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Chapter

Virtual Prototyping Platform
for Designing Mechanical and
Mechatronic Systems

Cdtdalin Alexandru

Abstract

The chapter deals with the description of a virtual prototyping platform that
facilitates the design process of the mechanical and mechatronic systems. The
virtual prototyping stages are defined and then integrated in a block diagram,
highlighting how the data are transferred between these stages in order to finally
obtain a valid and optimal virtual model, close (as structure and functionality) to
the real one. The whole process is guided by the basic principle for successful virtual
prototyping: as complicated as necessary and as simple as possible. The real model-
ing case, the specific simplifying assumptions, and the validity (viability) fields of
the simplifying assumptions are discussed with reference to the main components of
a mechanical or mechatronic system (bodies, connections between bodies, actuat-
ing elements). The purpose is to manipulate the simplifying assumptions in a way
that reduces the complexity of the virtual model, but without altering the accuracy
of the results. The basic types of analysis/simulation are depicted by considering
their particularities, highlighting their role in the process of designing mechanical/
mechatronic systems, and then the optimization is conducted by the use of paramet-
ric design tools. Finally, a case study is developed following those mentioned above.

Keywords: virtual prototyping, mechanical and mechatronic systems, modeling,
simulation, optimal design

1. Introduction

In the process of product development, as in many other fields, using the computer
is no longer just a useful alternative to classical instruments, but it has become a real
need. The computer is currently used from the concept elaboration stage until the
manufacturing and implementation. Designers now have access to very sophisticated
and high-performance working tools, based on software solutions dedicated to the
various stages of product design and development. The traditional computer-aided
design (CAD) and computer-aided manufacturing (CAM) approaches are now being
addressed through computer-aided engineering (CAE) integrating platforms, which
allow the evaluation and improvement of the product at the system level and not
separately on its parts or subsystems, such an approach being reflected in increasingly
efficient and competitive products [1, 2].

As the complexity and the competitiveness requirements of the products (in
this case, mechanical and mechatronic systems) increase, the design and develop-
ment times must be reduced, conditions in which the development and testing of
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physical prototypes become major impediments. Thus, it is necessary to implement
design techniques based on modeling, simulation, and optimization in virtual envi-
ronment, which can ensure a higher performance and quality of the products using
only a fraction of the time and cost required in traditional approaches. Virtual
prototyping is a computer-aided engineering-based discipline that entails modeling
products, simulating and optimizing their behavior under real-world operating
conditions. Through the use of various types of software solutions for evaluating
the form, functionality, and durability of the products in an integrated approach,
complex digital prototypes can be created and then used in virtual experiments
(Iab and field tests) in a similar way to the real cases [3-5].

In this context, the chapter proposes to present the integrated concept of
modeling, simulation, and optimization of the behavior of mechanical and mecha-
tronic systems through the use of a virtual prototyping software platform. The
platform integrates specific software solutions for evaluating the form, assembly,
functionality, and durability of mechanical and mechatronic systems. The compo-
nents of the virtual prototyping platform are depicted by mentioning their particular
role, as well as the mode in which they are integrated within the platform and com-
municate (data transfer) with each other. Then, the virtual prototyping stages are
discussed starting from a flowchart reflecting the mode in which the data are trans-
ferred from one stage to another, to obtain a valid and optimal virtual prototype,
these being the two attributes that the virtual prototype must have in order to be a
truly useful/viable one. Finally, a case study is developed by considering a complex
product, namely, a suspension system for motor vehicles, which is approached in
mechatronic concept, by integrating the two main subsystems (the mechanical and
actuating and control devices) at the virtual prototype level.

2. The software platform for virtual prototyping

In the general case, the virtual prototyping platform of the mechanical systems
integrates three basic software solutions (Figure 1a): computer-aided design, mul-
tibody systems (MBS), and finite element analysis (FEA). In addition, in the case of
mechatronic systems (mechanical systems with controlled actuation), the virtual pro-
totyping platform integrates a design for control (DFC) software solution (Figure 1b),
in the concurrent engineering concept (for the purpose of co-simulation).

Firstly, with the help of CAD software, the geometrical (solid) 3D model of the
mechanical system is developed, with the purpose to determine the mass and inertia
properties (moments and products of inertia) of the bodies (rigid parts). The 3D
model is then transferred to the MBS software, which is intended to analyze and
optimize the behavior of the mechanical system (in terms of kinematics, statics,
and dynamics, by case). The data transfer from CAD to MBS is performed using

CAD —> MBS K— FEA A~

DFC

Figure 1.
The virtual prototyping software platform for mechanical (a) and mechatronic (b) systems.
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standard geometry file formats, such as STEP, IGES, Parasolid, stereolithography,
and others. From this point of view, there are no rules, but only certain recom-
mendations of the software producers regarding the file format. For example, the
recommended geometry transfer formats from the main CAD software to the MBS
environment Automatic Dynamic Analysis of Mechanical Systems (ADAMS) of
MSC Software (which is a global leader in virtual prototyping software and ser-
vices) are presented in Table 1. With such file formats, the import into ADAMS is
done through the general ADAMS/Exchange transfer interface. At the same time,
specialized modules (interfaces) for geometry transfer were developed, which
perform a customized transfer between the CAD and MBS ADAMS environments,
as it is also presented in Table1 [6].

Initial Graphics Exchange Specification (IGES) format represents the first
standard of interchangeability, being designed in American Standard Code for
Information Interchange (ASCII) code. IGES reduces the CAD model to a list of
entities, each entity being associated with a number. Drawing Exchange Format
(DXF) is also based on graphical entities, for each data type, which is ASCII
encoded, being allocated a line. Standard for the Exchange of Product Model Data
(STEP) format describes the data at the product level and not the entity, through
a specialized language (Express) that establishes the correspondence between the
STEP file and the CAD model. Stereolithography (STL) format is a neutral format
based on stereolithography, being used mainly in rapid prototyping devices (laser
printing). Parasolid format is a geometric modeling kernel that allows transferring
the entire 3D solid model through a single file, while in the case of the other for-
mats, the transfer is done part by part (one file for each part).

The mass and inertia properties of the bodies are automatically calculated by the
MBS software (ADAMS, in this case), depending on the 3D solid model imported
from CAD and the associated material (defined by the well-known characteristics/
properties: Young’s modulus, Poisson’s ratio, and density). Most MBS software
solutions (including ADAMS) have their own solid modeling library, the modeling
principles being the same as in CAD (elementary solids, composite solids using
Boolean operations (union, extraction, and intersection), solids obtained by
extrusion and, respectively, rotating surfaces), but for bodies with more complex
geometry, the use of specialized CAD environment is required.

CAD software File formats Transfer interfaces

Unigraphics (UG) Parasolid UG/Mechanism
STL

CATIA STL CAT/ADAMS
STEP
IGES

Pro/ENGINEER (currently Creo Elements/Pro) STL MECHANISM/Pro
IGES

SOLIDWORKS Parasolid Dynamic Designer
STL
IGES

I-DEAS STL Mechanism Design
IGES Mechanism Simulation

Mechanical Desktop IGS Dynamic Designer
STL
DXF

Table 1.

The file formats and transfer interfaces from CAD to ADAMS.
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Based on the results of the dynamic analysis performed in the MBS environment,
the system loads by forces and torques are determined, representing input data for the
analysis with finite elements within the FEA software. Subsequently, the deformabil-
ity state of the components is returned in the MBS software, thus making possible the
dynamic analysis of the mechanical system with deformable (flexible) parts, which is
more realistic (closer to reality) than the analysis with rigid parts [7, 8]. Through the
analysis of compliant models, the stress and vibration states can be determined with
the purpose to evaluate the functional and durability performances of the mechani-
cal system. The data transfer from ADAMS to the main FEA environments (such as
ANSYS, ABAQUS, or NASTRAN/PATRAN) is done through FEA Loads type format,
from the general ADAMS/Exchange transfer interface. The FEA to MBS connec-
tion is usually made through the modal neutral file (MNF) format. In ADAMS, the
data import from FEA is managed by the ADAMS/Flex interface. It should also be
mentioned that ADAMS software package integrates a specialized module, called
ADAMS/AutoFlex, which can be used for the conversion of rigid bodies into deform-
able equivalents, but with certain limitations in the case of more complex geometry
bodies, for which it is still necessary to use specialized FEA software.

Finally, regarding the communication between ADAMS and the DFC software
environments, in the case of mechatronic systems, the ADAMS package integrates
the plug-in ADAMS/Controls through which the data transfer with one of the
following DFC software is carried out: MATLAB/Simulink, MATRIX, and EASY5.
Basically, ADAMS/Controls manages the input and output plants of the controlled
process (as mentioned above, the outputs from the MBS are inputs into DFC and
vice versa respectively), allowing to perform the co-simulation (in-parallel run-
ning/processing) of the two main subsystems of a mechatronic system, namely, the
mechanical device and the actuating and control device. The information related
to the input and output plants are saved in a specific file having the extension .m
(for MATLAB) or .inf (for EASY5 and MATRIXX). At the same time, a command
file (.cmd) and a data file (.adm) are generated, which are used during the co-
simulation process. The files thus generated by ADAMS/Controls are then imported
into the DFC application, where the ADAMS interface block is subsequently set and
the control block model is designed. It should be mentioned that ADAMS provides
some facilities for control system design, which are integrated into the Controls
Toolkit module, but obviously not up to the level of complexity offered by dedicated
DFC software.

By integrating the mechanical device and the control system at the virtual
prototype level, the two models/subsystems are simultaneously tested and veri-
fied, thus simplifying the experimental testing process and eliminating (or at least
minimizing) the risk that the control law is not accurately tracked (complied) by
the mechanical device [9, 10]. Such a mechatronic concept approach is known as
concurrent engineering. The simulation algorithm for mechatronic systems involves
the following steps:

1. Within MBS software: modeling the mechanical device (including bodies,
joints, actuating elements, other force generating elements), analyzing-simu-
lating the MBS model, modeling the input (I) and output (O) plants in/from
the MBS model, and exporting the MBS model for DFC

2. Within DFC software: importing the mechanical model, synthesizing the
desired trajectories of the mechatronic system and modeling the input block
diagram (reference signals synthesis), designing the control system block
diagram, synthesizing the controller and the electrical interfacing circuits, and
simulating the mechatronic system
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The so described simulation process creates a closed loop, in which the con-
trolled inputs of the control application affect the simulation in the MBS environ-
ment, while the outputs from the MBS simulation affect the level of the controlled
signals in DFC.

3. The virtual prototyping process

A complete virtual prototyping process is defined by the following five stages
(see also the workflow schematic representation in Figure 2): modeling, analysis,
validation, refining, and optimization. During the modeling stage, the specific
components of the mechanical or mechatronic system (such as bodies, connections
between bodies, actuating elements, and other force generating elements) are
created by using the software solutions shown in Figure 1. The output from model-
ing is the initial virtual model, which is then analyzed (simulated/tested) with
the purpose to determine the behavior of the mechanical or mechatronic system,
in terms of movement (linear or angular positions, velocities, and accelerations,
by case) and reaction force states. The results obtained through the simulation in
virtual environment (which are the analysis outputs) are then compared with the
corresponding experimental results obtained by physical prototyping, in order to
validate the virtual model. It should be mentioned that the physical prototyping is
not a stage in itself of virtual prototyping, but a supporting process for this. By the
comparative analysis of the virtual and experimental results, one of the following
two cases can be reached: valid virtual model (when the virtual results fit with the
experimental ones) and invalid virtual model (when the results obtained through
the simulation in virtual environment do not match the experimental ones). In the
first case, the last step of the virtual prototyping process will be the optimization,
which aims to determine the optimal design of mechanical or mechatronic system
(in terms of functionality, efficiency-energetic, or economic, by case). On the other
hand, if the validation output is expressed by an invalid virtual model, the refining
stage must be accomplished with the purpose to improve the fidelity of the virtual
model by reference to the physical one. The refined virtual model is then analyzed
(by simulation in virtual environment), followed by a new validation. In this way,
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virtual virtual model
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Figure 2.
The virtual prototyping workflow.
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an iterative process (refining—analysis—validation) is carried out until a valid
virtual prototype is obtained, which will be then the subject for optimization.

The basic principle for a successful virtual prototyping process can be formu-
lated as follows: as complex as necessary and as simple as possible. This is in compli-
ance with Einstein’s statement: “A scientific theory should be as simple as possible,
but no simpler.” The idea is to manipulate the simplifying assumptions in a way
that reduces the complexity of the virtual model (in order to make the real-time
simulation), but without affecting/altering the precision of the results. In other
words, a useful virtual prototype should be a trade-off between simplicity and
realism. In the following, the implementation of this basic principle regarding the
modeling and refining will be discussed for the basic components of a mechanical
or mechatronic system, namely, bodies, connections between bodies, and actuat-
ing elements. For each of them, the real modeling case and the specific simplifying
assumptions (hypotheses) are presented in Table 2.

In the real case, all the bodies are flexible (deformable), more or less, depend-
ing on the state of loading to which they are subjected, having constant mass (in
most cases) and variable inertia properties (by changing the geometric shape). The
simplifying assumptions for the modeling of the bodies are obtained from the real
case by successively neglecting certain properties, as follows:

1.Rigid bodies: the shape of the bodies does not change during the analysis, so
their inertial properties become constant.

2. Point masses: the shape is neglected by considering that the whole body mass is
concentrated in a point (the center of mass), and in this way the inertia prop-
erties are not taken into account.

3.Bodies without mass (massless bodies): both the mass and the inertia proper-
ties are neglected as a consequence of the fact that the bodies are modeled by
2D elements/objects (such as lines, polylines, plane curves).

4.Composed restrictions: this is a special modeling case in which certain bodies
are modeled as constraints between other bodies, such as constant distance or
area constraints.

Components Real case Simplifying assumptions

Bodies

Deformable (flexible) bodies * Rigid bodies
¢ Point masses

¢ Bodies without mass (massless

bodies)

» Composed restrictions

Connections ¢ Deformable (flexible) contacts * Rigid contacts
between bodies o T
Joints
* Constraint equations

Actuating elements ¢ Motors/actuators * Motor forces or torques

¢ Human operators * Motion restrictions

¢ External factors

Table 2.

The modeling of the basic components.
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The modeling of the bodies by composed restrictions is not possible for all the
bodies in a mechanical or mechatronic system, but only in the following cases:

* The body is a mobile one, and not the fixed part of the system (which must
remain the reference part to which the global reference frame is attached).

* The body is not input (by which movement is introduced into the system) or
output part (from which the movement is collected), and this is because the
movement can be introduced/collected only through/from bodies.

* No external forces or torques are applied to the body, or no force generating
elements are connected to the body, and this is because the forces can only act
on bodies.

A more detailed discussion on the modeling of the bodies as composed restric-
tions can be performed in correlation with the MBS models of the four-bar mecha-
nism is schematically represented in Figure 3. So, the model shown in Figure 3a
is a general one, with four bodies (three mobile parts, 1, 2, and 3, and the fixed
part/ground, 0). Then, in Figure 3b and c, there models shown with three bodies
(two mobile parts, 1and 2 or 3, and the fixed part, 0) and one composed restric-
tion (constant distance between the corresponding ends of the rod 2 and ground,
respectively, of the crank 1 and rocker 3). Finally, in Figure 3d, the model is shown
with a minimum number of bodies (the rod 2 and the fixed part) and two com-
posed restrictions between the two bodies. The model with a minimum number
of bodies is valid one only if the mobile body is at the same time input and output
of the system, and this is possible because the body has three movements (two
translations along the two axes of the representation plane and one rotation around
the axis normal to this plane). The four MBS models shown in Figure 3 are defined
by the following numbers of generalized coordinates (movement parameters—6
per each mobile body): 18 (a), 12, (band c), and 6 (d). Therefore, the model with
a minimum number of bodies is the most convenient from the point of view of
the complexity, which depends on the number of equations for determining the
behavior of the system.

The connections between bodies (excepting the previously discussed com-
posed restrictions, which are not connections with a physical equivalent) are
nothing else than contacts between the geometric forms/shapes of the bodies.
These contacts can be classified in two groups, with representative examples in
Figure 4, as follows:

* Stationary (permanent) contacts (Figure 4a), where the connection between
bodies is kept as in the initial state during the entire analysis range (throughout
the system operation)

* Nonstationary contacts (Figure 4b), where the connection between bodies
changes during the analysis, either the contact is lost or it occurs or the type of
contact changes (e.g., from surface contact to linear or point contact)

Given that the real modeling case of the bodies is flexible (deformable) bodies,
the real modeling case for the connections between bodies will be contacts between
flexible bodies (or briefly, flexible contacts). Then, the first simplifying assump-
tion for the modeling of the bodies (rigid bodies) is automatically transferred to
the modeling of the connections, resulting rigid contacts (contacts between rigid
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Figure 3.
MBS models for the four-bar mechanism: (a) 4-body model, (b, c) 3-body models and (d) 2-body model.

a. b.

Figure 4.
Types of contacts (connections) between bodies: (a) stationary and (b) nonstationary.

bodies). Both in the case of flexible contacts and for rigid contacts, the connections
do not restrict movements, but they introduce reaction forces and torques. The
other simplifying assumptions for the modeling of the connections are the ones that
restrict movements, namely, joints and constraint equations, which can be used
only for the stationary connections (such as that shown in Figure 4a, where the
contact between the two bodies of the hinge can be modeled as a revolute joint). It
should be mentioned that the joint is a symbolical representation (like a modeling
shortcut) in the software of the constraint equations, which can be classified in two
categories: constraint equations generated by the software (through user-modeled
joints), and constraint equations created by the user.

The actuating elements of the mechanical/mechatronic systems are usu-
ally found in the following categories (Figure 5): (a) rotary or linear motors/
actuators, (b) external factors (such as the wind action for a wind turbine or the
road irregularities for a vehicle suspension system), and (c) human operators.
Whatever the case, the actuating elements generate mechanical power, which is
defined by two components: force and movement. In these terms, the actuating
element can be modeled by one of the two mentioned components: motor force/
torque and motion restriction. The latter, by which the movement of the actuated
(input) bodies is controlled, can be applied at the position, velocity or accelera-
tion (linear or angular, by case) level, usually as in time variation laws. On the
other hand, the motion restrictions can be applied in joints (thus controlling the
relative motion between the adjacent bodies, as in the case of the jack mechanism
shown in Figure 5c, where the relative motion between the crank and the fixed
support can be controlled in the revolute joint between the two) or in points
(thus controlling the spatial or planar positions of certain points of interest on
the body, for example the point located in the end-effector extremity of the
industrial robot shown in Figure 5a).
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Figure 5.
Types of actuating elements of the mechanical /mechatronic systems: (a) motors, (b) external factor and
(¢c) human operator.

4. The analysis flowchart

As it results from the ones presented in the second section of the paper, the central
component of the virtual prototyping platform is the MBS software solution, which is
the integrative solution used to simulate and optimize the behavior of the mechanical
and mechatronic systems [11-15]. The analysis flowchart in MBS environment is sche-
matically represented in Figure 6. The types of analysis can be performed separately or
coupled in a certain sequence depending on the degree of freedom (DOF) of the mecha-
nism, which expresses the number of uncontrolled (independent) movements, which
take place under forces action. The basic components of a mechanical/mechatronic
system can be structured in the following way: components that bring movement —
mobile bodies; components that eliminate motion — connections between bodies (when
they are modeled by joints or constraint equations); components that control motion —
actuating elements (when they are modeled by motion restrictions). Thus, the number
of degrees of freedom is given by the following equation (Gruebler’s count) [16]:

DOF = 6n-X(r + 1) (1)

where n is the number of mobile bodies, Xr is the sum of geometric restrictions
(joints and/or composed restrictions), and Xry, is the sum of motion restrictions.

To better understand the above, Figure 7 shows three modeling cases for an open-
loop system formed by two bodies (the mobile part and the ground) connected by a
revolute joint, with the following particularities: (a) there is no actuating element; (b)
the actuating element is modeled by a motion restriction, controlling in this way the
angular position of the rotating body/crank; and (c) the actuating element is modeled
by a motor torque applied on the rotating body. For the three cases, the following
numbers of degrees of freedom are corresponding: (a) DOF = 6-5=1; (b) DOF = 6 —
(5+1) =05 (c) DOF = 6 — 5 = 1. Therefore, the second model (b) has no independent
motion, the angular positions of the crank being controlled (imposed) by the motion
restriction regardless of the mass and the inertial properties of the body. In the first
(a) and the third (c) case, respectively, the model has one uncontrolled motion (the
rotation of the crank), which is influenced by the action of the forces (mass and
inertia forces in the both cases, and in addition the motor torque in the third case).
Thus, the motion restrictions remove degrees of freedom, by controlling the motion,
while the motor forces/torques do not remove degrees of freedom.
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Figure 6.

Analysis flowchart of the mechanical /mechatronic systems.

Figure 7.
(b) Controlled vs. (a, ¢) uncontrolled movement.

The four types of analysis shown in Figure 6 are defined by the following:

* Dynamics: inputs, the assembled configuration (bodies and connections), and
the loads through forces and/or torques (all of them) outputs, the time histo-
ries of motion and reaction states

* Kinematics: inputs, the assembled configuration and motion restrictions
(no forces/torques), and outputs, the time histories of motion

e Statics: inputs, the assembled configuration and the loads through forces
and/or torques (excepting the forces that depend on velocity and accelera-
tion, such as damping and inertia forces), and output, the equilibrium
configuration

* Inverse dynamics: inputs, the same as in dynamics, but with the actuating
elements as in kinematics, and outputs, the motor forces/torques

Considering the particularities of the simplifying assumptions for the modeling
or refining of the basic components of the mechanical/mechatronic systems (as pre-
sented in the 3rd section of the paper) and those of the types of analysis mentioned
above, Table 3 shows the correlations between the simplifying assumptions and the
analyses, which can be interpreted as validity fields for hypotheses (i.e., analyzss
where the use of hypotheses does not generate errors).

10
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Components Simplifying assumption Analysis

Bodies Rigid bodies Dynamics

Inverse dynamics

Point masses Statics
Massless bodies Kinematics
Composed restrictions

Connections between bodies Rigid contacts Dynamics

Inverse dynamics

Joints/constraint equations Kinematics

Statics

Dynamics

Inverse dynamics

Actuating elements Motion restrictions Kinematics

Inverse dynamics

Motor forces/torques Dynamics

Statics

Table 3.
The validity fields of the simplifying assumptions.

The analysis methodology of the mechanical/mechatronic systems by using MBS
software environment (ADAMS in this case) involves three stages: pre-processing
(system modeling), processing (model running), and post-processing (processing
results). The pre-processing stage involves indicating the input data, as follows:
specifying information regarding the calculations to be performed, such as the
type of analysis to be carried out, the units of measurement, the type of coordinate
system (e.g., Cartesian), the gravitational acceleration vector, and the analysis
time interval and modeling the components of the mechanical/mechatronic
system (bodies, connections between bodies, actuating elements, and other force
generating elements, such as springs or dampers, by case). The processing stage is
performed automatically by the program, and consists from generating and solving
the algebraic and differential equations that mathematically describe the system.
The post-processing stage consists of processing the analysis results, by drawing
variation diagrams/charts, generating tables with numerical values, and creating
graphical animations, all of which providing an overview of how the mechanical/
mechatronic system behaves.

5. Case study

Based on the above, a case study corresponding to a high complexity system,
namely, a suspension system for motor vehicles, is presented below. The virtual
model contains the front and rear wheel suspension subsystems, as well as the
actuating subsystem. The prototype is used for simulating the passing over bumps
dynamic regime under laboratory conditions, through the use of a virtual test-
ing bench (Figure 8). The approach is a mechatronic one, in the sense that the
actuating subsystem, containing four linear actuators that sustain/support and
move the wheels, is controlled in such a way as to ensure the desired running path
profile by the vertical displacements that apply to the wheels. The virtual model

11
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of the mechanical device (including the two suspension subsystems, the car body,
and the testing bench) was developed by using the MBS software environment
ADAMS. The 3D solid model was developed with the help of the CAD software
environment CATIA, the transfer to ADAMS being performed as described in the
second section of the chapter.

The front wheels suspension subsystem (Figure 9) contains two independent
Short-Long Arm (SLA) mechanisms, also called double-wishbone. The lower
(long) and upper (short) arms of the mechanism are double-hinged to the car body
by using bushings (compliant joints), while the other ends (outward) of the arms
are connected to the wheel carriers by spherical joints. The same type of joints was
used for the connections of the steering rods to the adjacent parts (wheel carriers
and car body). The rear wheels suspension subsystem (Figure 10) ensures the
guiding of the whole axle in the relative movement to the car body by a so-called 4S

File Edt View Build Simulate Revew Ssttings Tools Help

Figure 8.
The MBS virtual model of the vehicle.

7 ADAMS/View 2005.0.0
File Edit “iew Builld Simulate Review Settings Tools Help

Figure 9.
The front wheels suspension subsystem.
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7 ADAMS/View 2005.0.0

Figure 10.
The rear wheels (axle) suspension subsystem.

suspension mechanism, with four longitudinal arms that are connected to the adja-
cent bodies by bushings. In the case of the front suspension, the spring and damper
groups are mounted between upper arms and car body, while for the rear suspen-
sion, these elastic and damping elements are arranged between axle and car body.
For the both suspension systems, the bumpers limiting the run (extension, and
respectively compression), which are nonstationary elastic elements, are disposed
inside the dampers, thus limiting the relative displacement between the two parts of
the damper (cylinder and piston).

The connections between the wheels and the upper platters of the actuators were
modeled by contact forces between the corresponding geometries, which allow
considering the stiffness and damping properties of the tires, as well as the fric-
tion between the bodies. As mentioned, the vertical displacement of the actuator
plates is controlled so as to simulate the passing of the vehicle over various types of
obstacles (road irregularities), the movement being transmitted to the wheels and
then, through the suspension mechanisms, to the car body. The control system for
the actuating elements (Figure 11) was designed with the help of the DFC software
solution engineering analysis systems (EASY5). In this model, the MBS mechanical
device is referred by the ADAMS Mechanism block. It should be mentioned that
ADAMS and EASY5 software solutions are produced—marketed by MSC Software
Corp., so the compatibility between them (in terms of facilities for data transfer for
the purpose of co-simulation) is very good.

The modeling of the actuation and control system was carried out in mecha-
tronic concept, by integrating the mechanical model (Figures 8-10) and the control
system model (Figure 11) at the virtual prototype level. Thus, the two models (MBS
and DFC) are being tested—verified simultaneously, minimizing the risk that the
control law not to be followed by the mechanical model. In this case, the mechanical
and control models are connected and communicate one with other through the
use of ADAMS/Controls. The communication scheme between the MBS model and
the control system is shown in Figure 12. The inputs into the mechanical model
(outputs from the control system) are the motor forces developed by the four linear
actuators, while the outputs from ADAMS (inputs into EASYS5) are the vertical
positions of the wheel actuator plates.

The input and output plants were defined by using a set of ADAMS state vari-
ables. The input state variables (the motor forces) are defined in ADAMS by null
values, going to receive their values from the control application. The input variable
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is called by using the predefined function VARVAL (variable), which returns the
value of the variable. For the output state variables, the time functions return the
linear displacements along the vertical axis (Y). The output variables are modeled
by using the predefined function DY (To Marker, From Marker), where the markers
represent coordinate systems belonging to the adjacent parts (actuator cylinder and
piston respectively), placed in the translational joint between the two parts of the
actuator. The input variables are reported by plant input, PIN1-4, and the output
variables by plant output, POU1-4. Information related to the input and output
plants are saved in a specific file for EASY5 (*.inf); at the same time, a command
file (*.cmd) and a data file (*.adm) are generated for the subsequent co-simulation.
In the ADAMS Mechanism interface block, the execution mode is then defined; in
this case co-simulation, specifying also the interval with which ADAMS/Controls,
writes the results to files and adapts the animation and the communication range
between ADAMS and EASYS5 [17].

As mentioned, the vertical positions of the wheel actuator plates are imposed to
simulate the passing of the wheels over bumps (road irregularities). For the study
presented in this work, it was considered the road profile shown in Figure 13, which
includes four speed bumps with a height of 20 mm. The delays between the excita-
tions of the wheels (front-rear and left-right, respectively) correspond to a vehicle
speed of 20 km/h (the vehicle has the wheelbase, i.e., the distance between the front
and rear axles, of 2.4 m). In the DFC (control system) model shown in Figure 11,
the imposed movement laws were defined by using the step function generator
blocks SF1-SF4. This type of input data block is defined by the time at initiation of
step input (To_SF) and the step input value (STP_SF). The step is triggered when
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time equals TO_SF and steps to a value of STP_SF, in accordance with the following
conditional function:

IF(TIME < TO_SF) THEN S_Out_SF = 0 ELSE S_Out_SF = STP_SF, (2)

where S_Out_SF is the step signal output, which is compared (by using a sum-
ming junction block) with the current position provided by the MBS model.

For each of the four linear actuators, PID controller was used as a control ele-
ment. This controller corrects the difference between the imposed (desired) and
current (measured) values of a specific parameter by computing and applying a
compensatory measure that adapts the system properly [18, 19]. The optimal design
of the controller can be achieved both by methods specific to the control theory
(e.g., root locus, frequency methods), as well as by optimal parametric design
techniques [20-22]. For this work, the optimization was performed by using the
scripting capabilities integrated in EASY5 Matrix Algebra Tool (MAT), the control
system model being managed as an EMX function. The optimization procedure is
similar with that presented in [23]. The optimization goal is to minimize the differ-
ence between the imposed and current values of the actuator plate vertical position,
while the design variables are the proportional (P), integral, (I) and derivative (D)
factors of the controller.

In the conditions specified above, the time history variations of the vertical
positions of the front and rear actuator plates are shown in Figure 14. The mechan-
ical powers developed by the four linear actuators for generating the predefined
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The road profile simulated by the virtual test bench.
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The vertical displacements of the front (a) and rear (b) actuator plates.
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movement laws, which were determined by multiplying the motor forces by
the linear velocities of the actuator plates, are the ones shown in Figure 15.
Some results that describe the dynamic behavior of the vehicle are presented in
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Figure 15.

The power developed by the front (a) and rear (b) linear actuators.
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The main linear (a) and angular (b) oscillations of the car body.
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Example of conversion from solid body to flexible body.
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Figure 16, namely, the vertical displacement of the car body (a), which is mea-
sured in its center of mass and the roll and pitch oscillations/angles (b).

Further, the guiding arms of the front and rear suspension mechanisms, which
were initially modeled as rigid bodies, were discretized into finite elements, for
studying their deformability and stress state. The conversion from solid to flexible
was achieved by using ADAMS/AutoFlex. For example, Figure 17 shows the conver-
sion window for the rear upper right arm, while in Figure 18 the finite element
model of this body, along with its first three vibration modes. It should be men-
tioned that ADAMS/AutoFlex allows viewing 18 vibration modes per flexible body,
each mode of vibration being characterized by a modal frequency and a mode shape
[24]. A dynamic simulation graphical frame for the compliant model (with flexible
bodies), focused on the rear axle guiding mechanism, is shown in Figure 19, reveal-
ing the stress state of the guiding arms.

Many other results can be extracted from the simulations in virtual environ-
ment, for all the objects—components of the virtual model (e.g., bodies, connec-
tions between bodies, actuating elements, elastic and damping elements) and for
any type of parameter (e.g., motion, force, energy), including results that cannot
be measured experimentally for various reasons (such as lack of adequate sensors,
hard to reach areas, high temperatures in the measuring area, and others). At the
same time, by studying the influence of the various parameters that define the
model (such as the global coordinates of the joint locations or the elastic and damp-
ing coefficients of the spring and damper assemblies) on the vehicle behavior, its
kinematic and dynamic optimization can be simplified, by selecting the parameters
which significantly influences the comfort, stability, or maneuverability of the
vehicle.
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Figure 18.
The FEA model of the rear upper right arm.
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Dynamic simulation graphical frame.

6. Conclusions

The use of virtual prototyping software platforms in the analysis and optimiza-
tion of the mechanical and mechatronic systems offers important benefits, which
focus on reducing the costs, as well as the design and development time while
increasing the quality (operational performances of the products). The virtual
prototypes are not made from real materials (such as steel, aluminum or wood)
that are generally expensive, but from bits, with which any type of material can
be simulated. Other significant cost reductions result from the fact that virtual
prototyping does not involve destroying prototypes during testing (e.g., in the real
car crash tests), the virtual prototype being restored to its original state by a simple
mouse click. Multiple design variations (in various parameter combinations) can
be explored early, without going through expensive (and often superficial) physi-
cal prototyping cycles. The virtual prototyping technique allows the replication on
computer of both the product itself and the specific operating (working) environ-
ment. Among the critical success factors regarding the successful implementation
of the virtual prototyping platforms, we can point to well-defined process, system-
level orientation, efficient setting of the goal, rapid dynamics of the simulation,
and high-quality infrastructure (hardware and software).
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