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Abstract

This paper discusses the demands for proper tools for computer aided control system design of mechatronic systems and
identifies a number of tasks in this design process. Real mechatronic design, involving input from specialists from varying
disciplines, requires that the system can be represented in multiple views. Several tools are already available but there are
still substantial shortcomings. The paper gives indications about the developments needed to come to better design tools in
the future. A specific example is worked out in more detail, i.e., automated performance assessment of mechatronic motion
systems during the conceptual design stage. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

A useful definition ofmechatronicsis ‘a technol-
ogy which combines mechanics with electronics and
information technology to form both functional inter-
action and spatial integration in components, modules,
products and systems’ [5]. This design approach dif-
fers from classical patterns, where the design starts
with the mechanical subsystems, then the electrical
subsystems and finally the controllers. In order to form
functional interaction and spatial integration, subsys-
tem designs need to overlap, and hence simultaneous
involvement of several disciplines needs to be real-
ized in a coordinated way. The design process of con-
trolled electro-mechanical systems with a mechatronic
design approach is therefore generally more complex,
but leads to systems with a superior price–performance
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ratio. A design problem in general is ‘ill-structured in
the large, but well-structured in the small’ [23], i.e.,
the complex, difficult to tackle design problem can be
mastered by splitting it up into small well-structured
problems for which a ‘local’ solution can be found
(Fig. 1).

In the same way, the complexity of mechatronic
design can be tackled. However, the solutions to the
well-structured smaller problems should not –– as in
the classical approach –– be considered just as ‘local’
solutions. Solutions to domain-specific subproblems
should be formulated while taking into account the
consequences of the solution in other domains and
by considering alternative solutions in these other
domains.

When designing systems with this approach, the
use of computer tools is indispensable. Such tools
facilitate (automated) manipulations of the proposed
design, allow to record and browse through relevant
knowledge and experience, and document the design
process. The rapid technological developments and the
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Fig. 1. Schematic structure of solving ill-structured problems
(adapted from Simon [23]).

continuing need for reduced times-to-market of new
products demand more and more advanced tools in the
design stage.

In this paper, we focus on aspects related to com-
puter aidedcontrol systemdesign (CACSD) of mecha-
tronic systems. We present and discuss some devel-
opments in this area. In Section 3, we try to put the
contributions in the session on ‘Computer Support
for Mechatronic Control System Design’ of ICAM’98
[20] in perspective. After that, we discuss the issues
not addressed in the session and give a brief indication
of the current state-of-the-art as perceived by us. A
specific example, the conceptual design of a plotter, is
worked out in more detail. Specific problems that oc-
cur during conceptual design of mechatronic systems
are [7]:
• the functional interaction between domain-specific

subsystems;
• consequences of solutions and alternative solutions

in other domains;
• prediction of guaranteed performance of a particular

solution.
The example will illustrate the use of a computer-

based design tool for conceptual design of mechatronic
motion systems that addresses these problems and that
will give a feasible design proposal that is likely to
meet the desired performance.

2. Design issues

When we consider the design of, e.g., a new
A0-plotter, several aspects are important:
• the look of the plotter;
• required accuracy;

• speed;
• functionality, such as color or black and white;
• manufacturing aspects as well as maintenance and

recycling issues;
• price, etc.

Although some of these design issues seem to be
hardly related, they all influence each other. The total
problem is ill-structured, but parts can be solved in a
well-organized way. For instance, the influence of the
weight of the penholder on the speed and accuracy of
the plotter could be investigated by means of simula-
tion tools.

To do simulations of the dynamic performance of
the plotter it is not needed to have a detailed de-
scription of all the components involved. But it is
essential that the weight distribution is well known.
This requires support that, for instance, easily enables
changes made from an aesthetic point of view to be
evaluated in dynamic simulations. On the other hand,
the dynamic simulations should give indications about
how certain components should be changed or placed
in a different location. When design decisions are more
closely related, a proper maintenance of relations be-
tween different aspects of the design is even more im-
portant. This demands for a kind of ‘core language’
or ‘core model’ that represents the design object in-
ternally in the computer and that can be viewed from
various windows. Only then proper information can
be given to all designers involved.

When we focus on the design of a control system
alone, a representation in the form of transfer func-
tions or a state space description would be appropriate
for linear or linearized systems. From such a repre-
sentation, plot windows with the behavior in the time
domain, frequency domain or s-plane can easily be
given. In addition, performance criteria can be dis-
played, indicating whether the system performs opti-
mally. It would be a great advantage if changes made
in one domain (window) were reflected immediately
in the other windows. Even such simple systems are
not yet commonly available.

3. Computer aided control system design
(CACSD) in a mechatronic setting

In the light of the characterization of the design
process given in Section 1, we can distinguish the
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following tasks of the mechatronic control system
designer:
1. Isolation of awell-structured control problemspec-

ification from an ill-defined system design specifi-
cation.

2. Formulation of acompetent plant modelgiven an
incomplete and indefinite system design proposal.

3. Selection of an appropriate control strategy.
4. Implementation and realizationof a control system

according to the selected control strategy.
5. Assessment of the attainableperformance and ex-

pected cost(in terms of time, effort and money) of
the controlled system.

6. Communicationof the consequences, expectations,
demands, desires, etc. with respect to the proposed
system design from the perspective of the control
engineers.
Although presented as separate tasks, the above

items have a strong mutual dependence. The impor-
tant implication of this is that design software that ad-
dresses just one of these tasks is not very useful. In
general terms, we can state that the more tasks are
supported, the more powerful a computer tool will be-
come.

Hereafter, we shortly review some relevant com-
mercial and academic computer tools.

3.1. Matlab/Simulink

In controller design, computer aided design tools are
reasonably well developed and used. The well known
and widely used package Matlab is now a standard
tool for the control engineer and is part of many mod-
ern text books on control. Matlab supports the im-
plementation and realization of mainly linear control
systems (task 4) by using plant models in the form of
state space descriptions and transfer functions, in the
Laplace domain, frequency and time domain (optimal
control). Nonlinear plant descriptions can be consid-
ered in the design process by means of the Simulink
toolbox. Simulink is a simulation program based on
block diagram input; it can be used to obtain a linear
plant model (task 2) and to assess the performance
of the controlled nonlinear system (task 5). Many
programs provide interfaces to Matlab. Products like
dSpace [13] translate controllers designed in Matlab
directly into code for a digital signal processor (DSP),
enabling fast prototyping.

The papers in the session on ‘Computer Sup-
port for Mechatronic Control System Design’ of
ICAM’98 [10,16,18] discuss one or more of the
above-mentioned tasks and describe tools to handle
the related design issues.

3.2. Schemebuilder Mechatronics

Schemebuilder Mechatronics [22] and its knowl-
edge base are developed for handling many types of
machine design using feedback control and servo sys-
tems. It can invent or evolve an existing design so-
lution and, using its knowledge database, the solu-
tion can be built with the help of an expert system,
which provides advice for the designer when making
design decisions. In their contribution [10], Counsell
and Porter describe the design principles for controller
design and their representation in the knowledge base.
As an illustration of the power of Schemebuilder, its
application for controller design of servo-pneumatic
machine is shown.

Counsell and Porter [10] focus on task 3 (quite
unique). Schemebuilder Mechatronics also addresses
task 2, in terms ofphysical system models, which is a
more powerful way than Simulink, and addresses task
4 and task 6.

3.3. CSDA

Maekawa [18] presents a user-friendly and compre-
hensive control system design package called control
system design automation (CSDA). The system con-
sists of five main blocks: a requirement interpretation
block, a modeling block, an analysis/design block,
a database management and knowledge base block,
and a verification block. The requirement interpreta-
tion block transforms the specifications in terms of
the application to those in terms of control. The anal-
ysis/design block selects an optimal control structure
and determines the controller parameters. In addition
to the conventional design methods, CSDA also con-
tains the more recent design methods such as the LMI
design approach and the Kessler/Manabe method.

This system is an extension to Matlab and supports
tasks 1–5. Quite unique are the modules for task 1
and 3. The system specifically intends to let inexperi-
enced designers complete a satisfactory control system
design.
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3.4. MATX/RTMATX

Koga and Sampei [16] describe the development of
a CAD-tool for control systems, which realizes an in-
tegrated environment for simulation and real-time im-
plementation. It enables one to do not only analysis
of control systems and design of controllers, but also
simulation and real-time implementation with a dig-
ital controller in the same environment. By utilizing
this software, the control engineer is able to repeat the
procedure of design of control systems efficiently to
achieve the best performance in much shorter time. It
is also shown that a real-time control program is gen-
erated from a simulation program with a minimum
change, by making two programs with the same struc-
ture. The system of Koga and Sampei [16] focuses
on task 4, and provides an alternative for the Matlab
Real Time Workshop and Simulink. Unique feature is
that routines for the design of control systems can be
included in the experimental software.

3.5. 20-sim

The example at the end of this paper addresses sup-
port for task 5. New in here is that already at an early
stage of the design process, when many decisions re-
main to be taken, a reasonably accurate performance
assessment can be made. In related work [7,8], support
for tasks 1, 2, and 6 has been discussed. Like Counsell
and Porter [10],physical system modelsare used in
the form of bond graphs as available in the 20-sim en-
vironment. The computer program 20-sim [1,4] (pro-
nounce ‘Twente Sim’) supports input of models in the
form of bond graphs, in addition to model input in the
form of iconic diagrams, block diagrams and equa-
tions. It supports submodels, organized in a hierarchi-
cal way. This makes the program well suited to reuse
models developed in earlier projects. Version 3.0 of
20-sim fully supports an object-oriented approach to
modeling, in addition to a number of other new fea-
tures [2,25,26]. 20-sim supports the modeling process
itself and has an extremely fast simulator, through its
built in compiler and advanced simulation algorithms.
The built in optimization feature allows (physical) pa-
rameters in different domains to be tuned for optimal
performance. As an interface to other environments,
a C-code generator automatically converts complete
models or submodels (e.g., controllers) into C-code in

the form of ANSI-C functions or ANSI-C stand alone
code, as well as Simulink S-functions. It can gener-
ate linear state-space models from nonlinear physical
models, either as a 20-sim equation model or as a
Matlab m-file.

4. Task 6: Communication

A major future issue will be the support for task 6.
First of all, this will involve appropriate training and
habit forming of the members of a mechatronic design
team. Computer support can help here if it would en-
able each member of the design team to work with the
tools most suitable for him, but still using up to date
system models that consistently describe one and the
same proposed design. This ‘dream situation’ is far
beyond the current state-of-the-art. However, promis-
ing developments are being made, which can be cate-
gorized in two groups:
• A number of ‘general purpose’ modeling systems,

both commercial and academic, is becoming avail-
able that allows to build dynamic behavior mod-
els using discipline-specific icons. Examples are,
e.g., Saber [21], ICAP [15], the before-mentioned
20-sim 3.0 [1], Schemebuilder [22] and Camel
[6]. This is important, as functional interaction is
generally realized through dynamic interaction;
the mentioned software systems hence allow to
model this interaction at a system level, while rep-
resenting discipline-specific parts of the model in
discipline-specific ways.

• Domain-specific modeling systems are given the ca-
pability to exchange data while doing analyses. For
example, the mechanical dynamic modeling envi-
ronment DADS [11] can be linked to Matlab. In
this way it can run simulations of controlled me-
chanical plants. Typically, these connections make
use of techniques like object linking and embedding
(OLE2) and dynamic data exchange.

In our view, two problems yet remain to be attended
by the scientific community:
1. Typically, models that are competent for aspects

important to one discipline, are incompetent in an-
other discipline. That is, a transformation of the
models is needed. For example, a DADS model of
a mechanical plant is unwieldy and too complex to
be used for control system design; it needs to be
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simplified and stated in other terms first. The for-
mulation of appropriate transformation algorithms
and the (speedy) realization thereof in software is
an important issue.

2. When the number of software tools contained in the
tool suite (or the abilities of a single tool) grows,
there is an increasing need for support in order to
guarantee consistent models and to use the tools
in a coordinated manner. This requires a proper
interface.

5. Interface

A well-defined interface is crucial to enable dif-
ferent representations of the design object, while si-
multaneously maintaining a consistent model. Control
engineers are used to models in the form of trans-
fer functions or state space descriptions. Without spe-
cial precautions, such models generally do not have a
direct relation to the physical parameters in the sys-
tem. This is a serious disadvantage when not only
the structure and parameters of the controller are be-
ing considered. If the physical system that has to be
controlled is not taken for granted, suggestions made
for modification of the physical system during the de-
sign of the controller have to be translated into phys-
ical parameters. This implies that the parameters in
the transfer function should be directly and dynam-
ically related to the parameters of the physical sys-
tem. The design method described in the next sec-
tions is a first step towards the goal of a design sys-
tem that directly relates modifications in the controlled
system to changes in the plant. The parameters in
the simplified model have a known –– may be com-
plex –– relation to physical parameters of the plant.
The bond-graph language is used to relate the physi-
cal reality to the more simple transfer function based
model used for the controller design. Bond graphs are
able to capture all the relevant physical characteris-
tics, necessary to do simulations as well as to indicate
which physical parameters should be changed in order
to achieve the desired performance. The bond-graph
representation is in principle domain-independent, but
domain-specific models can easily be converted into
a bond graph. Bond graphs can be automatically con-
verted into domain-specific models, provided that ad-
ditional information about the domain as well as geo-

metrical information is stored together with the bond
graph [25]. 20-sim allows domain-specific information
to be added to the bond graph [1]. The conversion from
a model that is closely related to a domain-specific
physical system into a more abstract model is rela-
tively easy and is a one to one mapping. But after sim-
plification, the more abstract model can not be con-
verted back by a one to one mapping into the original
model domain. This introduces ‘additional freedom’:
one parameter in the more abstract model maps to var-
ious combinations of parameters in the physical model
and not all combinations may be feasible. The phys-
ical parameters will be subject to constraints, which
will limit the real freedom of choice.

6. Conceptual design tool

In the conceptual design stage ‘a rough idea is de-
veloped of how the project will function and what it
will look like’ [24]. It is an early stage in the design
process that is well suited to establish the functional
interaction between different subsystems.

In the following we will consider the design of an
A0-plotter. A typical result of the first steps in the con-
ceptual design of the plotter may be the sketch of Fig.
2. The plotter has to move a pen (1) across a sheet of
paper that is placed in thex–y plane. The pen moves
across a shuttle (2) in they-direction. The shuttle can
move in thex-direction, supported by two guidances
(3 and 3∗) and driven by a motor (12) through a trans-
mission (8, 9 and 10), another transmission (6 and 6∗)

Fig. 2. Sketch of the A0-plotter to be designed.
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Fig. 3. Initial bond-graph model of A0-plotter.

and four timing belts (4, 4∗, 5 and 5∗). The motion of
interest is the motion in thex-direction. The techni-
cal specification (task) for this motion is that the pen
should be able to move over a distancehm = 0.5 m
within the motion timetm = 1 s. The maximum al-
lowable positional error after the motion time isu0 =
0.1 mm.

To verify whether this is a feasible specification, an
indication of the dynamic behavior of the controlled
system is required. Controllers are designed on the ba-
sis of a model of the plant. In the conceptual design
stage these models should have the following charac-
teristics [19]:
• simple, low order;
• small number of parameters,
such that the model of the controlled system provides:
• reliable estimates of the dominant dynamic behav-

ior;
• reliable estimates of the attainable bandwidth of the

controlled system.
Models with these characteristics will provide an
easy to understand, sufficiently accurate and efficient
framework for continuation of the design.

A bond-graph model of the design proposal of Fig.
2 is shown in Fig. 3. Note: it is assumed that the shuttle
cannot rotate, such that the velocities of guidances 3
and 3* are equal. The definition and initial estimates
of the parameter values in the model are given in the
Appendix A. In a later stage of the design process
more accurate and more definitive parameter values
have to be determined.

The specifications have to be met for the worst-case
situation, i.e., the situation where the shuttle (2) is in

position AA and the penholder is located at the center
of the shuttle.

For fourth-order electro-mechanical system mod-
els, Groenhuis [14] developed a design method for the
minimization of the positional error after a change in
the input function (point-to-point motion) when using
a PD controller. This design method provides recom-
mended values for the combined parameter set of the
controller, path generator, plant and motion specifi-
cation. Hence, this method takes into account the in-
teraction between the domain-specific subsystems. It
is a powerful method, which can be applied in sev-
eral ways, as it advocates a true mechatronic design
approach [7].

In the conceptual design stage one generally comes
up with a model with too many parameters and too lit-
tle knowledge to estimate appropriate parameter val-
ues. Model simplification and reduction techniques
can be applied iteratively to reduce the number of
parameters and the model order. Subsequently, the
Groenhuis design method can be used to find param-
eter values for the controlled system, as shown in
Fig. 4.

To allow fast and correct model reduction,
computer-based support has been developed that can
reduce models of mechatronic plants to fourth-order
models. The outcome is a model where the repre-
sentations of the subsystems are generally reduced
to a mass for the end-effector, a compliance for the
transmission and a mass with an applied force for the
actuator (mass-spring-mass model). The parameters
in this reduced-order model are a combination of the
parameters of the original model.
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Fig. 4. The automated conceptual design process.

6.1. Automated model simplification

The simplification algorithm minimizes the number
of elements in a model by eliminating transformations
and by joining elements. Bond graph models are being
used, because simplification rules have been formally
described and are applicable in any energetic domain
[3]. For a short list of common simplification rules and
the procedure implementing these rules one is referred
to the original ICAM’98 publication [9]. Here, the
results of automated model simplification of the model
of the A0-plotter are illustrated.

Fig. 5 shows a possible intermediate step of the sim-
plification where the transmissions are collected just

Fig. 5. Intermediate step in simplification procedure.

after the actuator, to allow the choice of transmission
ratios according to inertial match [17].

Some parameters in Fig. 5 are a composition of
parameters in the initial bond graph of Fig. 3. The
dependency between these parameters is maintained
in the software by means of parameter relations. The
parameter relations for Fig. 5, including their values,
are:

c45 = c4 + c5 = 1.0 × 104 N m−1, (1)

c∗
45 = c∗

4 + c∗
5 = 1.0 × 104 N m−1, (2)

m23 = 2m3 + 2m22 = 0.474 kg, (3)

mend = m1 + m21 = 0.47 kg. (4)

If the model does not contain power loops, fur-
ther propagation and composition of transmissions
will lead to a model without transmissions. The final
plotter model after completion of the simplification
algorithm is shown in Fig. 6.

The parameter relations in this figure are:

cbelts = c45 + c∗
45 = 2.0 × 104 N m−1, (5)

i = i8−10 × i6 = 1.65× 10−3 m, (6)

mact = Jm

i2
= 0.92 kg. (7)

Fig. 6 shows that the model simplification algo-
rithm decreases the complexity of the model struc-
ture. Simultaneously, the complexity of the parame-
ter relations in the model increases, as shown by the
equations. What is gained in this procedure is that the
composite parameters are more easily interpreted and
related to the controller, path generator and motion
specification.

6.2. Automated model reduction

The resulting model after application of the sim-
plification procedure is generally not in the form of

Fig. 6. Simplified bond graph model.
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Fig. 7. Chain structure.

the mass-spring-mass system required by the design
method of Groenhuis. To reduce the order of the model
and convert it to the required form, a reduction al-
gorithm has been developed, in which the rigid body
mode and the lowest mode of vibration in the model
are preserved. This reduction algorithm is applicable
to two common types of model structures: thechain
structure (Fig. 7) and thefork structure. The fork struc-
ture consists of three chain structures connected by a
0-junction. Reduction of fork structures is similar to
reduction of chain structures, therefore only the latter
is described. Reduction of the chain structure is per-
formed by dividing the follower part (see Fig. 7) into
two subchains that have equal stiffness. The masses in
both subchains reflect the mass ratio of the system. A
simple search algorithm is used for this purpose. The
two subchains are reduced to a mass-spring model and
finally combined to a mass-spring-mass model. Two
possible approaches for reducing subchains, i.e., intu-
itive reduction and Rayleigh’s reduction method [12],
are shortly described in the original ICAM’98 publi-
cation [9]. Here, only the application of the numerical
reduction algorithm [9] to the plotter model is shown.

The lowest mode of vibration of the plotter model
can be calculated directly from the bond graph model.
Once the total stiffnesscc of the model has been de-
termined, the equivalent massmeq can be calculated,
such that the lowest mode of vibration is obtained. No
approximation error will be made, but the same restric-
tions as in Rayleigh’s method [12] exist to ensure the
lowest mode of vibration to be dominant. The reduc-
tion algorithm will be applied to the 3-DOF model that
is obtained after simplification of the plotter model.
This model has a chain structure. First the follower
part is split up in two parts (A and B) that have equal
stiffness.

The overall stiffness of the model is:

ctot =
(

1

cbelts
+ 1

c2

)−1

= 1.93× 104 N m−1, (8)

Fig. 8. Split plotter model.

so the stiffnesscA andcB are:

cA =
(

1

2

1

ctot

)−1

= 2ctot = 3.86× 104 N m−1, (9)

cB =
(

1

2ctot
− 1

c2

)−1

= 4.15× 104 N m−1. (10)

Part A is a mass-spring model and needs no reduc-
tion. Part B has to be reduced. The natural frequencies
of this part are:

ω1 = 2.08× 102 rad s−1,

ω2 = 1.54× 103 rad s−1.
(11)

Modeling the lowest mode of vibration results in the
following values for the stiffness and equivalent mass:

cc = 2ctot = 3.86× 104 N m−1,

meq = 2ctot

ω2
1

= 0.89 kg.
(12)

Connecting part A and the reduced part B results in
the reduced-order model of Figs. 8 and 9.

6.3. Design

A special editor has been developed that allows ex-
plorational design of controlled fourth-order systems.
Constraints are used to represent the dependencies be-
tween variables, design parameters and diagrams. If a
constraint variable changes, other variables are imme-
diately updated by constraint satisfaction techniques,

Fig. 9. Reduced-order model of the plotter.
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Fig. 10. Iconic diagram with variables.

such that the relations defined by Groenhuis are al-
ways valid [7].

If, for example, the motor mass is increased by drag-
ging the slider, the icon of the motor mass in Fig. 10
will also increase, the natural frequency will decrease
and the error will increase for a given reference path.
These changes are represented numerically and graph-
ically in an open- and closed-loop Bode diagram and
a time response.

In either of the reduction methods the total mass
of the reduced model is usually lower than the total
mass of the original model. The servo parameters in
the Groenhuis design tool are made proportional to the
total of the mass of the non-reduced model, to allow
the application of Groenhuis’ results to the original
model.

A possible application of this editor to the
reduced-order model of the A0-plotter may consist of
the following (partially automated) steps:
1. The parameter values of the masses and dominant

stiffness of Fig. 9 are automatically entered in the
editor of Fig. 10.

2. The specifications (task), describing the desired
point-to-point motion in terms of the movement
hm and motion timetm are entered in an editor

similar to Fig. 10. This editor graphically shows
the reference path.

3. The location of the position sensor is indicated. For
the A0-plotter it is located on the motor axis.

4. A second-order reference path is selected, i.e., a
parabolic path.

5. The design tool now automatically indicates the
values for the PD controller, using constraint satis-
faction techniques on the rules proposed by Groen-
huis [14].

6. An estimate of the positional error for the specified
task is indicated. For the A0-plotter this erroru0
equals 0.18 mm, which is larger than the desired
positional error of 0.1 mm.

7. The designer may use sliders and locks (as in Fig.
10) to find out the consequences of changes in the
physical parameters or the design parameters in an
explorational way.

8. It is possible to determine what the value of the
dominant stiffnessctot has to be when the maximum
positional error is 0.1 mm. This stiffness equals
3.5×104 N m−1.
Simulations of the PD-controlled plotter will show

that the specifications are met in case the plant is rep-
resented by the model of Fig. 9, with the new value for
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the dominant stiffnessctot. However, the specifications
have to be met when using the model of Fig. 3 for the
plant and the new value ofctot has to be mapped onto
stiffnesses in this initial model. A possible continua-
tion of the design consists of the following steps:
9. The dominant stiffness in the reduced-order model

consists of the sum of the stiffnesses of the four
timing belts and the shuttle. These stiffnesses can
be assigned a new value in an explorational way us-
ing sliders and locks as in Fig. 10, using constraint
satisfaction techniques.

10. Changing the stiffness of the shuttlec2 possibly
requires modifications to the proposed construc-
tion. It is easier to select a different type of timing
belt. The required stiffness per timing belt equals
9.4×103 N m−1, therefore commercially available
belts of type 3 (Appendix A) are selected.

6.4. Evaluation

Now we have a feasible design proposal for the
A0-plotter that is likely to meet the desired perfor-
mance. A simulation of the controlled system, with
the plant model of Fig. 3, is shown in Fig. 11. This
simulation shows:
• A — the reference path,
• B — the position of the penholder (1),
• C — the error between the reference path and

position of the penholder.
The positional error, i.e., the maximum error after the
motion timetm = 1 s, isu0 = 0.06 mm forhm = 0.5 m.

The specific problems that occur during concep-
tual design of mechatronic systems are addressed by
the presented design tool. Functional interaction be-

Fig. 11. Simulation of the controlled plotter model.

tween domain-specific subsystems and consequences
of solutions and alternative solutions in other domains,
are dealt with by the machinery of the Groenhuis de-
sign tool. The computer support provides the designer
with transparency in the relations between the design
parameters; sliders and locks can be used to (not)
change the parameters. If one parameter is changed,
others will change automatically according the under-
lying constraints, so the designer can evaluate the in-
teraction between different subsystems in an explo-
rational design mode. Local design goals can easily be
changed, while information about the consequences of
this change is readily available.

7. Conclusions

In this paper it has been shown that the design of
a mechatronic system can be split into a number of
distinct tasks. Tools to solve these tasks are becoming
available. A single design environment able to cover
all these tasks is not (yet) available. From the per-
spective of control system design, Matlab is a de facto
standard for the design of all the elements of the sys-
tem that are directly related to the controller. With ad-
ditional toolboxes such as the Simulink toolbox (for
non-linear simulations), State flow (for the design of
the computer-based controller), as well as additional
hardware such as dSpace (for the realization of con-
trollers in DSPs), prototypes of control systems can
relatively easily be realized. But from a mechatronic
design perspective, the standard Matlab tools are not
sufficient. The tools presented in this session are ex-
amples. For instance, modeling of mechatronic sys-
tems may be much easier with a modeling and simula-
tion program such as 20-sim, that supports modeling
in terms of physical components, than with a block di-
agram based tool like Simulink. The need for a proper
interface between the different tools has been identi-
fied as one of the key issues to come to a real mecha-
tronic design approach. Multiple views on the design
including the possibility to let changes in one view,
simultaneously and instantly, influence the views in
another domain are essential for a real mechatronic
design environment.

An example has been given of an interactive
computer-based support tool, developed for concep-
tual design of mechatronic systems, using constraints,
such that it:
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• supports the complete conceptual design stage for
mechatronic systems;

• supplies design automatons for fast and correct
model simplification and order reduction;

• provides transparency in the relations between dif-
ferent design parameters;

• supports application of the Groenhuis design tool
in an explorational design mode;

• can apply the results of the Groenhuis design tool
to the initial model in an explorational way;

• puts emphasis on the interpretation of the results
instead of the application of procedures.
The principal benefits are that it quickly provides

insight into the design problem and that feasible goals
and required design efforts can be estimated at an early
stage.

Appendix A. Properties of the A0-plotter

Mass of the penholder (1) m1 = 0.2 kg
Mass of the shuttle at (1) m21= 0.27 kg
Stiffness of the shuttle (2) c2 = 5.5×105 N m−1

Mass of the shuttle
at (3 and 3∗) m22= 0.137 kg

Mass of the guidances
(3 and 3∗) m3 = 0.1 kg

Stiffness per timing belt
Type 1: c= 0.5×104 N m−1

Type 2: c= 1.0×104 N m−1

Type 3: c= 1.5×104 N m−1

Radius of pulleys
(6 and 6∗) r6 = 5×10−3 m

Transmission i8–10= 0.33
Motor inertia Jm = 2.5×10−6 kg m2
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