational speed, wave loading
and distribution of mass imbalance on the dynamic
response of the system are investigated. A comparison
with a three dimensional wind turbine model using the
finite element method (FEM) is presented.

Some researchers have been conducted into wind
turbine tower structures. For instance, Avila et al. [15]
studied the dynamic response of the tower using FEM. A
simplified model of the tower was inspected. The system
was reduced to a single degree of freedom (SDOF) and the
obtained numerical results were compared with those
resulting from the analytical solution. Razak [16] developed
a wind turbine library in Modelica language. This library
provides models of wind turbine performance features such
as shaft torque and power output, since Modelica is very
appropriate for the establishment of model library [17,18].
The developed model can be applied into any engineering
application implying wind turbine technology. The One
WindModelica library is in development at the Fraunhofer
Institute forWind Energy and Energy System Technology.
This library comprises all major components of a wind
turbine also models for aerodynamic and hydrodynamic
load calculations. The in-house tool One Wind proves how
coupled analyses of a wind turbine are realized based on the
object oriented modeling language Modelica [19–22]. In an
early stage of the design process, simple models are needed
tomake important design decisions. Themain contribution
of this work is to propose a method for the preliminary
design of a mechatronic system based on an analytical
approach, taking into account the effect of vibration. In
fact, we developed compact analytical models in Modelica/
Dymola, intended to study the vibrational behavior of a
mechatronic system. These models are collected from an
exploration of the literature to extract and test the models
in the pre-sizing phase of a mechatronic system. In fact,
system architects working with the simulation do not want
to spend much time in the implementation of new libraries.
Instead, they want to use existing libraries that are
recognized as stable and efficient. This approach gives the
designer a wide solution space allowing the choice among
them. We illustrate this approach with the mechatronical
wind turbine system. We established a simple model and a
quick method to estimate the dynamic behavior of a
mechatronic system using Modelica/Dymola. In this
approach, only basic data about the particular wind
turbine is required. This paper is structured as follows: the
first section deals with this introduction. In Section 2, the
theoretical models as well as their implementation in
Modelica/Dymola are presented. In Section 3, our
methodology is applied to the wind turbine system. Results
of simulations are presented and discussed in Section 4. The
conclusion of our paper is given in Section 5.

2 Development of compact analytical models
in Modelica/Dymola

2.1 Analytical model of a flexible beam with a rigid
mass

The presented model is concerned with the deflection of the
system shown in Figure 1. The system consists of a
cantilever flexible beam supporting a rigid mass at its free
end [23]. The Euler–Bernoulli beam theory is used to
predict deflections. Secondary effects such as shear, axial
deformations and rotary inertia are neglected.

The equation of motion governing the transverse
vibration of the beam can be formulated as [23]:

EI
∂4wðx; tÞ

∂x4
þ rS

∂2wðx; tÞ
∂t2

¼ 0 ð1Þ
The beam has a length L, a second moment of the cross
sectional area I, E is the Young’s modulus, M is the
concentrated mass, Mt is the beam mass, r is the material
density and S is the cross-sectional area. We assume that
the beam is subjected to an unbalanced force applied to the
concentrated mass, through a cyclic force.

The expression of the force is as follows:

Fðx; tÞ ¼ p0cos ðVtÞ ¼ meV2cos ðVtÞ ð2Þ



Fig. 2. Flexible rotating beam.
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where p0 is the excitation amplitude, m is the imbalance
mass, e is the imbalance radius and V is the rotational
speed. Solution (1) must comply with the following
boundary conditions:

wð0; tÞ ¼ 0;
∂wð0; tÞ

∂x
¼ 0;

∂2wðL; tÞ
∂x2

¼ 0;� �EI
∂3wðL; tÞ

∂x3

� �

¼ M
∂2wðL; tÞ

∂t2
� p0cos ðVtÞ ð3Þ

A separation of variable method is followed to find the
solution of equation (1).

wðx; tÞ ¼ WðxÞT ðtÞ ¼ WðxÞcos ðvtÞ ð4Þ

By substituting equation (4) into equation (1), we
obtain

WðxÞðIV Þ

WðxÞ � rS

EI
V2 ¼ k4 ð5Þ

By assuming the solution of W(x) in the form:

WðxÞ ¼ A cos kxþB sin kxþ C cosh kxþD sinh kx ð6Þ

where sinh and cosh are hyperbolic functions and A, B, C
and D are to be determined from the boundary conditions
of the beam with,

k2 ¼ v

ffiffiffiffiffiffiffi
rS

EI

r
ð7Þ

The fundamental angular frequency is:

v1 ¼ a2
1

L2

ffiffiffiffiffiffiffi
EI

rS

s
ð8Þ

where a1 is the fundamental eigenvalue. a1 depends on the
value of the mass ratio r ¼ M

Mt

� �
: Therefore, in order to

found the fundamental eigenvalue for any value of the mass
ratio r ¼ M

Mt

� �
; we have plotted the curve a1= f(r) (the

different values are given in [24]) using Matlab and we
looked for an approximate equation (a polynomial of
order 8). We obtained the following equation

a1 ¼ 3:2 � 10�6r8 � 0:00014 � r7 þ 0:0026 � r6

� 0:025 � r5 þ 0:15 � r4 � 0:5 � r3 þ 1 � r2

� 13 � rþ 1:9 ð9Þ

Applying the boundary conditions:

Wð0Þ ¼ 0;
dWð0Þ
dx

����
x¼0

¼ 0 � EI
d3WðxÞ
dx3

����
x¼L

¼ p0 þMV2WðLÞ ð10Þ
The deflection expression results the following relation for
the beam deflection amplitude [23]:

WðxÞ ¼ �
p0L

3

EI

b1a
3
1

V
v1

� �3=2
þ b2ma4

1
V
v1

� �2
sin kx� sinh kx� sin kLþ sinh kL

cos kLþ cosh kL
ðcos kx� cosh kxÞ

� 	
ð11Þ

with,

b1 ¼ � sin kLþ sinh kL

cos kLþ cosh kL
ðsin kL� sinh kLÞ

�
�cos kL� cosh kL

	
ð12Þ

and,

b2 ¼ sin kL� sinh kL� sin kLþ sinh kL

cos kLþ cosh kL

�
ðcos kL� cosh kLÞ

	
ð13Þ

2.2 Analytical model of a rotating flexible beam

The rotating beam considered in this paper is assumed to
be prismatic cantilever of a length lwith rectangular hollow
cross-section as illustrated in Figure 2.

Depending on the Euler–Bernoulli theory, the govern-
ing differential equation for the rotating beam under flap
wise vibration is given by [25]:

mðzÞ ∂
2u

∂t2
þ ∂2

∂z2
EbIb

∂2u
∂z2

� 	
� ∂
∂z

T ðzÞ ∂u
∂z

� 	
¼ pðz; tÞ ð14Þ

The centrifugal tension force T(z) at a distance z from the
origin is given by:

T ðzÞ ¼ V2

Z l

z

ymðyÞdy ð15Þ

where u is the relative movement of a point with respect to
its static deflected location, p is the applied force per unit
length,m(z) is the unit mass of the beam per length,V is the
rotational speed of the beam, which is assumed to be
constant, Eb is the modulus of elasticity, Ib is the area



Fig. 3. Icon of the flexible beam model in Modelica/Dymola.

Fig. 4. Icon of the rotating flexible beam model in Modelica/
Dymola.

Fig. 5. Preliminary model of a wind turbine.

Fig. 6. Preliminary model of a wind turbine blade.

Fig. 7. A simplified model of a coupled tower-blade.
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moment of inertia of the beam cross-section. The impact of
gravity on the rotation of the beam is considered to be
negligible compared to centrifugal impact.

The clamped and free boundary conditions for the
rotating beam are given as follows:

u ¼ ∂u
∂z

¼ 0 at z ¼ 0;
∂2u
∂z2

¼ ∂3u
∂z3

¼ 0 at z ¼ l ð16Þ

Themode summation method is considered for the solution
which is:

uðz; tÞ ¼
Xn
i¼1

’iðzÞqiðtÞ ð17Þ
where fi(z) are the shapes functions and qi(t) are the
generalized coordinates. The shapes functions must be
linearly independent and must satisfy the geometric
boundary conditions at the hub.

WhereM is defined as generalised mass matrix which is:

M ¼
Z l

0

mðzÞfðzÞfT ðzÞdz ð18Þ
The potential energy of the system is:

UdðqÞ ¼ 1

2
qT ðtÞKqðtÞ � qT ðtÞFðtÞ ð19Þ

where K is the generalized stiffness matrix of the blade
which is:

K ¼ Ke þKg

Ke ¼
Z l

0

EIðzÞ d
2fðzÞ
dx2

d2fðzÞ
dz2

� 	T

dz;

Kg ¼
Z l

0

T ðzÞ dfðzÞ
dz

dfðzÞ
dz

� 	T

dz ð20Þ

Ke is the elastic stiffness matrix, Kg is the geometric
stiffness matrix, F(t) is the dynamic load vector which is
computed as:

FðtÞ ¼
Z l

0

fðzÞpðz; tÞdz ð21Þ



Fig. 8. Preliminary model of the wind turbine system in Modelica/Dymola.
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The dynamic model was formulated using the Lagrangian
formulation expressed in equation below:

d

dt

∂L
∂ _qT

� 	
� ∂L
∂qT

¼ FðtÞ ¼ �C _q ð22Þ

where,

Lð _q; qÞ ¼ Tdð _qÞ � UdðqÞ
¼ 1

2
_qTM _q � 1

2
qTKq þ qTFðtÞ ð23Þ

Substituting this equation into the Lagrangian formula-
tion, we obtain:

M€q þ C _q þKq ¼ FðtÞ ð24Þ
where €q, _q and q are the acceleration, velocity and
displacement vector; C is the damping matrix.

The beam was considered to be vibrating in its
fundamental mode and a quadratic mode shape was
assumed. This allowed the reduction of the continuous
beam to a SDOF. Beam bending motion in the ‘yz’ plan is
onlyof interest,where thismotion is termedflappingmotion.
The relative displacement of the beam u(z, t) can be
expressed as

uðz; tÞ ¼ fðzÞqðtÞ ð25Þ

The shape function is taken as:

fðzÞ ¼ 3

2

z

l

� �2
1� 1

3

z

l

� 	
ð26Þ

The generalised mass matrix and stiffness matrix are then

M ¼ 33

140
ml; Ke ¼ 3

EI

l3
; Kg ¼ 81

280
mlV2 ð27Þ

The angular eigen-frequency at V=0 can be expressed as:

v 1;0 ¼
ffiffiffiffiffiffiffi
Ke

M

r
¼

ffiffiffiffiffiffiffiffi
140

11

r ffiffiffiffiffiffiffi
EI

ml4

s
ð28Þ



Fig. 9. Set-up of the wind turbine model deflection.
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And, the angular frequency at V> 0 becomes

v1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ke

M
þKg

M

� 	s
¼ v1;0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þKg

Ke

� 	s

¼ v1;0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 27

22

V2

v2
1;0

 !vuut ð29Þ

We consider that the applied load is a harmonic triangular
distributed per unit with the frequency of this sinusoid
being equal to the rotational frequency as shown in
Figure 2. This load may be expressed as:

pðz; tÞ ¼ p0ðtÞ
z

l
¼ p0 cos ðVtÞ z

l
ð30Þ

Forzero initialconditionandwithouttaking intoaccountthe
damping effect, the steady-state analytical solution is then:

uðz; tÞ ¼ 11⋅l⋅p0
40⋅Mðv2

1 �V2Þ cos ðVtÞ

� 3

2

z

l

� �2
1� 1

3

z

l

� 	
ð31Þ
3 Implementation of the flexible structures in
Modelica/Dymola

In this part, the models described above were implemented
in Modelica/Dymola, since Modelica is adequate for the
models library elaboration. The analytical model of the
flexible beam with a rigid mass has been implemented in
Modelica/Dymola, taking into account the essential
equations describing the bending vibration of the structure,
creating so a new component called “Flexible beam” (Fig. 3).
The model has been implemented with two connectors
which are “Frame a” and “Frame b”. The choice of the
connector “Frame” makes the object “Flexible beam”
compatible with other components existing in Modelica
library and then, it can be inserted in different mechatronic
systems, as it is allowed by the object oriented structure of
the Modelica language. The rotating flexible beam has also
been modeled in Modelica/Dymola creating so an objected
called “Rotating flexible beam”. Figure 4 shows the
“Rotating flexible beam” icon developed in Modelica/
Dymola. This model was implemented with two connectors
Frames (Frame a and Frame b). This element includes the
geometric and the materiel properties of the beam and the
load characteristics which can be changed by the user by
modifying its respective parameter window.



Table 1. Parameters of the wind turbine model.

Parameter Values

Tower outside diameter 4.5720m
Tower thickness (e) 0.09525m
Tower height (h) 91.5m
Nacelle mass (M) 200 000 kg
Blades mass (m) 50 000 kg
Rotor imbalance 0.05m
Rotational speed 20 trmin�1= 2.08 rad s�1

Steel density 7850 kgm�3

Elastic modulus (E) 206 841.9� 106Nm2

Fig. 10. Bending amplitude of the beam.
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4 Application to the wind turbine system

4.1 Preliminary model of a wind turbine

The wind turbine structure is idealized by replacing it with
an assembling of a flexible tower and a rigid mass at the top
representing the nacelle and the blades [26]. It will be
assumed that the tower behaves as a cantilever beam of
circular hollow cross-section, fixed at the ground. The
nacelle and the rotor blades will be combined as onemass at
the beam end. The tower is subjected only to a load which
represents the effect of rotor imbalance (Fig. 5). The model
of the Flexible Beam which was developed in Modelica/
Dymola (Fig. 3) can represent well a preliminary model of
the wind turbine. In fact, this model allows us to have a first
insight about the dynamic behavior of a wind turbine
subjected to load which depicts the effect of the rotor
imbalance.
4.2 Preliminary model of the wind turbine blade

The wind turbine blade is the most flexible component of
this machine. The aerodynamic loads acting on the blade
are divided into two components: loads in the rotor plane
and loads out of the rotor plane. The loads out of the rotor
plane do not contribute to the generation of the mechanical
power, but constitute the largest part of the mechanical
loading on the blade. In this study, we consider only the
loads out of the rotor plane (Fig. 6) and then the blade
flapwise bending. So, the Rotating flexible beam model
developed in Modelica/Dymola (Fig. 4) is well suited for
modeling the wind turbine blade subjected to transverse
vibrations due to the wind loading.
4.3 Description of the coupled tower-blade system

The model of a coupled tower-blade is illustrated in
Figure 7. In fact, a point massM representing the nacelle is
attached to the tip of the tower and a blade rotating at
speed V. The blade and the tower are considered to be
Euler–Bernoulli beams with homogeneous and uniform
cross sections. The rotor is subjected to a wind thrust force
which is in turn, transferred through the nacelle compo-
nents to the top of the tower. The deformation of the blade
and the tower happens in the same plan. The blade is
subjected to a transverse motion of the base due to the
nacelle vibration (the blade is fixed on the nacelle which is
in turn, fixed to the end-tip of the tower) and to a normal
force which represents the projection of the aerodynamic
force to the rotor plan. This model allows studying the
dynamic interaction between the tower and the blade.
Each of components described previously (Flexible beam
and Flexible rotating beam) includes two frame connectors
from the Multibody library in order to connect adjacent
components of the wind turbine system and then, allow the
interaction between the subcomponents (the tower and the
blade). Thus, it is simply possible to integrate improved
models for subcomponents using parts of the Modelica
Standard Library. Figure 8 shows the model of a coupled
tower-blade developed in Modelica/Dymola. This model
contains a set of connected elements. Elements which are
created in Modelica/Dymola such as the Flexible beam and
the Rotating flexible beam and elements that belong to
Modelica library such as sensor to measure the absolute
position, world reference system and signals input to apply
external forces. This model will provide us the opportunity
to study the dynamic interaction between the tower and
the blade when the top of the tower (nacelle) is subjected to
the wind thrust force and the blade is subjected to
aerodynamic load.

5 Numerical results

5.1 Validation of the compact analytical models
5.1.1 Model validation of the flexible beam with a rigid mass

In order to validate the dynamic behavior of the wind
turbine (Flexible beam), some results derived in this paper
were compared with those obtained using the Beam
component which belongs to Modelica flexible Library.
The developed model (Fig. 9) mainly consists of a world
reference system to define the gravity direction, a flexible



Table 2. Parameters of the wind turbine blade.

Parameter Value

Blade length 30m
Blade width 2.8m
Blade depth 0.8m
Blade thickness 0.01m
Rotational frequency of the blade 1.57 rad s�1

Blade Young’s modulus 6.5� 1011Nm2

Materiel density 2100 kgm�3

Inertia moment in the flapping sense 9.53� 10�3m4

Table 3. Natural frequencies of the beam obtained by
ABAQUS.

Mode Value (Hz)

1 4.015
2 41.39
3 52.81
4 146.63
5 463.19
6 1436.6
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beam named “Tower” belonging to Modelica flexible
library and a concentrated mass at the tip of the beam,
depicts the mass of the nacelle and the rotor blades.

The beam is clamped at one end and a harmonic
excitation force is applied to the other end, which
represents the effect of imbalance. A relative sensor is
used to predict the motion of the nacelle according to its
base. Table 1 summarizes the parameters used for the
simulation. Figure 10 shows a comparison of the nacelle
vibration amplitude between the two models. The first
model using the beam compact model based on the
developed analytical approach and the second one using a
beam which belongs to the flexible library of Modelica.
From the presented results, it can be observed that the
two curves have a sinusoidal shapes and a same frequency
as that of the excitation. For the model based on the beam
belonging to the flexible library of Modelica, the vibration
amplitude at the beginning is variable. So, the excitation
influences hardly the state of the beam. Subsequently, the
vibration amplitude becomes stable and the two curves
have nearly the same amplitude of vibration. The two
models are then close to each other.
5.1.2 Model validation of the rotating flexible beam

In order to validate the flexible rotating beam model
implemented in Dymola/Modelica, the results derived in
this paper have been compared with those obtained with
the finite element analysis using ABAQUS (dynamic
analysis). The physical and mechanical properties of the
analyzed beam [27] are listed in Table 2.

Table 3 contains the first six natural frequencies
obtained by ABAQUS. The first natural frequency
determined by FEM analysis is equal to 4.015Hz and
that obtained by Dymola (analytical result) is equal to
4.04Hz. Results are then very close. A comparison between
the tip deflections of a rotating flexible beam models is
shown in Figure 11. The first model is based on FEM
(ABAQUS) and the secondmodel is based on the analytical
method developed inModelica/Dymola. It can be seen that
the two curves have the same frequency which is equal to
the excitation frequency (0.25Hz) and they have nearly the
same vibration amplitude. These results can validate our
approach.
5.2 Parametric study

After modeling the wind turbine substructures with
Modelica/Dymola, we performed a parametric analysis.
Several simulation analyzes have been performed in order
to study the impact of various parameters taken into
account by our preliminary model on the vibration
behavior of wind turbine. The vibration amplitudes of
some points of the wind turbine are shown in Figure 12. As
it can be observed, the maximum bending is at the nacelle
level and the minimum is at the tower base (x=0) which is
well adequate with the boundary condition (the tower is
fixed to the ground). Moreover, all positions show their
responses to be in phase with each other and they have the
same frequency as that of the excitation. The results show a
good agreements with those obtained in [14] for the same
geometrical characteristics. Therefore, regardless parame-
terswecancontrolvibrationatanypointof thewindturbine.
The imbalance imposed at the nacelle through the harmonic
excitation has a great impact on the dynamic response.
Figures 13 and 14 illustrate the nacelle deflection according
respectively, to the rotor blades effective eccentricity and to
the combined rotor blades mass. As it can be seen, the
bending increases with increasing the excitation amplitude.
Therefore, the rotor characteristics have a significant impact
on the dynamic response of the wind turbine.

Figure 15 illustrates the nacelle deflection according to
the rotor rotational speed. From the presented result, a
typical resonance position is occurred for the rotational
speed value of the order of 2.3 rad s�1. This value is well
corresponding to the fundamental angular frequency of the
system. An analysis of the blade response has been also
performed. We used specifications listed in Table 2.
Figure 16 shows the computed blade displacements time
history for V=1.57 rad s�1. It can be seen that displace-
ments have sinusoidal shapes. The maximum deformation
takes place at the blade tip and the minimum is at the hub
level. After analyzing the dynamic behavior of the wind
turbine sub-components (tower and blade), the blade-
tower coupling effect was investigated. The motion of the
tower and the blade is coupled by means of the interactive
force at the nacelle which represents the wind thrust force
and the aerodynamic force which is applied to the blade.
The relative and the absolute tip vibration of the blade are
shown in Figure 17. It was observed that the total
displacement of the blade is the sum of the blade
displacement relative to the nacelle and the deflection at
the tower top relative to the ground.



Fig. 11. Tip vibration of the blade comparison.

Fig. 12. Displacement of the wind turbine at different points �
analytical solution.
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Fig. 13. Nacelle deflection according to the blades eccentricity.
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Fig. 14. Nacelle deflection according to the rotor mass.
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Fig. 15. Nacelle deflection according to the rotor rotational
speed.

Fig. 16. Tip displacement response of the blade with V=
1.57 rad s�1.
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Fig. 17. Tip displacement.
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6 Conclusion

In this paper, a newmethodology for the preliminary design
of a mechatronic system has been developed, based on
analytical approach. In fact, a models library formed by
two flexible beam models has been developed in Modelica/
Dymola based on analytical methods. These elements can
be furthermore inserted in amechatronic system in order to
study its vibrational response in an early stage of the design
cycle. Having amethodology that allows designers to create
models with high level of accuracy, from the early stage of
design, will ameliorate the choice of the initial ideas and
decrease time of the design cycle. We illustrate this
methodology to the case of a wind turbine system in order
to have an insight about its dynamic behavior. The impact
of different parameters on the system response is
highlighted. Due to the object-oriented structure of
Modelica, the different components required for the system
simulation can be implemented independently and then
allows studying the dynamic interaction between the
system subcomponents. This modelling process will
support designers to quickly build up system models, the
analysis, and the characterization of complex systemwhich
is formed by distributed and discrete components. The
presented work can be a useful tool for the verification and
the perspicacity into the dynamic response of a mecha-
tronic system before engaging in advanced and detailed
modeling.
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