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Abstract. In this paper, a new analytical approach to object oriented modeling is presented for the predesign of
a multibody system. We investigate the dynamic behavior of a system of interconnected components using the
modeling language Modelica. In engineering, beam-masses are often used as design models. In fact, the
considered system is composed of a flexible beam subjected to a moving load and supporting one or more
translating elastic subsystems. Each subsystem is controlled by a vibration absorber and the structure is affected
dynamically only through the moving character of the load. The problem of calculation of the dynamic response
of this system is very important in many engineering applications such as in the predesign and analysis of
arobotic portal systems, machine tools and bridge crane systems. The object oriented modeling approach will be
presented to demonstrate the importance of this approach to parametric investigation. It will illustrate how
subsystems from Modelica Standard Library can be connected to the developed structure in order to study the
vibrational behavior of such a system. For validation purpose, results are compared with those reported in the

literature.
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1 Introduction

Multibody dynamic analysis represents a powerful tool to
investigate the dynamic response of flexible systems of
arbitrary complexity and topology [1,2]. The multibody
system modeling is a common approach for representing
mechanical systems as interconnected components [3,4].
In fact, a flexible multibody system can be composed of
elastic and rigid components which are connected by force
and/or joints elements as springs, dampers, and actuators
[5,6]. Alessandro et al. [7] propose two new Modelica
libraries which are the Engines libraries and the Powertrain
Dynamics (PTDynamics). The libraries enable the model-
ing and the simulation of a multibody system in one
simulation environment (Dymola) based on Modelica
language. Indeed, Modelica is very appropriate for building
muli-domain models [§]. Indeed, Modelica contains many
libraries which help the user in constructing multi-domain
models.

* e-mail: hamza.ghazoi@gmail.com

The skeleton of a mechatronic system is the
mechanical part. Mechanical systems may be conceptu-
alized as elastic and/or rigid bodies. Schneider et al. [9]
studied the dynamic and static behavior of a 5-Axis-
Milling Machine. The mechanical model of the machine is
implemented in Modelica with rigid and flexible bodies.
In fact, using the object oriented modeling approach;
a mathematic representation of a physical model may be
structured to get a reusable model that is easy to
understand and to modify.

In the predesign phase, investigating the physical
interactions between the diverse subcomponents of
a mechatronic system is of great importance [10]. At this
stage, a preliminary description of a mechanical system is
essential for different constraints such as vibration, tem-
perature, etc. Each physical phenomenon can be described
by a mathematical model. Thus, a mechanical system
modeling and simulation which may be based on numerous
mathematical models play an important role in order to
understand how the properties and the performances of
the mechanical components and subsystems have an
effect on the overall mechatronic system design [11-13].
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The presence of vibrations is one of the main causes that
limit performance in mechanical systems. The study of the
dynamic behavior is having a great importance in the field
of mechanical, aerospace engineering and civil [14-17].
For instance, in the field of engineering, a variety of
structure is subjected to moving load. External forces,
masses or whole subsystems moving with constant or
varying speed along the structure can be the cause of these
loads. Bridges, cranes and railway track are some cases of
structures subjected to dynamic load. The study of the
structure’s reaction to these moving loads is very essential.
Moreover, the dynamic of flexible structures with moving
loads have been the subjects of many studies. For example,
Zrnic et al. [18] studied the impact of a moving load to
dynamic behavior of container cranes. The dynamic
interaction between the supporting structure and the
trolley caused by the moving load is also investigated.

There are many engineering problems can be modeled
as the coupled structure-simple degree of freedom (SDOF)
system, such as a motor, engine and electronic card
elastically mounted on a structural element. For instance,
Hamza et al. [19] proposed a predesign method applied to
a mechatronic system in order to study its vibrational effect.
The interaction between different subsystems (motors and
electronics cards) located on a simply supported plate has
been investigated. The electronic card is modeled as a simple
degree of freedom system attached to the main structure
(the plate) and the motor is modeled as a dynamic
excitation over a finite area on the plate.

Vibration control is very important in order to reduce
structural vibrations. Structural control systems are
classified into two main categories which are passive and
active control system. Dynamic vibration absorber (DVA)
is one of the techniques used in vibration control. It consists
of attaching a secondary mass to a primary vibrating
system such that the secondary mass dissipates the energy
of the primary system and reduces its vibration amplitude.

When machinery systems are subjected to vibrations
due to external disturbances, vibration absorbers have
been used widely for vibration reduction. Lin and Cho [20]
proposed the application of a DVA in order to reduce the
excessive vibration of a simply supported beam traversed
by multiple moving loads. Soares et al. [21] studied the
dynamic response of an Euler-Bernoulli beam subjected to
moving loads and controlled by a moving vibration
absorber. The vibration absorber is modeled as a linear
spring-mass-damper system moving with a constant speed
along the beam. The importance of speed and position of
the damper on the vibration control of the beam subjected
to moving loads is shown in this paper. To suppress the
excessive vibration of a beam under a moving load, Sung
[22] employed piezoelectric actuators that are bonded at
the bottom of the beam at different positions.

The dynamic vibration absorber is probably the most
common device for passive vibration of machines. It can be
also called tuned mass damper (TMD). Because it is simple
and robust, it has been used in many applications such as
mechanical, civil and aerospace engineering. For instance,
Chaari [23] proposed a passive vibration absorber model in
order to decrease the vibration amplitude of a milling tool.
Samani et al. [24] studied the performances of different
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Fig. 1. The beam model subjected to a moving load.

types of dynamic vibration absorbers. A (DVA) is
connected to a simply supported beam in order to reduce
the excessive vibrations. The beam is traversed by moving
loads/vehicles. The vehicle is modeled by a single degree of
freedom mass spring system. To find the optimal
parameters of the DVA that minimize the beam vibration,
a parametric analysis is performed.

In the present study, a new mechatronic-based
approach to model and simulate a multibody system is
presented. We study the structure interacting through
moving load using Modelica language. The beam structure
carried one or more subsystems which are modeled as
simple degree of freedom systems. The excessive vibration
of the subsystem is controlled using a dynamic vibration
absorber. The paper is organized as follows: the governing
equations of a flexible beam and a connected subsystem will
be derived in Section 2. Section 3 presents the methodology
for modeling and control design of such multibody system.
Numerical examples of the proposed methodology appear
in Section 4. Section 5 concludes the paper.

2 Multibody formulation

The theoretical background of multibody systems is
described in this section. The equations of motion are
expressed as differential-algebraic equations (DAE).

2.1 Model formulation of the beam vibration

The system under consideration is shown in Figure 1.
Consider a moving mass rolling on a finite simply
supported beam at a specified speed. The Euler-Bernoulli
beam theory is used, ignoring shear deformation effects.
The beam is considered as a linear elastic continuous system.
The effect of damping was considered negligible. The Fourier
approach used in [25] will be adopted in our study.

The equation of motion for an Euler-Bernoulli beam
under a general forcing function can be written as [25]:

*u(z, )
ox*

Pu(z,t)

EI
ot?

+ [pS + M§(z — vt)] = gM$§(x — vt).

(1)

In equation (1), u is the displacement of beam in the
y direction, S is the cross-sectional area, [ is the beam
length, ETis the bending stiffness, ¢is the time, p is the mass
density, M is the mass of the moving load and v is the load
speed over the beam.
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8 (z— vt) is the Dirac Delta function

S(x—wvt)=0 for x#ut. (2)

The boundary conditions of a simply supported beam
could be defined as:

d*u

d*u
=0, ©

0)=0,—
w(0) " da?

(0) = 0,u(l) =0

The initial conditions of the problem are given by,

ou
u(z,0) = O,E(:v, 0) =0. (4)

The beam is simply supported at both ends; the
Eigenfrequency for nth mode is given by:

272 |EI
=y | — 5

/l 5z — v)dz = 1. (6)
0

In addition,

Applying the Fourier finite sine transform,

1
F(m,t)z/0 u(a:,t)sinm;mdm. (7)

The transformed equation of the problem is [25],

1
Fy(m,t) —|—w3nF(m,t) +,OS—LM

mmvut
l

kmut .
Sin

x [Ftt(m; t) + QZFtt(k, t) sin
k=1
g mmvt

:EMsin T (8)

We consider only the linear inertia term, equation (8)
becomes [25]:

w? mamut
F t n_F t) = i 9
almt) + G P t) = R ©)
With,
M
=—. 1
R P (10)
Then,
F(m, 1) P :
w2 |1 mnvv1+ R
m lop,
1
" Sinmnvtimnv\/( +R)sin Ot ()
! lom (1+R)

X
M
K c Y
Fig. 2. Subsystem parameters.
Defining,
M
p="9 (12)
oS

The expression of the beam displacement u(z, ¢) can be
assumed as [25]:

. mmut muruv1l+ R W
sin — sin t
2P & ! loy, (1+R)
u(z,t) e 5
m=1 a)2 1— mitv (]. + R)
" Loy,
sin 1L (13)

2.2 Modeling of the connected subsystem

This section shows the dynamic behavior of a subsystem
attached to the flexible beam. It is modeled as an oscillator
model (a single degree of freedom mass spring system) on
contact with the beam. The connected subsystem vibrates
as a result of the oscillation of the support structure.
The body mass is small compared to the beam mass, the
effect of the beam on the subsystem in only taken into
account. Figure 2 shows a simple representation of the
subsystem model.
The balance equation of the subsystem is:

Z+208Z +0°Z =Y (14)
Zis the relative displacement of the subsystem with respect
to the beam.

With,

Z=X-Y (15)
where Z and Z are respectively, the relative velocity and
acceleration of the subsystem. X is the absolute displace-
ment of the subsystem and Y is the base input
displacement.
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The input displacement is expressed as follows:

2P &
Y(z1,t) = u(zy,t) = e
m=1
. mavt mauvv1l+ R . W,
sin — sin
l lom (1+R) . mux;
5 sin 7
2 (4 mmvy/ (1 + R)
©m Lw,,
(16)

with z=1; defines the location of the subsystem in the
beam at time t. 0 = \/% is the angular frequency, M is the

moving mass and K is the spring stiffness.

The loss factor & = CQ with, Cis the viscous damping
coefficient and C.=2Mo.

The damped natural frequency,

wd:m/l—g.

(17)

3 Modeling and control of the multibody
system

3.1 Problem statement

We consider a flexible beam structure subjected to a
moving load and carrying one body (SDOF system).
The application of a damper absorber is proposed to reduce
the excessive vibration of the subsystem which can be
conducive to failure because of fatigue. The absorber may
absorb passively a major portion of the vibration energy of
the attached body induced by the moving load, hence
acting as an energy dissipator. The damped vibration
absorber is considered as a physical mechanical device. It is
represented by a linear spring-mass-damper system
connected to the subsystem. These parameters are the
absorber mass M4, the absorber viscous damper coefficient
Cy and the absorber spring stiffness K,, as presented
schematically in Figure 3. In this system, X; corresponds to
the displacement of the subsystem and the coordinate X,
corresponds to the displacement of the absorber mass M.
Choosing the correct parameters of the absorber is very
important in order to dissipate disturbances of the
subsystem [26].

3.2 Modelica implementation

The motivation of using Modelica is the object-oriented
language characteristic for modeling complex, large, and
heterogeneous physical systems. It is designed to support
library development. For handling complexity, reuse is
a key issue. Algebraic, differential and discrete equations
are used in Modelica for modeling the physical phenomena.

A flexible multibody system has been developed
in Modelica using the Dymola simulation environment

Ma

Vibration

absorbor

X1

@ Subsystem

Fig. 3. Simple vibrating subsystem with DVA.

(see Fig. 4). The system model includes elements developed
specifically for this application such as the Beam compo-
nent and the FEzxcitation source component as well as parts
that belong to Dymola/Modelica library. The system is
then comprised of a flexible beam, an excitation source,
a subsystem, a vibration absorber and sensors. The
interaction between the different components is described
using connectors.

The beam element is developed in-house based on the
analytical model formulation presented in Section 2.
The Beam model is parameterized such that the user
has the ability to easily enter the beam characteristics.
Its parameters include the Young’s modulus F, the beam
length [ and the mass density p, etc. It has been
implemented with two point connectors. Excitation source
object represent a vibration source moving along the
flexible beam with constant magnitude and velocity.
The user has the ability to modify its parameters.

The beam is mechanically connected to the excitation
source. We have developed a new connector in order to
connect the excitation source to the flexible beam. The code
of the new connector is:

connector Cl

Modelice.S5Tunits.Position s;
Modelicae.S5Iunits.Force F;

d
end Cl;

The Beam component contains a Flange type connector
(as it is called in Modelica). The choice of Flange connector
makes the beam component fully compatible with the
Modelica Translational library elements. It is possible then
to directly connect the flexible beam component to the
predefined models, such as force elements (springs, damp-
ers, and forces). This approach confirms that this model is
areusable component and can be used as a building block in
other applications as well.
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Fig. 4. Model of the system in Modelica/Dymola.

In the developed system model, the beam is connected
to a subsystem which belongs to the Modelica Standard
Library (MSL). It consists of a linear 1D model composed of
three parts which are a spring K1 and damper C1 in parallel
and a concentrated mass M 1. The subsystem can be located
at an arbitrary placement along the beam chosen by the
user.

The subsystem is connected to a dynamic vibration
absorber in order to attenuate the excessive vibrations.
The DVA is modeled as a single degree of freedom system
composed of three parts which are a spring K, and damper
Cy4 in parallel and a concentrated mass M.

We have implemented sensors in order to measure the
vibration response of the subsystem on the beam (absolute
position, absolute velocity and absolute acceleration).

These component models are used to build a complete
system model. In this approach, mechanics together with
controller dynamics are designed simultaneously in order
to obtain the characteristics of the vibrational motion of
the multibody system. In order to design more efficient
system for more accurate specifications, this procedure
simplified the problem complexity because the effect of the
change in the system properties such as beam length is
easily accommodated in this problem.

Table 1. Details of the test beam.

Value

E = 2.117 x 10" N/m?
o = 8000 kg/m*

=10 m
A=16x10"*m™

Property

Young modulus
Mass density
Beam length
Cross section

4 Results and discussion

4.1 Validation

In order to check the accuracy of the present model, some
results obtained by Modelica/Dymola are compared with
those available in the literature. The parameters used in
the simulation are shown in Table 1.

Table 2 lists the first three natural frequencies along
with analytical results and those obtained by the finite
element method used Matlab code [27]. In [27], authors
used fifty identical finite elements in order to study the
dynamic behavior of a beam carrying a moving load.
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Table 2. Natural frequencies of the simply supported

beam without mass (Hz).

Mode FEM (Matlab) Analytical method
[26] (Dymola)
1 0.9330 0.933
3.7319 3.7322
3 8.3959 8.397
&

Fig. 5. Bridge crane system [25].

Table 3. Parameters used in the dynamic simulation of

the system.

0.7+ !

06 ! £ : r : .

0.0 02 04 08
t/t

Fig. 6. Central response of the simply supported beam due to

moving mass.

Table 4. System parameters [29].

Property

Value

Young modulus of elastic beam
Mass density of elastic beam

E =21 x 10" N/m?
o = 7850kg/m?

Property

Value

Mass of the attached body
Spring stiffness

Damper

Absorber mass

Absorber spring stiffness

Absorber viscous damper
coefficient

M, = 7.756 kg

K, = 62,000N/m?
C; = 2.500 Ns/m
MA =4 kg

K4 = 722.470N/m?
Cy = 1513.2Ns/m

The girder length =40 m

Cross section A = 0.04 m?
Area moment of inertia I=0.00667 m*
of elastic beam

Speed v=2m/s

The mass of the payload M = 100000 kg

and trolley

The beam is made of steel and square in cross section.
The accelerating mass is modelled as a moving finite element
to include gravitation force and inertial effects of mass.
The natural frequencies obtained by the two models are
closely the same. Results are then in good accordance.
For verification of the proposed model, an example of
a bridge crane system is considered in this paper.
The mechanism consists of a trolley moving over a girder
(Fig. 5). The trolley moves at a constant speed. The
support structure is modeled as a simply supported beam.
The structure is dynamically affected through the moving
character of the trolley only. The mass of the moving
substructure is composed of the mass of trolley and the
mass of payload, which are modeled as a lumped mass.
The geometrics and materials properties used in this
simulation are summarized in Table 3.
The validity of the model is verified by comparing the
dynamic response of the adopted analytical model with

those obtained in the example presented in [28] using the
finite element method. In Figure 6, the dynamic beam
displacement response curve predicted by the analytical
model coincides well with those in Figure 8 [28] which
confirms the reliability of the presented theory.

4.2 Parametric study

In this section, the effects produced by the variation of
physical parameters to the response of the system are
examined. In all calculations, the following values are used:
1=20m, A=0.04 m?, p="7850kg/m* and = 0.00667 m*.
The beam is subjected to an overall mass of 10000 kg,
moving with constant speed v=4m/s.

The physical parameters of the attached body and the
associated dynamic vibration absorber used in the
simulations are listed in Table 4. The proposed model
allows the designer to perform a simultaneous simulation of
the mechanical system and the controller.

The effect of the application of the vibration absorber to
suppress the excessive subsystem vibration is shown in
Figure 7. This figure shows the maximum displacement of
the subsystem with and without vibration absorber with
zero initial conditions. The subsystem is concentrated at
the middle span of the beam. As it is shown, the inclusion
of the absorber decreases the maximum displacement of
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Fig. 7. Comparison maximum displacement of the subsystem.
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Fig. 8. Subsystem response.

the subsystem which is connected to the beam. The effects
of the different design parameters of the absorber (the
stiffness, the viscous damping coefficient) can be examined
to find the optimum values. Using this model, the designer
has the ability to directly access to structural and control
parameters.

The change in position of the concentrated mass has
a significant effect on its motion. Figure 8 shows the
displacement of the subsystem with absorber located at
z=>5bm and z=10m from the left end of the beam.
As expected, the vibration amplitude is more important
when the subsystem is located in the mid span of the beam.

Figure 9 indicates the displacement of the beam mid
span versus the position of the load along the beam.
The maximum value of deflection is obtained to be equal
0.012m, when the moving load is in the mid span of the
beam.

The influence of speed on the dynamic response of the
system is investigated. The responses of the beam where

0.014
0.012 —
N .
. N
0010 L
g 7 N
~ I ™,
—  0.008 —~
5 S
£ 0.006- -~ \\
o Y Fi \
Q ~
% A Y
2. 0.004 7 N
A / o
A J A
0.002- e '
/ Y
0.000 4
-0.002 T T T T T T T T T
0 4 8 12 16 20

Load position (m)

Fig. 9. Beam deflection according to the moving load position.

— v=4m/s v=3m/s v=1m/s
0.015
0.010
~~
E o000
=
[}
g
g 0.000
=S
=3
8]
A -0.005
-0.010]
Q25— 7T T 7T
0 10 20 30
Time(s)

Fig. 10. Vertical beam deflections for various speeds.

plotted for various speed values for the moving load. Asit is
apparent in Figure 10, the more the speed increases the
more the deflection curve shape tends to the left end. This is
due to the coupling between the beam motion and the
motion of the load. Thus, the maximum point depending on
the increasing speed travels to the right end of the beam.

Figure 11 depicts the beam responses for various load
masses. It is evident from the graph that the defection
magnitude increases with the mass of the load.

The proposed model allows the designer to predict the
system dynamic response and the control action and to
evaluate the performance of the multibody system.

5 Conclusion

In this paper, a new predesign approach to study the
flexibility influence of a multibody system on its dynamic
behavior is presented. To obtain quick resolutions,
analytical method is approached to study the system
response. Analytical models are developed using the object
oriented modeling approach with Modelica language.
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M=20000 Kg —— M=15000Kg

M=10000 Kg

Displacement(m)

Time(s)
Fig. 11. Dynamic response at the beam center for various load
masses.

The developed models use standard connectors to ensure
the compatibility with Modelica Standard library compo-
nents. Our approach is illustrated through an example of
a system. In fact, the dynamic model of elastic beam under
the action of a moving load and carrying attached
subsystems is established based on mechatronic system
approach. A dynamic vibration absorber is proposed to
attenuate the excessive vibration amplitude of the
subsystem. A variety of numerical results are shown to
draw important conclusions for the purpose of system
design. This methodology can help system architects to
build up rapidly system model and define solutions during
the predesign phase.
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