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Objective and Motivation

1.1 Introduction

The objective of this work was to support the design of mechatronic systems by the
use of simulations. This raises the question of what exactly is mechatronics. Current
definitions describe mechatronics as an interaction between electronics, mechanics
and information technology, see Isermann [164] or Wallaschek [421]. It makes no
difference here whether we are talking about macromechanics or micromechanics.
In the former case we speak of mechatronics, in the latter of micromechatronics or
microelectromechanical systems (MEMS). As was discovered during the course of
this project, although the dimensions of the mechanics in the systems under inves-
tigation may vary, the methods used for modelling and simulation are largely the
same, which makes the joint consideration of macromechanics and micromechanics
an obvious approach.

Why is the modelling and simulation of mechatronic systems difficult? First of
all, the field of mechatronics incorporates very different domains and similarly var-
ied methods of description. The field of electronics includes analogue and digital,
as well as continuous and event-oriented, processes. The same is true of mechan-
ics, although often for totally different reasons. In the field of mechanics, events
may, for example, be triggered by the transition from static to sliding friction. In
electronics, on the other hand, an event is brought about by the flicking of a switch,
triggering a connection to the entire digital world. In mechanics we also have to
deal with geometric aspects in three spatial dimensions. Furthermore, multibody
and continuum mechanics of different representational forms also have to be taken
into account. Finally, software can be considered as information in bistable cir-
cuits and thus classified as electronics. However, this is not sufficient to achieve
an efficient and transparent consideration, which means that we have to develop
our own models for the software.

The development of models is thus a difficult process at the best of times and
one which is prone to errors. However, a systematic verification and validation of
the model is not in sight. As in other fields of simulation, models containing errors
can produce arbitrary results. Recognising such errors is often not a simple matter.

Mechatronic Systems Georg Pelz
© 2003 John Wiley & Sons, Ltd ISBN: 0-470-84979-7



2 1 OBJECTIVE AND MOTIVATION

This is particularly true if the simulation relates to the design of a technical system
and its task is to make predictions about the system’s functionality. In this case
the system in question does not exist at all in the real world, which means that no
measurements are available for checking the model. Rather, the design has yet to
be investigated and completed. So proving the correctness of a model is a matter
of importance. If we now interpret— as did Butterfield in [S5]—a model as a
scientific theory, then the validation of the model must be placed within narrow
boundaries. According to Popper [338] the following is true for the validation of
a theory:

In order to be scientific, a theory must be falsifiable. It must be empirically testable,
at least in principle, and there must be a test that disproves the theory in the event
of a negative outcome.

There can never be a rigorous validation of a scientific theory. The best that we
can do is to develop empirical tests for the theory—fair tests, but the stricter the
better— and to hold onto the theory only as long as it has passed all tests.

The same applies for the validation of models. We can develop as many tests for a
model as we like, but this does not prove the validity of the model. At best, trust
in a model increases with the number of tests.

Depending upon the problem to be solved, we can differentiate between two fun-
damental starting points in the simulation of mechatronic systems. If the mechanical
part of a mechatronic system is to be developed, then the mechanics should be
developed taking into account the electronics. In this case electronics and software
are commonly considered as a regulatory function and dealt with along with the
mechanics in the form of suitable equations. The purpose of this work is to inves-
tigate the opposite case — the development of electronics and software taking into
account the mechanical component. This type of design should be supported by
simulations.

Hardware description languages, which have been widespread in the field of
electronics for some time, and for which various commercial simulators are already
available, represent the tools for achieving this end. Anything that can be modelled
using a hardware description language can also be simulated.

Thus the task is primarily a modelling problem. Furthermore, standards exist
for hardware description languages, which means that models can be exchanged
between simulators. One example is the IEEE standard VHDL 1076.1 (VHDL-
AMS) [160], which permits the description of digital and analogue systems. The
aim of this work is to cover the entire breadth of modelling for mechatronic and
micromechatronic systems using hardware description languages and to thereby
take a direct route to the corresponding simulations.

This structure of this work is as follows: After the introduction, the second
chapter deals with the principles of modelling and simulation for electronics and
mechanics. Particular importance is attributed to the verification and validation of
models. The third chapter describes state of the art techniques for the simulation
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of mechatronics and micromechatronics. Chapter 4 supplies the most important
constructs of digital and analogue hardware description languages. Chapters 5 and
6 deal comprehensively with the methods for the consideration of software and
mechanics in hardware description languages. This creates a compendium of basic
methods that can be combined at will according to the system under consideration.
This is illustrated in Chapters 7 and 8 on the basis of six demonstrators for mecha-
tronics and micromechatronics. The ninth chapter finally summarises the work and
highlights its most important conclusions. At the end of the book there is a bibli-
ography, the appendix containing lists of symbols, trademarks, and abbreviations
used, plus the index.
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Principles of Modelling
and Simulation

2.1 Introduction

The introduction of Information Technology in the last fifty years has allowed
modelling and simulation to penetrate the majority of engineering disciplines and
natural and social sciences. Regardless of whether the matter under debate is the
design of wheel suspension for a car, the metabolism of a bacteria, or the intro-
duction of a new interest formula, models of these real systems are always drawn
upon to gain an understanding of the inner relationships of the system and to make
predictions about its behaviour. The simulation is often also used as a substitute for
experiments on an existing system, which is associated with a range of benefits:

e In comparison to real experiments, virtual experiments often require a sig-
nificantly lower outlay in financial terms and in terms of time, because it is
generally considerably cheaper to model virtual prototypes than it is to build
real prototypes.

e Some system states cannot be brought about in the real system, or at least not
in a non-destructive manner.

e Normally all aspects of virtual experiments are repeatable, something that either
cannot be guaranteed for the real system or would involve considerable cost.

e Simulated models are generally completely controllable. So all input variables
and parameters of the system can be predetermined. This is normally not the
case for a real system.

e Simulated models are generally fully monitorable. All output variables and
internal states are available, whereas in the real system every variable to be
monitored involves at least a significant measurement cost. In addition, each
measurement taken influences the behaviour of the system.

Mechatronic Systems Georg Pelz
© 2003 John Wiley & Sons, Ltd ISBN: 0-470-84979-7



6 2 PRINCIPLES OF MODELLING AND SIMULATION

e In some cases the ‘time constants’ of the experiment and observer are
incompatible, such as the investigation of elementary particles or galaxies.

e In some cases an experiment is ruled out for moral reasons, for example exper-
iments on humans in the field of medical technology.

However, these benefits are countered by some disadvantages:

e FEach virtual experiment requires a complete, validated and verified modelling
of the system.

e The accuracy with which details are reproduced and the simulation speed of
the models is limited by the power of the computer used for the simulation.

In many cases the benefits outweigh the disadvantages and virtual experiments
can be used advantageously. The repeatability guaranteed by the computer is partic-
ularly beneficial if the virtual experiment is systematically planned and performed
as part of an optimisation.

In what follows we will define a range of terms relating to modelling and
simulation. This will allow us to move from a general consideration to the systems
investigated in this work, thus providing a good structure to the discussion. The
following representation relates to the work of the SCS Technical Committee on
Model Credibility, see [362].

Reality is initially an entity, situation or system to be investigated by simulation.
Its modelling can be viewed as a two-stage process, as shown in Figure 2.1. In the
first stage, reality is analysed and modelled using verbal descriptions, equations,
relationships or laws of nature, which initially establishes a conceptual model. A
field of application then has to be defined for this conceptual model, within which
the model should provide an acceptable representation of reality. Furthermore,
the degree of correspondence between conceptual model and reality that should be
achieved for the selected field of application, has to be defined. A conceptual model
is adequately qualified for a predetermined field of application if it produces the
required degree of correspondence with reality. In the second stage of modelling the
conceptual model is transformed into an executable, i.e. simulatable, model as part
of implementation. This primarily consists of a set of instructions that describe the
system’s response to external stimuli. The instructions can be processed manually
or using a computer. The latter is called simulation and permits the processing
of significantly greater data quantities, and thus the consideration of significantly
more complex problems.

The development of models for simulation is a difficult process, and thus prone
to errors. On the other hand, the reliability of a simulation is crucially dependent
upon the quality of the model. So methods and tools are required that are capable
of validating and verifying the models. Let us now define these two terms, valida-
tion and verification, more closely, see Figure 2.1. Model verification investigates
whether the executable model reflects the conceptual model within the specified
limits of accuracy. Verification transfers the conceptual model’s field of application
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Figure 2.1 Model generation, simulation, validation and verification in context

to the executable model. Model validation, on the other hand, should tell us whether
the executable model is suitable for fulfilling the envisaged task within its field
of application. In other words: Verification ensures the system is modelled right,
whereas validation is all about modelling the right system. Various degrees of
validity can be defined for a model:

Replicative validity

A model is replicatively valid if it moves along tracks that have already been
marked out by measurements upon the real system. This is the lowest level of
validity. Such models may, for example, be used in the field of training to teach
people to use a real system by means of virtual experiments.

Predictive validity

A model is predictively valid if it ‘predicts’ data that are not extracted from the
system until later. So, for example, simulations supply important information on
the functionality of a circuit even before it has been constructed in the form of
a chip or board. It is also perfectly possible to mix predictively valid component
models with replicatively valid models if measurement data is available for the
modelling of some components but not for others. A predictively valid model is
also replicatively valid.

Structural validity

A model is structurally valid if it not only describes the outward behaviour of
a real system accurately enough, but also imitates the internal processes for the
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generation of the behaviour at the pins. This is the highest level of validity and this
level in particular is required in order to understand the real system. A structurally
valid system is also predictively valid.

2.2 Model Categories

We can obtain an initial classification of models by considering the range of values
of the system variables, see for example Zeigler [435]. These may be continuous
or discrete. A range of values is continuous if it covers real numbers or an interval
of them. For example, a mechanical position has a continuous range of values. In
a discrete range of values, on the other hand, the system variable takes on a value
from a finite (or at least countable) quantity of values, as is the case for digital,
electronic signals. The states of the model take on a discrete, continuous or mixed
form depending upon the system variables.

Time is explicitly removed from the system variables and investigated in a
similar manner with respect to its value range. In the discrete case time proceeds
in leaps; valid time points are calculated as the product of a whole number and a
basic time span. This may, for example, be suitable if a gate simulation is run with
unit delays. By contrast, we can also consider models in which time is continuous.
These can be divided into two categories: event-oriented models and differential
equation models. In the former case each change of state of the model is triggered
by an event, so that the trajectory of system states proceeds in leaps. The events
themselves can occur at arbitrary points in time; their number in relation to a
predetermined time interval is however finite. By contrast, in models based upon
differential equations the trajectory of system states is continuous. Changes are
described on the basis of the system variables and their rate of change.

A further possibility for differentiating between models is based upon whether
the description uses concentrated or distributed parameters. Examples of the for-
mer case are electronic components or the fixed and elastic bodies of the multibody
representation of a mechanical system. Distributed parameters should be used in
the consideration of a mechanical continuum, for example.

Models may furthermore be of a static or dynamic nature. In the former case,
in electronics for example, when determining the operating point of a circuit it
is sufficient to represent capacitors as open circuits and coils as short-circuits. In
multibody mechanics stationary systems can be analysed. Dynamic models are
required in electronics for transient simulations, i.e. for those over a time range,
whereas in mechanics we can differentiate between two application cases: kine-
matics and kinetics, see for example Nikravesh [299]. Kinematics relates to the
investigation of positions, speeds and accelerations without taking into account
the forces that cause the movement they describe. Kinetics also considers the
acting forces.

In some cases a model cannot be described in a purely deterministic manner,
meaning that at least one random variable must be included. As an example, a
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model may serve to evaluate the power of a computer, which accesses its hard
drive with a probability of x% and its tape deck with a probability of y%. Models
containing at least one random variable are classified as stochastic. All others are
called deterministic.

A further option for the classification of models is the consideration of the
‘outside world’ of a model. If the model is isolated from the outside world and
thus has no inputs and outputs, then it is called autonomous. All other models
are called non-autonomous. An autonomous model produces a movement in the
state space from itself, without taking in and producing data, whereas a non-
autonomous model primarily converts values at the inputs into the outputs based
upon the current state.

A final option for the classification of models is represented by the question of
whether or not time crops up explicitly in the model equations. In the former case
the model is time-variant, in the latter time-invariant.

2.3 Fields of Application

2.3.1 Introduction

If technical systems are to be developed, two main fields of application can be
identified for the simulation: The validation of specifications and the verification of
designs. In the ideal case the specification or design will be available immediately
in model form, so that nothing stands in the way of direct simulation. Hitherto
this has mainly been the case in the design of digital electronics using hardware
description languages. Otherwise, modelling must take place first to bring about
the transition from an arbitrary description to a simulatable model.

The use of modelling and simulation is closely linked to the underlying design
processes. These can be roughly divided in accordance with their design direction
into top-down and bottom-up design flows. In what follows these will be briefly
introduced and characterised by their influence upon modelling.

2.3.2 Bottom-up design

Bottom-up design is the classic method of development of electronics and mechan-
ics, see Figure 2.2. The initial starting point is a specification, which is typically
drawn up in natural language. Then the basic components, e.g. transistors, resistors,
capacitors or springs, masses, shock absorbers, joints, etc. are added and combined
successively to form ever more complex and abstract creations until a complete
design emerges. This takes place on a structural level, so that the only thing that is
determined each time is which submodules make up a module and how these are
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v
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Figure 2.2 Bottom-up design process

to be connected together. Such a design can be performed using a circuit editor or
a suitable tool for multibody systems.

The primary advantage of bottom-up design is that the influences of a nonideal
implementation can be taken into account at an early stage. For electronics these
may be unavoidable parasitic resistances, capacitances and inductances. In the field
of mechanics they may be friction effects, for example.

However, one problematic aspect is coming upon the specification for the design,
after having had to take a ‘diversion’ via the submodules and modules from the
abstract functional description. This is because, as a result of the structure-oriented
modelling, a system can only be simulated when it has been completely imple-
mented. Thus errors and weaknesses in the system design are not noticed until a
late stage, which can bring about considerable costs and delays.

2.3.3 Top-down design

A significant characteristic of top-down design is the prevailing design direction
from abstract to detailed descriptions, see Figure 2.3. The starting point is a pure
behavioural model, the function of which already covers a good part of the speci-
fication. The model is successively partitioned and refined until an implementation
is obtained. It is necessary to describe a system or module of it in a functional
manner. This was first made possible by the introduction of hardware description
languages in the field of electronics. Using these the design is directly formulated
as a model, so that most of the modelling can be dispensed with.
The top-down design sequence has the following advantages:

e FErrors and weaknesses in the design are noticed early, in contrast to the bottom-
up approach.
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Figure 2.3 Top-down design sequence

e The implementable part of the specification can be validated by simulations.

o The implementable part of the specification is available as a precisely defined
reference for the verification of the design.

e The functional part of the specification is unambiguous and complete (in con-
trast to a specification in natural language). In the event of doubt, a simulation
is run.

e The implementable specification and the models of the individual design stages
mean that full documentation is available, which however still remains to be
supplemented by comprehensive commentary.

In the case of mixed-signal design, the implementable specification can be made
available to the test engineers at an early stage as part of a ‘simultaneous engi-
neering’ approach. Using a model for the testing machine a virtual test is created,
in which test programmes can be developed on the workstation. This removes the
fixed sequence of design — production — test development and also saves a great
deal of time on test development.

However, the disadvantage of the use of implementable specifications is that
some technical content can be expressed in a simpler, more compact and more
easily understood form in natural language than in a formal modelling language.
In addition, there is the question of adhering to the formally correct description
of the desired semantics, which incurs an additional cost in relation to a paper
specification. Finally, problems in the physical realisation, such as excessive delay
times for certain blocks, are not recognised until a relatively late stage.

For mechanics the top-down design sequence is still in the development stage.
A significant reason for this is that unified and standardised description methods
for mechanical behaviour, with which a design can be taken incrementally from an
abstract specification to a detailed implementation, are only now being developed.
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2.3.4 Relationship of design strategies to modelling

In the case of the top-down design sequence, modelling is used for the specification
of the desired behaviour or for the formulation of designs. In both cases the result
can be directly checked through simulation; there is no such thing as modelling
exclusively for the purpose of simulation. In this connection, an important classi-
fication of such models by their level of validity can be made, see Figure 2.4. For
a specification, predictive validity is sufficient— the manner in which the terminal
behaviour of the specified systems and modules is individually generated is not
relevant. A system design, on the other hand, ideally supplies a structurally valid
model that describes both the terminal behaviour and the inner structure.

By contrast, if a technical system is to be developed using a bottom-up design
sequence, then simulation can be used for checking the system design or parts of
it after the conclusion of the design phase. Modelling is thus not an integral part
of the design process; instead it is often performed exclusively for the purpose of
the simulation, which raises questions regarding the verification and validation of
the model.

Where modelling is used outside a design process we can differentiate between
the following two cases: structurally valid modelling in natural and social sciences
in order to gain understanding of a system; and replicatively valid modelling in the
field of training. The former plays only a lesser role in the consideration of technical
systems. The latter is used primarily for the imitation of familiar behaviour. A well-
known example is flight simulators that are used for the training of pilots in all
feasible operational situations. Such simulators are now available on the market
for almost all types of vehicle. But simulators can also be used for other types of
training. Preparation for the repair of the Hubble telescope involved a great deal
of expenditure on simulation due to the considerable costs and the narrow time
frame for such measures in space, see Loftin [237] and [242].

2.3.5 Modelling for the specification

The main purpose of a specification is to describe the desired behaviour of a system
to be developed and the associated boundary conditions. Classically, a specifica-
tion is available on paper, which is associated with a whole range of problems.
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First of all it raises the question of its validity, i.e. whether the described system
really corresponds with the desired system. Furthermore, it is doubtful whether
a given (paper) specification is completely and unambiguously formulated. These
questions can only be answered in a systematic manner when the transition is made
to an implementable specification, which can then be validated by simulation, for
example. A further advantage of this transition lies in the possibility of the veri-
fication of the individual design stages against the specification. Furthermore, this
opens up the opportunity of performing a formal verification against the specifi-
cation. In digital electronics, behavioural modelling as a specification is becoming
increasingly prevalent, in all other domains it is still at a very early stage.

Modelling for a specification is pure behavioural modelling, which—as is the
case for a paper specification—may not anticipate the implementation. For a
microprocessor, for example, a specification would describe only the instruction
set and the associated actions. The way that the individual operations are realised
cannot be the object of the specification. An executable specification for a memory
module may consist of a large array for the memory content and some logic for
the processing of read and write processes. The specification of an A/D converter
could formulate the pure translation of analogue values into digital values and the
resulting delay.

2.3.6 Modelling for the design

Modelling for the checking of technical system designs for each simulation is the
classic application case. All engineering-science disciplines use simulation benefi-
cially to this end.

This applies particularly in microelectronics. A manufacturing run typically lasts
6—12 weeks and is associated with significant costs. Repairs to manufactured chips
are more or less impossible. Under such boundary conditions, one cannot afford
to iterate the manufacturing process to rectify design errors. Instead, it is neces-
sary to enter manufacture with a fundamentally error-free design, which — given
the complexities that are currently possible, involving some tens of millions of
transistors — cannot be achieved without simulation.

If we consider discretely structured printed circuit boards, then it is slightly less
critical that the circuit is fully checked in advance by simulation. The etching and
fitting of circuit boards is significantly simpler and quicker than chip manufacture.
Changes can be performed comparatively easily. The circuits are also less complex
by orders of magnitude. So it can be worthwhile to solder a circuit together as a
bread-board arrangement and check it by measurement. Nevertheless, the perfor-
mance of virtual experiments on a computer is generally quicker and cheaper than
the real experiment in the laboratory.

For software, things are comparatively simple. The compilation of software can
be regarded as rudimentary modelling, as software is executable after this stage, i.e.
it is simulatable. The simulation sequence and the simulation result are normally
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displayed in a debugger that shows the current status of the software, i.e. program
line and variable values, plus their outputs on the terminal. Without this type of
simulation, software development would be unthinkable.

Like electronics, the construction of mechanical systems in reality is very expen-
sive in terms of time and costs. In many of the industries in question the answer
to this problem lies in the increased use of simulation. The automotive industry
is particularly advanced in this field. The two main key words here are digital
mock-up and virtual prototype, see for example Paulini ef al. [317] or Schweer
et al. [376]. A digital mock-up is as complete as possible a description of a single
product on the computer and thus represents a limited data quantity. All the various
tools check the design on the basis of this data. The digital mock-up thus primarily
represents a medium for information exchange, which links together data sources
and data sinks in the design process. At regular intervals, for example every two
weeks [376], new data are put in and thus are available to all possible users. A vir-
tual prototype is extracted from the data of the digital mock-up, which can then be
used for experiments on the computer. A classic example of this is the simulation
of crash tests. In this application, a finite-element model is obtained from the CAD
data of the body by automatic meshing, which can then be subjected to any desired
crash situations. Although the simulation requires several hours of processing time
even on the fastest computer, it means that the majority of real crash tests can be
dispensed with. Furthermore, simulations are also run in virtually all other sectors
of the automotive industry, such as for example in the development of running
gear, engine, drive train and the associated electronics.

2.4 Model Development

2.4.1 Introduction

The following section provides an overview of the most up-to-date methods for
model development in electronics and mechanics, looking at both the common
ground and differences. We can make an initial classification by asking whether
the model describes the structure or the behaviour of a system.

Taking the first case, in classic modelling the model establishes only which com-
ponents make up the system and how these are connected together. Alternatively,
however, the term structural modelling can also be expanded and, for example, take
in the description of the structure of an equation system or a finite state machine.
In such cases the following forms of model description may be called structural:
electronic circuit diagrams, state graphs, multibody diagrams, meshes of finite ele-
ments, block diagrams, bond graphs and Petri nets. The common factor of all these
descriptive forms is that they are all graphical in nature.

If, on the other hand, it is the behaviour of a system that is to be described
then this can be achieved on the basis of the underlying physics or the measured
input/output behaviour. In the former case the development of such models is
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relatively costly and requires a comprehensive understanding of the system. On
the other hand, such models can be adapted to the actual system over a wide
range by modifying parameters. If, for example, a system is to be driven by a DC
motor, various makes can be included in the simulation by the use of the applicable
parameters. These ‘generic’ models thus cover a whole class of components. As
an alternative to modelling on the basis of physical behaviour the other option is
to take measured data and feed this into models. This is also called experimental
modelling and is used if physical modelling is not implementable or the resulting
model is too complex for the desired purpose. Typically, however, experimental
modelling has to be repeated every time one of the components in question is
altered. Both in the case of physical and experimental modelling the models are
generally formulated on the basis of equations and assignments, i.e. consequently
formulated in the form of text.

In addition to a simulation, an emulation may also come into consideration
under certain speed requirements. This has different characteristics for electronics
and mechanics. In the field of digital electronics the term emulator is used to mean
a device that can take on the function of any desired digital circuit, see for example
Bender and Kaiser [25]. This function is based upon a number of programmable
chips, for example so-called FPGAs, the logic functions of which are stored in a
local RAM and can thus be modified. Currently up to a hundred thousand gate
functions can be stored on a single FPGA. With regard to speed, FPGAs, and
thus emulators, are generally significantly slower than dedicated hardware, but
are, however, faster than a simulation by orders of magnitude. The emulation
of analogue electronics and mechanics on the other hand is based upon signal
processors, so-called DSPs, that are optimised for analogue signal processing, see
for example Huang et al. [155] or Georgiew [116]. So differential equation models
of mechanical components can again be calculated faster than is the case for a
simulator by orders of magnitude.

Since modelling is a difficult process, and prone to errors, in some cases real
components are embedded into a simulation, see for example Helldorfer er al.
[136] or Le ef al. [219]. This is also called ‘hardware in the loop’. This does not
mean that the entire system is constructed as an electronic bread-board assembly or
mechanical prototype, instead usually just one component is fitted. Alternatively,
the environment of the system to be developed can be included in real form.
The rest of the system is modelled in the classical manner, so that simulated and
real behaviour are mixed together. The advantage of this is that the modelling
and its validation can be dispensed with for the real hardware in the simulation
loop. However, the principle disadvantage is that the real components have to be
fully installed in the laboratory and adequately fitted with actuators and sensors
in order to ensure the main inputs and outputs. Furthermore, the simulation of
the remainder of the system must in this case take place in real time, which may
involve considerable cost, depending upon the system. Alternatively, this real time
simulation can be replaced by an emulation to speed things up.
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All the methods described up to this point relate to the description of an error-
free system. This is worthwhile if the simulation is to contribute to the actual
design. In some cases, however, the aim is to investigate the effect of errors within
the system. In this case error modelling is called for. One application for this is
the evaluation of measures to increase intrinsic safety; another is the evaluation
of test methods for differentiating between functional systems and rejects during
production. In both cases, errors that impair the function of the system under
consideration are modelled. Here too the modelling represents an abstraction of
reality, which in the ideal case covers several error mechanisms. For example,
the stuck-at error model in digital electronics describes the permanent presence
of a logical O or logical 1 at a signal of the circuit. Whether this is caused by a
short-circuit with a supply cable or by excessively deep etching of contact holes is
of secondary importance. The decisive point is that the circuit no longer functions
correctly and that this problem can be detected by the tests developed.

Due to their importance, structural, physical and experimental model develop-
ment will be considered in more depth in the following. Finally, we note that
specialist fields, such as modelling with neural networks, fuzzy techniques or
genetic programming, will not be considered.

2.4.2 Structural modelling
Introduction

A structural model is characterised by the basic models used and the connection
structure between these basic models. A module can be composed of basic models
and can itself be again connected to other modules. This can be performed succes-
sively, thus describing complex systems. A structural model can be characterised
on the basis of the following terms: Hierarchy, modularity, regularity and local-
ity. The hierarchy of a model is derived from the call structure of basic models
and modules. So an operational amplifier (=module) can be put together from
MOS transistors (=basic models) and then circuits can be built up from opera-
tional amplifiers. Using graph theory, such a hierarchy can be described as a tree,
in which the roots represent the system as a whole and the leaves represent the
basic models. The number of levels of the hierarchy grow in a logarithmic rela-
tionship to the number of basic elements involved. The modularity of the system
relates to the question of how simple and reasonable it is to divide the system
into modules. Regularity is a measure of how many module types are necessary to
represent the entire system. A low number is beneficial here because it indicates
a compact representation. Finally, locality is a measure of how well a module can
be considered without the context of its installation. Modules with straightforward
interfaces to their outside world are particularly beneficial here.

In the following, models are considered in the form of circuit diagrams, state
graphs, multibody diagrams and finite elements. Further descriptions with structural
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aspects are bond graphs, block diagrams and Pr/T networks.! As these descriptive
forms also permit a modelling of electro-mechanical systems, these are described in
detail in Chapter 3 as alternatives to modelling using hardware description languages.

Circuit diagrams

In the case of design using a circuit diagram editor, modelling is primarily used
for the derivation of a net list, which is used as a circuit model, incorporating the
component or gate models. This procedure is so simple and unproblematic that the
process of modelling a circuit is not generally perceived as such. Likewise, there
are not normally any problems with the validation of the circuit model. In the most
extreme case there may be verification problems with the program for deriving the
net list. The field of application is predominantly the development of analogue
circuits. Although digital circuits can also be developed using circuit diagrams, a
top-down design process is only possible using behavioural modelling based upon
hardware description languages.

State graphs

Digital systems can also be represented by state graphs with the system structure
then being stored on relatively abstract levels. The selection of the state transitions
is precisely specified by conditions. Furthermore, in state graphs only the structure
of the connections is necessary in order to characterise the model in question. Such
a model can, for example, be used for the specification of digital behaviour, but it
can also be translated into a programming or hardware description language and
then used directly for the design of software and hardware.

Multibody diagrams

Things are more complicated for multibody mechanics. Although the importance
of structural modelling is gaining increasing recognition here too, see for example
the work of Panreck [313], when drawing up the model equations it is often the
system as a whole that is considered rather than viewing it as a collection of
components. Only with the introduction of object-oriented modelling, see Otter
[308] or Kecskeméthy [185], does the structural modelling of multibody systems
also become more prevalent.

Finite elements

A particularly graphic form of structural modelling is to break down mechanical
structures into finite elements for the modelling of continuum mechanics. This is

! Predicate/transition network.
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also called meshing, and both geometric dimensions and topological information
are important. The element matrices of the individual finite elements are found
from their material parameters and geometry, whereas the connection structure
between the elements, and consequently the system matrix, is derived from the
topology. Often the meshing has to be checked manually in order to ensure that the
elements have the correct form, the grid is sufficiently fine and available symmetries
are exploited.

2.4.3 Physical modelling
Introduction

In physical modelling the laws of physics are used to describe the behaviour and
inner action mechanism of a system or a component. The selection of the relevant
relationships depending upon suitability and efficiency and the establishment of
cause and effect chains, requires a comprehensive understanding of the system and
remains an engineering task. Computer support for this form of modelling is at
best rudimentary.

In the following, some classifications will be undertaken for the characterisation
of the physical modelling based upon various criteria. These consider the perspec-
tives of modelling and the nature of the yielded equations. Otherwise the reader is
referred at this point to Chapters 5 and 6 on modelling, and also to Chapters 7 and
8 on applications, which contain a whole range of examples of physical modelling
and electro-mechanical systems.

Perspectives of modelling

The perspectives of modelling offer a coarse division of the physical models which,
however, runs through all disciplines like a red thread. We should differentiate here
between whether the system perspective or the component perspective has been
selected. In one case the system-oriented modelling formulates the system in the
overall context; in the other case object-oriented modelling describes components,
which only form a system by their connection together, i.e. by structural modelling.
The decisive factor is that in object-oriented modelling no system knowledge is
fed into the component model. This ensures that the components can be used in
any desired context, so that modelling work only has to be performed once and
not for each system.

Hitherto in electronics, more significance has been attached to object-oriented
modelling. The physical models for electronic components provide the classic
example of this. These are formulated independently of the circuit in which they
are used. The connection structure is determined in a circuit diagram, which forms
a structural model. Thus the validation of the circuit model is in principle achieved
by a validation of the component model. This is particularly worthwhile if the
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number of basic models is small. But object-orientation is also becoming increas-
ingly prevalent in digital design using hardware description languages, although in
this context it should be regarded more in the context of an increase in efficiency
in the development of text-based, software-like models, see for example Ecker and
Mrva [93].

In mechanics object-orientation has only recently been implemented in order to
make modelling easier, whereby the work of Otter [308] and Kecskeméthy [185]
in particular, are worth mentioning. One explanation for this is the fact that the
number of basic elements and the associated variation in mechanics is significantly
greater than is the case in electronics. Furthermore, the classic modelling methods
of mechanical engineering often lead to descriptions in the form of generalised
coordinates,” which are again incompatible with object-oriented modelling. The
advantage of the generalised coordinates is that the resulting equation system has a
minimum number of equations and, furthermore, the constraints can be disregarded
for holonomous systems. This is attractive from a numerical point of view. How-
ever, generalised coordinates can only be specified by drawing upon knowledge of
the entire system and not from the mole-hill perspective of a component.

Resulting equations

In this section we will investigate the equations that result from the various mod-
elling forms. From a mathematical point of view, a digital gate or the setting of
a digital signal in a hardware description language gives an instruction, which is
executed after the passage of a predetermined time period. This period corresponds
with the time delay of the described block. If the block is defined without a delay,
then a virtual period of time still passes, the delta time, in which although the sim-
ulation time does not proceed, a check is made to ensure that the right-hand sides
of all assignments have already been evaluated before the new value of the assign-
ment under consideration becomes effective. Otherwise the parallel processing of
instructions would not be possible.

In the case of an analogue circuit, the modified node voltage analysis is generally
used, see Vlach and Singhal [410] for a good overview. This establishes differ-
ential equations for capacitances and inductances. Transistor models can include
one or more parasitic capacitances. Otherwise the heart of transistor models, like
diode models, is made up of a parallel circuit consisting of a resistor and a current
source, the parameters of which have to be set for each new time interval. This
corresponds with an arbitrary linear characteristic that can be placed as a tangent
at the current working point on the nonlinear characteristic of the transistor. Volt-
age and current sources each correspond with constraints that are formulated in
algebraic equations. Resistors are also expressed in algebraic equations. Overall
a differential-algebraic equation system is established that is also known as DAE

2 See Section 6.2.
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(differential-algebraic equation set). The number of equations depends upon the
circuit and is very high, typically significantly above the number of degrees of
freedom. The resulting system matrices are however only sparsely occupied.

For multibody mechanics, the equations of motion are normally derived by means
of the application of a classical principle, e.g. that of Lagrange or D’ Alembert. When
drawing up the equations it is possible to choose between two extremes. In one case
the generalised coordinates, which fully describe the state of a system and which
can also be regarded as degrees of freedom, are first determined. For n generalised
coordinates (at least for holonomous systems) n equations can be drawn up. The
constraints fall away, leaving a system of ordinary differential equations. However,
these may turn out to be very complex. Alternatively, it is possible — as in electron-
ics — to permit more unknowns and thereby obtain a system of differential equations
for the motion of bodies and algebraic equations for the constraints, which may, for
example, be caused by joints. This establishes a system of DAEs, which can be solved
using similar methods to those used in the circuit simulation, see for example Orlan-
dea et al. [304]. In both cases the number of degrees of freedom is relatively small in
comparison to those in electronics. The number of objects under consideration, such
as bodies, joints, springs, shock absorbers, etc. is generally significantly below one
hundred. However, the numerical problems caused by transitions between static and
sliding friction, mechanical impacts, three-dimensional coordinate transformations
and other effects, cannot be disregarded.

In the representation of continuum mechanics by means of finite elements the
number of degrees of freedom is significantly higher than those in multibody
mechanics. The associated system matrices normally have a band shape, which
the simulation exploits by suitably customised numerical procedures. Overall, this
normally establishes a system of ordinary differential equations, the parameters of
which, i.e. the inputs into the mass, damping and stiffness matrix, may however
have to be recalculated at runtime.

2.4.4 Experimental modelling
Introduction

Experimental modelling consists of the development of mathematical models of
dynamic systems on the basis of measured data or at least providing existing
models with parameters. So neither the underlying physics nor the internal life of
the system need necessarily play a role in model generation. In contrast to physical
modelling there are procedures for experimental modelling in which the modelling
can be wholly or partially automated.

Table model

The simplest method of incorporating measured data is by the formulation of table
models that lead to a stepped or piece-wise linear characteristic. The problem with
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the trivial conversion of a table model is the abrupt changes or kinks that are
caused by the fact that only a finite number of values are available. The difficulties
are numerical in nature since numerical oscillations may occur at abrupt changes
and kinks. These are caused by the fact that—as a result of feedback — different
sections of the characteristic are approached alternately and this may impair or
even prevent the convergence of the simulation. A possible solution is offered
by procedures that smooth the characteristic, such as the Chebychev or Spline
approximations.

Parameter estimation and system identification

In this connection we can differentiate between two aspects: Parameter estimation
and system identification. Parameter estimation requires a model and considers the
parameters that belong to it. Some parameters, such as mass or spring constants
are generally accessible without parameter estimation, whereas other parameters,
e.g. coefficients of friction, can often only be determined within the framework
of parameter estimation. The identified parameters then ensure the best possible
correspondence between simulation and measurement.

In system identification, on the other hand, a model for the system is created
on this basis or selected from a group of candidates. This is generally efficient
and numerically unproblematic. The quality criterion here is the degree of corre-
spondence that can be achieved using parameter estimation. The two significant
disadvantages of parameter estimation and system identification are that, firstly, a
measured result must be available in advance, which means that the system can
only be considered after its development and manufacture. Secondly, the results
are often not transferable, or at least not in a straightforward manner, to variations
of the system or of components.

There are typically four stages to a system identification, see for example,
Kramer and Neculau [206] or Unbehauen [405] and Figure 2.5.

Signal analysis

Specification of
the modelling method

4

Selection of a
quality criterion

el

Calculation of the
parameters

4

Figure 2.5 System identification sequence
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The first stage of signal analysis is the establishment of a suitable test signal,
which is triggered by the system. Possibilities here are step functions, rectan-
gular pulses, triangular pulses and many more. An inspection in the frequency
range facilitates investigations into whether the system to be identified is suffi-
ciently excited over the spectrum of interest. Measurements are generally only
made at discrete time points, so that a sampling interval must also be determined.
Furthermore, a measurement time must be specified, the lower limit of which is
determined by the point at which sufficient data is available for identification. The
progressive nature of a real system imposes an upper limit on the measurement
time. Then, signal processing procedures may also be used, such as averaging,
root mean square calculation, or Fourier analysis, correlation analysis, and spec-
tral analysis. So, for example, statistically dispersive noise signal components can
be disposed of by averaging similar measurements which, however, multiplies the
measurement time.

In stage two, determining the model approach, we can choose between prefabri-
cated and customised structures, see for example Ljung [234]. The former may, for
example, consist of canonical models in the state space and lead to a ‘black-box’
parameterisation, i.e. model structure and parameters have no physical significance,
but rather serve merely as a vehicle for reflecting the observed behaviour. Cus-
tomised equation system structures, on the other hand, are based upon a physical
modelling of the system, so that the identified parameters also possess a physi-
cal significance. In any case, however, all available information about the system
should be fed into this. This applies in particular to the faults that are virtually
always present, which in most cases rule out an exact solution.

The identification typically rests upon minimising the discrepancy between mea-
surement and simulated behaviour or a functional of this. Various quality criteria
are used for this, one of which is selected in the third stage. Criteria are particularly
frequently selected that assess a quadratic function of the measurement error.

To conclude the identification, numerical procedures are used in order to min-
imise the quality criteria selected in the third stage. These procedures are performed
for all model structures proposed in the second stage, so that not only are the param-
eters in question determined in this stage, the quality of the individual structures
in relation to one another are also established. This facilitates a selection of the
model structure.

In the simplest case we can, as in Kramer and Neculau [206], quote the following
equation for the system under investigation:

Yk = a- Xk + Nk (2.1
where xi denotes an input quantity, yx an output quantity, ny a disturbance vari-
able in relation to the measurement and a is the parameter to be estimated. This

relationship should be modelled on the basis of the following approach:

J =2 Xk (2.2)
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Figure 2.6 Comparison between real system and model for parameter estimation

This can also be graphically represented as shown in Figure 2.6. The aim of this is
to minimise the quality function Q, so that the estimated parameter 4 is optimised
in relation to Q.

A common approach for the quality function Q is to find an expression that is
proportional to the quadratic average of the error signal ey:

Q=D =) k=9 =) (k—a-x)’ 2.3)
k=1 k=1 k=1

where n is the number of measurements. For a compact representation the signals
should henceforth be regarded in the form of n-dimensional vectors:

X! =[X;X2...Xy]

T

Yy =1[yiy2...¥nl

" A . 2.4
FT=19192...9nl @4
el =[ejer...e,]

Thus the quality function can be described in vector notation as follows:
Q=cle=(y—ax)T - (y —ax) = y'y — 2ay"x + a’x"x (2.5)

Now Q should be minimised in relation to a. For this to be achieved the partial
derivative of Q in relation to 4 must become zero, i.e.:

9Q

= = —2yTx +2ax"x = 0 (2.6)
0a

Solving this with respect to a finally gives:

A= 2.7)

Equation (2.7) is also called a regression and represents the solution for the method
of least squares [206]. The inclusion of information on the interference process
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allows us to obtain better parameter estimates, as is the case in the weighted
method of least squares.

2.5 Model Verification and Validation

2.5.1 Introduction

As defined in Section 2.1, model verification answers the question of whether the
implementable model reflects the conceptual model within the specified bound-
aries of accuracy, whereas the purpose of model validation is to show whether the
implementable model is suitable for fulfilling the envisaged task within its field
of application. In what follows the most important methods in this field will be
introduced. These originate from a very wide range of fields of application, some
of which lie outside the field of engineering sciences. They are, however, gen-
eral enough to be used in a technical context. Good overviews of the underlying
literature can be found in Kleijnen [193], Cobelli ef al. [72] and Murray-Smith
[288], [289].

2.5.2 Model verification

Verification on the basis of the implementation methodology

The most direct form of verification takes place as early as the implementation stage
and aims to ensure that, where possible, the errors to be identified by verification
do not occur at all. This requires intervention into the methodology of model
implementation. In this context, the same boundary conditions often apply as those
for the development of software since, in this field too, a formal description based
upon syntax and semantics is used for the formulation of a given technical content.
Accordingly, most of the mechanisms that are used for software development also
come into play here in order to avoid implementation errors. A few key words
here, see Kleijnen [193], are: Modular modelling, object-oriented modelling or the
‘chief modeller’ principle, in which the actual implementation is as far as possible
performed by a single person, whilst the other colleagues of the ‘chief modeller’
relieve him of all other tasks. In addition, there is the modular testing of submodels,
so that modelling errors are recognised as early as possible and at lower levels. A
further important aspect of verification lies in the correct definition of the scope
of the model and in the ongoing checking to ensure that this scope is adhered
to. Extrapolations beyond the guaranteed range should generally be treated with
extreme caution.

Plausibility tests

Plausibility tests can also make a contribution to verification (and validation), see
also Kramer and Neculau [206]. This is particularly true if they can be performed by
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means of simple manual calculations. They are based upon analytical considerations
or the results of an initial simulation. The following criteria could possibly be drawn
upon for plausibility tests:

Causality The cause should precede effect in reality and in the model. Any devi-
ation from this principle indicates serious deficits in the model.

Balance principles The principles of the conservation of energy and matter apply
not only to the physical reality, but also for the model itself.

Current/voltage laws Currents, forces and moments at a point add up to zero.
Voltages and velocities add up to zero in a closed loop. These relationships apply
for any electronic or mechanical system with concentrated parameters.

Value range State and output variables and parameters are normally associated
with an applicable range of values. Although this is not necessarily precisely
defined, unrealistic values can be recognised very quickly. For example; areas,
volumes, energies and entropies can never be negative.

Consistency of units Model equations are generally formulated without units. Nev-
ertheless, it is often worthwhile using the consistency of units as a criterion for
verification.

Verification on the basis of alternative models

There are often several methods or tools available for modelling and subsequent
simulation. If two approaches are independent of each other in terms of method-
ology and realisation, then they can be used for mutual verification. This arises
because the probability of different errors producing the same effects falls, as
the number of independent simulation experiments rises. Still simpler is the case
where an approach has already been verified. In this case verification is established
directly by means of a sufficient number of experiments, and a comparison between
the model that has already been verified and the model to be verified. We see from
this that absolute verification remains limited to a very small number of fields of
application. In all other cases it is much more a case of deciding how many exper-
iments must be performed before we are prepared to regard a model as having
been verified. In this context, moreover, the required degree of correspondence,
and consequently the accuracy of the model, has to be defined in advance.

Let us now illustrate this verification procedure on the basis of a few examples.
We can use a logic simulator for the simulation of digital circuits, or— when con-
sidering the underlying transistor circuit—a circuit simulator can also be used.
In principle, both simulators should deliver the same results, with the circuit
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simulator giving greater accuracy at a higher cost as a result of its analogue
consideration method.

For simplified applications it is often possible to put forward analytical solutions
that can be used for verification purposes. An example of this is the mechanical
deformation of a rectangular or round plate under load, which can be calcu-
lated very simply in the form of an analytical equation. The resulting elastic
line provides a starting point for the verification of the implementation of finite,
mechanical elements.

Verification based upon visual inspection and animation

Another important verification method is the visual inspection (‘eyeballing’, see
Kleijnen [193]) of the sequence of a simulation using a debugger or comparable
tool. Simulators for hardware description languages often offer the use of such
tools, which permit the representation of sequential modelling code as it is pro-
cessed. Other forms of visualisation are represented by marks in Petri nets or the
current state in state diagrams. However, visualisation can be used not only for the
evaluation of the simulation process, but also for the representation of the simula-
tion results. This is also vital because the resulting columns of figures are generally
unsuitable for providing an overview of the system behaviour. The simplest and
most widespread form is the x/y diagram, the x-axis of which is often time. In the
field of electronic circuits this is usually sufficient. However, for the evaluation of
mechanical behaviour, this is often not the case. In such cases animation procedures
facilitate a better evaluation of the simulation results and thus better verification.
It is self-evident that the animation, like any other tool to aid understanding of a
model, also makes a contribution to validation, but this is not the subject of the
present chapter.

Verification of the runtime behaviour

Occasionally tools are used that identify those parts of a model that contribute
significantly to the running time. The classic approach to this is to determine the
instruction currently being processed at regular intervals. This sampling allows
us to obtain statistical information on the frequency of the execution of instruc-
tions and modules. This is entirely sufficient for the given purpose, but does not
overload the running time of the programme under investigation. The informa-
tion extracted can be used to selectively accelerate a model, which is of decisive
importance particularly for more complex models which already have considerable
running times.

Formal verification

Formal verification will be considered here from the point of view of formal meth-
ods for the verification of digital circuits originating from microelectronics. Since
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the design of digital circuits is increasingly based upon modelling in hardware
description languages, we can no longer differentiate the verification methods for
the designs from the verification of the corresponding models. Now if the design
and simulation models are exactly the same, there is no need for verification.
Occasionally, however, models have also been specially prepared for the simu-
lation, which may be necessary for performance reasons. In this case it may be
useful to perform a formal verification. This can be divided into two main fields:
‘equivalence checking’ and ‘model checking’.

In the first case we are concerned with the functional comparison of a de-
scription with a reference description. One example could be the comparison
between a gate net list and a reference model on register-transfer level, which
has been intensively simulated during the design process. This largely corre-
sponds with the verification based upon alternative models. However, in this
case simulation results are not compared, as is the case for the alternative
model verification. Instead formal, mathematical methods are used to find proof
of equivalence.

‘Model checking’, on the other hand, is concerned with using mathematical
methods to verify certain predictions about a circuit. So, for example, for a traffic
light circuit you could exclude the possibility of all sides showing a green light
[211]. This is based upon the automatic construction of a formalised proof for the
prediction in question. A similar principle is followed by Damm et al. in [77] for
the formal verification of state diagrams of automotive systems. ‘Model checking’
can also be used for the validation of a model.

2.5.3 Model validation

Introduction

The validity of a model is always partially dependent upon the desired applications.
This is clearly illustrated by the validation criteria listed below, see also Murray-
Smith [288]:

Empirical validity ~ Correspondence between measurements and simulations.
Theoretical validity ~ Consistency of a model with accepted theories.

Pragmatic validity  Capability of the model to fulfil the desired purpose, e.g. as
part of a regulator.

Heuristic validity  Potential for testing hypotheses, for the explanation of phe-
nomena and for the discovery of relationships.

These different validation requirements are the reason for the development of a
whole range of validation strategies. In addition to the methods presented in the
following sections there are also a few basic strategies that improve the degree to
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which models can be validated. In general, simpler models are easier to handle, and
thus also easier to validate. In some cases it is also a good idea to take the model
apart and then validate only the components and their connection together. Finally,
it is occasionally worthwhile to selectively improve the quantity and quality of the
measured data from the real system, which can, for example, be achieved by a
design of the experiment layout that is tailored to the problem.

Direct validation based upon measured data

Validation should ensure the correspondence between the executable model and
reality. To achieve this it is necessary to take measurements on real systems in
order to compare these with the results of a simulation. Models are often used
to obtain predictions about the future behaviour of a system. If this model is
predictively valid, it follows that the predictions are correct in relation to reality.
However, the reverse is not necessarily true! It is quite possible for faulty models
to produce correct predictions by coincidence. So we cannot say that a model is
valid on the basis of simulation experiments, but at best that the model is not
valid if false predictions are made. In principle a greater number of simulation
experiments does not change the situation. Only the probability that the model is
predictively valid increases with the number of experiments.

The possibility of performing experiments in reality and recording their results
by measurement is limited. Correspondingly, the available data tends to be scarce
in some cases. As a result of the lack of support points, this can cause difficul-
ties in validation. But the opposite case can also lead to problems. If plenty of
measurement data is available, a great deal of effort is occasionally necessary to
extract the relevant content from the data.

An initial clue is provided by the visual comparison of measured data and
simulation results in order to ensure that the input data of the model is represented
as precisely as possible in the simulation. Furthermore, a whole range of measured
variables can be used to check the correspondence between measured data and
simulation results. So it is possible, as demonstrated by Murray-Smith in [289], to
define various Q functions for the time-discrete case, which represents a degree of
correspondence between the measured response z; and the result of the simulation
yi. The following formula shows the first possibility:

Q=) -z w(yi—2z) (2.8)

i=1

where w; denotes weight. This formula can also be viewed as a weighted variant
of equation (2.5). Another possibility is to use Q; to define a normalised degree
of inequality:

Q= | (yi—z)’ / dYovi+ | ) A (2.9)
i=1 i=1 i=1
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The values of Q, lie between zero and one, with values close to one indicating a
high level of inequality and values close to zero indicating a high level of equality
between measurement and simulation. A further approach is recreated in the target
functions of simulated annealing and genetic algorithms:

1

1 —E i—z)’
+ni:1(y &

Q3 (2.10)

In this case values close to one indicate a good correspondence and lower values
indicate a correspondingly poorer agreement.

Although these measures achieve a significantly better quantification of the cor-
respondence between measurement and simulation than the visual comparison,
unresolved problems remain. For example, in some cases it is worthwhile to derive
the individual values and draw upon general properties for comparison. One pos-
sibility is to make a comparison over the frequency range instead of over time, see
Murray-Smith [289].

Validation based upon a system identification

One significant criterion for the validation of a model is how well or badly it can be
identified, see previous section on parameter estimation and system identification.
Cobelli et al. [72] classify the validation methods as identifiable and nonidentifiable
models, whereby the former is described as the simpler and the latter as the more
complex model. The applications considered stem from the field of physiology
and medicine.

If a model is clearly identifiable then the procedure of parameter estimation
can be used to validate a predetermined model structure. In the first step the
parameters of the model are identified to minimise the difference between measured
and simulated data. Then the following information can be obtained about the
validity of the model structure:

A high standard deviation of the estimated parameters in the identification for
various sets of measured data can indicate an invalid model, but it can also indicate
non-negligible measurement errors.

Systematic deficits in the approximation of the measured values by the simula-
tion indicate that the structure of the model does not correctly reflect reality.

Conversely, differences between identified and any known, nominal parameters
can be evaluated. This is particularly interesting if the variance of the individual
parameter estimates is known.

Furthermore, it is also possible to subject the identified parameters to a plausi-
bility analysis. In this connection, all available information on the system should
be used to discover inconsistencies in the identified parameters.



30 2 PRINCIPLES OF MODELLING AND SIMULATION

Most procedures and tools for system identification are only suitable for linear
models. Furthermore, various aspects of even nonlinear models can be considered
if a linearisation is performed.

Validation based upon the ‘model distortion’ approach

The ‘model distortion” approach, see Butterfield [54] and Cameron [58], is sim-
ilar to validation by identification. The main idea behind this is to calculate the
‘distortion’ of parameters necessary to obtain simulation results that precisely cor-
respond with the measurements for every point in time. The gap between nominal
parameters and the newly determined parameters, which alters from one moment
to the next, becomes a measure for the quality of the model. In particular, it is
possible to investigate whether these new parameters lie within an accepted vari-
ation of the nominal parameters. Once again, measuring precision is a problem in
this approach, and this can significantly limit the value of the possible predictions.
The ‘model distortion’ approach was originally used for the validation of models
for heavy water reactors.

Validation based upon a sensitivity analysis

It is not generally possible to precisely determine the value of the parameters of a
simulation model. However, it is almost always possible to define intervals within
which the value of a parameter always lies. The value of a model is questionable if
the variation of a parameter within the interval leads to significant variations in the
simulation results. This is generally because parameters enter the model behaviour
in nonlinear form. In such cases, sensitivity analysis can supply important indica-
tions of validity problems, see Kleijnen [193]. In the simplest case, the sensitivity
S is determined using the perturbation method for a property of the circuit F and
a parameter P, by varying the parameter by AP and evaluating the change in the
circuit value AF:

oF AF
=—~r — (2.11)
P AP
It is often worthwhile to standardise the sensitivity in this connection:
oF/F  P-AF
=—~ —— (2.12)
oP/P  F-AP

However, this can lead to problems if F or P are close or equal to zero.

Validation based upon a Monte-Carlo simulation

The sensitivity analysis described in the previous section allows us to investigate
the effects of a parameter or possibly to set the individual sensitivities of several
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parameters off against each other. Now the parameters and their variations are
not independent of each other with regard to their effect upon the events of the
simulation. On the other hand, for reasons related to the running time it is not
possible to itemise all combinations of parameter variations and subject each to a
sensitivity analysis. Nevertheless, in order to do justice to these cross-sensitivities
to some degree we can predetermine intervals and statistical distributions for the
‘suspect’ parameters and run a large number of simulations, each with statistically
dispersive parameters. However, we cannot prove the validity of the simulation
in this manner, we can only say that the check has failed, or has not failed, after
a certain number of experiments. In the former case the matter is clear, in the
second the risk of the failure of validity has in any case been reduced. For this
reason, this method is also called risk analysis by Kleijnen [193]. The methodology
described is already built into many circuit simulators. It is generally not used for
the validation of models, but for the evaluation of the yield of fabricated circuits
taking into consideration the component tolerances.

Validation based upon model hierarchy

This method aims to achieve the validation of a model based upon the validation
of its components, whereby the interconnection of the components occurs directly
within the model and thus is noncritical in relation to validation.

A simple example of this is the validation of the model of a circuit, where this
is described in the form of a net list of components such as transistors, diodes,
etc. If we assume that the net list represents the actual connection structure of the
circuit, then the validation of the circuit model is transformed into the validation
of the component model. If only a few component types are used, which can be
individually modified by parameterisation to give the desired component, then the
validation of all circuits created from these components requires only one valida-
tion of the component model. Thus the validation of circuit models can in principle
be considered as having been solved. The only further point of interest is the con-
sideration of macromodels for circuit blocks such as operational amplifiers, which
offer advantages in terms of simulation speed due to more abstract modelling.

A similar approach is also followed in the object-oriented modelling of multi-
body systems or in the creation of block-oriented models for control engineering,
although the diversity of basic models is significantly greater in these cases. An
example of this is the ‘open loop’ simulation method described by Gray and
Murray-Smith [123], in which a system model is broken down into component
models, which are each individually simulated with real measured data at the
inputs. An example application for this is the rotor dynamics of a helicopter.

Validation based upon inverse models

In [44] Bradley et al. consider the modelling of a helicopter. To validate the
developed model, flight trials are performed in which the pilot has to perform a
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predetermined manoeuvre. His control inputs are used as the stimuli for the simula-
tion. A validation of the model cannot be achieved for certain manoeuvres because
the pilot and helicopter form a control loop in which even the smallest deviations
quickly accumulate to form large discrepancies between reality and simulation.
His measured control movements are correct only for reality. In order to achieve
a validation nevertheless, Bradley et al. propose to consider also the inverse of
the simulation. In this case the desired flight movements are predetermined. An
inverse model in the form of an ideal pilot calculates the necessary control of
the helicopter. This avoids the accumulation of faults described above. Thus the
validity of the helicopter model is demonstrated on the basis of outputs supplied
from the inputs generated using the inverse model. The criteria from the previous
section on direct validation based upon measured data, can again be applied here.

2.6 Model Simplification

In some cases the precision of some (sub)models is greater than is necessary for
the purposes of the simulation. This is not critical as long as the efficiency of the
simulation is not a problem. However, if the simulation times become too great then
it makes sense to consider the simplification of models, see for example Kortiim
and Troch [203] or Zeigler [435]. According to Zeigler the following strategies
can be drawn upon to achieve the simplification of a basic model:

e Omission of components, variables and/or interaction rules.
e Replacement of deterministic descriptions by stochastic descriptions.
e Coarsening the value range of variables.

e Grouping of components into blocks and combining the associated variables.

The first method assumes that not all factors are equally important for the
determination of the behaviour of a model. Typically, these factors are classified as
first and second-order effects. The behaviour of a model usually depends primarily
upon a few first-order effects, whilst the second-order effects, although numerous,
can generally be neglected without significantly detracting from the validity of
the resulting model. Here too the principle applies that the validity of a model is
always established from the point of view of the application. A further difficulty
is that the omission of components, variables or interaction rules can have side
effects for other parts of the model. For example, an eliminated variable may leave
behind gaps in various interaction rules, which each need to be carefully closed.
This process is not trivial.

The second principle is based upon the observation that in many cases a stochas-
tic formulation is significantly more simple to create than a complete deterministic
description. Thus, in the investigation of the performance of a computer, for
example, a proportionately weighted mix of instructions is used, instead of con-
sidering individual programmes and their sequence.
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The third point recommends the coarsening of the value range of variables, such
as occurs in electronics in the transition from an analogue to a digital consideration.
In this approach, the variables, and of course also the components and interaction
rules, are initially retained. But one value now covers a whole value interval in
the original model, the individual value of which can no longer be activated. This
may lead to changes in the formulation of interaction rules.

Finally, the fourth principle is based upon the combination of components and
variables. For example, the distortion of a capacitive pressure element in space
can be determined by a large number of positional variables. From an electrical
point of view, however, only the resulting capacitance of the structure is of interest
and not the strain. The capacitance, on the other hand, represents a single numeric
value which is, however, partially determined by the mechanical strain.

All these methods thus serve to obtain a simulatable description from the more
theoretical basis of a conceptual model without, in the process, losing the validity
of the application cases of interest.

2.7 Simulators and Simulation

2.7.1 Introduction

The models introduced in the previous sections can be automatically evaluated in
numerous ways. This is called simulation.> Before electronics came into being,
attempts were made to construct mechanical equipment that displayed the same
relationships between the variables as was the case in the model. Worth mentioning
in this context is, for example, the tide prediction device (1879) by Lord Kelvin
or the mechanical differential analyzer (1930) by Vannevar Busch. After the sec-
ond world war the development of electronics resulted in the analogue computer,
which was successfully implemented in the aircraft industry, for example. The
field of simulation gained new impetus with the introduction of the digital com-
puter, which brought the advantage that adaptation to a new simulation problem
did not require changes to the hardware, but only different software. Today we
differentiate between a whole range of simulator classes in the field of application
of mechatronics and micromechatronics, the most important of which are listed in
Table 2.1.

2.7.2 Circuit simulation

A circuit simulation considers networks of components such as transistors, diodes,
resistors, capacitors, coils, etc. The variables that are of interest here are gener-
ally voltages and currents. These are represented in continuous form. Nonlinear,
differential-algebraic equation systems have to be solved, which arise as a result

3 The word simulation is derived from the Latin verb simulare, which means to feign.
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Table 2.1 Classes of simulators for mechatronic systems

Simulator class Elements considered

Circuit simulator Circuits made up of electronic components, e.g.
transistors, resistors, capacitors, coils, etc.
and analogue hardware description languages

Logic simulator Logic gates, e.g. AND, OR, NAND, NOR,
XOR, etc., plus digital hardware description
languages

Block diagram simulator Block diagram of control technology

Multibody simulator Bodies with mass and inertia moments, joints,
springs, dampers, actuators, sensors, etc.

FE simulator Finite elements for the description of a
mechanical continuum

Software simulator Programs in assembler and in higher

programming languages

of the structure of the circuit. The most important procedure in this context is
the modified nodal analysis. As the name suggests, nodal analysis considers the
node voltages as an unknown. The important point here is that the number of node
voltages, and thus the number of equations, is typically significantly higher than
the number of degrees of freedom.

The process for drawing up the equation system begins with the generation of
the equations for each branch, e.g. for each component in the circuit. Then there is
the adjacency matrix, which describes the connection structure of the circuit and
thus the relationship between branch and node voltages. Furthermore, capacitances
and inductances have to be taken into account in the form of a numeric integration.
The procedures of Gear, trapezoidal or backward Euler integration are often used
here. Finally, the nonlinear components, such as transistors and diodes must be
taken into account by bringing about a linearisation at the working point typically
using the Newton—Raphson procedure.

2.7.3 Logic simulation

It is often not possible to perform circuit simulation for larger circuits* as a result
of the associated cost. If we still want to analyse these circuits by simulation,
sacrifices must be made in accuracy. For digital circuits it is generally possible to
use a number of logical values e.g. (0,1,X,Z) instead of the continuous potentials
used previously. Here X represents an unknown and Z a high-ohmic state. Nonideal
signal changes are represented in the digital world by signal transitions, which are,
however, subject to a time delay. Furthermore, time is no longer continuous, but
is considered as discrete or event-oriented depending upon the simulator. Only
in the latter case is a precise consideration of gate and block delays possible,

4>10000 components.
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which means that virtually all logic simulators on the market currently work in an
event-oriented manner.

The two main strategies for simulation are the compiled and the interpreted
simulation. In the compiled simulation, the circuit is translated prior to simulation
into a programme, the processing of which brings about the simulation. In the
simplest case the circuit contains a few gates and no feedback loops. In this case
an instruction can be provided for every gate, which applies the function of the gate
at the gate’s inputs and stores the result as a variable, which represents the output
signal of the gate. These instructions are sorted topologically, so that all values
are already calculated if they are needed in a calculation. If the circuit contains
back-couplings this principle can no longer be maintained. In this case we work
with two sets of variables — one for the values drawn into the calculation and one
for the newly calculated values. Then we iterate until no more changes occur in
the circuit.

By contrast, in the interpreted simulation, information is available for every gate
about which other gates are connected to it. The idea is to not recalculate all gates
afresh for each step, but only to calculate those for which the logical value of the
input has changed. For all other gates nothing has changed. We start with the inputs
to the circuit and evaluate the gates connected to it. In this manner, future events
are generated at the gate outputs in question, which are stored in a chronologically
sorted list. Based upon this list the next event in chronological terms can be deter-
mined and the associated gate calculated, which often triggers further events. In
addition, further events may occur at the circuit inputs. The simulation ends when
the event list is empty or a predetermined time period has passed.

2.7.4 Multibody simulation

In this context we can differentiate between two main types of mechanical simula-
tors, see Leister and Schielen [233]. Firstly, there are the simulators that formulate
the mechanics as a symbolic equation system, which can then be processed using
numerical standard solution procedures. The other option is to consider the mechan-
ics as a linear system with mass, damping and stiffness matrix. In this case, the
individual coefficients of the matrices have to be determined afresh for every time
increment. Both approaches have their advantages and disadvantages.

Depending upon the application under consideration, the symbolic equations
may explode in size, putting them beyond any simulation. On the other hand,
there are occasionally numerical advantages, because, in the case of symbolic
equations, the equation solver is in possession of all relevant information about the
system. This is not the case for the numerical variant because the calculation of
system matrices typically tends to be independent of the differential equation solver.
Finally, symbolic equations can also be used in another context, for example,
optimisation.
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2.7.5 Block diagram simulation

A block diagram® describes the structure of a system of mathematical equations in
graphical form. All connections between blocks are set up so that the causality of
the system can be determined in advance. This facilitates the creation of a simulator
for block diagrams that explicitly builds up system equations. Thus a sequence of
instructions can be processed during the simulation. This is more efficient than
an implicit formulation using ‘genuine’ equations. However, the causality must be
determined in advance and must not change during the course of the simulation,
which may well occur, depending upon the system.

2.7.6 Finite element simulation

Every finite element is characterised by its mass, damping and elasticity matrices.
These matrices are square; the number of rows and columns corresponds with the
number of degrees of freedom of the element. For small deflections the movement
of the mechanics can still be considered as linear. In this case it is sufficient to
establish the element matrices once at the beginning of the simulation. Otherwise,
the element matrices must be calculated afresh for every time increment.

In order to determine the behaviour of the entire structure, the element matrices
are now converted to system matrices. If two suitable degrees of freedom of two
neighbouring finite elements are linked together, then on the system level they
come together into one degree of freedom. In this manner, various degrees of
freedom are dispensed with on the element level. The resulting system matrices
have a band structure, for which certain solution procedures, e.g. the Cholesky
method, are particularly suitable.

2.7.7 Software simulation

The most obvious form of software simulation is performing it on a computer.
A debugger is generally available for this, which displays the processing of pro-
gramme instructions and the current variable value and outputs. The timing of
processing naturally varies according to the computer used, so that at this level
only functional investigations tend to be performed.

Furthermore, there are also so-called command set simulators, which consider
the software processing for a certain processor at assembler level. Timing can be
determined on the basis of the timing cycles that have elapsed. This is only the case,
however, if access to external resources, e.g. to a hard disk, can also be precisely
specified in the timing, which is rarely the case. For embedded processors such
resources are often not available, which means that in this case precise values can
often be obtained for the timing.

3 See also Section 3.4.2.
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2.8 Summary

This chapter has presented a cross-section of the methods for the modelling and
simulation of electronics and mechanics that are currently prevalent. It has listed
categories and fields of application of models. It has also taken into consideration
methods for the verification, validation and simplification of models. This forms
the basis for the consideration of electro-mechanical systems in the next chapter.
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Modelling and Simulation
of Mixed Systems

3.1 Introduction

The majority of technical systems are mixed; i.e. they incorporate components from
various fields, such as electronics, mechanics, software and other domains. This
raises significant design problems because hitherto design methodologies and the
associated design tools have usually been developed for a single field only. This
means that the overall function of the system cannot be investigated until the pro-
totype construction phase. However, by the time this stage is reached, changes to
the design have already become very expensive and time-consuming. The consid-
eration of virtual prototypes, which allow virtual experiments to be performed on a
computer by simulation, offers an elegant solution to the problem described above.

This chapter introduces the consideration of the simulation of mixed systems by
describing common ground and differences between electronics and mechanics in
Section 3.2. This lays the foundation for the modelling and simulation of electro-
mechanical systems.

This chapter also describes various approaches to the modelling of mechatronic
and micromechatronic systems. One possibility is to transfer mechanical models
into the form of electronic models (and vice-versa). This permits the consideration
of the mechanics in a electronics simulator (and vice-versa), see Section 3.3. Thus
half of the modelling problem can take place using standard methods. On the other
hand, this raises the question of how to formulate electronics within the modelling
world of mechanics (and vice versa). For the transformation of mechanics into
a circuit simulator the use of hardware description languages is the method of
choice. This approach — the main theme of this work — will be discussed in detail
in Chapters 4—6. Before hardware description languages became widely accepted
in recent years, equivalent circuits were often developed to describe the behaviour
of mechanical components. Relatively few attempts were made to consider elec-
tronics along with mechanics in a mechanical simulator. Although some mechanical
simulators permit the inclusion of simple components such as capacitors, resistors

Mechatronic Systems Georg Pelz
© 2003 John Wiley & Sons, Ltd ISBN: 0-470-84979-7



40 3 MODELLING AND SIMULATION OF MIXED SYSTEMS

or inductances, the consideration of active components or entire circuits has hith-
erto only been realised in experiments. One possible reason for this is that when
developing mechanical parts of the system it is often sufficient to describe the
electronics in abstract form using controller equations and thereby to avoid the
circuit level.

There are also some approaches that attempt to model the entire electro-
mechanical system as a unit without any preference for electronics or mechanics.
These methods include bond graphs, block diagrams, and modelling languages
such as Modelica. Despite the elegance of these description forms it is generally
found that neither the electronics nor the mechanics can be modelled with the usual
standard procedures, see Section 3.4.

Finally, the possibility of coupling together simulators for different domains
represents a further approach to solving the problem. This could, for example,
occur systematically with the aid of a simulator backplane, as is often created for
pure electronics. Typical applications for this are the coupling of circuit and logic
simulators or the distribution of simulations on a parallel computer or a cluster
of workstations. However, simulator coupling is associated with a whole range of
problems: Firstly the resulting simulator package is unwieldy, it is often difficult
to operate, and licences are required for all of the individual simulators. Secondly,
the problems associated with synchronisation between two very heterogeneous
simulator cores are even more severe, see Section 3.5.

At this point it should be re-emphasised that this work deals with the simulation
of mixed systems. Electro-mechanical components will be considered only within
the context of the system.

3.2 Electronics and Mechanics

3.2.1 Introduction

The following section will investigate the common ground and differences between
electronics and mechanics and the associated models. For this purpose the mod-
elling of the two domains will be considered on the level of an abstraction, see
Figure 3.1. On the lowest level we find the consideration of electrical and mag-
netic fields and of the mechanical continuum. In electronics such considerations
are required exclusively for the design of components, e.g. transistors, and this
approach is known as device simulation. In the present context, however, we are
interested in systems and therefore this type of simulation can be disregarded.
Above this we find circuit simulation, which considers net lists of electronic com-
ponents. In digital circuits we can convert continuous voltage levels into discrete
values, such as 0 and 1, thereby significantly accelerating the simulation. Using
digital electronics we can build processors on which software runs, which can
itself act as an abstraction level. In mechanics, on the other hand, it has hitherto
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Figure 3.1 Levels of abstraction for electronic and mechanical models

only been possible to differentiate between two levels of abstraction, the contin-
uum level and the level of multibody systems in which rigid and elastic bodies are
each considered as a unit. In particular, we cannot neglect the continuum level for
the consideration of systems since an electro-mechanical transformation, e.g. sen-
sors and actuators, occasionally cannot be abstracted to the multibody level. The
demonstrators from the chapter on micromechatronics are a good example of this.

3.2.2 Andlogies

Analogies on the level of electronic components and mechanical bodies repre-
sent the predominant theme running through the joint consideration of electronics
and mechanics. By this we mean that electronics and mechanics can be described
using equations that have the same structure. This is also made clear by the fact
that the equations from both mechanics and electronics can be derived from the
Lagrange principle, see Maifler and Steigenberger [252] and Section 6.2.2. ‘Lan-
grange approach’. The analogies between electronics and mechanics will first be
explained by means of an example, see Ogata [300]. The diagram on the left-hand
side of Figure 3.2 shows a simple mass-spring-damper system.

The differential equation describing the system is as follows:

mX +bx +kx =F (3.1

First we have to find out which variables can be identified as being analogous with
one another. One possibility is to associate forces with currents and velocities with
voltages. In order to construct an analogue circuit, let us now consider the mechan-
ical system more closely. In this all forces act upon the mass, i.e. upon a point, and
correspondingly add up to zero. In electronics this corresponds with the situation



42 3 MODELLING AND SIMULATION OF MIXED SYSTEMS

L R

. e om0
BB Ok e

Figure 3.2 Mechanical system and two analogue circuits

in which all currents of analogue components meet at a node and also add up to
zero there. Thus the circuit shown at the centre of Figure 3.2 represents an analogy
with the mechanical system. Using Kirchhoff’s current law the following is true:

ip, +ig +ic = i (3.2)
where
. 1 . Us . i
i, = L u, dt, iR = R ic = Cug (3.3)
So equation (3.2) becomes:
1 U .
T u, dt + R + Cus = i 3.4)

The magnetic flux i has the following relationship to the voltage us:

¥ = (3.5

Since voltage us is analogous to velocity, ¥, as an integral of the voltage, represents
deflection. Thus equation (3.4) can be formulated as follows:

o1 1
CY + ¥ + ¥ =i (3.6)

The structure of this equation exactly corresponds with equation (3.1). Capacitance
is linked to mass here, damping to the inverse of resistance and the spring constant
to the inverse of inductance. Lastly, the current ig of the source corresponds with
the activating force F.

Alternatively, we can also associate forces with voltages and velocities with
currents. In this case the voltages, as the counterpart to the currents, must add
up to zero and therefore must be arranged in a loop, see the right-hand side of
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Figure 3.2. The following applies:

. 1
Lis + Ris + C / 1gdt = ug 3.7)
If we formulate the equation with the aid of charge q, it becomes:
1
Lg+Rq+ Eq = U (3.8)

This equation too corresponds with the structure of equation (3.1). Now, however,
the inductance is linked to the mass, the resistance to the damping, and the spring
constant to the inverse of capacitance. The voltage ug of the source is associated
with the activating force F here.

We can thus differentiate between two types of analogy, which differ from
one another primarily in the assignment of variables and basic elements. The
force—current analogy that we investigated first has the advantage that it retains
the structure of the mechanical system, see Crandall et al. [75]. Parallel circuits
remain parallel circuits, series circuits remain series circuits. Kirchhoff’s current
and voltage laws apply accordingly, i.e. forces/currents at a node and (relative)
velocities/voltages in a loop cancel each other out. The two Kirchhoff’s analo-
gies do not apply, if —as in the second case—forces and voltages are identified
as analogous. Table 3.1 shows the most important relationships for the force-
current analogy.

3.2.3 Limits of the analogies

The analogies described above are based upon linear relationships. However, this
circumstance often cannot be guaranteed. For example, the Stokes’ friction or
viscous friction has a linear relationship with velocity in a first approximation and
can thus be represented as a resistance. However, this is very definitely not the case
for the Coulomb friction. Here we can differentiate between two states of static
and sliding friction, for which different coefficients of friction apply. Furthermore,
the Coulomb friction is not dependent upon velocity but on another variable — the
perpendicular force. The Newton friction of bodies moved quickly through a fluid
finally depends upon a few parameters, such as the frontal area, the drag coefficient
and the density of the fluid, but above all on the square of the velocity. In order to
construct an analogy for the Coulomb friction we need a resistance controlled via
the normal force, i.e. via the corresponding current, which switches the coefficient
of friction in an event-oriented manner upon the transition from static to sliding
friction and vice versa. The Newton friction of bodies moved through a fluid, on the
other hand, can best be represented as a resistance with a quadratic characteristic.
We have thus already dealt with a good proportion of the components normally
considered in analogue electronics.

The transition from one-dimensional to three-dimensional mechanics represents
the limit of the consideration of analogies. The analogies can no longer be used
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Table 3.1 Analogies between analogue electronics, translational and rotational mechanics

Analogue electronics

Translational mechanics

Rotational mechanics

Current
i

Voltage
u

Coil
®=L d'(t)
ut) =L —i
dt
Capacitor
d
i(t) = C—u(t
i(t) dtll()

Resistor

1
i(t) = — -u(t
i(t) R u(t)

Electrical power
dissipation at resistor
P(t) = u(t) - i(t)

Magnetic energy
T(1) = 1Li%(0)

Electrostatic energy
T(t) = 1Cu?(1)
Transformer
ihruy=i-w

i] = Cliz

u = —up
o

Sum of all currents

at a node is zero

Sum of all voltages in
a closed loop is zero

Force
F

Velocity
v

Spring
v(t) =
Inertia

Ft—dt
® =mov()

1 dF(t)
k dt

Damping
F(t) =b-v(t)

Mechanical power
dissipation due to
damping
P@t) = v(t) - F(t)
Elastic energy
T = L le(t)

2k
Kinetic energy
T(t) = 1 mv*()
Lever
F] sV = F2 %)
F 1= OCFZ

1

Vi = —Vp
o

Sum of all forces at a point
is zero

Sum of all relative velocities
in a closed loop is zero

Torque
M

Angular velocity
1)

Torsion spring

t—l th
w()—i'a (®

Rotational inertia
d

M@ =J—o(t

(® dtw( )
Rotational damping
M(t) =b - w(t)
Mechanical power
dissipation due to
damping
P(t) = w(t) - M(t)
Elastic energy
Tt = . 1Mz(t)

2k

Kinetic energy
T(t) = HJ* (1)

Gear
M1 W = M2 N0))
M] = Cle
1
w; = —wy
o

Sum of all moments at a point

is zero

Sum of all relative angular
velocities in a closed loop is zero

in this case, see Crandall et al. [75]. This becomes clear intuitively if we look
at the example of a robotic arm. In the calculation of kinematics and dynamics,
three-dimensional translational movements and triaxial rotational movements are
calculated independently of one another. There is no parallel to this in electron-
ics. Furthermore, analogies in the sense described are defined exclusively for the
consideration of concentrated components and continuous quantities. Continuum
mechanics, digital electronics and software thus remain outside their scope and
must be considered separately.

3.2.4 Differences between electronics and mechanics

In what follows the primary differences between electronics and mechanics will
once again be briefly summarized, see also Cellier [62].
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With the exception of high-frequency circuits, electronics can be considered
exclusively in topographic form in the simulation. The precise geometry is unim-
portant or can be considered using simple parameters. This is not the case in
mechanics, where three components of translation and three components of rotation
have to be taken into account.

Furthermore, translation and rotation cannot be considered independently of one
another, as illustrated by gyroscopic forces such as the Coriolis force.

A whole range of reference systems are relevant to the description of position,
movement and acceleration. We have the inertial system and various fixed body
reference systems, the origins of which may lie approximately at the centre of
gravity or at the coupling points. In electronics there is only a reference voltage
(ground) as the ‘inertial system’, and voltage or current arrows as fixed-component
‘reference systems’.

In electronics, and in particular in microelectronics, we sometimes have some
tens of millions of components. In mechanics, at most, a few tens to a few hun-
dreds of basic elements, e.g. rigid bodies, joints, springs, etc. have to be taken
into account.

The movements of mechanical bodies are typically subject to a whole range of
limitations. Mechanical stops are one example. Springs can only be extended up to
a certain degree. Elastic bodies deform under the effects of force. Similar effects
can also be found in electronics but they are far less prominent than is the case
in mechanics.

3.3 Model Transformation

3.3.1 Introduction

We can now specify a class of simulators and use this as the basis for the description
of models in the other domains. In principle, the basic simulator should be sought
out on the basis of the focal point of the desired investigation. In what follows we
will describe approaches based upon circuit simulators, logic or Petri net simulators,
multibody simulators, and finite-element simulators.

3.3.2 Circuit simulation
Introduction

In a circuit simulator the formulation of transformed models classically takes place
in a hardware description language. This approach is the main theme of the present
work and will be described comprehensively in the following chapters. Alterna-
tively, it is also possible to draw up equivalent circuit diagrams for mechanical
components. We can initially differentiate between two possibilities here. Firstly,
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we can use the analogies introduced in Section 3.2.2 to associate electronic com-
ponents with basic mechanical elements. The other option is to model not the
mechanics itself, but rather the differential equations that describe the mechanics.

Analogy approach

In order to consider the analogies we must first refer to Section 3.2.2. The force/current
analogy is normally used. In addition to the basic elements, other mechanical phe-
nomena such as Coulomb friction have to be considered. These require behavioural
modelling based upon sources that can be controlled by arbitrary mathematical func-
tions. Such voltage and current sources are available in PSpice, for example. This
represents a rudimentary form of modelling in a hardware description language.

Yli-Pietild et al. [431] use this method to investigate mechatronic systems such
as a linear drive. They model a DC motor with an electronic control system and a
mechanical load. The same approach is further elaborated by Scholliers and Yli-
Pietild in [369] and applied to other examples, such as a double pendulum. In
[368] Scholliers and Yli-Pietild introduce a whole library of such models, which
expand the field of application of a circuit simulator such as Spice in the direction
of mechatronics.

Examples for the use of equivalent circuit diagrams in micromechatronics are
supplied, for example, by Antén et al. [13] (pressure sensor elements), Garverick
and Mehregany [111] (micromotors), or Lo et al. [236] (resonators).

Modelling of differential equations using equivalent circuits

As an alternative to the analogy approach described above we can also find an
equivalent circuit for the underlying system of equations. In principle, this pro-
cedure is similar to the construction of a rudimentary analogue computer from
electronic components. In this context we can differentiate between explicit and
implicit methods, see Bielefeld er al. [31]. In the explicit version the values of the
state variables are represented as voltages in the network. In this, the highest time
derivative of each state variable is set depending upon lower derivatives and other
state variables using a controlled voltage source. In addition, there are integrators,
see the left-hand side of Figure 3.3, which again provide the low derivatives in the
form of voltages, see Herbert [139]. As an alternative to this, the implicit method,
see Paap et al. [312], solves a set of n equations in the form:

f(x,%,t) =0 (3.9

where x represents a vector of n unknowns. As in Herbert [139] the states are
represented as node voltages. Each equation is defined by a current from a voltage-
controlled current source. This sets the input current of the differentiator in the
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Figure 3.3 Equivalent circuits for integrator and differentiator

right-hand side of Figure 3.3 to the value f(x, X, t). The circuit simulator ensures
that no current flows into the differentiator and thus solves the differential equation.

It is also worth mentioning that the, somewhat tiresome, process of converting
a system of differential equations has been automated using the MEXEL CAE tool,
see Pelz et al. [322]. A model transformer reads in the differential equation system,
simplifies it if necessary, and then writes out a Spice net list in explicit or implicit
formulation.

3.3.3 Logic/Petri net simulation
Introduction

Predicate/transition networks (Pr/T networks), see [115] represent an extension of
Petri nets and are often used for the modelling of software and/or digital elec-
tronics. They permit a system description on a very abstract level in which the
use of hierarchies permits particularly compact representations. The strength of
Pr/T networks lies in the effective consideration of parallel processes. Brielmann
et al. [46], [47], [48] and Kleinjohann et al. [199] introduce methods for describ-
ing mechanics and other physical domains, plus the associated interfaces using
the resources of the Pr/T networks. Such model transformations thus provide the
option of describing and simulating mixed systems in a consistent manner. The
representation of the hardware description language VHDL in a coloured Petri net
by Olcoz and Colom in [301] shows that Petri net simulation and logic simulation
are not so very different from each other, which means that the events portrayed
in the following section could well be achieved on the basis of digital hardware
description languages.

Definition of Predicate/Transition nets

Pr/T nets consist of places, transitions, and directional edges between these. Places
can contain identifiable markings, which represent the state of the network. If a
marking is sufficiently high at the inputs of a transition and if these satisfy any
additional conditions, then the transition can ‘fire’. In this case the markings in
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question are cleared from the input places, new markings are generated at the
output places and predefined actions may be performed where applicable. Such a
network can be formulated in very compact form using the tools of predicate logic,
e.g. in the Prolog language, see Negretto [295]. In this connection, a marking at a
place conveys the information that a predicate assigned to that place is fulfilled. In
order also to correctly take account of the timing of the individual components it
is necessary to add in a concept of time. So in [47] two delays are assumed for a
transition. One relates to the period of time for which the markings must be present
at the input places before the associated transition can fire. The other describes the
time that elapses between the firing of the transition and the generation of the
output markings.

Modelling of discrete relationships

Let us now clarify how a Pr/T net works on the basis of a small example from
[46], see Figure 3.4. On the left-hand side a piece of code is represented at the start
of which some variables are initialised. There follows a loop, in the body of which
various arithmetic operations are performed. The termination condition for the loop
is located at the end of the loop and is based upon a comparison of two variables.
In the centre and at the right-hand side of Figure 3.4 Pr/T nets are represented
in different states. The variant in the middle shows the initial occupation of the
markings and thus the situation after initialisation. The two calculations are located

:=1;
* p1 p2 p1 p2
c:=17;
<a,b> <c,d> <a,b> <c,d>
d:=5;
repeat e =b*d t1
e:=b*d; <a,c> <d,e>
b:=a*c;
p3 p4
a:=e;
until (a>c)
f=a*c 2
<e,d> <e,d>
<f,c> <f,c>
p5 p5
<f.c> <f,c>
v
t3 13
e<c e<c
<e,f> | | <c,d> <e,f> | | <c,d>

Figure 3.4 Modelling of digital behaviour using Pr/T nets
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in the transitions t1 and t2. Transition t3 compares the corresponding values. If the
newly calculated a is less than c, then the values are once again entered into places
pl and p2, which represent the input places of the loop. Otherwise the calculation
of the loop is broken off and further transitions that are not shown can fire. The
diagram on the right-hand side of Figure 3.4 shows a state in which the transition
tl has already fired for the first time. Accordingly, the new values of a and c
have been entered at place p3 and the new values of d and e have been entered
at place p4. Other constructs of a programming language can be depicted in the
same manner.

Modelling of continuous relationships

Continuous relationships are classically modelled using differential equations that
can be either linear or nonlinear. Let us now model such equations on the basis of
Pr/T nets using the event-oriented modelling introduced in the previous section. A
solution for linear differential equations on the basis of the Z transformation was
proposed by Brielmann and Kleinjohann [46]. In what follows we will, however,
predominantly consider nonlinear systems. This property can have two causes:
firstly, nonlinearity can arise as a result of discontinuities; secondly, it may be
caused by nonlinear functions in the system equations [47]. The first case is very
simple to solve. Here only the current equation has to be activated, which can be
performed by simply distinguishing between cases. The example from Figure 3.4
illustrates this state of affairs. The termination condition at the end of the loop
corresponds with such a case differentiation. More difficult is the realisation of
the other variant. In [47] it is proposed to put the equations together step-by-step
from linear components, meaning that here too a swapping of linear components
would be necessary. Furthermore, the differential equations have to be numerically
integrated, which is achieved using the Euler principle:

X(t) ~ M (3.10)

where h is the time step of the integration. Now if the differential equation of
interest is

x(t) = f(x, t) (3.11)
the integration formula is found to be
x(t+h) = h-x(t) + x(t) = h - f(x, t) + x(t) (3.12)

which, along with an additional function g(x,u,t) to determine the outputs, can be
directly represented on a Pr/T net, see Figure 3.5.
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02 <u(t)> <y(t)>
y(t):=g(x.u.t)
p3 Ty k
<ult> <x(t)> <x(t)>
u) fd=(h,h)
X(t+h):=

<x(t+h)>

x(t)+h*f(x,u,t) | <x(t)>

p3
<X(t+h)>| | <x(t)>

Figure 3.5 Modelling of a nonlinear differential equation using a Pr/T network

3.3.4 Multibody simulation

Introduction

In this section two approaches will be introduced: Firstly the equations of electron-
ics will be obtained using the Lagrange principle, so that they can be seamlessly
incorporated into a multibody simulator based upon the Lagrange principle. The
other method is based upon object orientation, thus allowing the non-mechanical
components to be modelled more or less independently of the system as a whole.

Electronic modelling using the Lagrange approach

In [253] MaiBer describes a principle that uses the Lagrange approach from mechan-
ics in order to find model equations for the electronics of a mechatronic system. In
this manner the electronics can be easily incorporated into the multibody simulator,
which may also be based upon the Lagrange equations. Mechanics and electronics
are thus modelled using a unified approach and simulated as a whole system.

Object-oriented approach

This section introduces an approach that combines modelling on a component
level with the automatic creation of a system model. As in software development
this ‘local’ procedure is called object-orientation. Such approaches are naturally
particularly well suited for describing nonmechanical parts of the system in a form
that is suitable for a multibody simulator.

Kecskeméthy [185] and [186] as well as Risse et al. [346] describe a simulation
environment for mechatronic systems that includes the electronics of a controller.
This takes place in the form of abstract controller equations, developed using a
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suitable tool, e.g. MATLAB/Simulink. In this connection a class of controllers
is prepared in [346] that includes continuous, proportional, discrete and mixed
controllers. Simple, electronic components can also be described on the same basis.
The underlying equations are added to the equations of motion of mechanics, and
the equations of sensors and actuators, and are then solved as a whole.

3.3.5 Finite-element simulation

One possibility for system simulation using a FE simulator is to fuse the equation
system of electronics together with the equation system of finite elements. The
resulting equations include the sought-after unknowns from electronics and me-
chanics. The complete system can thus be processed using a standard solver.
Particularly important in this context is the work of Bedrosian [22], who ex-
panded a finite element simulator for the calculation of electromagnetic fields so
that it could process both analogue circuits and also the kinematics of rigid bodies.
A significant aspect of this is to obtain a few desirable properties of FE matrices.
So in contrast to the matrix for the finite elements, the system matrix would be
neither positive definite nor sparse. Bedrosian therefore insists upon a separate
consideration of the matrices for the individual domains, which requires a suitable
iteration in order to obtain a consistent solution for the system as a whole.

3.3.6 Evaluation of the model transformation

The introduction of analogue hardware description languages has caused interest
in equivalent circuits for mechanical components to fall sharply. This is primarily
because a hardware description language is significantly more flexible in its for-
mulation. This is true particularly for components for which the analogies provide
no direct parallel. Furthermore, the overview is quickly lost if it is unclear what
the equivalent voltages and currents represent.

In principle, the modelling of continuous relationships on an event-oriented
basis —for example using digital logic or a Pr/T network —is nothing unusual.
Every simulator for analogue processes that is run on a digital computer has the
same fundamental problem to solve. The difference in the present case is that the
basic functions of the simulation, such as the integration procedure or the automated
selection of a suitable step size, have to be modelled fully by the user, which firstly
can be very cumbersome and secondly presumably raises a performance problem.

When discussing the simulation of mechatronic systems in a multibody simula-
tor it is particularly worth mentioning the elegant solution of Maifler [253], which
models the electronics according to the Lagrange principle, so that the resulting
equations are compatible with multibody simulation, which is also based upon
the Lagrange approach. However, the lack of any significant libraries of transis-
tor models and the fact that digital electronics and software are disregarded, are
problematic.
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For the variant of model transformation on the basis of a FE simulator, the field
of application of a corresponding solution is only a little wider than that of the
FE simulator. This is also emphasised by the fact that there is comparatively little
literature in this field.

3.4 Domain-Independent Description Forms

In this section approaches will be described that cannot be classed as an expansion
of the tools in a certain domain. The most important representatives here are
bond graphs, block diagrams and modelling languages such as Modelica, Dymola
or ACSL.

3.4.1 Bond graphs

The bond graph approach, see for example Karnopp and Rosenberg [180] or Thoma
[398], fundamentally rests upon the same principles as the analogies in electronics
and mechanics, see Section 3.2.2. However, there is one significant difference. In
the analogies, currents were generally identified with forces/moments and voltages
with velocities, so that an analogy in the form of an equivalent circuit has the same
structure as the original system. This is true because according to Kirchhoff’s laws,
currents and forces add up to zero at a node and voltages and relative velocities
add up to zero in a closed loop.

By contrast, in the bond graphs, the following classifications are made. Voltages
are normally associated with forces/moments and called effort, currents are asso-
ciated with velocities/angular velocities and called flow. The elements used in the
bond graph approach can be divided into one, two and three-port networks. The
one-port networks are the so-called C, I and R elements, which in electronics cor-
respond with capacitors, inductors and resistors and in mechanics correspond with
springs, masses and dampers, see Table 3.2. In addition there are sources for effort
and flow. Transmission elements and gyrators are defined as two-port networks.
The former transmit effort to effort or flow to flow in a fixed or variable relation-
ship to one another; the latter put the effort, on the one hand, into a relationship
with the flow, on the other (and vice versa). Transmission elements can thus be
transformers, gears or levers for small deflections. A gyrator could for example
describe a DC motor. The three-port networks finally represent serial or parallel
junctions (s-junction, p-junction). The one, two and three-port networks are linked
together by half arrows, so-called bonds, which each bear an effort and a flow. The
direction of the arrow shows the direction of the positive power flow. The work
done is found by the product of effort and flow. In addition to the half arrows of
the bonds there are also connections with a full arrow, in which either the effort
or the flow is neglected. These connections carry information, but no energy.

The calculation of bond graphs first of all requires the drawing up of a suitable
system of equations, which is generally explicitly formulated. This means that the
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Table 3.2 Assignment of magnitudes and elements in bond graphs

Bond graphs Electronics  Mechanics, translational Mechanics, rotational
Effort Voltage Force Torque

Flow Current Velocity Angular velocity

C element Capacitor Spring stiffness Torsional spring stiffness
I element Inductor Mass inertia Moment of inertia

R element Resistor Damping, translational Damping, rotational
Transmission element  Transformer Lever, pulley block Gears
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Figure 3.6 Bond graph of a simple mechanical system

equations take the form of instructions, and this fact requires a consideration of the
causality of the system. Therefore, cause and effect have to be specified for each
element. If we take any C, I or R element we can ask whether the effort causes
the flow or vice versa. Both are possible and there are equations for both cases,
which can be used in a system of equations if required. Overall, it is a question of
creating continuous chains of cause—effect relationships, which can be illustrated
by a suitable sequence of assignments. In the case of algebraic loops this cannot
be achieved, so additional measures are necessary.

In what follows, a few examples of bond graphs will be presented. Figure 3.6
shows the bond graph of a simple mechanical system, which consists of two masses,
a spring and a lever. In addition to I and C elements the bond graph contains a
flow source, which represents the force F4 and is designated SF. The transmission
element TF represents the lever, which sets a ratio (a:b).

Figure 3.7 shows a simple circuit and the associated bond graphs. This again
includes the flow source SF. However, this now describes a current source. The
transmission element TF is also present and represents the transformer.

c [
SF_S o p _S.TF 6 o s
(a:b)
2 4
R R

Figure 3.7 Bond graph of a simple electrical system
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3.4.2 Block diagrams

Block diagrams are often used in control technology and, like bond graphs, rep-
resent a form of structural modelling, see Cellier [62]. However, this type of
representation primarily shows the structure of equations, whereas the structure of
the system tends to be found indirectly from the structure of the equation system.

Block diagrams include blocks and directional connections between the blocks.
These connections describe signals, which are converted into other signals by
the blocks. In addition there are taps and summing points, so that the important
elements of block diagrams can be fully represented in Figure 3.8.

In what follows, modelling using block diagrams will be illustrated on the basis
of a simple example. For this purpose we will consider the circuit on the left-hand
side of Figure 3.9. This can be described on the basis of the following equations:

. up . uz

" R_l N R_z
, up ic
= L_l e C_l

u; =Up—uc,u; =uc,uL =u; +u
ip =11 +ip,ic =11 — 1z (3.13)

If the above equations are translated into blocks, connections and summations, we
obtain the block diagram on the right-hand side of Figure 3.9. The main problem

X X +
— | fxy) x=y
y

f(xy) y T -

(a) (b) (c) (d)

Figure 3.8 Basic elements of block diagrams: Connection (a), block (b), tap (c) and sum-
mer (d)

O gl

Figure 3.9 Block diagram of an electronic circuit
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here is that the structure of the circuit no longer corresponds with the structure of
the block diagram.

3.4.3 Modelling languages for physical systems

Languages such as ACSL [2], DSL [227], Dymola [90], [310] or Modelica [94],
[272] in particular deserve a mention. All these languages support the description of
physical systems. In what follows we will investigate Modelica in particular, as this
language includes the most up-to-date research results and furthermore is currently
being expanded to a standard, see [272] and [273]. An excellent introduction to
object-oriented modelling of mixed systems in general and of Modelica in particular
can be found in Otter [308].

Modelica is a language for the modelling of physical systems and was developed
specifically in order to support the exchange of models and the development of
libraries. Modelica does not insist upon an exclusively causal modelling, in which
cause and effect of every component have to be determined even before the sim-
ulation. The description of the models can also take place in the form of genuine
equations and not on the basis of assignments. Modelica supports the description of
continuous systems, which can be calculated on the basis of differential-algebraic
equation systems (DAE). In addition there are constructs for dealing with disconti-
nuities, which may occur in mechanical stops, or static to sliding friction transitions.
In principle it is also possible to use the discontinuities to describe event-oriented
processes, e.g. transitions in a state graph or the movement of markings in a Petri
net, but this possibility is limited by the underlying equation solver.

In principle, Modelica can be compared with an analogue hardware description
language, see also Tiller ef al. [400]. Both structural and behavioural modelling is
possible. A particularly prominent feature of Modelica is object-orientation, which
is used, for example, to declare a model —or to be specific a model class— once
and instance it many times, with the option of setting certain parameters indi-
vidually for each instance. Similar concepts also exist in hardware description
languages, such as VHDL, with the possibilities of instancing and configuration.
Modelica also offers the option of transmission between model classes, so that
more complex model classes can easily be traced back to simpler ones.

To illustrate modelling in Modelica the description for an electronic circuit will
be given in what follows, see Figure 3.10 and [273].

The associated Modelica model is represented in Hardware description 3.1, with
key words shown in bold type. After the declaration of the circuit model the com-
ponents along with their main parameters are declared. At this level the equation
section specifies only the connectivity of the circuit.

model circuit
Resistor R1 (R=10) ;
Capacitor C (C=0.01);
Resistor R2 (R=100) ;
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i <~ AC =220

— C1 =0.01

R, =100

L,=0.1

Figure 3.10 Electronic circuit as an example of a Modelica model

Inductor L (L=0.1);
VsourceAC AC;

Ground G;

equation
connect (AC.p, Rl.p);
connect (Rl.n, C.p );
connect (C.n, AC.n);
connect (R1.p, R2.p);
connect (R2.n, L.p );
connect (L.n, C.n);
connect (AC.n, G.p);

end circuit;

Hardware description 3.1 Modelica model of the circuit from Figure 3.10

Thus the components such as resistors, capacitors, etc. remain to be described,
see Hardware description 3.2. These are successively built up via the model of a
pin and the model of an electrical component with two terminals. One interesting
feature here is the use of inheritance in the transition from the model with two
terminals to the component. Using the key word extends the roles of voltage and
current and Kirchhoff’s current laws are loaded into the component model and
do not need to be formulated there again. An electrical component can thus be
simply described by its constituent equation. In the case of the capacitor, the time
derivative of voltage is designated by the function der ().

type Voltage =
type Current =

connector Pin
Voltage v;

flow Current
end Pin;

(unit="v") ;
(unit="A") ;

partial model TwoPin "Parent class of the element with 2 elec.

pins"
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Pin p, n;
Voltage v;
Current 1i;
equation

v = p.vV -n.v;
0 =p.1i +n.i;
i=p.1
end TwoPin;

model Resistor "Ideal electrical resistor"
extends TwoPin;
parameter Real R (unit="Ohm") "Resistance"
equation
R*i = v;
end Resistor;
model Capacitor "Ideal electrical capacitor"
extends TwoPin;

parameter Real C (unit="F") "Capacitance"
equation
C* der(v) = i;

end Capacitor;

Hardware description 3.2 Model of the components from Hardware description 3.1

3.4.4 Evaluation of domain-independent
description forms

From the examples shown above it is clear that bond graphs can describe both
analogue electronics and mechanics (and also a range of further domains) in com-
pact and graphic form. However, if we go beyond unidimensional mechanics and
passive electronics there are significant problems to be solved. Although the mod-
elling of transistors is also possible in principle using bond graphs, a meaningful
simulation of circuits of substantial complexity remains the exclusive preserve of
a dedicated circuit simulator. The same applies for three-dimensional multibody
mechanics. Moreover, bond graphs are in principle limited to continuous systems,
so that digital electronics and software cannot be illustrated using classical bond
graphs, or at least this cannot be done efficiently. Furthermore, every element must
be assigned a fixed causality prior to the simulation. This causality may alter dur-
ing a simulation, for example, if an electric motor becomes a generator, so that
such systems cannot be simply investigated using bond graphs. The same applies
in principle for block diagrams.

Domain-independent languages, and Modelica in particular, are broadly compa-
rable with analogue hardware description languages. However, they don’t have the
model basis of a circuit simulator. Furthermore, the event-oriented field is much
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weaker in comparison to hardware description languages in general, and VHDL-
AMS in particular, so that digital electronics or software, as is demonstrated by
Scherber and Miiller-Schloer in [360], require the coupling of appropriate simula-
tors to the equation solver that underlies the language.

Perhaps the most important objection against domain-independent description
forms lies in the fact that it is necessary to start modelling up from scratch in
every domain. Alternatively, if we build up from a circuit or multibody simulator,
a large part of the system is already covered by the best available methodology.

3.5 Simulator Coupling

3.5.1 Introduction

The option of simulator coupling tackles the problem highlighted above in a
straightforward manner. Appropriate simulators are already available for the vari-
ous domains in the system and in the ideal case these would only have to exchange
their current simulation results. The use of simulator coupling can protect invest-
ments in models and facilitate the use of the best available simulator for a field.
However, simulator coupling is also associated with a whole range of problems.
For example, it generally requires access to the internals of the simulators involved,
which means that if commercial simulators are to be considered, the co-operation
of the provider in question is required. Furthermore, the coupled simulation forms
a very intricate software package, which is difficult to get to grips with. Perhaps
the most important disadvantage, however, lies in the synchronisation of two nor-
mally very different simulator cores. In the coupling of analogue electronics and
mechanics, differential equations are solved in both cases. However, their origin,
nature and formulation are very different. Furthermore, this form of co-simulation
is also associated with convergence problems, particularly in the case of a strong
coupling between two analogue solvers.

3.5.2 Simulator backplane

When coupling two simulators, the principle of ‘simulator backplane’ represents a
particularly systematic solution, see also Jorgensen and Odryna [171] or Maliniak
[255]. This principle is equally suited to the coupled simulation of exclusively
continuous, exclusively event-oriented or mixed systems. In principle, the simu-
lator backplane is a standardised procedure, see Kemp [187], for the inclusion of
simulators into an overall simulation, see Figure 3.11 from Zwolifiski et al. [441].
The main task of a backplane is to undertake a partitioning of the design data
before the actual simulation and to assign the individual parts of the simulators in
question. The backplane also looks after the synchronisation between the linked
simulators and the exchange of data. In the ideal case the backplane also has a
unified user interface with the associated output tools, but this tends to be rare.
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Figure 3.11 Structure of a simulator backplane

Otherwise, the corresponding settings in the individual simulators are used, which
often leads to confusion. The data exchange between the backplane and the sim-
ulators can take place by means of an IPC interface.! This does not necessarily
require that all simulators are processed on the same workstation. The load can be
distributed across various computers as long as the synchronisation does not pre-
vent this. However, the cost of communication via this comparably slow interface
has to be borne. Faster simulations are generally achieved by the binding together
of backplane and simulators into an overall programme. This is particularly true
if a great deal of communication via the backplane is expected as a result of a
strong coupling between domains in the simulated system, because in this case the
addressing of a simulator from the backplane becomes a function call.

As for the general case of simulator coupling, the main problem of the back-
plane lies in the handling of the synchronisation between the simulator cores.?
We can make an initial differentiation here between two classical approaches: the
conservative, see Chandy and Misra [65], [66], and the optimistic, see Jefferson
[168], Jefferson and Sowizral [169].

The conservative approach allows simulator A to proceed only for a time period
in which it can be proven that no events sent out from other simulators are expected.
These events would have to be taken into account in the simulation of A and
consequently the simulation has to wait for them. In the conservative approach,
simulator A is thus safe to proceed for this time period. In the extreme case, this
conservative approach is called the ‘lockstep’ algorithm,? in which a fixed time

'IPC (inter process communication), communication between processes on the level of the operating
system.

2 The same problem also emerges in the parallelisation of simulations, see Fujimoto [107], where here
the same simulator cores are synchronised on different processors.

3 Other authors, such as Le Marrec et al. [218] or Olcoz et al. [302] describe the ‘Lockstep’ synchroni-
sation as the specification of a global real time so that all participating simulators may each proceed their
local time up to the global time.
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interval is specified for all participating simulators. Particularly for systems with
very different time constants this hinders an efficient processing of the simulation.
In recent years a whole range of simulator couplings have been developed in the
form of variations on the conservative method, e.g. Bechtold et al. [20], Buck et al.
[52], Patterson [316], Sung and Ha [392], Todesco and Meng [402], Zwolifiski
et al. [441], although frequent task changes between simulators can still gives rise
to performance problems in these approaches.

In the optimistic case, every simulator processes its internal events until no more
activity can be determined, which in the ideal case is by far the most efficient way.
Unfortunately, it may occur that another simulator generates an event for the first
in this period. Then all of the first simulator’s results from the moment in question
must be discarded. To achieve this the simulator in question must perform a leap
backwards (timewarp) and then start again at the time point in question. Depend-
ing upon the system under consideration this is associated with a high storage
requirement for the saving of old states. Furthermore, depending upon the nature
of the system under investigation, these timewarps can themselves become a per-
formance problem. Normally, however, electronics simulators [402] and mechanics
simulators do not provide the option of performing a timewarp, so that only the con-
servative approach and variations upon it remain. However, this is not necessarily
the case for the co-simulation of hardware and software, see Chapter 5.

In addition to the synchronisation between two simulator cores, the question
of the convergence of the solution also requires some consideration. This is par-
ticularly relevant for the coupling of two analogue cores, see Klein and Gerlach
[196]. The reason for this lies in the back-coupling between the two simulator
cores, which we will call A and B here. A maps its input xa to its output ya
using a function fo. B does the same with the function fg. In the simplest case,
the Gauss—Seidel iteration, the rule for the (k+1)th iteration step is:

xléﬂ — yg = fA(xg) 3.14)
A = yE = et

In this case oscillations may occur. In the worst case the iteration does not converge
at all. Numerically more demanding methods, such as, for example, the Newton
procedure, tend to converge better, but are not universally applicable due to the
costly calculation of the required Jacobi matrices, see [196].

3.5.3 Examples of the simulator coupling
Introduction

In what follows the options and limitations of simulator coupling will be illustrated
in more detail on the basis of a few examples from mechatronics and micromecha-
tronics. This description will include the direct coupling between two simulators
as well as the systematic consideration of several simulators with a backplane.
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Mechatronics

In [302] Olcoz et al. describe the coupling of the VHDL simulator VSS with
the mechanics simulator COMPAMM. Sensors and actuators are incorporated at
the interface between electronics and mechanics and these are characterised by a
pair of corresponding variables —one for each of the two simulator sides. The
correspondence of such pairs is achieved by an interface written in C and C + +.
The mechanics simulators can thus be operated using a fixed or variable time
interval. In the former case the synchronisation between electronics and mechanics
takes place at discrete, evenly distributed points in time that are specified by the
fixed interval of the mechanics. In the latter case the mechanics simulator proceeds
by a time interval and then informs the electronics simulator that it may proceed to
this point. After confirmation from the electronics simulator the sequence begins
again from the start.

A further approach for the coupling of simulators is mentioned by Scholliers in
[367]. This approach emphasises the coupling of multibody mechanics, analogue
electronics and control technology. ADAMS, PSpice and MATLAB/Simulink are
the simulators used. The simulation process is centrally controlled and a fixed
increment thereby specified. The application considered is a controlled drive and
the mechanical load is a mechanism described in ADAMS. The actuator is a direct
current motor described in the form of Spice components, whereas the PI controller
exists on a purely functional level in MATLAB/Simulink.

Le Marrec et al. [218] describe a coupling between C routines, the VHDL
simulator VSS and MATLAB/Simulink using a co-simulation bus that exchanges
data between the individual simulators. The simulation can take place on two
levels. Firstly, simulation can be purely functional, with electronics, mechanics,
and software being investigated for the application under consideration. In the
other case, the timing has to be taken into account too, necessitating a processor
model in VHDL for the software. In this case the problem is merely that of the
co-simulation of electronics and mechanics. The approach described is illustrated
on the basis of two examples, an electronic accelerator pedal for an electric car
and the control of a hydraulic suspension system for a car.

In [360] Scherber and Miiller-Schloer proposed a simulator backplane that rep-
resents a mechanism for the linking of very different simulators. The approach is
based upon a unified model for the heterogeneous components involved. These are
termed actuators; their interfaces are called ports; every two ports can be linked
by a channel. The access mechanisms are always the same. Thus the interfacing
of a component and its simulation is unified without having to make limitations
with regard to the nature or function of the actuators. A scheduler decides which
actuators shall be executed when and for how long by means of a priority anal-
ysis. In this manner a software simulator, a simulator for finite state machines, a
simulator for the Modelica language — see Section 3.4.3—and MATLAB/Simulink
were connected together.
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Micromechatronics

In [121] Gotz et al. produce a coupling between a finite element simulator and a
circuit simulator. The idea consists of calculating the deformation of a pressure
sensor structure using a finite element simulator and using the results to determine
changes of piezo resistances. The circuit simulator is then used to determine the
output of the read-out circuit. This consists primarily of a frequency modulation.
Using this process the mechanical structure can be optimised very simply. How-
ever, the feedback of the electronics on the mechanics and any dynamic effects of
the mechanics have not been taken into account.

A coupling between a FE simulator (ANSYS) for continuum mechanics and
the circuit simulator PSpice for analogue electronics is proposed by Détzel and
Billep [86] and Klein et al. [198]. The applications used here are the simulation
of micromirrors [86] and force sensors [198]. However, details of the coupling are
not given in either case.

3.5.4 Evaluation

In simulator coupling the performance of the coupled tool is beneficial because
the optimal modelling method can be selected for each field. This reduces the
total modelling cost incurred, whilst the validation of the models can utilise the
results within the domain in question. Further domains can be taken into account
by linking in appropriate simulation tools. On the other hand, simulator coupling
leads to problems in the operation of the simulator package and in handling the
data flow at the interface. The simulators involved must be suitably synchronised
with one another. The simulation time is typically very high due to the necessary
iterations for each time interval. Finally, convergence problems may occur if there
is strong coupling between the subsystems.

3.6 Summary

Various approaches to the modelling and simulation of mechatronic and micro-
mechatronic systems have been considered in this chapter. We can differentiate
between three groups of methods: model transformation, modelling in a domain-
independent form, and simulator coupling. There are currently two options on
offer that allow us to cover the whole spectrum of analogue electronics, digital
electronics, software, multibody mechanics and continuum mechanics. These are
simulator coupling and the universal modelling in hardware description languages,
which will be described comprehensively in what follows.
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Modelling in Hardware
Description Languages

4.1 Introduction

For hardware description languages (HDL) — as for every other method of describ-
ing a system — the following two questions are raised:

e What can be modelled using this description method?

e What can be achieved using this description?

This is illustrated on the basis of Figure 4.1. On the left-hand side we see the
domains that are significant in our context, which are to be modelled in hardware
description languages. Digital and analogue electronics should be unproblematic
because hardware description languages were originally developed for precisely
this purpose. Question marks stand next to the domains of multibody mechanics,
continuum mechanics and software; the modelling of these domains using hardware
description languages is investigated in this book. Furthermore, some approaches
should be mentioned at this point that attempt to automatically translate further
description forms into hardware description languages. The work of Maillot and
Wendling [246], in which state diagrams are depicted in VHDL, is worth mention-
ing here. Sax et al. [359] transfer MATRIXx descriptions from classical control
technology into VHDL-AMS. Overall, hardware description languages, and in par-
ticular VHDL-AMS, appear to be capable of serving as a general exchange format
for models.

The question remains of what we can undertake using a system model in a
hardware description language. This is shown on the right-hand side of Figure 4.1.
Initially it is possible to specify and design using hardware description languages
with the resulting models being available for documentation purposes in both cases.
Furthermore, such a description can be directly simulated without any intermediate

Mechatronic Systems Georg Pelz
© 2003 John Wiley & Sons, Ltd ISBN: 0-470-84979-7
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Hardware
Description
Languages

Specification

library IEEE;
use IEEE.std logic_1164.all;

entity compare is
port(a, b: in
std_logic_vector (0 to 7);

eq

: out
std_logic) ;
end compare;

architecture cmp of compare is
begin
eq <= '1' when (a = b)
else '0' ;

end cmp;

Finclude <stdio.h>
main (arge,argv)
int argc,

ar ** argv,

Formal
verification

Figure 4.1 Fields of application of hardware description languages

stages, which facilitates the validation of the specifications and the verification of
the designs. In the medium term formal verification or automatic synthesis of
designs may also be possible, both of which currently tend to be the exclusive
preserve of digital electronics.

Hardware description languages offer a whole range of advantages in relation to
other approaches. For example, the problem of simulating mixed systems is moved
from the simulator or programming level to the modelling level. It is thus no longer
a question of implementing a tool that can execute an appropriate simulation.
Instead, models have to be developed that describe the components of the system.
The great advantage of this is that tried and tested simulators are available. This
means that the corresponding functionalities, such as the building up and solving
of equation systems, the co-simulation of digital and analogue system components
or the representation of the results do not need to be re-implemented.

The second great advantage of hardware description languages lies in the fact
that both the behaviour and the structure of a system or component can be for-
mulated. Furthermore, this can occur on extremely different levels of abstraction.
This allows hardware description languages to be implemented very flexibly. In
particular, entire design sequences can be executed almost entirely using hardware
description languages. This means that each design step primarily represents the
transformation of one hardware description into another hardware description. This
avoids undesirable losses due to the need to support various data formats. Further-
more, it is possible to simulate on all levels at any time and thus immediately
investigate the correctness of a design step.

The most important fields of application of hardware description languages will
be outlined in the sections that follow. These fields are specification, documenta-
tion, design, simulation, formal verification and synthesis. Furthermore, the syntax
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and semantics of hardware description languages will be represented based upon
the example of the IEEE standard 1076.1 (VHDL-AMS) passed in March 1999.
This lays the foundation for the subsequent chapter on modelling.

4.2 Fields of Application

4.2.1 Formulation of specification and design

A formalised circuit description on a behavioural level, such as that provided by a
hardware description language, represents the precise specification and documen-
tation of a circuit. In many cases informal paper specifications are associated with
problems, for example, if certain operating states are not predicted and are thus
not specified. These difficulties are avoided by using a formal, programme-like
specification. With such a specification it is generally immediately clear if a sys-
tem is incompletely or even contradictorily specified. Furthermore, the hardware
description language is available for reference in all cases of dispute. In such a
case a simulation should be capable of clearing up all doubt. Furthermore, this
route automatically provides an entry into a universal design sequence. On the
basis of abstract descriptions, increasingly detailed representations are developed
or generated, descriptions which can be verified against one another. In this man-
ner both the actual design problem and the problem of consistency between the
textual specifications of a performance specification and the developed system can
be addressed.

4.2.2 Vadlidation of specifications and verification
of designs

The use of simulations for the validation of specifications and for the verification
of designs of mechatronic and micromechatronic systems is the main theme of
this work. A simulator exists for virtually all hardware description languages and,
for some, several simulators are even available. The simulation of digital hardware
description languages has developed from logic simulation, whilst the simulation of
analogue hardware description languages has developed from circuit simulation.
Hardware description languages that include both digital and analogue compo-
nents are represented on an appropriate ‘mixed mode’ simulator, which spares the
user from having to think about the coupling between digital and analogue sim-
ulator cores. Nevertheless, this interface is indispensable because the simulation
procedures for digital and analogue fields are very different, see Sections 2.7.2
and 2.7.3.

As an alternative to simulation we can also use the methods of formal verification
in the digital field. In general, the motivation for this is that the simulation of
systems almost always remains incomplete because it is not possible to play through
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all combinations of input values in a simulation, for reasons of running time. Formal
verification makes it possible to mathematically prove the equivalence between two
descriptions or the existence of certain circuit properties.

Both simulation and formal verification are normally tied to a system description
in a given hardware description language. Conversely, the formulation of a system
in a hardware description language often facilitates the use of appropriate tools.

4.2.3 Avutomatic synthesis

As indicated above, the design of a circuit often consists of an incremental refine-
ment of a hardware description language. The theory and corresponding software
tools are well developed in this field, particularly for the digital hardware descrip-
tions. The transition from the register-transfer level to a gate net list in particular
is automated as standard even now. In general, further synthesis tools are con-
nected with this, which convert the gate net list into a standard cell layout, a gate
array layout, or a programme description for a FPGA. Thus the manual part of
the design sequence for digital circuits is often completed as early as the register
transfer level.

4.3 Characterisation of Hardware Description
Languages

At first glance a hardware description language is similar to a programming lan-
guage such as C or Pascal. Models are formulated as text in a hardware description
language, with a range of key words being attributed special importance. Further-
more, a predefined syntax must be adhered to. After parsing, syntactically correct
models are translated into an intermediate format upon which the simulation can
then be run. However, there are also important differences between hardware
description languages and programming languages. For example, a programme
normally runs sequentially, i.e. only one instruction is ever processed before a cer-
tain point in time. This is not acceptable for the description of hardware. All gates
of a logic circuit in principle work in parallel. In hardware description languages
this state is accounted for by the fact that instructions are normally processed in
parallel. Certain areas of a hardware description that are reserved for sequential
instructions represent the exception to this rule. In this area the typical instru-
ments of a procedural programming language are available, such as ‘if-then-else’
constructs, loops or ‘case’ instructions.

As mentioned above, a hardware description language provides the option of
describing both the behaviour and the structure of a circuit. The main difference
between behaviour and structure will be explained briefly in what follows. The
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addition of four numbers can be unambiguously described in terms of their function
as follows:

y=a+btctd 4.1)

The order in which the expression is evaluated is unimportant here since the
commutative law for addition applies. However, if the addition is considered on
the structural level then the sequence can no longer be neglected. For example, the
following two alternatives exist:

y=(a+b)+ (c+d); 4.2)
y=((a+b)+c)+d 4.3)

Corresponding realisations by adders are shown in Figure 4.2. It turns out that
the realisation of the expression shown on the left is completed more quickly than
that on the right since only two adding stages have to be run in this case.

Formulation on a behavioural level can thus significantly reduce the complexity
of a circuit description. Higher operations such as addition, subtraction, multi-
plication, represent a few hundreds or even a few thousands of gates. Thus the
readability of such a description is significantly greater than that of other circuit
descriptions. Furthermore, the reuse of descriptions that were originally developed
in a different context is made easier.

Finally, hardware description languages generally open up the option of con-
sidering the individual parts of a circuit in different abstractions, see Figure 4.3.
Thus circuits or systems can be fully simulated if each of their modules possesses
an abstract behavioural description. This initially offers an efficiency gain com-
pared to a complete simulation of the finished design. Furthermore, as time goes
on the individual blocks can be refined during the design process, until the design
has achieved the required level of abstraction for the individual parts. In particu-
lar, refinements by several circuit developers can be implemented independently

xoley

Figure 4.2 Two versions of an adder for four numbers
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| Module 1 | | Module 2 | ] Module 3 |

|Submodule 1 | |Submodule 2| |Submodule 3| ‘Submodule 4| |Submodule 5| |Submodule 6

Figure 4.3 Simulation on a mixed abstraction level

of one another. Due to this ‘interlacing’ of the engineering work in the sense of
simultaneous engineering, the design time for more complex systems can be kept
within reasonable limits. Methods for the partitioning of engineering work will
become increasingly important in the future because the organisational manage-
ment of more complex, strongly coupled systems will increasingly be the factor
that limits feasibility.

4.4 Languages

Many hardware description languages have been defined in recent years. Some of
the more widespread languages were introduced by providers of design automation
software. ‘M-HDL’ by Mentor Graphics or ‘Verilog-HDL’ by Cadence Design Sys-
tems are typical representatives of this group. In the analogue field the languages
‘MAST’ from Avant!, ‘HDL-A’ from Mentor Graphics, ‘SpectreHDL’ or ‘Verilog-
A’ from Cadence Design Systems and ‘ABCD’ from Dolphin Integration S.A., are
particularly worth mentioning. All these languages should be classified as propri-
etary hardware description languages since the associated tools could initially only
be obtained from the companies in question.

A further group of hardware description languages originated from the university
sector, such as ‘BDS’ from the University of California, Berkeley, or ‘daCapo’
from the University of Dortmund. However, these languages have only become
widespread in the academic field. Nevertheless, because of their innovative ideas
they often form the basis for commercial description languages.

A third group of languages is represented by VHDL,? which was initially the
product of an American research programme and later became the IEEE stan-
dard 1076 as part of an expensive standardisation. The American Department of
Defense, by far the biggest user in the North American area, helped the standard to
make a breakthrough by making adherence to this standard a prerequisite for the

2 VHSIC Hardware Description Language. VHSIC = very high speed integrated circuits, American pro-
motional program for the development of particularly powerful integrated circuits.
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placement of orders. Thus all CAE providers were forced to support VHDL. Other
languages were also standardised such as, for example, Verilog-HDL, which was
initially designed as a proprietary language. The great advantage of such standards
is that they promote the exchange of circuit descriptions and furthermore make
it possible for the providers of CAE tools to exchange simulators, for example,
without the reformulation of the models into another language and the significant
costs associated with this. Since 1987 VHDL has been a standard for the devel-
opment of digital circuits and systems, which is being continuously improved and
expanded. A significant aspect of this is the expansion around analogue and mixed
analogue-digital constructs. In 1999 the IEEE standard 1076.1 (VHDL-AMS?) was
passed, which covers the full language scope of VHDL and additional constructs
for the modelling of analogue processes. For an introduction to VHDL the reader
is referred to the books of Ashenden [15], Pellerin and Taylor [319] and Perry
[334]. With regard to VHDL-AMS, as yet there is only the provisional version of
the IEEE standard 1076.1 [160] and an associated tutorial [16].

As early as 1993 VHDL and Verilog-HDL enjoyed a clear predominance in the
digital field compared to other languages, see Carrol [61]. Today hardly any other
languages are used in the digital field. A similar concentration will presumably
also take place in the field of analogue hardware description languages.

4.5 Modelling Paradigms

4.5.1 Introduction

In the following, the most important techniques of digital and analogue mod-
elling in hardware description languages will be described. For example, the lan-
guage VHDL-AMS, which covers the most important constructs of other hardware
description languages, will be considered in this connection. The aim of the descrip-
tions that follow is to convey an impression of the modelling possibilities available
using hardware description languages. However, they are not a substitute for the
corresponding literature. In the following, the key words in hardware description
languages are written in upper case letters and all identifiers in lower case let-
ters. In principle this makes no difference, since in VHDL and VHDL-AMS, no
differentiation is made between upper and lower case.

A VHDL model is organised into various descriptions. Every module has pre-
cisely one interface description, which in principle specifies the corresponding
interface signals and their type and direction. Such a description is also called an
ENTITY. For each ENTITY there is one or more ARCHITECTURE descriptions that
contains the different variations of the modelling of the module. For example, in
the following section three architectures will be listed for a module. For frequently
used constructs it is possible to define packages, which are themselves split into

3 VHDL analogue and mixed signal extensions.
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an interface section (PACKAGE) and an implementation section (PACKAGE BODY).
A fifth group of descriptions specifies which architectures should form the basis
for a simulation. These are also called configurations (CONFIGURATION).

4.5.2 Structural and behaviour-oriented modelling

Structural modelling formulates the submodules from which a module is composed.
In contrast to this, behaviour-oriented modelling describes the function and timing
of the module. Let us clarify this using the example of a full adder. Hardware
description 4.1 shows the interface description of a fictitious full adder in VHDL.
Comments for the rest of the lines are preceded by a double minus sign. Using the
LIBRARY and USE instructions a PACKAGE is first referenced, which includes the
necessary types for the digital signals, e.g. std logic. The ENTITY description
mainly consists of a PORT instruction, which declares the inputs and outputs of the
full adder.

LIBRARY IEEE;
-- IEEE Package for logic types
USE IEEE.std logic 1164.all;

ENTITY full adder IS
-- two sum inputs, one Carry-In
-- one sum output, one Carry-Out
PORT (il, i2, ci: 1IN std logic;
sum, co: OUT std logic);
END full adder;

Hardware description 4.1 Interface description of a full adder

The first possibility is represented by structural modelling, in which the full
adder is made up of a half adder and an Or gate, see Hardware description 4.2.
The timing is taken from the timing of the underlying modules.

ARCHITECTURE structure OF full adder IS

BEGIN

instl : half adder (il ,i2 ,tcl ,tsl); -- Instantiation HA
inst2 : half adder(cin ,tsl ,tc2 ,sum); -- Instantiation HA
inst3 : or gate (tcl ,tc2 ,co); -- Instantiation OR

END structure;

Hardware description 4.2 Structural description of a full adder

The simplest form of behavioural modelling is the data flow description, in
which the underlying Boolean function is merely assembled from basic functions
and the calculation of the results performed after a delay. This is shown in Hardware
description 4.3.
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ARCHITECTURE data flow OF full adder IS
BEGIN -- Signal assignment according to Boolean function...
sum <= 11 xor 12 xor ci AFTER 3 ns;
co <= (11 and 12) or (il and ci) or (i2 and ci) AFTER 2 ns;
END data flow;

Hardware description 4.3 Data flow description of a full adder

However, not all functions that are possible are predefined. It can also be tire-
some to fully prepare the Boolean functions. In such cases it is also possible to
provide a purely behavioural description, which relates input and output assign-
ment to each other in tabular form, see Hardware description 4.4. This is based
upon a so-called process, the body of which includes sequential instructions.

ARCHITECTURE behaviour OF full adder IS

BEGIN
PROCESS -- Process head
VARIABLE tmp : std logic vector (2 DOWNTO 0) ;

BEGIN -- Process body with sequential instructions
WAIT ON il, i2, ci; -- Wait for signal change
tmp (2) := il; tmp(l) := i2; tmp(0) := ci; --Store in vect.
CASE tmp IS -- Case differentiation
WHEN "000" =>

sum <= ‘0’ AFTER 3 ns; -- Signal assignment sum
co <= ‘0’ AFTER 2 ns; -- Signal assignment Carry-Out
WHEN "001" =>
sum <= ‘1’ AFTER 3 ns; -- Signal assignment sum
co <= ‘0’ AFTER 2 ns; -- Signal assignment Carry-Out
WHEN
END CASE;

END PROCESS;
END behaviour;

Hardware description 4.4 Behaviour-oriented description of a full adder

4.5.3 Digital modelling

The process (PROCESS) will be explained in more detail in the following. It forms
the work-horse of digital modelling. Virtually all digital relationships are modelled
either directly as a process or in a form that is easy to convert into a process. The
process is attributed to the parallel instructions. Thus it is processed in parallel to
the other processes and the remaining parallel instructions. The body of a process
contains sequential commands that are thus processed one after the other. When
the processing reaches the end of the body, it jumps back to the start and thus
executes an endless loop. To prevent this from causing the simulation to hang, each
body must contain at least one synchronisation point in the form of an explicit or
implicit WAIT instruction. Its task is to delay progress in the body of the process
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by an amount that depends upon its parameter. This may be based, for example,
upon a fixed time period or the occurrence of a certain event. The process is
executed accordingly by the performance of a sequence of instructions between
two synchronisation points. Sequential instructions in VHDL are comparable to
the instructions of procedural programming languages. In the following, a few
processes will be described as examples.

Example: multiplexer

The first example is a multiplexer that is formulated in Hardware description 4.5
as ENTITY and ARCHITECTURE. Synchronisation takes place by means of the WAIT
instruction, which interrupts the execution of the process until at least one of the
signals a, b or sel has changed. Thus the body of the architecture proceeds as
soon as there is a change at the inputs of the multiplexer. Then and only then can
a change at the outputs be expected.

LIBRARY IEEE;

USE IEEE.std logic_1164.all; -- IEEE package for logic types
ENTITY mux IS -- Interface description of multiplexer
PORT(a, b, sel: IN std logic;
q : OUT std logic) ;
END mux;
ARCHITECTURE behaviour OF mux IS -- Architecture description...
BEGIN
PROCESS -- Process
BEGIN
WAIT ON sel, a, b; -- Wait for signal changes
if sel = 1’ then -- Case differentiation
g <= a; -- Signal allocation
else
g <= b; -- Signal allocation
END IF;

END PROCESS;
END behaviour;

Hardware description 4.5 Behaviour-oriented modelling of a multiplexer

Example: multiplier

The next example is used to explain in more detail the various abstractions of
modelling in a design sequence. The example relates to a multiplier. In its simplest
form this can be described by a times sign, see Hardware description 4.6. This
form of description is extremely compact, although a realisation of the circuit
can consist of thousands of gates. In a second description, multiplication can be
traced back to shifting and adding, as we learned multiplication at school, see
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Hardware description 4.7. This corresponds with the first step in the direction of
implementation. Most synthesis tools are able to translate this description into a
gate circuit, which could be followed up by representation on a FPGA.

LIBRARY IEEE;

USE IEEE.std logic 1164.all; -- IEEE package for logic types
USE IEEE.std logic_arith.all; -- IEEE package for associated
arith.

ENTITY multiplier IS
PORT (clk: in std logic;
a, b : IN std logic_vector (3 DOWNTO 0) ;
a : OUT std_logic_ vector (7 DOWNTO 0)) ;
END multiplier;

ARCHITECTURE behaviourl OF multiplier IS
BEGIN PROCESS

BEGIN
WAIT UNTIL rising edge (clk); -- Wait for rising edge
g <= a*b; -- Multiplier and assign result to

END PROCESS;
END behaviourl;

Hardware description 4.6 Behavioural description of a multiplier on the basis of a multipli-
cation operation

At this point we should highlight a further point. The WAIT instructions delay the
sequence up to the next active clock-pulse edge. For the architecture behaviourl
this means that the multiplication must be completed within one clock cycle. The
realisation behaviour2, however, unrolls the loop over time and not spatially.
Thus the calculation of the product requires at least as many clock cycles as the
number of bits of the operands. In the VHDL formulation this is achieved by the
fact that the loop contains a WAIT instruction.

ARCHITECTURE behaviour2 OF multiplier IS

BEGIN
PROCESS
VARIABLE pp, res : std logic_ vector (7 DOWNTO O0) ;
BEGIN
WAIT UNTIL rising edge(clk) ; -- Wait for rising edge
res := "00000000"; -- Initialise variable res
FOR index IN 0 TO 3 LOOP -- Loop index := 0 .. 3
WAIT UNTIL rising edge(clk) ; -- Wait for rising edge
pp := "00000000"; -- Initialise variable pp
IF b(index) = ‘1’ THEN -- If bit index of b set
pp ((index + 3) DOWNTO index) := a; -- Adder moved
END TIF;

res := res + pp; -- Accumulate result
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END LOOP;
WAIT UNTIL rising edge(clk) ; -- Wait for rising edge
g <= res; -- Signal assignment for output

END PROCESS;
END behaviour2;

Hardware description 4.7 Behavioural description of a multiplier on the basis of moving
and adding

Digital signal assignment

Up until now we have based our description of a signal assignment upon an intu-
itive understanding, which in some cases can be deceptive. This can be clarified by
looking at a simple inverter gate. The function of the inverter is quickly described.
However, in some cases this does not achieve the desired result. The inverter may
have a delay time of 100 picoseconds. If a pulse of one picosecond occurs at its
input then we would assume in the first approximation that this pulse would be
observed in the opposite polarity at the output 100 picoseconds later. However, this
is not physically correct because the pulse is much too short to effect a change
at the output. Before this has moved to a significant degree, the cause has disap-
peared again. In order to bring about this ‘inert’ behaviour it is necessary for each
signal assignment to evaluate the right-hand side correctly and to draw up a list of
current and future events. If necessary, the future events may have to be deleted
again before they are realised. This is also the case, for example, if the right-hand
side always produces an assignment with the same value, so that a formal assign-
ment yields no new information for the signal. In this case we can postpone the
assignment, so that no events without information content are produced. This task
and others are undertaken by the so-called signal driver.

4.5.4 Analogue modelling
Introduction

We can differentiate between three classical applications of analogue modelling,
see Vachoux and Berge [406]. Firstly, and self-evidently, it is implemented when
the system under investigation consists wholly or partially of analogue compo-
nents. But even when looking at digital systems, the consideration of an analogue
environment of the circuit may still be necessary. Finally, analogue effects, such
as signal delays or coupling capacitances, often cannot be disregarded especially
for digital high-speed circuits.

Again, the extremely different levels of abstraction can be represented. Thus, on
the purely behavioural level we can provide models based upon transfer functions
or differential equations. At a lower level of abstraction, so-called macromodels are
often used, which may represent the standard blocks of analogue circuit design, e.g.
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operational amplifiers, comparators, etc. Such macro-models describe behaviour
at the terminals, for example, in the form of a characteristic. Finally, we can
also model components such as transistors, diodes, etc. using analogue hardware
description languages.

Furthermore, the methodology of analogue modelling is in line with the follow-
ing strategies:

Structural definition Analogue hardware description languages permit the formu-
lation of a component as an interconnection of its subcomponents.

Behavioural definition The description of the terminal behaviour of components
on the basis of mathematical equations is one of the main properties of analogue
hardware description languages.

Conservative modelling Analogue hardware description languages permit the for-
mulation of models on the basis of potential (across) and flow (through) variables,
e.g. voltage and current or velocity and force, meaning that Kirchhoff’s laws apply.
The product of potential and flow variables is normally represented by energy. So
this formulation is set up to describe energy flows.

Non-conservative modelling Non-conservative quantities can also be described,
allowing block or signal flow diagrams to be formulated using hardware description
languages. Often the description of an information or control flow predominates.

Table model Table models are normally based upon a piece-wise linear descrip-
tion, which may be smoothed for numerical reasons. These models can also be
unproblematically formulated into an analogue hardware description language.

Arbitrary mixed forms Analogue hardware description languages permit the use
of arbitrary mixed forms of these modelling strategies.

Using the above-mentioned modelling strategies, analogue hardware description
languages thus permit the formulation of structural, physical and experimental
models, so that the fundamental approaches to modelling from Chapter 2 are fully
represented. The use of mathematical equations in the description of the models
allows the addition of various fields to the discussion. The fields listed in Table 4.1
are particularly pertinent here, see Antao [12].

Table 4.1 Model formulation in analogue hardware description languages

Description Field Representation

Discrete Time Differential equations and algebraic
equations

Continuous Time Differential equations and algebraic
equations

Discrete Frequency Z-transformation

Continuous Frequency Laplace transformation




76 4 MODELLING IN HARDWARE DESCRIPTION LANGUAGES

Now, if analogous behaviour is to be formulated in a hardware description
language this normally occurs in the form of mathematical equations. In VHDL-
AMS these equations are also termed simultaneous instructions. Both sides of the
equation must have real values. The equations are symmetrical in the sense that
swapping the left and right-hand side leads to the same results. The analogue
solver is responsible for the fact that these equations are approximately fulfilled.
In addition to the equations there are also the simultaneous versions of the IF,
CASE and PROCEDURAL instructions, which facilitates sequential notation. Let us
now clarify this using the example of a diode model.

Hardware description 4.8 shows a simple diode model in VHDL-AMS, see
[160]. The division into interface and implementation, i.e. into ENTITY and ARCHI -
TECTURE, also applies for the analogue model. In addition to the anode and cathode
electrical connections the interface now includes a GENERIC instruction that permits
the named parameter to set when the model is instanced. Furthermore, standard
values are specified that are used if no further specifications are encountered during
instancing. Then some electrical quantities are initially declared in the architecture
such as, for example, the diode current id and the voltage ud across the diode. The
threshold voltage ut is finally declared as a constant. The actual equations define
the diode current id, the charge of the diode g and an additional current ic, which
is found from the derivative of charge with respect to time g’DOT. Furthermore,
the fact is worthy of special mention that individual equations can be allocated
to a predefined accuracy group by means of the TOLERANCE instruction, so that
different accuracies can be set for various equations. However, this means that
no decision is anticipated regarding which criteria the simulator is to use for the
evaluation of accuracy and how this is to be calculated.

ENTITY diode IS
-- Parameter declaration with default values

GENERIC (isO:real := 1.0e-14; tau, rd : real := 0.0);
-- Inputs/outputs
PORT (TERMINAL anode, cathode: electrical);

END ENTITY diode;

ARCHITECTURE simultaneous OF diode IS
-- Declaration of variables and constants
QUANTITY ud ACROSS id, ic THROUGH anode TO cathode;
QUANTITY g: real;

CONSTANT ut: voltage := 0.0258;
BEGIN -- Defining equations

id == is0* (exp((ud-rd*id) /ut)-1.0);
g == tau*id TOLERANCE "Charge";

ic == g’DOT;

END ARCHITECTURE simultaneous;

Hardware description 4.8 Simultaneous behavioural description of a diode
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Alternatively, a sequential description can also be provided, see Hardware des-
cription 4.9. Here the causality is specified by the assignments. However, some
possibilities for sequential modelling exist such as the use of IF-THEN-ELSE con-
structs, CASE instructions or loops, meaning that this form of modelling also has
its attraction. However formulated, the two descriptions should, however, supply
the same outputs.

ARCHITECTURE procedural OF diode IS
QUANTITY ud ACROSS id, ic THROUGH anode TO cathode;
QUANTITY g: real;

CONSTANT ut: voltage := 0.0258;

BEGIN

pl: PROCEDURAL BEGIN -- defining assignments
id := is0* (exp((ud-rd+*id) /ut)-1.0);
g := tau*id TOLERANCE "charge";
ic := g’'DOT;

END PROCEDURAL;
END ARCHITECTURE procedural;

Hardware description 4.9 Sequential behavioural description of a diode

Physical domains and associated quantities

When describing analogue relationships in VHDL-AMS the physical domains that
can be described are not specified in advance. Rather, it is even possible to declare
domains with their associated quantities subsequently. Here a differentiation is
made between potentials and flows, which are declared by the keywords ACROSS
and THROUGH. For electronics these may be voltage and current. Hardware descrip-
tion 4.10 shows the corresponding declaration as PACKAGE.

PACKAGE electrical system IS

SUBTYPE voltage IS real TOLERANCE "low voltage';
SUBTYPE current IS real TOLERANCE "low current";
NATURE electrical IS

voltage ACROSS; -- Potential

current THROUGH; -- Flow
ALIAS ground IS electrical’reference;

END PACKAGE electrical system;
Hardware description 4.10 Declaration of electrical potentials and flows

In the same manner, potentials and flows can be declared to arbitrary other
domains. For translational mechanics these might be velocity and force; for rota-
tional mechanics, rotational velocity and torque.

In a model the quantities used can be declared as either a THROUGH or an ACROSS
QUANTITY. This is a real number that describes a continuous variable. Kirchhoff’s
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voltage law is applied for potential quantities, which means that all ACROSS quan-
tities in a closed loop add up to zero. For the flow quantities, Kirchhoff’s current
law applies. Thus all THROUGH quantities at a node add up to zero. In addition to
the declared quantities others are implicitly defined such as, for example, g’ DOT,
g’ INTEG and q’DELAYED (t). These denote the derivative of the quantity g with
respect to time, the integral of the quantity g with respect to time and a quan-
tity g delayed by time t. In addition to the potentials and flows it is sometimes
worthwhile considering quantities that are not subject to Kirchhoff’s laws. For
example, in control technology signal flow diagrams or block diagrams are often
considered, in which the individual quantities do not occur in pairs and furthermore
have a direction. Kirchhoff’s laws in particular do not apply to these quantities. In
VHDL-AMS such quantities can also be used, as is demonstrated by the following
example of a combined adder/integrator, see Hardware description 4.11 and [16].

ENTITY adder_ integrator IS
GENERIC (k1,k2: real);
PORT (QUANTITY inl, in2: IN real;
QUANTITY outp: OUT real) ;
END ENTITY adder_ integrator;

ARCHITECTURE signal flow OF adder integrator IS
QUANTITY gint: real;

BEGIN -- defining equations
gint == kl*inl + k2*in2;
outp == gint’INTEG; -- Integration

END ARCHITECTURE signal flow;

Hardware description 4.11 Signal flow modelling of a combined adder/integrator

Discontinuities

In the case of mechanical models in particular, non-continuous relationships also
often have to be modelled. These are illustrated in what follows based upon the
example of a bouncing ball, see Hardware description 4.12 and Bakalar et al. [16].
Two discontinuities are considered in this model. The first of these is the start of
the simulation at which the initial state is set at the first BREAK command. The
second discontinuity consists of the fact that the bouncing ball reverses its velocity
when the it hits a surface, i.e. at s < 0. This corresponds with an elastic impact.
Furthermore, the IF instruction ensures that the braking effect of air resistance acts
with gravity when rising and against gravity when falling.

LIBRARY disciplines; -- Reference to a package with
USE disciplines.mechanical.all; -- the mechanical declarations
ENTITY ball IS -- Autonomous model,

END ENTITY ball; -- no connections

ARCHITECTURE simple OF ball IS
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QUANTITY v : velocity; -- Velocity
QUANTITY s : displacement; -- Relative position
CONSTANT g : real := 9.81; -- Gravity

CONSTANT 1lw: real := 0.1; -- Alr resistance
BEGIN

-- Initial conditions

BREAK v => 0.0, s => 10.0;

-- Detect discontinuity and invert velocity...
BREAK v => -v WHEN NOT s’ABOVE(0.0) ;

s'DOT == v; -- v = ds/dt
IF v > 0.0 USE

v/DOT == -g - v**2*lw; -- Accel. = -Gravity - Air resist.
ELSE

v/DOT == -g + v**2*1lw; -- Accel. = -Gravity + Air resist.
END USE;

END ARCHITECTURE simple;

Hardware description 4.12 Modelling of discontinuities using the example of a bouncing ball

Modelling in the frequency range

In addition to modelling in the time range we can also provide a description in
the frequency range. This is based upon a small-signal model, which arises as a
result of the linearisation of the equations around the working point. In this model
it is possible to define quantities based upon their spectra. Furthermore, predefined
functions are available that effect either a Laplace or a Z-transformation. In this
manner filters, for example, can be described in a very simple way.

4.6 Simulation of Models in Hardware
Description Languages

In what follows the focus will again lie on the consideration of VHDL-AMS,
which provides a good example of a hardware description language with digital
and analogue components. Thus, we are automatically considering a mixed digital-
analogue simulation. The first step is the performance of the so-called elaboration,
which includes the evaluation of structural sections of the model and thus builds
up a complete system model from the module instantiations. The digital section
consists of a number of processes and the digital simulator core. The analogue
section consists of a number of equations and the analogue solver. A necessary
prerequisite for analogue solvability is that the number of equations and the num-
ber of (analogue) unknowns in the model are equal. For VHDL-AMS this is the
number of THROUGH quantities, free quantities and interface quantities with the
direction ouT. The actual simulation then runs in two phases. In the first phase
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the operating point of the system is determined. There then follows a simulation
in the time, small-signal or noise range. If a model contains no quantities, then
the simulation is reduced to a pure logic simulation, which corresponds with the
predetermined simulation cycle in the VHDL 1076 standard, see [158] and [159].
If, on the other hand, a model does not include a digital signal, then the simulation
is exclusively analogue.

The simulation cycle of VHDL-AMS should be described based upon Algo-
rithm 4.1 below, which is formulated in pseudocode. The representation is some-
what simplified, for a complete version refer to [160].

Loop {
Call to the analogue solver;
Set current time T, to Ty;
If maximum time reached or no active
processes present then simulation end;
Bring digital signal to newest state;
Execute active, not delayed processes

up to the next synchronisation point (= WAIT) ;
Calculate next time point of digital activity Ty;
If T, = T¢ -- delta time interval

then proceed to the start of the loop;
Execute active, delayed processes

up to the next synchronisation point;
Calculate next time point of digital activity Ty;

Algorithm 4.1 Simplified simulation cycle of VHDL-AMS

The simulation cycle of VHDL-AMS includes the combined simulation of ana-
logue and digital processes and thus requires a corresponding linking of the digital
and analogue solution strategies. Initially the analogue solver is called up, which
in general calculates a solution up to time point T,,. However, it may be necessary
for T, to be set back to T, (T,’ < T,), if the analogue world has produced a digital
event at time point T,". The current time T. is then set to T, or possibly to T,/. If
the maximum representable time has now been reached by the time variables, or
there are no longer any active processes, the simulation is ended. Otherwise the
digital signals are set to the latest state and the active processes before the next
synchronisation point executed. However, the execution of some of these processes
is delayed. Then the next time of digital activity T, is calculated. If T, is equal to
T. then it is a time increment that elapses in zero time, i.e. a delta time increment.
In this case execution is restarted at the start of the loop. Otherwise the delayed
processes are executed and a new T, calculated. This completes the circle and
execution is recommenced at the start of the loop.
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4.7 Summary

This chapter has described the opportunities of modelling in hardware descrip-
tion languages. It thus provides the basis for the investigation of the inclusion
of software and mechanics using hardware description languages covered in the
next chapter.
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Software in Hardware
Description Languages

5.1 Introduction

A whole range of methods can be listed for the joint simulation of hardware
and software, which are concisely summarised by Rowson in [355]. The most
important criteria here are: precision with regard to timing; simulation speed; the
availability of models; and the possibility of debugging the simulated software.
The simulation speed and timing precision are normally in competition with one
another. The approaches described in what follows provide various compromises
in this context, see Table 5.1.

The most precise, but consequently also the most expensive, simulation option is
to describe the processor core in question with such accuracy that the signal timing
is reproduced exactly at the connections. The software is available as information
in the storage model and is processed during the simulation of hardware. This
particularly exact modelling is associated with the longest running times.

We can abstract from this model and demand only that the signals at the termi-
nals are correct at every active edge of the clock signal. This can firstly simplify
the model, because for the most part the signal delays can be disregarded in a
synchronously executed processor core. Furthermore, the number of simulation
events is significantly reduced in comparison to the precise timing. Both lead to a
significant acceleration of the simulation.

In the next step we can move to the modelling of the command set and its
execution. In this procedure the values are correctly illustrated in the registers and
in the memory but details such as the pipelining of instructions may be neglected.
As a result a large part of the timing information is lost.

The approaches described up to this point each require suitable processor models.
However, techniques exist that do not necessitate the modelling of the hardware.
This is the case firstly if the communication between software and hardware runs
asynchronously and the time between the communications thus plays no role. In
this case it is sufficient to compile the software for the simulation workstation and

Mechatronic Systems Georg Pelz
© 2003 John Wiley & Sons, Ltd ISBN: 0-470-84979-7
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Table 5.1 Methods of hardware/software co-simulation according to Rowson [355]

Approach Speed in inst. / sec. Model necessary
Exact pin timing 1-100 Yes
Cyclically precise pin timing 50-1000 Yes
Instruction level 2000-20 000 Yes
Timing disregarded Typically limited by the hardware simulation No

to connect to the hardware by means of a type of ‘handshake’. Thus the software
will be executed at the full speed of the simulation workstation. A further situ-
ation in which the timing may be neglected to a certain degree is the situation
in which the execution of the software is defined in a fixed time period. Accord-
ingly, events and new inputs are only exchanged at fixed time points. Now, if we
can ensure that the software is always fast enough to conclude the calculations
before the end of the current grid interval, then the timing can be disregarded.
Makki er al. [254] suggest this for a realisation with hardware description lan-
guages, but details are not provided. Another approach is followed by van Zanten
et al. [407] and Adamski et al. [3]. In this the controller core and the mechanics
model — both formulated in the programming language C —are linked together
and simulated jointly in the initial system investigations. The controller software is
thus considered without taking into account the underlying hardware. However, this
simple model of the co-simulation of hardware and software is often not adequate.
The reasons for this are numerous. For example, one reason is the possible influ-
ence of an underlying real-time operating system. Also, the occurrence of further
interrupts — perhaps for communication with other controllers — often frustrates
the use of this variant. Finally, in some cases the aim is for the simulation to
reach the speed limit, for example, in order to construct fast controllers with short
calculation intervals.

Further increases in speed can only be achieved by omitting parts of the model
or by the use of emulation. The latter two options will not be considered further
in the following.

It is often necessary for the development of the electronics for mechatronic
and micromechatronic systems to record the timing between software, electron-
ics and mechanics with a large degree of precision, in order to thereby correctly
evaluate the dynamics between the domains. A good compromise here is a sim-
ulation that reflects the temporal behaviour of the running software with regard
to processor cycles. The consideration of approaches for the cyclically correct
co-simulation of software, electronics and mechanics forms the focal point of this
chapter. In addition to the abstractions already mentioned we must also give some
thought to the realisation of the co-simulation. One possibility is to use a simulator
backplane, see Gasteier and Glesner [112] or Ghosh ef al. [118]. By contrast, the
methods represented in Sections 5.2 and 5.3 increasingly point in the direction of a
model transformation on the basis of hardware description languages. Finally, the
method described in Section 5.4 aims at the cyclically correct coupling of software
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main (argc,argv)
int argc;
char argvl(]; I:> Mem PIO

int i, j, stat;
double v1, v2;

{

while (true) ({
vl = mem[pio] ;
if (vl > THRESH) ({
if (!check(vl))
continue;
stat = getstat();
if (stat == 0) CPU
putstat (HARD) ;

Figure 5.1 Execution of software by the simulation of hardware

processing and hardware, but, in contrast to the backplane, this is achieved at the
modelling level by hardware description languages.

5.2 Simulation of Hardware for the Running
of Software

The simplest and at the same time the least efficient method for the cyclically
correct co-simulation of digital hardware and software is the mere description of
the hardware using hardware description languages, see for example Buchenrieder
and Rozenblit [51] or Le Marrec et al. [218], as well as Figure 5.1. In a first
approximation this takes place on the level of the blocks involved such as CPU,
main memory, etc. At the start of the simulation, the modelled main memory is
filled with the appropriate content so that a simulation of the hardware draws the
execution of the software along with it. One such model was implemented and
simulated for Motorola 68HCO5 architecture. It includes behavioural models for
the CPU, the main memory and a parallel interface. These models include the
necessary interfaces to communicate with each other via the address and data bus.
The performance of such a model lies at around 500 assembler instructions per
CPU second on a SUN-Sparc 20. This is clearly too slow for the time spans in the
range of seconds to be considered in mechatronics. Therefore, this approach will
not be described in more detail at this point.

5.3 Co-simulation by Software Interpretation

A first step towards accelerating the cyclically correct co-simulation of hardware
and software is motivated by the observation that the precise consideration of
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main (argc,argv)
int argc; i
char argvl]; Mem ] PIO

{

int i, j, stat;
double v1, v2;

while (true) {
vl = mem[pio] ;
if (vl > THRESH) ({
if (!check(vl))

continue;
stat = getstat();
if (stat == 0) CPU

putstat (HARD) ;

Figure 5.2 Execution of software by simulation at controller level

bus traffic between CPU and main memory, like many other details, does not
contribute significantly to the investigation of the system as a whole. Rather, it is
virtually always sufficient to imitate the interface behaviour of the controller, see
Figure 5.2. This facilitates a whole range of simplifications in the model. Thus it
may be possible to represent the memory primarily by an array of integer numbers
or bit vectors. Memory access can be formulated as access to the array. The data
and address bus and the associated logic are thus dispensed with completely.

In a more precise consideration, the objective of the model in question also
alters. Where before it was primarily a question of describing the hardware cor-
rectly, now such a model becomes an interpreter for the running software. This is
beneficial in two respects. Firstly, the model is significantly simplified, secondly
there is a considerable acceleration of the simulation. Interpretative models with
various characteristics exist. For example, Gupta et al. [130] link an interpretative
software simulator to the simulator responsible for the hardware for each simulator
coupling, taking into account cyclically correct timing. Furthermore, Ecker outlines
the formulation of a software interpreter in VHDL, see [92], in which precise timing
is largely disregarded. Finally, Pelz et al. [326], [327] suggest a cyclically correct
implementation of a software interpreter for the Motorola 68HCOS architecture in
VHDL, which is coupled to mechanics models in hardware description languages.
This approach will be described in more detail in what follows. It offers a simula-
tion speed of around 5000 assembler instructions per CPU second on a SUN-Sparc
20. Thus the performance of the simulation lies above that of the method described
in the previous paragraph by approximately an order of magnitude.

Hardware description 5.1 that follows provides an example of the description
of a (fictitious) processor at interpreter level. The characteristics of the proces-
sor architecture largely relate to the register variables and the command set. The
model consists of a process in which one assembler instruction is executed in
each loop. At the beginning the instruction is fetched from the main memory,
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the Opcode is separated, and the addresses of the operands evaluated. There
then follows a large CASE instruction, which serves to decode the operation in
question. A few instructions are provided for each opcode, which may perform
arithmetic or logical actions, set the PC in the event of jumps, calculate flags and
much more.

ARCHITECTURE interpreter OF cpu IS
-- Type declaration for register and main memory

TYPE registers IS ARRAY (0 TO 31) OF
std logic_vector (31 downto 0) ;
TYPE memory IS ARRAY (0 TO 512) OF
std logic_vector (31 downto 0) ;
BEGIN
cycle: PROCESS
VARIABLE reg registers; -- Registers
VARIABLE mem memory; -- Memory
VARIABLE pc natural; -- Programme counter
VARIABLE adr natural; -- Address variable
VARIABLE inst std_logic_vector -- Instruction
(31 downto 0) ;
VARIABLE disp std logic_vector -- Displacement
(31 downto 0) ;
VARIABLE opcode std_logic_vector -- Opcode
( 7 downto 0) ;
VARIABLE r3, rl, r2: natural; -- Register adr.
VARIABLE 18 integer; -- 8 bit number
VARIABLE zflag std logic; -- Zero flag
BEGIN
inst := mem(pc) ; -- Fetch instruction
pc := pc + 1; -- Increment PC
opcode := inst (31 downto 24); -- Extract opcode
r3 := To_Nat (inst (23 downto 16)); -- Determine
rl := To_Nat (inst (15 downto 8)); -- register adr.
r2 := To_Nat (inst( 7 downto 0));-- from instruct.
i8 := To_Int(inst( 7 downto 0)); -- Immediate Op.
- Decode opcode
CASE opcode IS
WHEN op_add => -- Perform
reg(r3) := reg(rl) + reg(r2); -- addition
zflag := (reg(r3) = 0) ? ‘1’ ‘0’ ; -- Zero flag?
WHEN op_ add immediate => -- Perform
reg(r3) := reg(rl) + 18; -- addition imm.
zflag := (reg(r3) = 0) 2 ‘1’ ‘0’ ; -- Zero flag?
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WHEN op_sub =>=> -- Perform
reg(r3) = reg(rl) - reg(r2); -- subtraction
zflag := (reg(r3) =0) ?2 ‘1" : *0’; -- Zero flag?

WHEN op_and => -- Perform
reg(r3) = reg(rl) and reg(r2); -- logical AND
zflag = (reg(r3) = 0) ? ‘1" : *0’; -- Zero flag?

WHEN op load => -- Load reg.
disp := mem(pc) ; -- Determine disp.
pc := pc + 1; -- Increment PC
adr := To Nat(reg(rl) + disp); -- Determine address
reg(r3) := mem(adr) ; -- Load

WHEN op store => -- Save reg.
disp := mem(pc) ; -- Determine disp.
pc := pc + 1; -- Increment PC
adr := To Nat(reg(rl) + disp); -- Determine address
mem (adr) := reg(r3); -- Store in mem.

WHEN op_branch on_ zero => -- Jump command
IF (zflag = ‘1') THEN -- If flag = 1

disp := mem(pc) ; -- Determine disp.

pc 1= pc + 1; -- Increment PC

adr := pc + To_Nat (disp) ; -- Determine address

pc := adr; -- Set PC
END TIF;

WHEN others =>
-- Unknown opcode
ASSERT false REPORT "illegal instruction"
SEVERITY warning;
WAIT;
END CASE;
END PROCESS;
END ARCHITECTURE;

Hardware description 5.1 VHDL description of a simple processor as software interpreter

5.4 Co-simulation by Software Compilation
5.4.1 Introduction

The approach described in the previous section interprets software during the run-
ning time in order to process it. This generates a considerable cost to be paid
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during simulation. The better alternative is to shift the compilation cost from the
running time to a pre-simulation stage. This generally means that two versions
of the software exist. One is compiled for the simulation workstation, the other is
compiled for the processor on which it is to run in the system. Now, if the software
exists in a higher programming language and we are only interested in the function
and not in the timing, then the differences between the processors do not play a
significant role. The prerequisite for this is that the software always calculates a
certain result within a predetermined time period. A whole range of approaches
to HW/SW co-simulation are based upon this principle such as, for example, the
work of Becker et al. [21] or Thomas et al. [399].

We can expand upon this methodology so that cyclically correct timing is also
taken into account. However, to achieve this we have to make a detour in the
modelling. In a first step the assembler or machine programme is compiled into
a C routine that both reflects the functionality and correctly takes into account
the timing of the software execution on the basis of the clock cycles of the target
processor. Zivojnovié¢ and Meyr show this in [438] for pure digital electronics, with
both software and electronics being described in C modules so that these only have
to be linked together. Pelz ef al. expand upon this approach in [328] based upon a
compiled co-simulation of software, electronics and mechanics by implementing an
appropriate synchronisation between simulator and software model in a hardware
description language. Here the representation of the assembler programme in C is
automated by a compiler based upon a disassembler. Overall this method can also
be regarded as a modelling of software, see Figure 5.3.

In what follows this approach of representing system software in C routines and
linking it into a simulator on the basis of hardware description languages will be
investigated in further detail.

5.4.2 Software representation

In a first stage, the system software should be represented in a C routine that takes
into account both the function and timing on the level of machine instructions. In

main (argc,argv)
int argc;
char argvl];
{
int i, j, stat;
double v1, v2;
Software

while (true) { model

vl = mem[pio] ;
if (vl > THRESH) {
if (!check(vl))
continue;
stat = getstat();
if (stat == 0)
putstat (HARD) ;

Figure 5.3 Execution of software by modelling at software level
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order to subsequently bring about synchronisation, it must be possible to leave the
routines at any desired points and re-enter them again later; they must therefore
be ‘re-entrant’.

Furthermore, it is necessary that they have a memory so that the applicable
system state can be held in the form of a context. Such a context thus includes the
registers of the underlying processor and the complete main memory. Furthermore,
a second context is saved in parallel so that the synchronisation —as described
more precisely later— can refer back to an old state.

The basic idea is now to store short blocks of C instructions, which each rep-
resent an assembler instruction, one after the other in a routine. The sequence of
C blocks thus corresponds with the sequence of assembler instructions, so that
sequential progress through the assembler instructions corresponds with sequential
progress through the C blocks.

A C block for an assembler instruction in principle contains the following
components:

e Execution of the operation, e.g. for arithmetic and logical operations.
e Setting of the flags, depending upon operation.

e Setting the programme counter, normally by an increment based upon the byte
number of the operation, or in the event of jumps an addition (relative) or an
assignment (absolute).

e Protecting the return address on the stack in the event of subprogramme calls.
e Addition of the number of required cycles on the cycle counter.

e Calculation of the current time from the cycle counter.

e Control of the debugger.

e Details of the representation will be described in Section 5.4.4 on the basis of
an example.

5.4.3 Synchronisation
Introduction

The synchronisation between hardware and software serves to effect the correct
chronological sequence of events in the software model and hardware model in
the simulator. A significant prerequisite for a simple and efficient solution is that
the simulation of the hardware runs in a linear manner and at most is delayed only
now and then. All other strategies would have an effect deep within the logic or
circuit simulator used, thus shifting the problem from the modelling level to the
tool level, which would often rule out solutions based upon commercial simulators.

In order to achieve this the software should run for a defined time span. This is
effected by calling up an external C routine from the hardware model. With regard
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to the timing of the return of the software, the question is raised as to whether
the sequence of load or store instructions includes reference to the I/O ports, i.e.
whether it wants to exchange data from within itself with the hardware. If this is the
case then the processing of the software is interrupted immediately. Otherwise the
software runs until the predefined time point. Upon return, the C routine informs
the hardware of the time point t that it reached. Since the software has run in zero
time from the point of view of the hardware, the hardware should now be simulated
up to time point t so that time equality exists between software and hardware, and
thus data can be exchanged if necessary. However, the sequence described up until
now only functions as long as no interrupt is triggered. In the event of an interrupt
occurring, the state of the software is initially brought to the time point at which
the interrupt occurred. Then synchronisation occurs and the programme counter
is set to the interrupt vector, whereupon the normal sequence can once again be
resumed. The forms of synchronisation described thus far will be considered in
more detail in what follows.

Synchronisation without interrupt

Let us initially assume that no access to I/O ports has occurred during the process-
ing of the software, see Figure 5.4. Before the software can once again proceed
for a certain period of time, a synchronisation must take place. This means primar-
ily that we wait until the hardware has also been simulated up to the time point
at which the software currently stands. When the software and hardware show
the same value for time, the software can once again proceed and the described
procedure runs from the start.

Figure 5.5 illustrates the case of access to the I/O port. Here the occurrence
of a corresponding load or store command leads to the software sequence being

l Synchronisation l Synchronisation
Hardware simulation Hardware simulation
Hardware
Software Software Time
simulation
—<_
l Software L
simulation JSradg e
A
. > q\Predetermined time
cira Dra e passed

Figure 5.4 Synchronisation between hardware and software after the time allotted for the
software has elapsed
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l Synchronisation l Synchronisation l Synchronisation
Hardware simulation‘ Hardware simulation R Hardware simulation
Hardware .
Software l Software Time
simulation
L
l Software L
simulation [da  sta  bra e
Software > +
f : ) \ v \ Store to
l simulation sta  bra = e Ida main memory
) + Store to /
— > L I/ port Load to
clra clrx  wveeeenneenn sta /O port

Figure 5.5 Synchronisation of software and hardware after the occurrence of load and store
instructions (lda and sta) relating to the I/O ports

interrupted. Then we again wait until the hardware has reached the current time
of the software. At this point the appropriate values can be exchanged between
hardware and software. Then the software is restarted.

Synchronisation after an interrupt

This case occurs if the software has been executed up until time point t and it is
found during the hardware simulation that an interrupt has been triggered at time
point t' < t, that has invalidated the current progress of the software simulation,
see Figure 5.6. The problem is solved in two stages. In the first stage the software
has to be brought back to its state at the time of the interrupt t'. We first jump
back to the old state that is stored at the start of every software operation. This
is also called a time-warp in the literature on the general coupling of simulators,
see the work of Jefferson [168] and [169]. Then the software is simulated up
until the time of the interrupt. We can think of this as a type of ‘replay’ of a
sequence that has already played out in the past. After the replay the software
shows the precise state at time point t'. A synchronisation point is then inserted
here, which permits the interrupt to be taken into account at exactly the right time.
Then the software simulation begins again from the instruction that refers to the
interrupt vector.

5.4.4 Example of software modelling

The representation of the software shall be explained on the basis of an example
in what follows. Programme 5.1 shows parts of an assembler programme and
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Figure 5.6 Synchronisation of software and hardware after the occurrence of an interrupt

Programme 5.2 shows the corresponding C routine which was automatically gen-
erated. Both the assembler instructions in question and the context of the C routine
are compatible with the architecture and the command set of the Motorola 68HCO05

microcontroller.
PORTA: EQU $0010
PORTB: EQU $0001
PORTC: EQU $0002
PORTD: EQU $0003

org $100
START:

lda PORTA

jsr SRX

bra SRY
SRY:

org $200
SRX:

I

Declaration
Declaration
Declaration
Declaration

Position in
Start label
(load A) Loa
(jump subrou
(branch) Bra

Label SRY

Position in
Label of the

of PORT A as address
of PORT B as address
of PORT C as address
of PORT D as address

the memory: 0100 Hex

d port A in accumulator
tine) Execute subroutine SRX
nch to label SRY

the memory: 0200 Hex
subroutine SRX

Programme 5.1 Excerpt from assembler programme

Upon its call up, the fundamental sequence of the C routine initially rests upon
determining whether this is the first time the routine has been run. If so, a whole
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range of initialisations are necessary, such as, for example, filling the memory with
the programme, resetting the register and jumping to the first instruction.

If the C routine has been called before, the correct context must first of all
be created. If it is a replay the old stored context is activated by exchanging
(exchange context) with the current context. Then the old context is always
protected by copying (copy context). The jump to the hub brings about a jump
to the instruction referred to in the programme counter of the current context.

The 1da, jsr and bra instructions from the assembler programme can also be
found in the C routine. There are called by labels (1256, 1258, 1261), which
permit jumping to the instructions using the goto command.

First the 1da should be considered more closely. Depending upon the targetted
address this command fetches a value from the memory or from a port and stores
it in the accumulator. First a routine is called up for this instruction, which controls
the debugger and thus permits it to visualise the software sequence, indicate values,
and control the software sequence by means of breakpoints. The user interface of
the debugger is shown in Figure 5.7. The next instruction decides whether the
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int op B H
Take int data. L
Control int cl. 2, c3:
void hard_dampl):

vold soft_damp():

Single Step l veid maind) €
= 0;
Go o break | e

o

interrupt | while {1 {
e IF (state = 0}
soft_danpl():
Reset l else
hard_danptl):
3
1
void soft_dampl) €
if (fop - 40) » 0} [ /= scceleration bewond 4.0 »/
/= guitch to hard damping =/
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Leave g
Control /w wait for some tine .., =/
cl = 16:
whila (mi==) &
Window ok
Data Varable Window
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Simulation mede: Simuletor is under cantrol

Figure 5.7 Software debugger for virtual hardware
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address given in the direct addressing is a port represented in the memory area
or a memory location in the main memory. In the first case the addressed port is
accessed via the routine fetch io. In the second case the accumulator c1->ac
is set to the value of the memory cell at which the byte points to the opcode. It
should also be mentioned that the pointer c1 points to the current context. A type
declaration of the context is located at the start of the C routine. Then the cycle
counter is incremented by 3 and the programme counter by 2. Finally, the affected
flags are updated and the current time t_cur calculated. The two other commands
shown are processed in a similar manner.

The jsr instruction describes the call of a subroutine, so that the return address
is initially stored on the stack in two bytes. Then the address of the subroutine is
calculated from the two bytes following the opcode and entered into the programme
counter. Then the cycle counter is incremented and the current time calculated.
Finally there is a jump to the label hub at which the large switch instruction
initiates a jump to the correct label. This diversion is necessary because in C it
is not generally possible to jump to a variable destination by means of a goto
command.

Finally, the bra instruction includes the calculation of a relative jump, which can
also be in a backwards direction. The second byte of this instruction — the width
of the jump — should thus be regarded as a signed number, which is expressed in
the appropriate C instruction. After the normal incrementation of the cycle counter
and the calculation of the time the actual jump again takes place via the hub.

typedef struct context {

/* Programme counter (pc), Accumulator (ac), Index register
(ix) , Stack pointer (sp), Flag register (cc), Cycle
counter (cyc), Main memory (m) ...*/

unsigned int ac, ix, sp, pc, cc, CYyC, ...;
unsigned int m[MEMORYSIZE] ;

} CONTEXT;
static CONTEXT conl, con2, *cl=&conl, *c2=&con2;
software sim(t_start, t stop ... ) ... ; {
if (t_start > 0.0) f{
if (t_start ss< t_cur_old) ({
/* t _cur old = Time when routine was last left,
Replay! ... */
exchange context (&cl, &c2) ;

}

copy context (cl,c2);

goto hub;
}

else {
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/* Start time = 0, first call:

Initialise debugger, logger, context etc.

Fill the main memory with the programme */
cl->m[256] = 182; cl->m[257] = 16;
cl->m[258] = 205; cl->m[259] 1; cl->m[260] = 20;

cl->m[268] = 32; cl->m[269] = 3;

/* Initialise context ... */

cl->pc = 256*cl->m[MEMORYSIZE-2] + k1->m[MEMORYSIZE-1];

cl->ac = 0; cl->ix = 0; cl->sp = 511; cl->cc = 0;

goto hub;

/* Assembler programme in C ... */

10256: /* lda, Load Accumulator, direct addr. */
debugger(...); /* Control debugger */

if (is_io(cl->m[cl->pc+l]))/* IO or main memory? */
cl->ac=fetch io(cl->m[cl->pc+1l]);/* IO access */

else
cl-s>ac=cl->m[cl->m[cl->pc+1]];/* Main memory access */
cl->cyc+=3; cl->pc+=2; /* Increment cyc, pc */
set_flags(...); /* Update the flags */
t_cur=cl->cyc*CYCTIME; /* Update the time */
10258: /* jsr, Jump Subroutine, ext. addr. */
debugger(...); /* Control debugger */

cl->m[cl->sp--1=(cl->pc+3)%256;/* Protect return */
cl->m[cl->sp--1=(cl->pc+3)/256;/* address on stack */
cl->pc=256*kl->m[cl->pc+l]+cl->m[cl->pc+2];/* Set pc */

cl->cyc+=5; /* Increment cyc */
t_cur=cl->cyc*CYCTIME; /* Update time */
goto hub; /* Initiate the jump */
10261: /* bra, Branch, relative addressing */
debugger(...) ; /* Control debugger */

cl->pc=cl->pc+2+cl->m[cl->pc+1]1>127 ?/* Calculate rel. */
(- (256-cl->m[cl->pc+1])) : (cl->m[cl->pc+1]);/* jump */

cl->cyc+=3; /* Increment cyc */

t_cur=cl->cyc*CYCTIME; /* Update time */

goto hub; /* Initiate the jump */
hub:

switch(cl->pe)
case 256: goto 10256;
case 258: goto 10258;
case 261: goto 10261;

i3

Programme 5.2 Simplified software model in programming language C
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The main task of synchronisation is to act as an interface between software and
external hardware. Externally it adopts the connections of the processor. Internally
the C routine is called up. In accordance with the preceding representation of
the synchronisation algorithms, a formulation in a hardware description language
will now be represented, see Hardware description 5.2. The language used here is
MAST (Avant!) because the research work in question, see [328], was performed
in this language.

The majority of the synchronisation lies in a WHEN instruction, the body of
which is executed if its condition is true. It is thus largely comparable with a
process in VHDL. In the body there is initially an interrogation of the interrupt line
to determine whether a replay is necessary. This is performed if necessary, and then
the actual execution of the software takes place. Upon return from the C routine the
software reports that it was able to simulate until time point t cur. Then an event
at time t_cur is initiated upon the softsync signal. When this occurs, software
and hardware are synchronised. Thus data can be exchanged and a new software
operation started. This is taken into account accordingly by the WHEN instruction.

template m6805 ... # Interface description
{

state time t_cur # Current software time upon return
state time t old # Start time of the last software call
state time step # Desired length of the software operation
state logic_4 softsync # Carries events for synchronisation
foreign software_sim # External C routine

# If simulation beginning or event at the softsynch
# variable or active edge on the interrupt line

when (time init | event on(softsync) |

(event on(interrupt) & (interrupt==14 0)) ) {

if (event on(interrupt)&(interrupt==14 0)) { # Interrupt!

# Replay, time supplies the current time

(t_cur, ...) = software sim(t_old,time,...) # C-Routine
}
(t_cur, ...) = software sim(time,time+step,...) # C-Routine
schedule_ event (t_cur, softsync, 14_1) ) # softsync event
t old = time # Save old start time

}
}

Hardware description 5.2 Simplified description of the synchronisation between hardware
and software in the hardware description language MAST
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5.4.5 Debugging of software

The visualisation of software cannot be achieved in a worthwhile manner using the
tools of an electronics or mechanics simulator. Ideally, the tools used for pure soft-
ware development would be used. Such debuggers show the instruction currently
being executed and the content of the variables. Furthermore, it is possible to act
upon the sequence of the software by setting breakpoints and then investigating
particular points in steps. It should also be possible to change the value of the
variables during execution.

However, we are dealing with software that is run on virtual hardware. Fur-
thermore, feedback effects from electronic and possibly mechanical system com-
ponents, also have to be taken into account. Such a debugger has been developed,
see Pelz et al. [328], and correspondingly incorporated into the software model.
Figure 5.7 shows the user interface that has been developed for this.

The two buttons ‘Take Control’ and ‘Leave Control’, which allow us to take over
the control of the simulation or leave it again, are of primary importance. In control
mode we can move forward in ‘Single Step’ mode or proceed directly to the next
halt point ‘Go to break’. An ‘Interrupt’ interrupts such a sequence, whilst ‘Reset’
restores the original state. In the top window the system programme is displayed
at assembler or programming language level. Clicking on a line sets or recalls
a break. The bottom left window shows the most important system information,
and particularly the current content of the register, whilst the bottom right window
shows the variable contents.

5.5 Summary

In this chapter the inclusion of software using hardware description languages was
investigated. Using the results obtained we can now look at systems that incorpo-
rate software components in addition to electronics and other domains. Significant
features are the cyclically correct management of software operation on a con-
troller, efficiency as a result of the compiled simulation of the software, and the
options of linking in a debugger for the visualisation and control of the simulation
process. Using the methods for the modelling of mechanics in hardware descrip-
tion languages, dealt with in the next chapter, yields a universal modelling process
for mechatronic and micromechatronic systems that can be executed directly upon
available commercial simulators.



Mechanics in Hardware
Description Languages

6.1 Introduction

The objective of this section is to highlight the most important strategies for obtain-
ing the equations of motion for mechanical components and systems and to clarify
the options for their subsequent representation in hardware description languages.
Both direct formulations of symbolic equations and indirect formulations based
upon the parametric calculation of the system matrices will be considered. The
latter is often also called the solution using numerical equations.

The use of hardware description languages for the modelling of mechanics also
implies that the solution of the mechanical equation takes place using the solver
of the circuit simulator. Naturally, solvers are generally optimised for various
domains. For electronics the focus tends to be upon the management of a large
number of degrees of freedom, whereas in mechanics numerical problems with
a large number of constraints require particular attention. On the other hand, the
example of the classical multibody simulator ADAMS shows that this contrast is
not irreconcilable, see Orlandea et al. [304] and [305]. The numerics of ADAMS
is largely based upon procedures that are also used in circuit simulation. We should
mention at this point that the equation system is not formulated using a minimum
number of equations according to the degrees of freedom. Rather, each individ-
ual equation is entered into an overall system. Thus the resulting system matrix
is sparse and can be processed using ‘sparse matrix’ techniques. The numerical
integration takes place using the Gear procedure that is also commonly used in
circuit simulation.

In mechanics — as in electronics — we can differentiate between various abstrac-
tions. Multibody mechanics and continuum mechanics are examples. According to
Schiehlen [361] a multibody system is characterised as a collection of rigid and/or
elastic bodies with inertia as well as springs, dampers and servo motors without
inertia. These are connected together by rigid bearings, joints or suspensions. Fric-
tion and contact forces can also be included if necessary. This corresponds with

Mechatronic Systems Georg Pelz
© 2003 John Wiley & Sons, Ltd ISBN: 0-470-84979-7
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modelling using concentrated parameters and is thus comparable with a circuit
made up of components.

In some cases the abstraction of a continuum to the discrete elements of a multi-
body system is not suitable for the solving of the envisaged problem. For example,
this is the case if the exact deformation of an elastic body contributes significantly
to the system behaviour. In this case models need to be created and formulated
in hardware description languages that adequately describe the continuum with its
distributed parameters. Both multibody mechanics and continuum mechanics will
be considered in the following.

6.2 Multibody Mechanics
6.2.1 Introduction

When modelling multibody mechanics using hardware description languages, we
first have to raise the question of the perspective from which the system is to be
considered. One option focuses upon the system level, the other upon the com-
ponent level with the system models being generated by connecting component
models together. The first method is called system-oriented modelling and the
second method object-oriented modelling.

The first option has the advantage that equations of motion can be created using
standard engineering methods. Furthermore, we have access to a greater system
knowledge during the modelling, which can be beneficial. However, one problem is
that this type of consideration opposes one of the most important basic philosophies
for the development of electronics. In this field it is generally sufficient to model only
the fundamental components and to develop complex systems from these. Further
modelling is normally not necessary during the development of electronic systems.

As an alternative to this we can use object-oriented modelling to describe the
standard components — for example bodies, springs, dampers, joints, etc. — and put
these submodels together into a system model. Information about this system, such
as, for example, a favourable selection of generalised coordinates, is in principle
not available and thus cannot be used for the simplification or acceleration of the
model. However, the building of a system model can be considerably simplified if
the basic models that are required are available.

In the following we will consider how it is possible to obtain equations of motion
for multibody systems, see for example, Dankert and Dankert [79], Greenwood
[125], Hiller [144] or Nikravesh [299] for the basic principles shown. Multibody
systems typically include the following components:

e Particles with translational inertia.
e Rigid bodies with translational and rotational inertia.

e Suspensions and joints that limit the movement of individual particles and
bodies in relation to one another.

e Coupling elements, e.g. springs, dampers, servo motors, etc.
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Figure 6.1 Multibody system with four bodies, springs, dampers, suspensions, joints, and
inertial and body-related frames of reference

In the consideration of the structure of a multibody system, an abstracted descrip-
tion such as that given in Figure 6.1 is generally sufficient. Decisive factors are
the topography of the system and the parameters of the individual elements, such
as mass, centre of gravity, moments of inertia with respect to the main axes or the
point of application of forces.

For the consideration of point-shaped masses we start from Newton’s second
law, which identifies the product of mass m and acceleration in the x, y, and z
direction ay, ay, a, of a particle with the forces Fy, Fy, F, acting upon it:

Fy = ma,, Fy = may, F, = ma, (6.1)

Let us now consider a system of N particles. These may be subject to additional
limitations to their movement, so-called constraints. This state of affairs can be
taken into account by the introduction of the so-called reaction forces, which ensure
that the constraints are adhered to. The total force acting upon a body is divided
into two components, the force applied from outside F; and the reaction force F;.
In total this yields the following equation system:

m;aix = F?x + fo
may =F, +F, (=12....N) (6.2)
m;aj; = F?z + Ffz

This can be formulated as a vector equation as follows:

mia; = F¢ 4+ F! (6.3)
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For the sake of simplicity we can also describe the cartesian coordinates of the
first body by (x1, X3, X3), those of the second body by (x4, X5, X¢) and so on. If we
also term the masses of the k™ body ms_» = m3;_; = ms; and set a; = X; for the
accelerations, then the equations of motion can be formulated by the following set
of equations:

m% =F+F  (=1,2,...,3N) (6.4)

If the movement of the particle is not restricted then the reaction forces are neg-
ligible. This yields a system of 3N second-order differential equations, which is
generally nonlinear. This equation system can in general only be solved numeri-
cally, i.e. as part of a simulation.

The constraints between the particles are characterised by a set of M independent
constraint equations:

fi(x1, X2, ..., x3n, 1) =0 Gg=1,....M) (6.5)

So 3N + M equations are available for the solution of the same amount of variables.

However, the use of cartesian coordinates is not always favourable. In many
cases cylindrical, spherical, elliptical, parabolic or other coordinates are benefi-
cial. For this reason we will now move to the so-called, generalised coordinates
qis - - -» qn- These permit a formulation that is better suited to the problem. Further-
more, under certain conditions the generalised coordinates can be selected so that
the constraint equations are dispensed with completely, considerably simplifying
the drawing up and calculation of the equations of motion. This is possible if all
constraints are holonomous, i.e. they relate exclusively to the possible geometric
positions of the bodies or can at least be put into such a form. Regardless of the
selection of coordinates, the number of degrees of freedom of the system in prin-
ciple remains constant. It corresponds with the number of independent coordinates
minus the number of independent constraint equations.

A small example, see Greenwood [125], should clarify the relationship between
cartesian and generalised coordinates, see Figure 6.2.

(%2, ¥2)

(x,y)

(x4, y4)

Figure 6.2 Description of the position of two particles joined by a mass-free rod
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Two mass points in the plane are rigidly joined together by a mass-free rod.
Their position is determined by two pairs of cartesian coordinates (x;, y;) and (Xp,
y2). The condition induced by the rod can be described by the following equation

(x2—x)?+ (2 —y)*—kK =0 (6.6)

We therefore have four cartesian coordinates and a bond equation, thus a total
of three degrees of freedom. In principle, however, the configuration of the two
particles can be described by the following generalised coordinates:

q; = x coordinate of the mid-point of the rod
q2 =y coordinate of the mid-point of the rod

qs = angle ¢ of the rod.

The fourth coordinate q4 would be the length of the rod, which is, however, con-
stant. So the associated bond equation

q =k 6.7)

is trivial and can be disregarded. There thus remain three coordinates without a
further bond equation, i.e. three degrees of freedom. Only by this formulation in
generalised coordinates can we thus omit the consideration of constraint equations
in holonomous systems. In the following we will consider exclusively holonomous
systems.

It is often worthwhile going over to the generalised coordinates, which—as is
the case for pure cartesian coordinates —represent the configuration of the system,
i.e. the position of all particles. Coordinate transformations permit the conversion
between generalised and cartesian coordinates:

X1 =x1(q1, Q25 -+, Gns 1)

Xy = XZ(qla q2, -« -5 Gn> t)
(6.8)

X3N = XSN(CII, CIZ, ceey Qn, t)

The transition to generalised coordinates requires that forces acting upon the system
from outside are also present in generalised form. Whereas the forces in cartesian
coordinates can be simply split up into their x, y and z components, things are
more complicated in this case. For example, forces acting upon angular coordinates
become moments. The conversion rule for the generalised force Q; is naturally also
based upon the coordinate transformation x; and looks like this:

Qi=ZFj% (i=1,2,...,n) (6.9)
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If we now move on from particles to rigid bodies we now have to consider the
moments of inertia in addition to the translational inertia. These are described by
the underlying Euler equations for the rigid body K;:

Lo — (I — Ip)wpwz = MJ?I + M]FI
Ijzd)jz — (Ij3 — Ijl)a)j3a)j1 = MJ-CZ + M}z (6.10)
Iz — (i — Ip)ojop = Mj; + Mj;
In matrix form these equations look like this:
de)j + wj X (Ija)j) = M; + MJr (6.11)

where M; represents the applied and reactive torque vectors, I; represents the
tensors of the moment of inertia and w; represents the angular velocities with
respect to the three principal axes of the rigid body K;.

6.2.2 System-oriented modelling

In system-oriented modelling two classical approaches can be distinguished, the
synthetic and the analytical, see for example, Kreuzer [207]. In the synthetic
methods we first draw up the Newton and Euler equations for each body. The
connections between bodies, e.g. joints, give rise to constraining forces, and the
elimination of these converts the Newton/Euler equations into equations of motion.
The analytical approach, on the other hand, is associated with the name Lagrange
and starts from an energy formulation. This is rearranged directly into equations
of motion without the constraining forces being considered.

Both approaches will be described in the following in a formulation using gen-
eralised coordinates. In addition to the above-mentioned approaches there is also
a range of further options, which are briefly described and compared by Kane and
Levinson in [177]. It should not go unmentioned that the equations that result from
the various approaches are ultimately the same. However, they are obtained at a
different level of complexity. The formulation is also of varying suitability for the
subsequent numerical simulation.

Newton—Euler approach

The Newton—Euler approach, see also Kreuzer and Schiehlen [208], should — just
like the Lagrange approach described subsequently—be represented in a
formulation using the generalised coordinates q, .. .,q,. From these the velocities
should be determined for each body K; in the x, y and z coordinates:
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In more compact form the same situation can be formulated as follows
Vi = J1jq + V;j (6.13)

where both the translational Jacobi matrix Jtj, and the local velocities V; depend
only upon q and t. The cartesian accelerations a; of the j™ body are calculated
as follows:

a; = JTjii-i-ﬁj (6.14)

For the local accelerations aj it is again true that they depend only upon q
and t.

In a similar manner we move from the generalised coordinates to the angular
velocities w; and angular accelerations «; of each rigid body K;:

@j = Jrjq + ®; (6.15)

aj = Jrjd + @ (6.16)

where the rotational Jacobi matrix Jg; and the local angular velocities @; and
angular accelerations «; again depend exclusively upon q and t.

In the next step we draw upon Newton and Euler equations for each body:

m;a; = F{ + F} (6.17)

de)j + w5 X (ijj) = M; + M; (6.18)

Using the transformation of generalised coordinates into (angular) velocities and

(angular) accelerations of the individual body, as described above, these equations

can now be formulated exclusively in the form of generalised coordinates. How-

ever, these are the same for all bodies, which means that the bodies can be

linked together in this manner. The resulting system of equations takes the fol-
lowing form:

MJG+k=p°+p (6.19)



106 6 MECHANICS IN HARDWARE DESCRIPTION LANGUAGES

Where the 6k x 6k matrix M takes the form
M = diag(m|E, ..., mE,I;, ..., I) (6.20)

and forms a block diagonal matrix of masses and inertia tensors. The k denotes the
number of bodies. The 6k x n matrix J is the global Jacobi matrix and consists of
a stack of k translational and k rotational 3 x n Jacobi matrices of the individual
bodies, where n is the number of generalised coordinates:

J=00 0 Tn Tl TRed” 6.21)

Again Kk is the 6k x 1 vector of gyroscopic and centrifugal forces as well as Cori-
olis forces. Finally, the applied forces and moments and the reaction forces and
moments are located in the 6k x 1 vectors p° and p":

p¢ = [FST| - |FSTIMET |- e T (6.22)
P =[F{"| - [FE M) - - METTT (6.23)

Finally, we multiply the equation system (6.19) from the left with the transposed,

global Jacobi matrix jT, so that it is formulated completely in generalised coordi-
nates. This yields equilibrium of forces in matrix form:

Mi+k=0Q (6.24)

The product jTM_J yields the mass matrix M. Similarly, jTE yields k, the vector
of the generalised gyroscopic forces, and jTFe yields the vector of the generalised
forces Q. Here M is dependent upon the generalised coordinates q and t, and k
and Q are dependent upon ¢, q and t. Last but not least, we should note that

. . . T =T
the reaction forces are dispensed with as a result of the multiplication by J . We
therefore have a system of ordinary differential equations to solve because the
algebraic equations of the constraints have disappeared with the reaction forces.

Lagrange approach

The focus of the Newton—Euler approach described in the previous section was
the drawing up of Newton and Euler equations for each body and the conversion
of the resulting overall system into generalised coordinates so that the constraint
equations are dispensed with. The Lagrange approach takes a different and partic-
ularly elegant route. It starts from the premise that the generalised inertial forces
and the generalised applied forces cancel each other out. For the formulation of the
generalised inertial forces QiI we require the total kinetic energy T of the system,
which of course must also be formulated in the form of generalised coordinates:

oT d [oT
Q=——|+ (6.25)
aqi dt 8qi
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The first subterm represents the generalised inertial forces that arise as a result
of the change of position of the system, thus, for example, the Coriolis force.
Opposing this part is the second component, which describes the rate of change of
the generalised impulses. The above-mentioned premise

Q=-Q (6.26)
yields the Lagrange equation
d (0T aT
—| = )-——=0Q i=12,...,n) (6.27)
dt \ 9¢; 0q;

By drawing up a formula for kinetic energy and the conversion of applied forces
into their generalised form we can obtain the equations of motion directly by sub-
stituting into equation (6.27). This is particularly simple because kinetic energy is
a scalar that contains no higher derivatives with respect to time than the velocities.
These are significantly easier to determine than the accelerations.

Formulation in hardware description languages

The primary purpose of analogue hardware description languages is for the mod-
elling of analogue electronic components for a circuit simulator. The variables
considered in this application — voltage and current — correspond with the duality
of a potential and a flow and can be represented by other quantities in accordance
with the analogies described in Section 3.2.2. Although the text-based formulation
of the mechanical model is based upon accelerations, velocities, positions, and
forces, the underlying calculations take place in accordance with the analogies of
the potentials and flows available.

Furthermore, the preceding section has shown that the selection of the con-
sidered unknowns of multi-body mechanics is attributed decisive importance. In
electronics the unknowns are normally in the form of node voltages, which is
because of the nodal analysis that is prevalent in circuit simulation. In the system-
oriented modelling of mechanics, on the other hand, it is of decisive importance
to specify a suitable set of generalised coordinates. For holonomous systems,
which can be described using generalised coordinates, the — sometimes very com-
plex — constraint equations are dispensed with. As was shown by the relatively
simple example from Figure 6.2, it is not a question of selecting from a fund of
existing coordinates, but one of an independent engineering task.

The methods described supply sets of ordinary differential equations in symbolic
form. These can easily be formulated in analogue hardware description languages.
This is true under the prerequisite that the size of the equation set remains within
limits. In Section 7.2.3 the obtaining and formatting of the equations of motion for
an automotive wheel suspension system using the Lagrange approach is illustrated.
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6.2.3 Object-oriented modelling
Introduction

The use of generalised coordinates in object-oriented modelling raises two prob-
lems. Firstly, it poses the question of how we should determine the generalised
coordinates from the very limited perspective of an element. Secondly, the local
Jacobi matrices, which describe how the local coordinates arise from the totality
of the generalised coordinates, have to be set up. Both questions necessitate the
global perspective of mechanics, i.e. the local consideration that has brought so
many benefits in electronics is lost. In other words: When generalised coordinates
are used the consideration of a multibody system generally results in the completion
of the drawing up of the Newton—Euler equation system

Mij+k=0Q (6.28)

using hardware description languages, based upon models for rigid bodies, springs,
dampers etc. A more promising approach would seem to be to add the automated
creation of symbolic equations of motion by a suitable programme and thus select
system-oriented modelling.

Object-oriented modelling thus cannot be performed directly using generalised
coordinates. However, if we free ourselves from the generalised coordinates and
in particular permit a greater number of unknowns, then the question is reformu-
lated. The work of Suescun et al. [391] provides a first approach to the modelling
of multidimensional mechanics in hardware description languages (VHDL-AMS).
Here the position of the body is given in natural coordinates, which occur in two
forms: Firstly, they are given as cartesian coordinates for certain points on the
body. These marked points may be contact points of joints, springs and dampers.
Secondly, unit vectors are introduced as natural coordinates, in order to specify
axes of rotation. According to Suescun et al. the mass matrix M of a body is con-
stant if a sufficient quantity of natural coordinates are considered. This represents
the vector q of the natural coordinates on the inertial force Q (with respect to the
natural coordinates):

Q1 = —Mg (6.29)

The natural coordinates are modelled in the hardware description languages as
potentials (across), the forces and moments as flows (through). In addition there
are algebraic constraint equations in quadratic (for planar mechanics) and cubic
(for 3D mechanics) form, which hold constant the constellation of points in relation
to each other and the length of the unit vectors. In addition there is a VHDL-AMS
module for the gravitation that is suspended on the rigid body model. Also present
are models for joints, springs and dampers. The models mentioned are put together
using a circuit editor. The corresponding system of DAE is then solved in a circuit
simulator. Finally, we should also mention that no simulation results are shown
in [391].
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In addition to the general principle there is one special case, for which the
development of arbitrarily connectable models has been known for a long time.
The prerequisite for this is that the movement in the system only takes place in
one translational or rotational dimension, or that the movements in the system
can be broken down into one-dimensional movements that are independent of
each other. Then the generalised coordinates coincide with the cartesian coordi-
nates or the angular coordinates, the Jacobi matrices are trivial and the mechanical
forces/moments and velocities/angular velocities can be represented directly by
potentials and flows. Applications are any pure translational movements and one-
dimensional rotational movements, such as in a drive train with motor, gearbox
and mechanical load. In the following suitable models for the basic elements mass,
spring, damper, power source and position source' will be described.

Basic model

The basic elements mass, spring, and damper can be formulated for both transla-
tional and rotational movements. In the following the translational version will be
given, with positions (instead of the velocities) being used as potentials. It is for-
mulated in the hardware description language VHDL-AMS. We first begin with the
model of mass inertia for translational movements inertia trans, see Hardware
description 6.1. This model follows the equation

F=—-m-X)— (m-g) (6.30)

and thus describes both the inertia and also the acceleration due to gravity. If
the acceleration due to gravity does not lie in the direction of the translation, the
parameter GRAVITY, i.e. g, is set to 0. Otherwise the model follows the convention
that an acceleration in the direction of x gives rise to negative forces and vice versa.

LIBRARY disciplines; -- Reference to a package with the

USE disciplines.Kinematic_ system.all; -- mechanics declarations

ENTITY inertia trans IS -- Interface description
GENERIC (m, g: REAL); -- Mass, gravity
PORT (TERMINAL p, n: kinematic); -- Terminals

end inertia trans;

ARCHITECTURE simple OF inertia trans IS -- Architecture

-- Declaration of potential/flowquantity=deflectionx/forceF ...
QUANTITY tdisp ACROSS tforce THROUGH p TO n;
BEGIN

tforce == - (m*tdisp’DOT'DOT) - (m*g); -- Basic equation
END simple;

Hardware description 6.1 Model of a mass for translational movement in VHDL-AMS

!'Like a voltage or current source, but supplying a position.
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Now to spring and damper models. For the spring model the applied force is
dependent upon the position, i.e. upon the distortion of the spring. The damping
force, on the other hand, is proportional to the relative velocity of the two termi-
nals of the damper model, and thus primarily describes the Stokes’ friction of a
viscous fluid, such as for example in an automotive shock absorber. The following
equations form the basis:

Fspring = _k(xp — Xn — 10)

Fdamper = _b(Vp - Vn) (631)

The appropriate conversion is found in Hardware descriptions 6.2 and 6.3.

LIBRARY disciplines; -- Reference to a package with the

USE disciplines.Kinematic system.all;-- mechanics declarations
ENTITY spring trans IS -- Interface description
GENERIC (k, 10: REAL);-- Spring constant, basic spring length
PORT (TERMINAL p, n: kinematic); -- Terminals
end spring trans;

ARCHITECTURE simple OF spring trans IS -- Architecture

-- Declaration of potential/flow = deflection/force
QUANTITY tdisp ACROSS tforce THROUGH p TO n;
BEGIN
tforce == -k * (tdisp - 10); -- Basic equation
END simple;

Hardware description 6.2 Spring model for translational movements

In both cases the spring or the damping force is first calculated and correspond-
ingly applied. This force is applied in the negative direction. For the spring this is
consistent with the convention that positive forces increase the current positional
value. The spring force at terminal p is oriented such that the spring length tends
towards the equilibrium 1y. At terminal n the force is correspondingly oriented in
the opposite direction. For the damper, the convention applies that positive forces
increase the relative distance of the two position terminals. The damping force
resists a positive, relative velocity. The descriptions for the application of forces
and velocities will not be illustrated here. They correspond with the applicable
descriptions of sources for currents and voltages.

LIBRARY disciplines -- Reference to a package with the

USE disciplines.Kinematic_ system.all; -- mechanics declarations
ENTITY damper trans IS -- Interface description
GENERIC (b: REAL) ; -- Damper constant
PORT (TERMINAL p, n: kinematic); -- Terminals
end damper trans;

ARCHITECTURE simple OF damper trans IS -- Architecture ‘simple’

-- Declaration of potential/flow = deflection/force
QUANTITY tdisp ACROSS tforce THROUGH p TO n;
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BEGIN
tforce == -b * tdisp’DOT; -- Basic equation
END simple;

Hardware description 6.3 Damper model for translational movements

6.2.4 Example: wheel suspension

Starting from these basic models we can now put together more complex models.
A wheel suspension will serve as an example. Let us first of all set up the frame-
work for the consideration of a modelling process. We assume that only the vertical
movement of the wheel and the vehicle body is to be considered. Furthermore, the
condition is imposed that the centre of gravity of the vehicle is located mainly in
the centre of the vehicle and thus the axles are uniformly loaded. In this case the
movements of the axles are almost independent of each other, which means that
we can restrict ourselves to the consideration of one axle. If we further assume
that the road conditions are the same for the left and right-hand wheel, then for
reasons of symmetry it is completely adequate to consider only one wheel includ-
ing half an axle and a quarter of the car body. Using the assumptions described
yields a two-mass oscillator, which describes the vertical dynamics very well, see
Figure 6.3.

The mass m, describes the wheel and the associated part of the axle and my
describes a quarter of the body. Both masses are of course subject to gravity,
but also to the forces that are exerted by the adjacent springs and dampers. Shock
absorbers and body springs themselves are characterised by the parameters b and kg
respectively. The tyres can also be considered as springs, but with a spring constant
ky that lies around an order of magnitude above that of the body spring. The

Figure 6.3 Modelling of a wheel suspension by a two-mass oscillator
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Figure 6.4 Schematic diagram of a wheel suspension
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Table 6.1 Parameters

Parameter Value

m, 50kg

my, 250 kg

ks 25500 N/m
ky 250000 N/m
B 2000 Ns/m
1O,Spring 0.2m

1o, Tyre 0.03m

G 9.81 m/s?

damping effect of the tyres can be disregarded here. The system is one-dimensional
because only the vertical movement of the masses is being considered. It has two
degrees of freedom, the y-positions of the two masses. The y-position of the road
serves as the stimulation. Driving over a step of a few centimetres is modelled by
imposing a jump of corresponding height. This system can be assembled directly
from the basic elements developed above in the form of a schematic diagram, see
Figure 6.4.

After suitable parameterisation, simulation can take place without further mod-
elling expense. The parameters in Table 6.1 are used for the simulation shown in
Figure 6.5.

The situation considered in the simulation corresponds with driving over a 5cm
high step at a right angle, i.e. the left-hand and right-hand wheel experience the
same deflection. Thus the symmetry condition is fulfilled. At the beginning of the
journey the spring forces of springs and tyres correspond with the respective weight
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Figure 6.5 Simulation of a wheel suspension

and ensure that body and wheel dip in relation to gravity. Whilst the road level
ys rises suddenly by 5Scm, the tyre springs are correspondingly compressed and
quickly build up a force of approximately 15000 N. As a result, the wheel is pushed
upwards, the tyre spring relaxes and the force in question eases. However, the body
spring is compressed by the movement of the wheel and corresponding forces
are transmitted to the body. In accordance with the mass and spring constants,
vibrations are observed in the range of around one hertz. In the case of the wheel the
vibrations lie in the range of around ten hertz. Thus the body requires significantly
longer to take on its new y-position. Finally, it should be noted that the damping
force works to counter the relative movement between wheel and body and thus
allows the vibrations to decay. The simulation requires few CPU seconds on a
SUN Sparc 20 workstation.

6.2.5 Further applications
Introduction

In the following a few other applications will be presented as examples, thereby
illustrating the possibilities of multibody modelling using hardware description lan-
guages. The representation takes into account both mechatronic and micromecha-
tronic systems.
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Mechatronics

In [254] Makki et al. describe an electronically controlled window winder mecha-
nism for cars. On the mechanical side a direct current motor, a gearbox, a rack for
the conversion of the rotational motion into a translational movement, a mechan-
ical load —the window pane —and a mechanical stop are envisaged. In addition
to this there is a force sensor that allows the drive to be switched off in the event
of large counterforces. This typically corresponds with a situation in which objects
are trapped by the window-pane whilst the window is raised. In this case move-
ment is restricted to a rotary — or after the rack a translational — dimension. For
this reason the system described can be simply assembled from basic models, each
of which corresponds with one of the named components.

Other examples can be found in Donnelly et al. [84], who describe an electroni-
cally controlled hydraulic braking system, or in Mikkola [269], who uses hardware
description languages to model and simulate diesel-electric ship drives.

Micromechatronics

For the class of so-called ‘suspended” MEMS, Mukherjee and Fedder [282] have
developed an approach based upon multibody mechanics. Classical applications
for this approach are, for example, seismically suspended masses of acceleration
sensors and resonators, see Figure 6.6. The structure of interest is broken down
into individual parts such as springs, masses, dampers, etc., for which models
are available. Thus a micromechanical model can be assembled from the basic
models. This strategy is very well suited to the approach that is also selected
here of formulation in hardware description languages, because these continuously
support the hierarchical structure of models.

In the NODAS system in [103], Fedder and Jing go beyond multibody systems
made up of rigid bodies by including elastic components on the basis of hard-
ware description languages. The following components have been implemented
in NODAS as described in [103]: A bending beam, a rigid plate, an electrostatic
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Figure 6.6 Electrically excited resonator in the form of a multibody system
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comb actuator, and an anchor (which corresponds with a fixed suspension). Imple-
mentation first raises the question of differentiating between a global and local
coordinate system. Initially all considerations of an element are local. However,
the element can also be given global coordinates, which can be used to solve a
calculation of the operating point. Thus the correct values of the global coordinates
are set automatically, whereas the actual calculations generally take place using a
further set of variables that only give values relative to the operating point.

The model of the bending beam was developed on the basis of a mechanical
structural analysis. The equation for the beam takes the form:

Fheam = Mii + Bu 4 Ku (6.32)

where Fye,, represents the vector of forces and moments at the beam, u represents
the vector of the translational and rotational degrees of freedom of the beam, M
represents the mass matrix, B the damping matrix and K the stiffness matrix. In
principle this follows the beams presented in [34] and in Section 6.3.2, although
NODAS is more interested in the global movement and not in the deformation
of a continuum. Furthermore, the local mass, damping and stiffness matrices are
formulated directly in the hardware description language, which may cause these
symbolic equations to explode in the event of more complex elements.

However, in many cases physical modelling, as used in the previous examples,
is not possible or would be associated with great expense. In such cases it is often
worthwhile to move to experimental modelling. In this approach an experiment
does not necessarily consist of measurements on a real system, but often consists
of field and continuum simulations, for example based upon finite elements. In
this manner, the simulation can be run in advance of manufacture by the use
of experimental models. Pure table models, such as for example in Romanowicz
et al. [350] or Swart et al. [394], are an example. However, these table models,
with their data list of identification pairs, can be represented by compression into
relatively simple equations. This is shown by Teegarten et al. [397], who also
supply a lovely example of the mixing of physical and experimental modelling
based upon a micromechanical gyroscope.

6.3 Continuum Mechanics

6.3.1 Introduction

The previous section dealt with multibody mechanics, the main characteristic of
which is the consideration of a collection of bodies connected together by joints
and suspensions. The validity of this abstraction depends upon the formulation
of the question. In particular, the bending of mechanical components is often not
an undesirable side-effect, but is essential to the functioning of the system. Now,
if the form of bending plays a significant role in the system behaviour then we
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cannot avoid the consideration of the continuum in the modelling. The associated
mechanics, and in particular its representation in hardware description languages,
are the subject of this section.

We can initially differentiate between whether the consideration is to be per-
formed statically or dynamically. For the static case each mechanical position may
be assigned an electrical quantity. Here only the steady state is considered. In the
dynamic case velocities and accelerations of mechanical quantities also play a role,
so that phenomena such as mechanical resonance are also considered. A further
distinction is supplied by the selection of a desired level of abstraction. It is a funda-
mental truth of continuum mechanics that elasticity and mass spread continuously,
thus giving rise to an infinite number of degrees of freedom. As is described in
more detail in what follows, we can perform the modelling of mechanical continua
on the basis of (geometric) structure, physical equations, and experimental data.
In this context the reader is referred to a corresponding classification of modelling
approaches in Section 2.4.

6.3.2 Structural modelling
Introduction

Structural modelling traces the generation of a model back to the composition of
basic models. In the case of continuum mechanics these basic models may be
finite elements, for example. Due to the generality and high degree of adoption
of finite elements in the framework of structural modelling, we will deal exclu-
sively with this approach. Bathe [19], Gasch and Knothe [113] and Knothe and
Wessels [202] supply a good overview of the methods of finite elements in their
works. For the modelling of finite elements, as in the Ritz procedure (see within
Section 6.3.3), we work on the basis of interpolation functions. However, these are
not formulated globally for the whole structure here, but locally for the finite ele-
ment. Thus the main difficulties of the Ritz procedure are removed. If the models
of the finite elements are available, modelling is a purely geometric task, which
primarily represents a breakdown of the continuum. In this context we also speak
of a meshing, in which finer resolutions buy more precision at the expense of
greater simulation time.

Up until now, finite elements have typically only been used to investigate the
component level, disregarding the system context. The following sections will show
that finite elements can be drawn into a circuit simulation on the basis of hardware
description languages. As we will show in what follows, the differential equation
solver of the circuit simulator in question is thus entrusted with the calculation
of the equations of the finite elements. The dynamic coupling of electronics and
mechanics then takes place automatically. Overall, this opens up a simpler, faster
and more secure way of modelling mechanical continua that is compatible with
hardware description languages and thus also with circuit simulation.
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Finite elements

In principle, finite elements can be used in many fields of engineering science. Our
discussion is based upon the field of structural mechanics. Thus the following quan-
tities have to be linked together: displacements, forces, strain, and applied loads,
which act as a trigger here. Depending upon the application, different finite ele-
ments are used, which vary in structure, number of nodes and degrees of freedom.
Figure 6.7 shows a selection of finite elements of structural mechanics.

The degrees of freedom of the finite elements can be of both a translational (uy,
uy, u,) and a rotational (rx, ry, r,) nature. The numerical complexity of the calcula-
tion increases with their number. Fundamentally, the element selected should fulfil
the question formulated with as few superfluous degrees of freedom as possible. In
addition, symmetry considerations are used to keep the number of finite elements
as low as possible.

In the following, an approach will be presented that allows the finite elements
of structural mechanics to be represented in hardware description languages. This
is based upon the work of Pelz et al. [333] and Bielefeld ef al. [33] and [34].
Information on the mechanical foundation can be found in [19], [113] or [202].
We should mention at this point that Haase ef al. [131] to some degree follow a
similar approach in a subsequent work by linking system matrices that originate
from a commercial FE simulator into a circuit simulator.

The formulation of the finite elements firstly requires that a mass matrix, a
stiffness matrix, and a load vector are generated for each element. As in many other
works the damping matrix is initially disregarded. Secondly, in a FE simulator,
these element matrices are combined into a global equation system, according to

Figure 6.7 Selection of finite elements from structural mechanics: (a) Shear-resistant 1-D
beam, two nodes, two degrees of freedom per node (uy, r,) (b) Non shear-resistant 1-D, two
nodes, two degrees of freedom per node (uy, r,) (c) Plane element, four nodes, two degrees of
freedom per nodes (uy, uy) (d) Plate element, four nodes, four degrees of freedom per node (uy,
Ix, Ty, Tz)
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the structure of the mechanics. This must either be completed during the modelling
or in the circuit simulator.

A sensible starting point in the drawing up of the element matrices is the
principle of virtual displacement. A virtual displacement is a small displacement
superimposed upon the actual displacement, which fulfils the geometric boundary
conditions and otherwise brings about no gaps or overlapping of the continuum.

The principle of virtual displacements demands that the virtual displacement
energy is equal to the virtual work of the external forces for each permitted virtual
displacement. This yields the basic equation that is drawn up for the whole contin-
uum. Now the components of the individual elements in the basic equation should
be taken into account. This would require knowledge of the continuous displace-
ments over the entire element. However, because we want to operate using only
the displacements of the nodes of the finite elements, it is necessary to approximate
the continuous displacements from the node displacements. This is done with the
aid of interpolation functions that are often created in the form of polynomials.
Thus the continuous displacements are approximated from the node displacements,
and using the displacement/strain relationship these are transformed into the strains
of the element. Using the underlying law of matter we find the stresses from the
strains. Using the quantities determined in this manner, the strain energy can be
integrated over the element range and summed over all elements. The integration
is significantly simplified by the use of interpolation functions, which —as noted
before — typically are polynomial.

By contrast, the virtual work of the external forces is based upon the excita-
tion forces, stresses at the edge of the body, and body forces such as weight. The
associated proportions of (virtual) work are again calculated from the node dis-
placements by integration over the range in question and summed for all elements.
Finally, the total virtual strain energy is equated to the total virtual work of the
external forces. In the static case this yields the following equation system:

Ku=p (6.33)

where K represents the system stiffness matrix, u the node displacements, and p
the converted body and contact forces at the nodes. The system stiffness matrix is
found from the suitable addition of the element stiffness matrices. In the kinetic
case there are also inertia forces and the equation is formulated as follows:

Mii + Ku = p (6.34)

where M represents the system mass matrix, which, in a similar way to the system
stiffness matrix, is found by a suitable summing of the element mass matrices. The
system mass matrix is linked with the accelerations of the displacements. In this
discussion both equation systems correspond with the equilibrium principle.

If we want to represent finite elements in hardware description languages, then
it initially appears logical to first draw up the differential equation system resulting
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from the collection of finite elements in symbolic form, and then to directly formu-
late this in a hardware description language. In theory this is correct. However, the
handling of the equations causes massive problems. This is firstly the case if we
want to parameterise the elements geometrically and not on the basis of the entries
in the element matrix. The same applies in the nonlinear consideration if the mass
and stiffness matrices of the finite elements are dependent upon the current state
of deformation and have to be drawn up afresh depending upon deflection. In both
cases the complete rule for the creation of the element matrices must be included
in the equation system, as must the conversion from the element matrices into the
system matrix. This allows the volume of equations to explode and the resulting
equation system is thus beyond any meaningful calculation.

It therefore makes sense to initially consider the finite elements individually and
to build the rule for the creation of the element matrices into the model in ques-
tion. This could, for example, be achieved by embedding a C routine, capable of
generating suitable element matrices as required, into the model. This corresponds
with the numerical simulation of multibody systems. The question is also raised
of how to move from element behaviour to system behaviour. Ideally, the system
behaviour would be found by composing the finite elements in a circuit simulator.
This first requires a link between electronic quantities and mechanical degrees of
freedom. Here mechanical deflections are represented by electrical potentials and
mechanical forces and moments by electrical currents. The linking of two finite
elements effects a scleronomic? constraint between the element degrees of freedom
in question, and thus the amalgamation of the degrees of freedom in question to a
single system degree of freedom. This is the expected behaviour for voltages and
positions. Furthermore, the currents are added at these points, as is also expected
of forces and moments.

The generation of element matrices

In what follows the example of the shear-resistant beam element will be used to
demonstrate how such a finite element can be formulated in hardware description
languages. To achieve this two main problems have to be solved. Firstly the mass
and stiffness matrices in question have to be generated. Secondly the element
matrices have to be transformed into the system matrices, which represents the
behaviour of the entire structure.

The beam element is shown in Figure 6.8 and has two nodes, k and I, each
with two degrees of freedom, the deflection in the y-direction uy and the rotation
about the z-axis r,. Both the shear deflection in the x-direction and the structural
damping are disregarded in this model.

The stiffness B; = El,, and the mass distribution w; = pA; are assumed to be
constant over the length of the beam, where E is the modulus of elasticity, I,, the
moment of inertia, p the density of the beam material and A; the cross-section of

2 Scleronomic constraints are not changeable.
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Figure 6.8 Degrees of freedom of the shear-resistant beam element at the nodes k and 1: u,
(deflection in y-direction), r, (rotation about the z-axis)

the beam section i. The beam load is concentrated by pjp and p;; on the nodes 0
and 1 of the beam element. In the shear-resistant case and for small deflections
the stiffness matrix K, the mass matrix M; and the load vector p; of the it beam
element are independent of the deflection. If we select the interpolation functions
h; ...hy in the variables & for the approximation of the continuous displacements
as follows:

hy(§) =1 —3&% 428
hy(§) = —&(1 — &)l
hs(€) = 3¢% —2¢°
ha(€) = &°(1 — &)l

then we find the following element matrices and vectors, see Gasch and Knothe [113]:

(6.35)

12 -6 —12 -6

B | —61 41> 6 28
Pl-12 6 12 6]
-6l 212 6l 41

156  —22J 54 13}
il | 225 4li2 —13; 317

i = ! 6.36
420 54 —13] 156 22 (6.36)
13, =317 22, 412
7/20 3/20
—1i/20 —1i/30
i = pioli il
Pi=Pioki | 350 | TP 70
1;/3 1;/20
The equation system for such an element thus takes the form:
M;ii; + Kju; = p; (6.37)

where
T
U = [uy()’ 70, Uyl, rz1]

where u; represents the element displacement vector, and thus the degrees of freedom.
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Now, if the behaviour of a mechanical continuum is to be reconstructed in a
circuit simulator it is reasonable to keep the modelling close to the actual deter-
mination of the simulator. In our case this means that the mechanics model is
formulated ‘electronically’. For this purpose a network of capacitors, inductors
and current sources is drawn up, see Figure 6.9. If we consider the associated
admittance matrix we notice that just like the mass and stiffness matrices it is
symmetrical and its leading diagonal consists of positive entries.

The task now is to find an LC network, the admittance matrix of which coincides
with the mass and stiffness matrix of the mechanics. To a certain degree this
corresponds with the drawing up of a type of equivalent circuit. However, we will
see later that the formulation in hardware description languages does not rest upon
components, but uses the underlying equations. Let us first consider the circuit in
Figure 6.9 and draw up Kirchhoff’s current law for the four nodes, i.e. four degrees
of freedom:

4
D G +ige) =i i=1...4, (L =0, iic=0) (6.38)
j=1

Using the current—voltage relationships this yields the following equations:

1
E (L_ / Uj; dt + Cijllij) =1 i=1...4, Lij = Lji, Cij = Cji (639)
- ij

=1

AI - A
[T =

o o
(CL)m—E (Cl)zs (CL)14 —E (O

A I
N N

J I (CL) I \
(CL)g, 2 (Cl)y

Figure 6.9 LC network with current sources for the modelling of finite beam elements
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These four equations are differentiated once with respect to time and then rear-
ranged to give:

4 4

1 .
D Cilij+ ) —uwi=i  i=1..4 (6.40)
j=1 =1

The four degrees of freedom of the beam element uyy, uy, 1, and r; should now
be represented by the potentials ¢, ¢, ¢3 and ¢4, which for this reason are used
here for the branch voltages uj;;. The following is true:

uyi=¢i—¢  A#)
Uii = ¢j (6.41)
Substituting into the above formula yields:
1 1 : .
Ciids + ;cﬁ(@i — @)+ et ; L=k i=14 64

After rearranging this yields in vector notation:

Cj+ Lo =i (6.43)
where:
0 = [¢1, @2, P53, ¢4l
T
0 = [¢1, 02, ¥3, 94l
: . . . . T
1= [iy, i2, i3, i4]
Cii+Cin+Ci3+Cpy —Cp —Ci3 —Cu
C = —Cp2 Cia+Cyp+Cp+Cxy —Ca —Cy
—Ci3 —Cx Ci3+Cx3 +C3 +Cay —Cx
L —Ci —Cy —Cs4 Ciy +Coy +Cy +Cyy
-1 n 1 n 1 n 1 1 1 1
Ly L Lz Lu L Lis Lig
1 1 1 1 1 1
L — L2 L, Loy Lo Loy L, Loy
- 1 1 n 1 n 1 n 1 1
Lis Lo Liz  Las Liz Las Lag
1 1 1 1 1 + 1 + 1
L Lis Loy L3y Lis Ly Ly Ly

Let us now return to the equations of the i mechanical, finite beam element:
M;ii; + Kju; = p; (6.37)
where

T
u; = [uyo, Iz0, Uy, Iz1]
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This equation system has the same structure as the LC network, see equation (6.43).
We now have to identify the individual components of the two matrix equations
with each other, i.e.:

il =¢
u=¢
M;=C (6.44)
K;=L
pi=i

The degrees of freedom of the finite beam elements are directly represented by the
potentials, i.e. the node voltages. The same applies for the associated accelerations.

In order to balance the matrix entries in question, the negative entries of the
mass matrix my; are used for the capacitance entries in the secondary diagonals,
the sum of the involved mass coefficients are used in the leading diagonal:

Cij = —my i #J)
Ci = m; + Zmij (i#))

In a similar way, the entries for the inductance matrix are formed from the stiffness
coefficients kj;:

(6.45)

Lij = h i#]))

(6.46)
Li =17 S i #Jj)
The equations (6.45) and (6.46) ensure that the matrices M; and K; described by C
and L are represented with sufficient precision, i.e. there is a good correspondence
between equation systems (6.37) and (6.43). Correction terms obtained from the
summing term are also added into the leading diagonals of C and L. These ensure
that the LC circuit yielded from the matrices satisfies Kirchhoff’s laws and, in
particular, that the currents linked by the nodes add up to zero. This corresponds
with a variation of the LC branches from the nodes 1 to 4 to the mass, which thus
characterises not the relationships between every two degrees of freedom, but only
the relationship of the degree of freedom to ground.

Finally, the derivative of the currents i are derived as follows. The loads of the
beam element concentrated at the nodes pjo and p;; are converted by equation (6.36)
into the element load vector. The components of this are then integrated and, in the
form of current, put into the nodes of the associated degree of freedom. This takes
place for every time step, so that time-variant loads can also be taken into account.

The finite elements are formulated in the analogue hardware description lan-
guage MAST of the Saber circuit simulator and this formulation is primarily based
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upon introducing two current sources between the nodes i and j for an LC branch,
which satisfy the following equations:

iij,C = mijﬂij where my; is from M

. . (6.47)
L =kj / u;; dt where kj; is from K

In addition there are two further current sources for each degree of freedom, which
represent the connection to the ground and — as demonstrated above — the external
excitations pjp and pj; at each beam element.

Composition of the system matrix

In the previous section an element matrix was put together for the beam element,
the four degrees of freedom of which are represented by the potentials at the
four terminals of the element. The currents at the nodes in question describe the
integral of the associated forces and moments, depending upon whether the degree
of freedom is a translational or rotational deflection. In particular, the components
of the exciting forces and moments that are assigned to the elements adjoining the
nodes are also added to the currents at a node. Thus it is not necessary to explicitly
draw up the system matrix. Its solution is found implicitly from the interconnection
of the finite elements.

Example: beam with various boundary conditions

Two examples will be considered to illustrate the element model described above,
a cantilever beam with and without an additional support point, see Figure 6.10.
The second case, in particular, cannot simply be mastered by either analytical
equations or finite differences. The beam of length 1 itself is modelled by 40 finite
beam elements. The excitation consists of the pulsed force Fy, which is applied to
the beam for eight seconds and then removed again. The outputs are the deflections
in the y-direction at x = 0.251, 0.51, 0.751 and 1.01, see Figure 6.11. In the first
case there is an oscillation, the amplitude of which is more strongly marked towards
the end of the beam, and which is in phase at each point. The additional support
in the second case fundamentally alters the behaviour of the beam. Firstly, the
natural frequency of the system increases, secondly the node moves downwards at
x = 0.251 due to the lever effect of the free end of the beam, although the force is
acting upwards. We note that the deflection at x = 0.51 becomes zero.

The same simulation was performed using the ANSYS finite element simulator
to verify the results. The differences amount to less than one percent and are
in principle attributable to differences in the numerical solution procedure. The
simulations were run on a SUN Sparc 20 workstation. The simulation time for the
first case amounted to 91 CPU seconds for Saber and 94 CPU seconds for ANSYS.



6.3 CONTINUUM MECHANICS 125

’ Fy(t) ! Fy(t)
TTTTTTTTTTTTTTTTTTTT“ TTTTTTTTTT/T\TTTTTTTTT“

—» —»
< » X X
| é%
1/2
(a) (b)

Figure 6.10 Cantilever beam with (a) and without (b) an additional support

3 T T T 0.3 1
- Saber — A Saber —

T 2_ Ansys——-—_ To_g Ansys ——-
g 1 -1 €
2, AMARAARAL <

N 1A 1141 0 o Y

"o 5 10 15 20 0 5 10 15 20

t/'s —» t's —»
(a) (b)

Figure 6.11 Simulation results for the deflection at x = 0.251, 0.51, 0.751 and 1.01 of a can-
tilever beam with (a) and without (b) an additional support

In the second case with the additional support the times are 155 seconds for Saber
and 270 seconds for ANSYS.

Based upon the previous example, it was possible to show that finite elements
can be formulated in hardware description languages. The same methodology can
also be used for the implementation of other finite elements, such as is also shown
in Chapter 8. The calculation using the solver of a circuit simulator does not
necessarily demand running times that are higher by orders of magnitude. On the
other hand, the approach described above does not form a competition to the regular
FE-simulators. The main goal of the work described here remains to bring together
electronics and mechanics in order to simplify the design of mixed systems.

6.3.3 Physical modelling

Procedures such as the finite element procedure are certainly the most general
solution for the envisaged problem. As a result of the high number of degrees
of freedom, problems in the simulation speed occasionally occur. In order to
achieve improvements here, for certain geometries — for example, round or square
plates—we can give formulae that correspond with a physical modelling. The
development of such models requires a considerable degree of modelling effort
because it calls for an understanding of the physics of the components.

In what follows, four approaches will be considered in this context. The first
possibility is to take a partial differential equation for the mechanical continuum
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and to represent this using, for example, the method of finite differences on a
system of ordinary differential equations, which again can be directly formulated
in a hardware description language. The second method relies upon analytical
solutions of the partial differential equations in question which are, however, rarely
known. Finally, the last two options — the Ritz and Galerkin approaches — attempt
to describe bending structures on the basis of a calculus of variations.

Partial differential equations and finite differences

A classical approach to the consideration of the physics of bending structures is to
derive a partial differential equation, which can, for example, be represented as a
set of ordinary differential equations by the method of finite differences. This step
is necessary because analogue hardware description languages cannot in general
process partial differential equations directly. The process described was first used
by Lee and Wise [224] in order to investigate pressure sensor systems in bulk
micromechanics, in which the (quasi-static) solution was built into the respective
circuit simulator. In [322], [323] and [324] Pelz et al. transferred this solution
from the tool level to the model level, where the automatic translation of partial
differential equations (in one dimension) into hardware description languages and
equivalent Spice net lists was investigated in particular. Consideration was also
given to mechanical kinetics. Mrcarica et al. [278] also use this approach to con-
sider two-dimensional, partial differential equations, favouring a direct formulation
in the in-house hardware description language AleC++-. Finally, Klein and Gerlach
[195] break up a bending plate into fragments in their approach, and models in an
analogue hardware description language are then applied to each of these. These
can again be connected to a circuit simulation, thus facilitating the co-simulation
of continuum mechanics and electronics. The formulation leads to a system model
that is mathematically equivalent to the method of finite differences.

For illustration, the circular plate of a capacitive pressure element will be consid-
ered here, see Figure 6.12 and [322], [323] or [324]. A comprehensive description
of this example, which will be used frequently in what follows, is found in
Section 8.2. The plate is deflected by an external pressure and thus changes the
capacitance of the pressure element, which again is detected by a read-out circuit.

fi+2) D r(i) r(i—1)r(i_2)

Figure 6.12 Finite differences for a capacitive pressure element
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The bending of such a plate can be described by the following partial differential
equation, see Gasch and Knothe [113]:

’u Et 84u 29%u L1 1 9%u N (6.48)
2= 12p(—w\ad Trae e )TV ‘

Where u is the deflection, E the modulus of elasticity, t, the thickness of the plate,
p the density of the plate material, v Poisson’s ratio, w the excitation, and r the
(radial) position variable. This is then discretised over the range of the plate radius
in n nodes, see Figure 6.12. The above equation is used for each of these n points,
whereby the positional derivation is replaced according to the following plan:

8u 1

ar 12h (uf(l -2) — 8ur(l n+ 8ur(1+1) — ur(1+2))

9%u 1

F ~ 121’12( Ur(i—2) + 16ur(1 1 — 30ur(1) + 16ur(1+1) — ur(1+2))

93u (6.49)
o5 > o (TUi-2) F 2o = 2 F Ur2)

9*u

9 ~ F(ur(i72) + 4uyi1) + 6U) — A1) + Urit2))

As a result of the form of the terms used, the necessity arises to add two further
nodes at both ends of the discretised range. These do not describe a real expansion
of the plate but can, however, be used in addition to the boundary nodes for the for-
mulation of the boundary conditions. This yields a description with 2n + 4 degrees
of freedom, some of which are dispensed with due to the boundary conditions.

Overall, the drawing up of the equation system and its description in a form
compatible with the electronics is definitely specified, but it is very cumbersome to
achieve manually. For this reason a model generator is used in [322], [323] or [324],
which automatically converts the partial differential equation into a formulation in
an analogue hardware description language or a Spice compatible equivalent circuit
on the basis of general integrators. The procedure is so general that it can also be
used on other partial differential equations such as the heat conduction equation,
see for example Bielefeld et al. [35] and [36]. However, one remaining limiting
factor is the fact that the method is only suitable for relatively simple structures
due to the nature of the underlying partial differential equations. Furthermore, in
this model only the plate is considered and not its suspension.

Analytical modelling

For some structures, such as square or circular plates, analytical solutions to the
partial differential bending equations are known. Models can be created on this basis
if the geometric form of a micromechanical structure permits. This is particularly
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true for very simple structures. Thus Chau and Wise [67] and Bota et al. [41], for
example, use analytical equations for the modelling of the square membrane of a
pressure sensor. In addition to bending mechanics, torsional mechanics can also be
considered analytically, as Gémez-Cama et al. [122], for example, demonstrate for
a capacitive acceleration sensor and Wetsel and Strozewski [428] demonstrate for a
micromirror.

To illustrate analytical modelling, the example of a capacitive pressure sensor,
see Figure 6.12, will be considered again in what follows. The bending of the upper
plate can be described by the following equation, see Timoshenko and Woinowski-
Krieger [401] or VoBkidmper et al. [417]:

3
E 8
1—v212

AAu = %(p ~+ Pel)s where D = (6.50)
where A represents the Laplace operator, u the vertical deflection, D the bending
resistance, p the external pressure and pe an electrostatic pressure caused by the
read-out voltage applied through the plates. The bending resistance is again defined
as shown via the modulus of elasticity E, Poisson’s ratio v and the thickness of the
plate t,. The electrostatic pressure can be described as follows using the radius:

1 U :
pel(r) = Egogr,eff(r) (m) (6.51)
with the dielectric constants gy and ¢, ¢, the radius r, the read-out voltage U, the
thickness of the hollow space t. and the insulator thickness t;. A direct execution
of the four-fold integration of (6.50) for the solution with respect to deflection is
not possible because the electrostatic pressure in (6.51) is itself dependent upon
the deflection. A polynomial approximation of p. solves the problem, see [417]:

pa(d) ~ Y ar (6.52)
The general solution of equation (6.50) is then calculated as:

1pa !l ZCi o) sl aoim S
u= T I' I'l—— — I n—
64D Ro 42 >Ry

n
aj :

C — ™ 6.53

tOr D et art (59

with the radius of the plate Ry and four constants C; to C,4 that have been yielded
by the integration, the values of which are to be determined from the boundary
conditions. With the aid of the resulting equation, further effects can be built in,
such as the restriction of the plate movement through the insulator, the influence
of plate suspension, or the dynamics of the movement.
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Ritz method

A further procedure for the modelling of strains is the Ritz method, see for example
Bathe [19]. In this process the partial differential equation is solved and an attempt
is made to approximate an unknown displacement function, e.g. the deflection
of a beam over its length by a linear combination of n interpolation functions.
These must each correspond with the geometric boundary conditions. The n coef-
ficients of the interpolation functions are yielded by the requirement that the elastic
potential must be minimal. From this, n equations are found, which set the partial
derivative of the elastic potential with respect to the coefficients equal to zero. So
n equations are available for n coefficients. It should also be noted that the interpo-
lation functions are defined over the entire mechanical structure, which makes the
consideration of irregular structures considerably more difficult. The same applies
for nonhomogeneous distributions of mass and stiffness. For this reason the sig-
nificance of the Ritz procedure lies not so much in its direct application, but rather
in the fact that it forms the basis of the finite elements method. Nonetheless, the
direct use of the Ritz procedure can make sense in some cases.

Galerkin method

As in the finite differences approach, this method, see for example Bathe [19], also
generates a set of ordinary differential equations from a partial differential equation:

Llg]l=r (6.54)
Where L is a linear differential operator, ¢ the sought-after solution, and r the exci-
tation function. The solution of the problem should correspond with the following

boundary conditions B;:

B1[¢] = qi|at the boundary of S; (655)

A prerequisite here is that L is both symmetrical (6.56) and positive definite (6.57).
/ (L[uv -dD =/ (L[v])u-dD (6.56)
D D
/ (L[ul)udD > 0 (6.57)
D

Where u and v are arbitrary functions and D is the range of the operator. The solu-
tion should now be approximated as a linear combination of weighted interpolation
functions h;:

¢=) ah; (6.58)
i=1
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The h; interpolation functions are selected such that they each fulfil the boundary
conditions. Then the residuum R is calculated as follows:

R=r—L [Z aihi:| (6.59)
i=1

For the exact solution the residuum is zero and, for the approximation, should at
least be sufficiently low at all points of the solution range. Then the weighting
factors a; can be determined during the approximation of the partial differential
equation. For the Galerkin method the following equations are used as the basis:

/hiRdD=0 i=1,2,...,n (6.60)
D

Where D is again the solution range.

Hung et al. [156] use the Galerkin method to investigate a pressure sensor,
which consists primarily of a bending beam that is fixed at both ends. A voltage and
consequently an electrostatic force is applied to this. The time that passes before the
beam ‘snaps into place’ as a result of the positive feedback of the electrostatic force,
i.e. forcefully rests upon the insulator, is strongly dependent upon the prevailing air
pressure. The modelling uses the Euler equation for bending beams and Reynolds’
equation for air damping. The authors use the Galerkin method with up to four
interpolation functions, which are determined with the aid of a FE simulation. They
thereby achieve an acceleration of the simulation by a factor of between 4 and 105
in comparison to FE simulators, with deviations from the FE simulation in the
range of 1%—-14%.

This method permits the formulation of lower-order models. However, it requires
that the system can be considered as a comparatively simple structure, because
the starting point, the partial differential equations and boundary equations, either
cannot be set or can be set only with great difficulty.

6.3.4 Experimental modelling
Introduction

Experimental modelling dedicates itself to the creation of models on the basis of
measured data or FE simulations. The internal physics of the components is dis-
regarded and only the terminal behaviour considered. In this manner we obtain
so-called macromodels that can be simply formulated in a hardware description
language. We thus obtain efficient and numerically unproblematic models. This
method has its advantages if it is difficult or even impossible to derive the phys-
ical background of a component. However, its main problem is that the resulting
models are only valid for precisely one geometric form of the structure and set of
technology parameters. Every change means that a new model must be drawn up.
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A whole range of approaches extract the main corner-stones of the behaviour of a
component from measurements or simulations using finite elements and use this for
simple models consisting of few equations, see for example Ansel et al. [11], Hof-
mann et al. [149], [150], Karam et al. [179] and Nagel et al. [292]. In what follows
three approaches will be considered that aim in the aforementioned direction.

Table models

The simplest case of experimental modelling is based upon a list of input and
output values, thus arriving at a table model that only considers the static case. In
this manner it is possible, for example, to draw up a table listing pressures and
the associated capacitance values for the pressure elements described above. Such
table models lead to characteristics with kinks that can considerably detract from
the convergence of the simulator. This problem can be circumvented by using the
present value pair as a support point for the characteristic, e.g. on the basis of
splines, which typically removes the numerical problems. In this manner measured
values can be very simply integrated into a simulation. More elaborate procedures
estimate the structure of the equations and move themselves to the identification
of the associated parameter.

Identification of a harmonic oscillator

In [11], Ansel et al. consider a seismic acceleration sensor as a harmonic oscillator.
For the modelling a linear differential equation is used for the force f and the
deflection x:

m

df dx
aof+ala+"'+am(1t—m:b0X+bla+"'+b“@

n

(6.61)

For a spring-mass system, for example, m is set to O and n to 2. Here by represents
the spring constant, b; the viscous damping, and b, the seismic mass. For the system
currently under consideration the parameters a; and b; are automatically obtained
from the results of a simulation using finite elements. For this purpose the classical
methods for system identification are used. This describes the mechanical section
of the system. In addition, there is the conversion of mechanical deflection into
capacitance based upon an interlacing comb structure. A table model is used for
this, which is also determined on the basis of simulations using finite elements.

General identification

Hofmann et al. [149] and [150] propose a general procedure in order to put together
the behaviour of a component from functional modules. The modelling is based
upon a FE model, the behaviour of which is stored in a macromodel. Thus the
complexity and nature of the underlying (partial) differential equations are not
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known in advance, so that we have to start from the assumption of the existence
of strong couplings and nonlinearities. Furthermore, it is required that inputs and
outputs of the FE model can be formulated in an integral manner, i.e. they are not
position dependent.

We now start with a basic model, the parameters of which should be identi-
fied with the aid of various optimisation procedures. For oscillating systems, for
example, equation (6.61) would be a good starting point, whereby the parameters a;
and b; would have to be determined. For the general case these can be determined
from the criterion that the resulting model should behave as closely as possible to
the FE model. The target function of optimisation is thus the minimisation of the
behaviour difference between the predetermined and sought-after model, i.e. [150]:

#outputs  #timesteps

Z Z (frem; (t) — fmacro, (tj))2 (6.62)
F i

For optimisation, gradient procedures, simulated annealing, or genetic algorithms
can be used and it is also possible to switch between these. The resulting parameters
initially apply only for the selected input function. In [150] it is thus proposed to
initially define a set of input functions, which represent reality as well as possible.
Then optimisation takes place primarily for the input function, the macro model of
which exhibits the greatest differences in relation to the FE model. This procedure
corresponds with a parameter identification for nonlinear systems.

Now, if it is difficult to arrive at an acceptable solution using parameter opti-
misation, this raises the question of whether the assumptions with regard to the
structure of the solution equations were correct. Once again, the problem lies in the
nonlinearities that rule out an analytical solution of the problem. The solution pro-
posed by Hofmann et al. consists of setting operators that evaluate the differences
between the FE and macromodel, such as for example ‘rate of rise too low’, ‘over-
shoot too low’ and so on. On the basis of this information a fuzzy controller base
decides on possible structural changes. So we now go from parameter identification
to system identification.

Overall, the procedure supplies efficient and numerically unproblematic models,
that can be easily formulated in hardware description languages, e.g. HDL-A [149].
However, a significant computing time has to be expended for model generation.
Furthermore, the validation of the generated models remains difficult, since firstly
the quality and coverage of the selected input functions is sometimes questionable
and secondly the inner physical structure is not available for an investigation into
the plausibility. Finally, this type of modelling has to be performed afresh for virtu-
ally every variation of the micromechanical geometry or the underlying technology.

6.4 Summary

In this chapter, methods for the modelling of multibody mechanics and contin-
uum mechanics have been highlighted and the representation of the resulting
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models shown in hardware description languages. This, along with the results
of the previous chapters, facilitates a full, universal modelling of mechatronic and
micromechatronic systems in hardware description languages.

Now that the basic technologies have been dealt with in the preceding chapters,
the following two chapters on mechatronics and micromechatronics supply a range
of demonstrators to illustrate their application.
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Mechatronics

7.1 Modelling of Mechatronic Systems

The aim of this chapter is to apply the foundations obtained in previous chapters
to actual mechatronic systems. The interaction between the domains is particularly
significant here because the interfaces contribute significantly to system behaviour.
In particular, we are aiming too low if we only consider electronics or mechanics
independently of each other. The problem of the joint simulation of electronics and
mechanics must be solved, which again throws up a whole range of problems:

In the case of mechatronics, the time constants of mechanics and electronics
often differ by orders of magnitude. For macromechanics we can expect oscillations
of a few (tens of) hertz. In electronics the figure lies four to six orders of magnitude
higher. So we could assume that the dynamic interaction between electronics and
mechanics can be disregarded. The opposite is true. For example, a wide range
of control algorithms are performed on embedded controllers. Their running time
again lies in the millisecond range, so that dynamic feedback between electronics
and mechanics very definitely plays a role. This requires the dynamic simulation
of the entire system in order to be able to track cyclical dependencies, including
those that cross domain boundaries. Another reason for the importance of this is
the fact that domain boundaries often also represent the interfaces between design
teams working in parallel.

For the field of mechanics, precise models that are compatible with an electron-
ics simulator must be prepared. During the following chapter we will exclusively
consider multibody mechanics, which is generally sufficient for system consider-
ations in the field of macro mechatronics. Even with this limitation the vectorial
nature of mechanics is not easy to represent on a circuit simulator.

An efficient conversion is of crucial importance for the field of software in
particular. Millions of machine instructions are performed in a single second of
real time. On the other hand, it is necessary to precisely determine the timing of
the functions implemented using software, which requires a precise synchronisation
between software and electronics. This is indispensable in order to correctly reflect
the dynamics between software, electronics and mechanics.

Mechatronic Systems Georg Pelz
© 2003 John Wiley & Sons, Ltd ISBN: 0-470-84979-7
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In addition to the provision of the models and the dynamic simulation of a system
that goes beyond domain limits, the representation of the results can sometimes
be a problem. Of course, we always obtain the values of system variables plotted
against time, as is also normal for electronics simulation. In the case of mechanics,
however, we would often prefer an animation, in order to be able to evaluate the
system behaviour at a glance. As far as software is concerned, the typical outputs
of an electronics simulator are virtually useless. We would like a debugger, like
those used in pure software development, which illustrates the sequence of the
software and furthermore permits control of the sequence, perhaps by breakpoints.

As will be shown in what follows, the introduction of hardware description
languages into mechatronics lags behind that of microsystem technologies. A
significant reason for this is that microsystem technologies developed from micro-
electronics, so hardware description languages, which were initially developed for
microelectronics, were quickly implemented there too. By contrast, mechatronics
developed from mechanical engineering, where electronics is often reduced to con-
trol technology and can thus be considered using comparatively simple equations.
Recently, hardware description languages have also begun to be encountered in
mechatronics, with the automotive industry taking the lead.

The use of hardware description languages for the design of mechatronic systems
will be illustrated on the basis of four examples. These are a semi-active wheel
suspension system, an internal combustion engine with drive train, a camera winder
and a disk drive.

7.2 Demonstrator 1: Semi-Active Wheel
Suspension

7.2.1 System description

In what follows a semi-active wheel suspension will be described, see Hennecke
et al. [137] or [138], Duttlinger and Filsinger [89] or Roppenecker [352] for the
technical fundamentals. The idea of semi-active wheel suspension is that the sys-
tem adapts the parameters of shock absorbers or body springs to the current
road conditions and the corresponding driving situation. This is achieved by an
embedded processor, which means that electronics, mechanics and software have
to be considered at the same time here. The system described in what follows
reflects the concept of BMW’s ‘electronic damper control’, see [137] and [138]
and Figure 7.1. A similar system is also offered by Mercedes-Benz, see [89]. The
difference between semi-active and active wheel suspension is that, in the latter
case, forces can be applied by hydraulics, for example, in order to improve driving
safety and comfort. Put simply, the vehicle lifts one or more wheels up in order
to minimise the vertical movement of the body. This approach has, however, not
yet become prevalent for reasons of cost and energy.
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The motivation for the use of semi-active wheel suspension is that driving safety
and comfort represent competing goals in the context of suspension systems. Driv-
ing safety is jeopardised because unevenness in the road triggers vibrations in the
wheel or body. The former lie in the range of around ten hertz, the latter in the range
of one hertz. In both cases it should be ensured that these resonances are sufficiently
damped. Otherwise, strong variations in the wheel load will arise. In particular, the
wheel load will fall significantly as a result of the upward movement in question.
In the extreme case individual wheels will lift. The frictional connection between
the wheels and the road, and consequently the cornering force of the wheels in
question, then falls to zero, which can have severe consequences in a bend. These
problems could be countered by basically setting the damping level high. How-
ever, this would have a negative effect upon the ride comfort, which would transmit
every unevenness in the road directly to the body and thus to the passengers. This
is particularly true for the vibrations in the range of four—eight hertz, which would
be perceived as unpleasant or at least uncomfortable by the passengers.

Whilst an electronic control of the wheel suspension was not possible the pri-
mary issue was to find a reasonable compromise between safety and comfort.
Semi-active wheel suspension is based upon the principle that the damping of road
conditions can be switched over appropriately during the journey. Problematic
driving situations requiring a high level of damping are recognised firstly by the
consideration of the vertical acceleration of the body, from which the triggering of
vibrations by the road can be deduced. In addition, driving manoeuvres that also
require increased stability are recognised, for example, sharp braking, fast driving
through bends or quick accelerator pedal movements in automatics. The resulting
pitching and rolling movements of the vehicle should be limited by higher damp-
ing. After the identification of the road condition and the driving state, the next
step is to determine the correct damping level and to set this at the shock absorber.

The implementation is based upon a digital controller that processes embedded
software, see Figure 7.1. This carries out the actual control algorithm and takes
on a whole range of additional functions such as, for example, the plausibility
testing of the sensor values to be processed, the safety concept, or the provision
of data to other components of the vehicle. In addition, there are electronics for
the signal processing, such as D/A and A/D converters, which provide the connec-
tion between the digital and analogue worlds. The actual conversion between the
physical quantities is taken care of by the acceleration sensor and the adjustable
shock absorbers. Finally, the mechanics of the suspension also has to be taken
into account.

The central component of the system is the regulateable shock absorber, which
will be considered in more detail in what follows. Fundamentally, shock absorbers
use the Stokes’ friction of a viscous liquid, e.g. hydraulic oil, in order to convert
motion energy into heat. The oil is squeezed through a narrow valve in accordance
with the movement. If we control the route of the oil in accordance with the
direction of flow, then different valve diameters and thus different damper constants
can be provided for compression and tension mode. Furthermore, several damper
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Figure 7.1 Semi-active suspension

characteristic lines can be planned for the adjustable shock absorber. By using a
rotary disk valve the route of the hydraulic oil is determined such that the oil passes
through various valves. The power consumption is thus limited because only the
rotary disk valve has to be operated. Typical delay times for the adjustment of the
characteristic lie in the range of around 20 ms.

7.2.2 Modelling of software

The software in this demonstrator runs on an embedded processor, which is compat-
ible with the Motorola 68HCO05. It was developed in C and then initially compiled
into Assembler and from there compiled into machine code. The basis of the mecha-
tronic HW/SW co-simulation used here is software modelling, which has already
been described in detail in Chapter 5 and [326], [328]. For the sake of simplicity,
only the dependency between the body acceleration and the damper characteristic
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will be implemented here. More complex algorithms and further input data can be
added in a straightforward manner.

7.2.3 Modelling of mechanics

The approach to the modelling of the mechanical components depends to a large
degree upon the desired application of the models. Thus, we can provide complex
multibody models for the development of the mechanics which can be used, for
example, to determine the tilt of the wheels or changes to their toe-in in relation
to the spring deflection of the car body, see for example Schmidt and Wolz [365].
However, these details are of less importance to the development of the electronics.
In this context the overall behaviour of the system is much more interesting, and
simpler models are sufficient for the consideration of this.

The model of the wheel suspension is based upon the fundamental model pre-
sented in Chapter 6. However, in this context some further boundary conditions
have to be taken into account. Firstly, we should note the fact that real shock
absorbers exhibit different characteristics for the compression and tension modes.
Typically the damping is significantly higher in tension mode. This is because the
dampers should transmit road unevenness to the passengers as little as possible.
This means that comparatively low forces should arise in the compression mode.
Consequently most of the consumption of the motion energy occurs in the tension
mode. This situation generates a first nonlinearity. A second naturally arises as a
result of the switching of the damper characteristics, which is precisely the main
purpose of the system.

It has already been demonstrated in Chapter 6 how such a model is put together
from the basic models for masses, springs, dampers, etc. for a quarter of a car. For
this reason, a system-oriented approach to modelling will be followed here. The
Lagrange equations shall form the basis for this. As shown in Chapter 6 these take
the following form:

d /0T JT 0 (=12 ) 7.1)
— R —_——_— = : 1=1,2,...,11 .
dt \ 9¢; aq; '

The degrees of freedom are again the y-positions. The kinetic energy of the system
T is found from the kinetic energy of the two masses:

di = Ya» G2 = Yo, T = Im,y: + Smyy; (7.2)
The generalised forces are the spring, damper and weight forces:

Qal = kw(Ys —Ya + 1Oa)a
Qa2 = —Kks(ya — yo + lob),
Qa3 = —b(Fa — ¥b),
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Qu = —m,g,

Qb1 = ks(ya — yb + lon),

Qb2 = b(Ya — ¥b),

Qb3 = —mpg (7.3)

where k,, and k; denote the constants of wheel and body springs, Q. and Qy; the
components of the generalised forces Q; on the bodies A and B, and b the coefficient
of damping. Furthermore, the convention is used for the springs that a positive force
increases the positions in question. The constants lp, and ly, correspond with the
y-positions of the two related bodies in a relaxed state. At the damper, positive
forces bring about an increase in the coordinate difference. Thus the damping force
tends to resist a positive relative velocity. The weights Q.4 and Qys finally effect
a reduction in the positions and are thus counted negatively. Substitution into the
Lagrange formula gives the following equation system:

maya = kr(ys — Ya + lOr) - kf(ya — Yo + 1Of) - b(Ya - Yb) —myg
mp ¥y = Ke(ya — Yo + lor) + b(¥a — yb) — mpg (7.4)

This can be directly formulated in an analogue hardware description language,
whereby the damper constant b can be set to the value in question using an if-
then-else construct.

7.2.4 Simulation

The test case for which the simulation should be performed is, as in Chapter 6,
driving over a step of 5cm height. As described in Chapter 6, the model of a
quarter of a car can be used again at this point. The first result of the simulation
is shown in Figure 7.2 and represents the relative movement of wheel and vehicle
body after driving over the bump. Initially the wheel starts to move and compresses
the body spring. This movement produces an overshoot. Overall, we recognise that
the natural frequency of the wheel actually lies in the range of around ten hertz.
The oscillation, however, decays very rapidly as a result of the damping, which is
increased at the change-over point. The car body follows the vertical movement
at a significantly slower rate than the wheel. The forces in question are applied by
the compressed body spring. Here too the natural oscillation is, as expected, set
to a value of around one hertz. The change-over of the damping from the ‘soft’
to the ‘hard’ characteristic is triggered by the digital signal shown at the top and
takes place around 50 ms after the step is reached.

The difference in driving behaviour resulting from the change-over is particularly
well illustrated by the consideration of the body spring compression, which is
equated with the compression of the shock absorber. This is shown in Figure 7.3
for the same case of driving over a step of 5Scm height. In the first 50 ms there
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is still no difference, because the change-over to hard damping has not yet taken
place. Then we see clear differences. If the change-over does not take place, then
the spring compression goes positive, which means that the car rises off the springs
and thus the wheel loading falls. This leads to the safety problems discussed above.
When the damper characteristic is changed over, the spring compression exhibits
a significantly more desirable behaviour.

As discussed above, it is also necessary to concern ourselves with the visuali-
sation of the mechanics and the software. For the mechanics this quickly becomes
an ad hoc solution, unless CAD data is available from the development of the
mechanics, which can be drawn upon for a suitable representation. The solution
shown here shows a graphic representation of a quarter of a car, which is ‘driven’
by the simulation data, see Figure 7.4. This functions both as direct output during
simulation and also for a subsequent consideration of the extracted data.

By contrast, a general solution can be found for the software. As already indi-
cated it is a question of considering the software using a type of debugger and
controlling its processing, see Figure 5.7. In contrast to the tools normally used,
this is a debugger that considers the processing of software on virtual hardware.
Naturally, if this is to run properly an exact synchronisation between hardware
and software is crucial. This is guaranteed by the approach to mechatronic hard-
ware/software cosimulation described in Chapter 5. This synchronisation ensures
that when a break-point is reached, the simulation of mechanics and electronics

hard damping O

load of axle

spring compression

-0.01 0.0

Figure 7.4 Visualisation of the mechanics
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do not proceed further. Such a debugger has been implemented and used. It can
represent the underlying software both on assembler and high-level language level.
The user interface of the debugger is shown in Figure 5.7.

The models were formulated in the analogue hardware description language
MAST and simulated using the Saber electronics simulator. On a SUN Sparc 20
workstation the simulation requires 22 CPU seconds. This includes the simulated
processing of 3.8 million machine instructions of the embedded processor.

7.3 Demonstrator 2: Internal Combustion
Engine with Drive Train

7.3.1 System description

This example relates to the modelling of the propulsion of a motor vehicle see also
[332]. If all components that are relevant in this context are to be considered, then
the modelling would extend from the accelerator pedal, via the actual engine and
the drive train, to the road, which has a certain gradient. If we impose narrower
limits on the model, then we can at best investigate specific parts of the system.
In what follows, the overall system will be investigated, whereby the necessary
foundations can be found for example in Roduner and Geering [349], Hockel
[146], Tiller et al. [400] or in the publication by Bosch [39], [40]. As in the
previous example, generic models are used where possible, which can be adapted
to the application case in question by suitable parameterisation. Again, the model
is based upon the assembly of the overall model from basic components.

The system under investigation is shown in Figure 7.5. The partitioning of the
system for the modelling mainly follows the function blocks shown in the illustra-
tion. At the top level, the system model consists of an electronic circuit diagram.
The components of this have been modelled using an analogue hardware descrip-
tion language, and so the whole of the overall system can be simulated without
further problems. Particular mention should be made of the fact that two types of
modelling have been used here.

The drive train primarily relates to the rotational and translational movements,
whereby here a line represents the duality of torque / angular velocity or force /
velocity. Kirchhoff’s laws in particular apply here, i.e. the forces and torques at a
node and the velocities and angular velocities in a closed loop add up to zero. The
lines in question are printed in bold.

All other lines are directional. They form a network that is comparable to the
block circuit diagrams of control technology. In particular, Kirchhoff’s laws do not
apply here. The main task of this partial network is to supply the torque generation
block and the automatic gearbox with the necessary data. This includes the control
of the combustion engine.

In the system description we start with the accelerator pedal, which in our case
represents the driver’s primary input. Its angle a,. sets the kickdown mode in train
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Figure 7.5 System structure of the internal combustion engine with drive train

when the driver stamps upon the accelerator pedal, which may cause the automatic
gearbox to change down so that a higher acceleration can be achieved. Furthermore,
ape determines the position of the throttle valve, which again provides a suitable
quantity of air my, for combustion. In addition, there is a further proportion of air
myge Which corresponds with the idle setting and is permanently available. The
sum of the two air masses my;; is firstly a measure for the desired acceleration and
is therefore fed into the gear selection and the digital computer. Secondly, my;, is
naturally available to the mix preparation, which calculates the fuel mixture ratio
A from the air and fuel mass myg,. The digital micro-controller determines the fuel
quantity and also the ignition advance angle aj,. Its inputs are the engine speed ng,
a trigger signal of the crankshaft t.; and the air mass mg;. The regulator can be
described as a software model, see Chapter 5, or as a simple behavioural model.
The actual engine is represented by the torque generation block, which converts
the fuel mixture ratio A, the air mass my; and the ignition advance angle aj,
into the mechanical duality of torque and angular velocity. The first step in the
modelling process is to estimate the energy of the fuel mass and to multiply this
by the associated efficiency. Furthermore, this raw torque is further reduced if
the engine is not run in the optimal range of A, my, and aj,. Then the rotary
motion is transmitted to the gearbox and there suitably converted, which leads to
a different defined relationship of torque and angular velocity. The model of the
wheel converts the rotary motion into a translational motion, which is characterised
by the duality of force and velocity. Counter-forces come into play here, which
represent the gradient of the road and the drag due to air resistance. Finally, the
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exhaust blocks supply a broad overview of the current NOy, CO and HC values
of the engine, which are obtained from A and aj,.

7.3.2 Modelling

At this point some of the above-mentioned blocks will be described. We begin with
the generation of torque by an internal combustion engine. The underlying process
represents the conversion of chemical into mechanical energy. The input quantities
are the air mass my;;, the fuel mixture ratio A, the ignition advance angle ajq, and the
engine speed at the crankshaft n.;. We could start by deriving the resulting torque
M from the average pressure in the cylinder py, and the piston-swept volume Vp,
see [39]:

_ VD * Pm
T 2n

M

(7.5)

However, the average pressure in the cylinder cannot easily be determined from
the input quantities. Rather, p,, depends upon the combustion process, which takes
place in three spatial dimensions. Also problematic is the irregular shape of the
combustion space, which furthermore continuously changes shape. Finally, turbu-
lence effects in the mixture of air and fuel often cannot be disregarded. Thus the
physical modelling is separated from the consideration of the system as a whole.
Since in this case there is no good foundation for a structural modelling, we now
turn our attention to experimental modelling. Figure 7.6 shows a typical character-
istic of torque against engine speed for a predetermined air mass, see [39]. Such
a characteristic can be described by an inverted parabola, whereby its parameters
are to be adjusted for each operating case of the engine under consideration. In
this context a range of values for different air masses should be recorded.
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Figure 7.6 Typical characteristic of torque against engine speed for a given air mass
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In this manner a ‘raw torque’ figure is obtained that can be adjusted by multi-
plying it by a weighting factor to take account of the other input quantities A and
ajg. We thus do not have to store the characteristics for all sensible combinations
of my, nes, A, and ajz. The factor for the calculation of the actual torque is found
from Figure 7.7, which shows a typical dependency of the torque upon the fuel
mixture ratio and the ignition advance angle, see [39].

The generated torque is opposed by a corresponding counter-moment, which is
found from the inertial force of the vehicle mass and the forces due to air friction
and road gradient!. The rolling friction is disregarded in this context. The inertial
force F; can be replaced by:

F, = —mv (7.6)
where m represents the vehicle mass and v the vehicle velocity. For the drag Fi:
Fi = —lewApv? (7.7

where cw is the drag coefficient of the car body, A its frontal area and p the density
of the air. The force from upward and downward gradients, Fg, is formulated:

F, = —mgsin(a) (7.8)

where g is gravity and « the angle of the road gradient. A single hardware descrip-
tion is used for each of these three force components. This is connected such that
the counter-forces are summed. The wheel model converts the counter-force into
a counter-moment which again is linked to the generated moment via the gearbox.

I Rise or fall.
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7.3.3 Simulation

The test case that underlies the simulation is a virtual ride of 35seconds real
time, see Figure 7.8. From top to bottom the following values are represented:
the operation of the accelerator pedal as a percentage of the maximum angle; the
automatically selected gear; the engine speed and the road speed. Regarding the
road profile, the vehicle comes upon a gradient of 10% after 10 seconds, which
returns to a level section after 25 seconds.

At the beginning of the simulation, the driver operates the accelerator pedal at
20%, so that the vehicle slowly accelerates away from stationary. Upward gear
changes are made until the vehicle is in third gear. The engine speed lies at just
under 2000 rpm. The road speed rises to around 50km/h. After ten seconds the
vehicle reaches the incline, which after a short time results in a slight decrease in
road speed. The driver reacts to this by pushing the accelerator pedal down to 90%.
The gearbox, which in the meantime has changed up into fourth gear, reacts and
changes through third gear into second gear. The engine speed rises accordingly
and the vehicle accelerates up the hill. With the higher speed the gearbox can
change back up into third gear after around 18 seconds, which again reduces the
engine speed slightly. After 21 seconds the driver lifts off the accelerator a little,
so that the speed falls from approximately 80 km/h to 70 km/h. At 25 seconds the
incline is ended, so that the vehicle easily accelerates at 60% throttle in fourth gear
and at 35 seconds a road speed of around 90 km/h is achieved.

100.0
80.0
60.0
40.0 —
20.0 +

Engine speed Gear [1..4]  Accelerator pedal

Velocity

Figure 7.8 A virtual ride by car. The curves represent from top to bottom: accelerator pedal
as a percentage of full acceleration; automatically selected gear; engine speed and road speed
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7.4 Demonstrator 3: Camera Winder

7.4.1 Introduction

The third example originates not from automotive engineering. It relates to a pho-
tographic camera with an external motor winder, which looks after the automatic
film movement. This system differs from the two other mechatronic examples
because, in this case, the electronics provides the drive and not only the control of
the system. Furthermore, at the time of the investigation not all components of the
system were available. Nevertheless, the system could still be investigated on this
basis, and this investigation yielded a significant foundation for the design deci-
sions under consideration. Thus the described approach is capable of supporting
the top-down design of mechatronic systems. The subject is also dealt with in Pelz
et al. [331] and Landt [213].

The model was set up for this system to illustrate a real system, the Leica RS,
together with its motor winder. At the time of modelling the winder was still at
the development stage. The main task was to maximise the number of pictures
that could be taken by a battery or rechargeable battery. Several motors were
investigated to this end; one of the candidates was not even in existence at the
time. All that was available for this motor was a set of parameters that had been
calculated and estimated in advance. One of the main questions was whether it
would be worthwhile to actually have this virtual motor developed. The gearbox
had to be set up for each motor in order to minimise the power consumption whilst
achieving the specified time for taking a picture.

7.4.2 System description

The system includes camera and motor winder and has an electronic and a mechan-
ical circuit. The electronics consists of a battery pack, the power transistors, the
associated control circuit and the electric motor, which is naturally also part of the
mechanics. This subsystem also comprises of a gearbox, a mechanical load and a
mechanical stop. The mechanical load represents the effect of friction when the
film is pulled out of its cartridge.

Figure 7.9 shows the (simplified) system structure, placing emphasis on the
mechanics and the interface between electronics and mechanics. Again, the simu-
lation is performed using an electronics simulator, which we can expect to correctly
process the electronics.

7.4.3 Modelling

Batteries and rechargeable batteries

The model of the battery or rechargeable battery pack is based upon measurements
of various brands and types. First a load cycle is defined that imitates the typical
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Figure 7.9 System structure of the camera winder

use of the camera. Then a large number of cycles are performed under defined
temperature conditions, e.g. +20°C and —20°C. The voltage and internal resis-
tance are measured regularly and related to the charge consumed. This information
parameterises the model of the battery/rechargeable battery pack, which consists
primarily of a voltage source with internal resistance. This can be used to evaluate
the variations in the number of pictures that are produced by the temperature and
the brand and type of the batteries and rechargeable batteries.

Electric motor

Only direct current motors with permanent magnets will be considered in this con-
text. The modelling, see Hardware description 7.1, is initially based upon equating
the sum of the internal voltages with the externally applied voltage. This corre-
sponds with a series connection of armature resistance, armature inductance and
generator voltage. This yields the following voltage balance:

Vin = Rai, + Lai, + bw (7.9)

where vj, is the input voltage, R, the resistance of the armature winding, L, the
inductance of the armature winding, i, the armature current, b the generator voltage
constant (back-emf) and w the angular velocity of the shaft. The resulting torque
is found from the generated torque minus the moment of inertia of the armature
and the frictional moment.
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template my dcpm Al A2 WRM WRME= kt, b, la, ra, j, dft
electrical Al, A2
rotational vel WRM, WRME

number kt = 1.0, # Torque constant
b = 1.0, # Generator voltage constant
la = le-6, # Armature inductance
ra = 1.0, # Armature resistance
3 =1.0, # Moment of inertia
dft = 0.0 # Frictional losses, dynamic
{
branch iin = i(Al->A2), # Input current, motor
vin = v (Al,A2) # Terminal voltage, motor
branch at = tg Nm(WRM->WRME) , # Torque at shaft
av = w_radps (WRM, WRME) # Angular velocity at the
shaft
val tg_Nm frict # Frictional moment
var nu av_t, iin t # Derivative of av and iin
# with respect to time
values {
if (av > 0) { # Frictional moment acts against the
frict = dft; # rotation direction
}
else {
frict = -dft;

}
}

equations

iin £t = d by dt(iin) # Calculation of the derivative
# with respect to time
av_t = d by dt(av) # Calculation of the derivative
# with respect to time

vin =
ra*iin + la*iin t + b*av # Armature circuit
at = kt*iin - j*av_t - frict # Calculation of output torque

}
}

Hardware description 7.1 MAST model of the direct current motor

Gearbox

Like the electric motor, the gearbox represents a basic model that can be used
very diversely. Its function is to set the relationship between rotational velocity
and torque between the two mechanical terminals according to the transmission
ratio. The following equations apply:

wpA = 0XWB

MB = T](XMA (710)
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where the angular velocities wa and wp are in a fixed ratio of «, the moments My
and Mg are in a fixed ratio of 1/« and furthermore the efficiency 7 is taken into
account. Thus there is nothing further standing in the way of a direct implementa-
tion of the model in VHDL-AMS or another hardware description language.

Mechanical load

A further problem in the modelling is the mechanical load, which arises from the
film being pulled out of the cartridge. Here too—as in the case of batteries and
rechargeable batteries — it makes little sense to model the underlying physical rela-
tionships. Firstly, these processes are complex, such as for example the transition
from static to sliding friction. Secondly, the necessary material properties cannot
easily be determined. In addition, a physical model would involve significant calcu-
lation time, so that it would barely be suitable to investigate the system as a whole.
Here too experimental modelling is used, with measurements of the load moment
being incorporated into a model. Such a table model breaks down the winding
into 18 increments each of 10°, for example. A complete winding movement thus
covers 180°. Every section is assigned a load moment that opposes the motor
moment. This yields an incremental or at best a piece-wise linear path of the load
moment characteristic, see Figure 7.10. The characteristic thus has irregularities or
at least kinks. Both make the numerical calculation of the underlying differential
equation system considerably more difficult. To remedy this, the characteristic was
approximated in the form of a Chebyshev polynomial, although spline or Bézier
interpolations would also have been feasible.
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Figure 7.10 Measured and approximated load torque during film movement
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Figure 7.11 Armature currents for various battery/rechargable battery types and temperatures

7.4.4 Simulation

For the simulation shown in the following, see Figure 7.11, a motor was selected
and operated using extremely varied batteries and accumulators at +20°C and
—20°C. All the curves show the armature current, the integral of which is a mea-
sure for the charge consumption. When the armature current is zero, the winding
operation is complete. Thus we can also use these diagrams to check adherence
to the time specification for the winding operation. Individually, lithium batteries
(CR123A), AlMn batteries and NiCd rechargeable batteries were used. It is strik-
ing that the NiCd accumulators are considerably less problematic, which is due to
their overall lower internal resistance. Furthermore, we see that in some cases the
lithium batteries are no longer capable of adhering to the specification of 850 ms
for a winding operation at low temperatures.

7.5 Demonstrator 4: Disk Drive

7.5.1 Introduction

The section gives an overview of electronics and firmware development using
The Virtual Disk Drive, which is a generic model of a disk drive, formulated in
hardware description language, see also [78], [320], [321]. The Virtual Disk Drive
covers digital, analogue and power electronics, firmware and mechanics. Thus it
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even allows us to assess functionality spread over all these domains. One example
of this is track following and track seeking for the read/write-head.

Moreover, this section details the resulting electronics design methodology. For
instance, it will be shown how key system properties, e.g. seek time, can be deter-
mined by means of the mixed simulation of mechanics, electronics and firmware. In
addition, the same simulation environment is used to realistically verify analogue
and digital circuitry as well as firmware.

7.5.2 The disk drive

The following section details some typical configurations of a disk drive and dis-
cusses how these translate into requirements for the associated electronics, see also
Figure 7.12. A drive normally contains up to five rotating disks. This disk (stack
of disks) is driven by the spindle motor, which is a brushless DC motor. The
rotational velocity varies between 4200 and 15000 revolutions per minute.’

The RW-head flies on an air cushion 10—50nm above the disk surface. It is
supported by the load-beam, which can be moved about its pivot by the so-called
voice coil motor. This consists of a coil that lies in a fixed magnetic field provided
by permanent magnets, see Figure 7.13. Any current through the coil results in a
torque on the load-beam and thus a circular motion of the RW-head.

Spindle motor

Figure 7.12 Hard disk drive overview

2 Higher as well as lower rotational velocities are chosen at times, e.g. to cope with low latency or low
noise requirements.
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Figure 7.13 Voice coil motor

The data on the disk is organized in circular tracks. The outermost track may
be located at a radius of 1.81inch for a typical 3.5inch form factor drive.> This
means that the maximum length of a track is 11.3inches, which gives rise to a
linear speed of about 1880 inch/s for a 10000 rev/min drive. This, together with a
bit density within a track of 400 Kbit/inch, for example, in turn leads to a peak data
rate of 750 Mbit/s. Interestingly enough, 1880 inch/s —in terms of the velocity of
a car—is far beyond any speed limit, while bits of the length of about 60 nm are
reliably read.

The track density of drives currently under design is in the range of 30 000—100 000
tracks per inch. Together with bit densities of 300—500 Kbit/inch this leads to surface
densities of 9—50 Gbit/inch?. Given the current track densities, the track pitch is in
the range of 250 nm (100 000 tracks/inch) to 850 nm (30 000 tracks/inch). Controlling
the head position to a precision of 10% of the track width, to make sure that most
of the track width adds to the signal and to keep noise at bay, results in a required
precision of 25 nm—85 nm when controlling the track following.

7.5.3 Circuit development for disk drives

Designing circuits for disk drives is currently an ASIC* business with a low number
of customers, i.e. the disk drive companies, and high volumes. For instance, 223
million disk drives were shipped in the year 2000. This is still the case even
though several attempts to create ASSPs® have been made in the past and are
underway at the moment. The electronics of a disk drive — together with the related
firmware — can be partitioned into a few functions:

e Servo control
The servo control detects the current position of the head using so-called servo
marks which are embedded into the tracks. Several hundreds of these marks are
available throughout a full rotation of the disk. On the basis of this information
the voice coil motor is controlled to allow for track following and seeking.

3 Note that none of the dimensions of a 3.5inch drive is actually 3.5 inch. The disk’s form factor is just
the same as for a 3.5 inch floppy drive.

4 Application specific integrated circuit.

5 Application specific standard product.
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Spindle control

The spindle control detects the current rotational velocity, e.g. by means of
back-emf® evaluation of the undriven phase of the brushless DC spindle motor.
This information is taken into account in the control of the rotational veloc-
ity of spindle and disk stack. Spindle control also includes the (electronically
controlled) commutation of the motor’s phases and the implementation of
sophisticated start-up algorithms. The problem with the start-up is that the
brushless DC motor has no preferred rotation direction. However, if the disk
rotates in the wrong direction the read/write-head might easily damage the
disk’s surface. So a great deal of work is underway into the sequence of the
spindle motor start-up commutation to reliably provide for the correct rota-
tion direction.

Signal processing

The signal processing function controls the data as it is written to and read
from the disk. It encodes the data to be stored, and writes it to the read/write-
head. When reading from the read/write-head, the data is pre-amplified and
retrieved, using sophisticated techniques like the partial response maximum
likelihood method. To allow for even more density —i.e. an even worse signal
to noise ratio—the data on the disk contains additional information which is
used for error correction. This often is based on Reed/Solomon techniques.

Buffer management

Data written to or read from the disk has to be fed through a buffer of substantial
size to reliably rule out over- and under-runs. For this, DRAM of typically
0.5-2 MBytes is employed, which may be stand-alone or embedded in a system
on a chip. In addition, a buffer manager is necessary that offers caching facilities
and manages access to the memory for data buffering and other purposes, e.g.
program execution from the DRAM.

Host interface
The host interface implements the communication with the host computer. It
interprets the IDE or SCSI commands given and arranges their completion.

In the design process these functions are mapped to an architecture. The list

of functions and the overall architecture is more or less generic and is the same
for most of the disk drive designs, see Figure 7.14. The overall architecture of the
disk electronics is based on five circuits, see Figure 7.14: motion-control, hard disk
controller (HDC), RW-channel (stand-alone or embedded), pre-amp and DRAM
(stand-alone or embedded). The HDC provides the micro-controller and also looks
after the host interface and —together with the DRAM — the buffer management.
The RW-Channel — together with the pre-amp — incorporates the signal processing
function. Finally motion-control looks after the analogue and power side of servo

6 Electro-motive force.
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Figure 7.14 Typical mapping of functions to circuits and implementations

and spindle control. When it comes to the detailed architecture, a couple of trade-
offs, e.g. performance (hardware) vs. flexibility (software), lead to a vast number
of variants in use. For instance, for the control-related parts of the disk function,
one may choose to use a standard micro-controller with some DSP-capabilities,
e.g. multiply-accumulate operation. If performance plays a more important role,
a DSP core may be added. Moreover, in some cases it makes sense to introduce
application specific logic for the control tasks.

For the implementation, the classical options are available, i.e. processor cores
with firmware, custom digital circuitry, custom analogue circuitry, custom power
circuitry and memory. Figure 7.14 shows the mapping of the functions into their
implementation.

Under the system-on-chip regime, the above five circuits may be arranged on
three to five chips. The pre-amp will probably remain in the form of a stand-alone
device in the future, since it is located on the load-beam, i.e. the shortest possible
distance from the read/write-head. All other circuits are on the printed circuit board
which is on the reverse of the disk drive. The motion-control circuit contains a
couple of power devices for which integration into the digital standard process
would not be cost-effective. Thus it probably will not be embedded into current or
future SoCs.” On the other hand, the hard disk controller may be combined with an
embedded channel and embedded DRAM on a chip to reduce package cost, save
board space and increase the electrical performance. Figure 7.15 shows a couple
of alternatives for the mapping of the five circuits to chips.

7 System on a chip.
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Figure 7.15 Several alternatives for the mapping of circuits to chips

Channel

7.5.4 The virtual disk drive

The design of circuits for disk drives has to take into account analogue—digital,
hardware—software and electronics—mechanics interfaces at the same time. The
Virtual Disk Drive was created to cope with that. It provides simulation models
for all the parts of a disk drive and is meant to support an electronics product for
a disk drive throughout its entire life-cycle.

In the concept phase, high-level models form an executable specification which
can be validated by simulation. This model also serves as a framework for
design space exploration and even allows for early firmware development.

In the design phase, the virtual prototype creates a general test bench. In this
high-level system model, it is possible to ‘zoom’ into the components being
designed, replacing high-level component models by their implementations.
This may be done for any part of the system, whereas the system modelling
has to be carried out just once. Moreover, this reveals information on the real-
life system behaviour rather than more or less synthetic data on signals at a
component’s interface. For a disk drive the focus may, for instance, be on
spin-up, track-following or seeking.

The development of a high-level (sub)system model is also indispensable for the
virtual testing of the analogue circuitry. The test program development may be
carried out much earlier in combination with a model of the testing equipment.
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e Finally, when the product is with the customer, i.e. a disk drive company, or
even in the field, the analysis of spurious behaviour on the system model is
much easier for application engineers, since every signal or quantity is visible.
Unfortunately, this does not cover all possible faults of a device, since imple-
mentation related effects are not taken into account in system modelling. On
the other hand, with adequate fault modelling it should be easy to prove or
disprove any hypothesis that the application engineers may have on the root
cause of system failures.

In the following, this will be illustrated on the basis of the example of the servo
control of a disk drive system.

7.5.5 System modelling

A disk drive comprises digital and analogue/power electronics, firmware and
mechanics which—as pointed out before —results in three major interfaces:
hardware—software, analogue—digital and electronics—mechanics. These interfaces
have to be handled at the same time, which does not necessarily mean that
the complete drive has to be present in any system simulation, but for instance
when assessing the servo control for controlling the track following or seeking,
all interfaces are present, see Figure 7.16. Without loss of generality, we restrict
ourselves to the servo control in the following.

The model comprises the seeking and track-following controller which is for-
mulated in C and in the real system is implemented in firmware. Its inputs are the
current track and the required track. Its output is a digital value for the required
current to drive the head assembly. According to this value, the current is regulated
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Figure 7.16 Disk drive schematic with servo control
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by an analogue/power circuit, i.e. motion-control. The voice coil motor transforms
the current into motion of the head assembly which may or may not contain res-
onances. The mechanical motion results in a track position which is fed into the
firmware controller. The track content including track-id —as well as the logic to
detect it—is reduced to a more or less trivial digital model, since it does not add
to the overall function of the servo control.

The simulation of the servo control is performed on the basis of the mixed-mode
simulator Saber. The analogue part of the system — motion-control and mechan-
ics—are modelled in the analogue hardware description language MAST. Some
basic digital modelling including the synchronisation between the regulator C-
routine and the rest of the system is carried out using the digital capabilities
of MAST.

7.5.6 Simulation and results

The high-level model of the servo control as described in the previous section can
be used for concept engineering. For example, it is trivial to change the number of
servo fields in a track, which at a fixed rotational speed determines the frequency
of position measurements and thus the frequency of the digital controller. In the
same manner, most of the other variables determining the function and performance
of a drive may be varied. This can even be carried out systematically, e.g. by a
parameter sweep or — if more than one parameter is involved —on a Monte-Carlo
basis. All these variations can be simulated efficiently. For instance, the simulation
of a long seek over 20000 tracks takes about 80 CPU seconds for 20 ms real-time
on a SUN Ultra 60 workstation, see Figure 7.17. One can easily spot the ‘bang-
bang’ strategy of maximum acceleration, constant speed at the speed-limit and
maximum deceleration to lock into the new track position. Incidentally, the speed
limit is due to the fact that the read/write-head rides on an air cushion. This requires
an air-stream in the direction of the tracks, which is created by the rotations of the
disk(s). The movement for track seeking is perpendicular to that and could seriously
disturb the mechanism described above beyond a certain speed. In the next step, the
motion-control part of the servo control model was replaced by its implementation,
represented by about 300 CMOS transistors and some DMOS power transistors.
The real-life circuitry was thereby verified in The Virtual Disk Drive, which is
far more meaningful than the results of classical analogue test benches. With the
same configuration as the previous long-seek analysis, the simulation takes about
9 CPU hours. Note that most seek operations are performed much quicker and that
track-following can be reasonably assessed in an even shorter period. In addition
to the standard tasks of seeking and track following, it is now easily possible to
review the implementation of special features, e.g. a request to park the heads in
the landing zone.

The virtual testing of analogue circuitry is currently under evaluation. The devel-
opment of a high-level system model is absolutely indispensable to this. This will
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Figure 7.17 Simulation results for long seek over 20000 tracks. From top to bottom: digital
output of firmware controller, controlled current, velocity of rotational actuator and track-number

be combined with a model of the test equipment, which allows test program devel-
opment to be initiated long before silicon is available.

The support of application engineering is mostly about analyzing the system
to explain spurious behaviour, which in turn allows solutions to be devised and
implemented. This includes fault modelling for the components of any domain.
One might easily include, amongst many others:

e Head assembly resonances of certain frequencies (mechanics)
e On-resistances of power transistors higher than specified (analogue electronics)

e Timing problems in the serial communication between motion-control and disk
controller (digital electronics)

This facilitates the assessment of the influence of the respective fault on system
behaviour, which in turn can be compared to the behaviour observed in field.

7.5.7 Conclusion

The section has given an overview on state of the art disk drive technology and
indicates how this translates into requirements for disk electronics. Moreover, it
has shown how system modelling and simulation can support a related electronics
product throughout its entire life-cycle. In that vein, the multi-domain nature of
the system increases both the need for a systematic solution and the problems
associated with modelling and simulation at the same time.
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7.6 Summary

Various examples of mechatronic systems have been presented in this chapter.
These include electronics, mechanics and sometimes also software. In all cases
a complete modelling could be achieved on the basis of hardware description
languages, which means that the system in question can be investigated using
a simulator.
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Micromechatronics

8.1 Modelling Micromechatronic Systems

8.1.1 Introduction

Micromechatronic or microelectromechanical systems (MEMS) represent a signif-
icant part of microsystem technologies. We will consider surface micromechanics
as an example here, because in this field it is often possible to design the process
steps for micromechanics to be compatible with those for microelectronics, which
permits an integration of electronics and mechanics on a die. The dynamic inter-
actions between electronics and mechanics often cannot be disregarded in such
systems. Rather, the desired functionality is often only achieved by the close cou-
pling between the domains. Furthermore, the natural frequencies of the mechanical
and electronic oscillations often lie in the same range. This tends to be rare for the
general case of an electro-mechanical system and is primarily associated with small
mechanical component dimensions in the range of a few tens to a few hundreds
of microns. With typical material parameters this yields mechanical resonance fre-
quencies in the megahertz range. Thus a coupled simulation is a crucial prerequisite
for the design of electro-mechanical microsystems.

A glance at the development of microelectronics over the last 20 years helps
to characterise the situation. The availability of efficient simulation tools was a
key factor for dynamic development of the integrated circuits. Precise and efficient
models of basic components were, and remain, vital prerequisites for this. In the
case of microelectronics only very few components, such as MOS transistors,
diodes, capacitors or resistors, have to be taken into account. The introduction
of micromechanics has changed matters. For MEMS a variety of nonelectrical
components, with a still much greater number of geometric variations, have to be
modelled, which leads to significant problems.

The modelling and simulation of MEMS can be considered on component or
system level. In the first case, the emphasis is placed upon the design and opti-
misation of micromechanics, the second case focuses on how a micromechanical
component behaves in the context of the system, i.e. within a circuit, for example,

Mechatronic Systems Georg Pelz
© 2003 John Wiley & Sons, Ltd ISBN: 0-470-84979-7
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and how the entire system can be designed and optimised. The methods of the first
category often form the basis for the consideration of the higher abstraction level.

8.1.2 Component design

A whole range of CAE methods have been proposed for the design of microme-
chanical components in recent years, see for example Funk et al. [108], Puers
et al. [341], Sandmaier et al. [358] or Zhang et al. [436]. The MEMCAD system,
described by Senturia ef al. [381] provides a good example of this. Figure 8.1
shows an overview of the structure of this CAE system. In the first stage a so-
called structure simulator is used in order to depict the descriptions of the mask
layout and the process sequence provided by the user in the three-dimensional
geometry of micromechanics, along with a process history for the selection of the
appropriate materials. This is facilitated by the repeated call up of a lower-level
process simulator. Whilst the geometry becomes a 3D model by meshing in finite
elements or boundary elements, we can use the information of the process history
to select the appropriate material parameters in the database. This is combined with
the 3D model and can then be subjected to a mechanical or electrostatic analysis.
Often such analyses should be coupled together, because the underlying phenom-
ena, such as, for example, elasticity mechanics, inertia mechanics, electrostatics,
or fluidics,' should be considered jointly. Two fundamental approaches have been

Layout Process
levels description User
Structure
simulator
3D Process
Geometry history

3D Database of
«—p! < material
Model properties

Electrostatic Mechanical
analysis analysis

Figure 8.1 Structure of the MEMCAD system, see [381], for the design of MEMS

! For the description of damping of the mechanical movement in gases and fluids.
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developed in recent years for the solution of this problem. Firstly, we can consider
the various domains using coupled FE or BE simulators,? see, for example, Cai
et al. [57], Gilbert et al. [119] or Senturia et al. [381]. The other possibility is to
accommodate the various domains in one FE simulator on the basis of appropriate
finite elements, such as, for example, in Funk ef al. [108]. In the first case the
participating simulators are called up sequentially until a state is reached that is
both stable and also compatible with all domains. Such a state is also called self-
consistent. In the other case, the analyses of the various domains within a simulator
are iterated, with a self-consistent solution only being reached after a while.

In addition to the analysis of the predetermined design, the exploration of the
design space is also supported in some cases. For example, Lee et al. [223] propose
a technique called ‘Design-Window’, which replaces the single passage through all
predetermined parameter combinations with a search led by a neural network. The
number of iterations through automatic 3D modelling, meshing, and FE simulation
operations run by the system, is thereby minimised.

8.1.3 System design

In contrast to the previous section, in system design the environment of the com-
ponents has to be taken into account. In our context this is normally a circuit that
either effects the triggering of a micromechanical actuator or the read-out of a
micromechanical sensor.

Which models are suitable for describing the mechanics in a MEMS? A whole
range of criteria can be drawn up here, which should ideally be fulfilled. In most
cases, however, we are still a long way removed from this. In our context a
mechanics model should:

e be sufficiently precise to correctly represent reality;

e be efficiently simulatable, so that the computing time remains within reason-
able limits;

e not cause numerical problems;

e permit the setting of all significant design and technology parameters, in order
to thus ensure the general applicability of the model;

e describe (quasi-)static and dynamic behaviour;

e be able to formulate the retention and dissipation of energy in relation to the
application.

In addition, there is also the problem of determining the main material and
technological parameters. Examples of these parameters are fabrication-related

2 FE: finite elements, BE: boundary elements.
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compressive or tensile stresses, the modulus of elasticity, or the dielectric con-
stants. In some cases no values can be found in the literature. For example, the
modulus of elasticity of polycrystalline silicon depends, amongst other things, upon
its grain structure and its doping, and thus has to be determined individually for
each case. This typically occurs on the basis of test structures, which are used for
parameter extraction and are incorporated into process control, as in microelec-
tronics, see for example Kiesewetter et al. [192] or Voigt et al. [415]. If no precise
values can be provided here, the reliability of the simulation is jeopardised.

The two demonstrators represented in the following describe the structural mod-
elling for a circuit simulator based upon finite elements. The first example relates
to a capacitive pressure sensor in surface micromechanics, see Dudaicevs et al.
[87] and [88]. The second example is an actuator in the form of a micromirror,
which is arranged in an array on a chip, can be deflected individually, and in this
manner generates pixel images for all types of displays, see Kiick et al. [209],
Younse [433] and Bielefeld et al. [29].

8.2 Demonstrator 5: Capacitive Pressure Sensor

8.2.1 System description

Using the approach described above, microsystems are investigated that cannot be
described simply by the mass/spring/damper paradigms, i.e. nonsuspended systems.
A good example for this is the integrated, capacitive pressure sensor system in
surface micromechanics. Figure 8.2 shows a chip photo of such a system.

The fundamental principle? is based upon the fact that an external liquid or gas
pressure bends the upper plate of the sensor element downwards, see Figure 8.3 and
Figure 8.4. This leads to a change in the capacitance, which is detected by a read-
out circuit. The system behaviour depends upon the elastic line of the plate, because
it determines the capacitance of the arrangement. Consequently, the precise strain
should be taken into account during an electro-mechanic simulation. In addition,
the fact that the determination of the capacitance requires the application of a
read-out voltage, which itself causes an electrostatic force between the plates, also
gives rise to parasitic feedback. This again changes the deflection, which leads to
a variation of the capacitance read.

The conversion of the capacitance into an output voltage is carried out in two
stages using ‘switched capacitor’ technology. The first stage compares the sensor
capacitance with a passivated reference capacitance. As a result of this differential
processing, the result is barely influenced by manufacturing-related deviations. The
second stage is the amplification of the read-out signal. Finally the output signal is
smoothed by a ‘sample and hold’ stage. The circuit contains around 700 analogue
components. The eighteen sensor and reference elements are each connected in

3 See also the description in Section 6.3.3.
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Figure 8.2 Chip photo of the integrated, capacitive pressure sensor system in surface microme-
chanics (Reproduced by Permission of Gerhard-Mercator-University, Duisburg, Germany)

(b)

Figure 8.3 SEM photo of the cross-section of a pressure element (Reproduced by Permission
of Fraunhofer-Institute IMS, Duisburg, Germany)

parallel. This array of eighteen active and eighteen passivated pressure elements,
is duplicated in order to achieve still higher precision using differential path tech-
nology. For each set of eighteen pressure elements, a concentrated component is
used, the capacitance of which is correspondingly multiplied.
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Figure 8.4 Arrangement of finite elements for the modelling of the micromechanical pressure
element (left); plane element each with the degrees of freedom u and v per node (right)

The described system consists primarily of two sections: the conversion of pres-
sure into capacitance and the read-out of the capacitance. Special emphasis lies
on the investigation of the system behaviour. This means that we apply a pres-
sure profile and consider the resulting voltage profile. In addition to the actual
functionality, however, further properties of the sensor have to be investigated; for
example, its sensitivity or linearity.

8.2.2 Modelling

Introduction

The circuit consists of the following components: 634 MOS field effect transistors,
52 resistors, 19 capacitors and 12 diodes. These components are either modelled in
hardware description languages or permanently integrated into the simulator. We
can generally rely upon the component models offered by the simulator here.

The modelling of the mechanics is more difficult, see also Pelz et al. [333] and
Bielefeld et al. [33]. Two fields of 18 pressure elements each—one is passivated,
the other is non-passivated—have to be considered. For modelling it is sufficient to
describe one element each time and to multiply the capacitance values by 18. The
passivated boxes can be simply replaced by a reference capacitance here because
their capacitance deviation can be disregarded in this case.

The actual modelling of the pressure elements takes place by a radial section,
which 1is justified by its rotationally symmetrical structure, see Figure 8.4. The
section is described by a number of finite (plane) elements. In the simplest investi-
gated case 28 elements are used, as illustrated. Each finite element has four nodes,
each with two degrees of freedom, u and v, the deflection in the x and y directions.
Multiplying the number of elements and the number of degrees of freedom of an
element results in a total of 224 degrees of freedom. The actual number of degrees
of freedom is significantly less, i.e. only 81. This is because many nodes of adjacent
elements lie on one another, so that the degrees of freedom in question coincide.

The interpolation functions, and thus the element matrices, for the implementa-
tion of the plane element correspond with the solution selected in the FE simulator
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ANSYS. Thus, as shown later in the simulation experiments, the mechanical
behaviour cannot be distinguished from that simulated using ANSYS.

Setting up the element matrices

Now, the finite element to be formulated in a hardware description language should
be parametrisable with regard to its dimensions and the associated material con-
stants. Furthermore, the model should also be suitable for greater deflections. Both
cases require that the element matrices must be constructed in the model of the
finite elements. In this way the approach described here, see [333] and [33], differs
significantly from the (later) work of Haase et al. [131] in which a system matrix of
the mechanics constructed using a FE simulator is imported into a circuit simulator
via a hardware description language.

The construction of the element matrices should be represented for an iso-
parametric, rotationally symmetrical plane element, see also Bathe [19]. For this
purpose a natural coordinate system is introduced for the element, which has the
coordinates s and t, which each run from —1 to +1 see Figure 8.5.

The first step is to approximate the coordinates of arbitrary points of the plane
elements on the basis of the coordinates of the four nodes. To this end the form
functions h; are introduced, which are formulated as follows in the natural reference
system of the element:

h=11-s91-0 h=11+s)1-0
hy=3(14+9)(1+1)  hy=301-9(1+1 (8.1)

The fundamental property of these functions is that the h; becomes equal to 1 at
node i and becomes equal to O at all other nodes.

Rotational t
axis

G @

Figure 8.5 Natural coordinate system for a rotationally symmetrical plane element
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The local coordinates of arbitrary points (x, y) of the element are thus found
to be:

4 4
x=Y hxi, y=)y hy (8.2)
i=1 i=1

where X; or y; denote the coordinates of the element nodes. In the isoparametric
formulation the element displacements are interpolated similarly to the coordinates,
but this time the node displacements are multiplied by the form functions.

4 4
u:}jmm, v:}jmw (8.3)
i=1 i=1

Here u and v are the local element displacements at an arbitrary point of the
element and u; and v; are the corresponding element displacements at the nodes.
The node displacements are furthermore summarised in the form of a vector:

AT
i :[ul Vi U Vo U3z V3 Uy V4] (8.4)

Thus (8.3) can be drawn up in matrix form:
u(s, t) = Ha (8.5)

The next step is the transition from the element displacements to the element strain
e, which is defined by the derivative of the displacements with respect to the local
coordinates:

T -

ou dv Jdu Iv IW
€ :[exx Eyy  Vxy Ezz]z 8_X g 8_y+8_X 92 (8.6)

The last entry of & corresponds with the hoop strain, which is triggered by a
displacement in the x-direction over the whole circumference according to the
rotational symmetry.

We can thus draw up the strain-displacement transformation matrix B, which
effects the transformation of the displacements to the strains.
" dh; oh,

dh; dhy 7]

0 0 0 0
T R T
0 ?;l 0 ?;3 0 7;3 0 7;i
—R.G _ y y y y
e=B-u, B= dohy oh; oh, 0h, 0hz 0h; 0hy; 0dhy (8.7)
dy 0dx dy dx dy 0x Jdy 0OX
hl h2 h3 h4
— 0 — 0 — 0 — 0

L R R R R .
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where R is the radius relating to the rotation. The hoop strain is calculated as:

ow u
hAa— (8.8)
dz R

The element displacements u and v are, however, defined in the natural coordi-
nate system (s,t), so that the derivatives with respect to x and y must be linked
to the derivatives with respect to s and t. According to the chain rule, the follow-

ing applies:

3/t 3/dy ax/ot  dy/at

It is a prerequisite that a clear relationship between the coordinate systems exists.
In this case the following applies:

9/0x| _ 1] a/0s
|:8/8y]_J 1|:8/8t] (8.10)

|:8/8s:|=J|:8/8x] where J=|:8x/as 8y/85] 8.9)

By the use of the inverted Jacobi’s operator J~! we can now set up the strain
vector for arbitrary points on the rotationally symmetrical plane elements.

We then move from the strains & to the stresses 7, by using the material
matrix C:

1T=C-¢ where T = [Tx Tyy Txy T2zl (8.11)

For the material matrix of a rotationally symmetrical element the following applies
according to [19]:

_ v v
1 0
1—v 1—v
v { 0 v
E(1 —v) 1—v 1—v
— A 1 -2 (8.12)
T+wd-2v| o o J=2
2(1 —v)
0 1
L 1—v 1—v i

In the material matrix, E represents the modulus of elasticity and v represents
Poisson’s ratio. To determine the stiffness matrix we first apply the elastic potential
of a plane element:

1

m=. / Tz dA (8.13)
2 Ja

Alternatively we can also formulate

| .
II=-6Kia (8.14)
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If we finally equate (8.13) and (8.14), then using (8.7) and (8.11) we find the
following expression for the stiffness matrix:

K= / BTCBdA (8.15)
A

Because the coordinates of the matrix B are defined in the natural coordinates, the
integration must be performed using these coordinates

dA = det Jdsdt (8.16)

Substituting yields:
K= / Fdsdt where F = B'CB detJ (8.17)
A

Since the analytical integration is difficult to get to grips with, at this point a numer-
ical integration will be performed on the basis of the Gauss—Legendre quadrature.
To this end the following support points are used in natural coordinates:

Support points (1)) Si t aj
(1,1) —0.577350269189626  —0.577350269189626 1.0
(1,2) —0.577350269189626  40.577350269189626 1.0
2,1) +0.577350269189626  —0.577350269189626 1.0
(2,2) +0.577350269189626  4-0.577350269189626 1.0

For every support point the matrix Fj; has to be evaluated and multiplied by the
factor «;j. The result is summed and forms the element stiffness matrix:

K= Z 27 Ry Fy (8.18)
ij

Here Fj; of the matrix corresponds with F at the integration points s; and t;. The
values of oj; are weighting factors that are determined for the numerical integration.
Finally, the factor 27 R;; represents the circumference with regard to the rotation
at the integration point (s;, tj) and thus the ‘thickness’ of the element.

The creation of the element mass matrix is similarly completed in accordance
with the equation:

M=/,0HTHdA (8.19)
A

where p represents the material density and H the transformation matrix from (8.5).
The above-mentioned operations are implemented in the programming language C.
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This is based upon a library of matrix operations. As the following section shows,
the C routines for element stiffness matrix and element mass matrix are called
up from the hardware description, in order to determine the matrices in question.
The above-mentioned operations for the creation of the element matrices should
be performed at least once at the beginning of the simulation and several times in
the event of greater deflections or nonlinearities.

Formulation in a hardware description language

The finite plane element called plane u2 described in the previous sections will
now be formulated in an analogue hardware description language, see Hardware
description 8.1. The MAST language has been selected for this. Two aspects have
to be taken care of: the creation of the mass and stiffness matrices of the elements
dealt with in the previous section and the linking of the mechanics thus described
into a circuit simulation, see Chapter 6.

First of all the question of the terminals and parameters of the model arises. With
its eight degrees of freedom the plane element should also possess eight terminals,
which each represent one degree of freedom. These are deflections of the nodes i,
j» k and I in the x and y directions, so the pins will be called uxi, uyi, uxj,
uyj, uxk, uyk, uxl and uyl. With regard to the parameters, we differentiate
between geometric and material parameters. The former specify the geometry of
the element, i.e. the position of the nodes i, j, k and 1 in nondistorted state, and are
called xi, yi, xj, vj, xk, vk, x1 and yl. The latter are the density (dens),
the modulus of elasticity in the x direction (ex) and y direction (ey), the shear
modulus (gxy) Poisson’s ratio (nuxy) and information about whether the element
is to be considered as rotationally symmetrical (plstr).

There follows the declarations of the C routine (foreign), which calculates the
element matrices, declarations of the element entries themselves (11 1, c1 1...)
and the introduction of the branch (branch) that associates the value of internal
variables with voltages and currents. In the following Values section the aforemen-
tioned C routine is called up in order to determine the element matrices. Depending
upon the type of the finite element and application case, this may take place once
at the beginning or as required during the simulation. Finally, the equation section
includes the equation system that describes the element, in which each equation
defines capacitive or inductive behaviour.

template plane u2 uxi uyi uxj uyj
uxk uyk uxl uyl =
xi, yi, %3, vj,
xk, vk, x1, vyl,

e

dens, ex, ey, gxy, \
nuxy, plstr
electrical uxi, # x-deflection, node i
uyi, # y-deflection, node i
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}

number xi = 0.0, # x-coordinate, node i
yi = 0.0, # y-coordinate, node i

number dens = 0.0, # Density

foreign planeu2 # C function

val nu 11 2,11 3,11 4, # L coefficient
cl 1,cl 3, # C coefficient

# Definition of branch voltages and currents
# at node uxi
branch il la = i(uxi->gnd), \

vl 1 = v(uxi,gnd)

# at node uyl
branch i8 8a = i(uyl->gnd), \

v8 8 = v(uyl,gnd)
# Call up of the external C function for the calculation
# of the mass and stiffness matrix of the element
values({

(11. 2,11 3,...... \
cl 1,cl 3,..... ) =\
plane u2 (xi, yi, ..... )

}

# Definition of the dynamic equations
equations(

il 1la = d by dt(vl 1 * cl 1)
vl 2 = d by dt(il_2b * 11_2)
i8 8a = d by dt(v8_ 8 * c8_8)
}

Hardware description 8.1 Description of the finite plane elements, each with four nodes and

two degrees of freedom

System matrix

Using the element description obtained in this manner the deflections of the finite
elements in question are represented by the voltages at the terminals of the ele-
ment. The currents at the nodes in question describe the integral of the associated
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forces and moments, depending upon whether the degree of freedom relates to a
translational or rotational deflection. In particular, the parts of the exciting forces
and moments that are assigned to the elements adjoining the node are also added to
the currents (and current changes) at a node. It is not necessary to explicitly create
the system matrix, since its solution is yielded implicitly from the interconnection
of the finite elements.

Excitation of the mechanics

In addition to the mechanical behaviour of the structure it is necessary to describe
the external mechanical excitation. For reasons of modularity this is formulated in
a further element, which is connected to the finite plane elements in question at the
node(s) where the excitation acts. The main task of this element is to determine the
exciting forces and moments at each node point, i.e. for each degree of freedom,
and to convert these into a current change, with the resulting current being fed into
the circuit nodes of the degree of freedom in question. The same procedure can in
principle also be used in order to model the electrostatic feedback using an addi-
tional element. However, this effect could mainly be disregarded in the application
considered, so that the corresponding modelling could be dispensed with.

Geometric nonlinearity

If the deflection exceeds a certain value, then the upper plate rests upon the isolator.
If the pressure is further increased the plate ‘rolls’ out over the isolator. This corre-
sponds with a one-sided holonomous and scleronomic constraint of the movement.
Numerically this means that upon the manifestation of new boundary conditions, a
corresponding number of degrees of freedom disappear. The realisation of numeri-
cal equation solvers with a variable number of unknowns or equations is a difficult
task; only very few solvers are set up for this case. For this reason it is worth-
while approximating the prescribed situation by damping the specified degrees of
freedom to a significant degree. This again leads to the fact that only minimal
movements are possible for these, which in principle corresponds with the desired
behaviour. However, this procedure may nevertheless be numerically dangerous
because the sudden setting of a high damping — in other words the striking of the
plate on the isolator — excites the most important natural frequencies.

Calculation of the capacitance

A further element type is introduced for calculating the capacitance, which just
like the plane element or the pressure element is formulated in a rotationally
symmetrical manner. For this element the plate capacitor equation is applied to the
average deflection of a corresponding annulus. The resulting capacitance, in the
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form of variable capacitors, is positioned between the two plate potentials and is
thus available to the circuit.

8.2.3 Simulation

In the following, various simulations will be performed in order to illustrate the
application of finite elements for a circuit simulator. The following cases will
be considered here: mechanical deflections, changes of the element capacitance,
system simulation and the parametrised simulation of the FE models. A FE model
of the sensor structure based upon 48 finite elements was used.

Mechanical behaviour

Initially the mechanical behaviour will be verified on the basis of a compari-
son with the FE simulator ANSYS. For this purpose three different element radii
(120 pm, 70 wm and 50 pum) are predetermined and the deflection of various points
on the radius considered, see Figures 8.6, 8.7 and 8.8. The results show virtually
no differences between FE and the circuit simulator. This is because precisely the
same interpolation functions, and thus element matrices, are used. Thus we lose
no precision in relation to FE simulation. Such a simulation on the basis of hard-
ware description languages requires around one CPU minute on a SUN Sparc 20
workstation.

ANSYS simulation
Diameter: 120 pm

—»—Radius =0 pm
--¢--Radius = 18 pm
000 0--- Radius = 36 pm

......... O, Radius in relation to
_________ centre point

[~ Saber simulation
Diameter: 120 pm

Deflection [um]
S
N

Radius =0 pm
06| oeeen Radius = 18 pm
L | e Radius = 36 pm
Radius in relation to
—0.8 | centre point
. ] ! | ! ] ! ] ! J
0.0 0.5 1.0 1.5 2.0 25

Pressure [bar]

Figure 8.6 Mechanical deflection of the upper plate (diameter 120 wm) at various points on
the radius. Comparison of the ANSYS FE simulator with the Saber circuit simulation
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ANSYS simulation
Diameter: 70 pm

0.0

—— Radius =0 pm
- =>- Radius = 10.5 ym
- Radius =21 pm

Radius in relation
to centre point

Qe

Saber simulation
Diameter: 70 pm

Deflection [um]
)
»
I

Radius =0 pm
---- Radius =10.5 pm
Radius =21 pm
Radius in relation
0.8~ to centre point

0 5 10 15 20

Pressure [bar]

Figure 8.7 Mechanical deflection of the upper plate (diameter 70 um) at various points on the
radius. Comparison of the ANSYS FE simulator with the Saber circuit simulator

ANSYS simulation
Diameter: 50 ym

0.0

—— Radius =0 pym
—<— Radius =7.5 pm
--+-- Radius = 15 pm
Tooa, Radius in relation
e N°"“°ow% to centre point

Saber simulation
Diameter: 50 pm

Deflection [um]
I
o
N
T

—— Radius =0 pym
-06~ | ——— Radius =7.5 ym
------ Radius = 15 ym
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Pressure [bar]

Figure 8.8 Mechanical deflection of the upper plate (diameter 50 um) at various points on the
radius. Comparison of the ANSYS FE simulator with the Saber circuit simulator

The mechanics was very slowly excited in the previous simulations and thus
considered as quasi-static. In the modelling, however, the inertia was also specified,
so that we can also investigate the kinetics in the simulation. This was taken into
account in the following simulation, which shows the reaction of the mechanical

structure to a sudden change of pressure, see Figure 8.9.
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Figure 8.9 Response of the mechanical structure to a sudden change of pressure

- Saber simulation
26|~ Diameter: 120 um

C [pF]

Pressure [bar]

Figure 8.10 Capacitance against pressure for an element diameter of 120 pm

The x and y displacements of various points on the radius are considered, see
for comparison Figure 8.4. The horizontal (x) displacements are positive and in
the direction of the plate. They are smaller by a factor of 50 than the vertical (y)
displacements, which have negative values and consequently describe a lowering
of the plate. In a vertical deflection of —800nm, the plate meets the isolator,
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which acts as a mechanical stop and thus causes a geometric nonlinearity. In
particular, various natural frequencies are excited as a result of the collision, which
is particularly evident from the displacement in the x-direction. It is clear that this
type of simulation permits the consideration of the electro-mechanical dynamics
in a transient simulation. Furthermore we can read off the most important natural
frequencies from such a simulation.

Electrical behaviour

The electrical behaviour of the pressure elements is mainly connected to its capaci-
tance. Figures 8.10, 8.11 and 8.12 show how the capacitance of an element behaves
in relation to the pressure. This situation is considered on the basis of a tran-
sient simulation, in which the external pressure is increased in a linear manner.
We note the kink in the curve, which marks the point at which the upper plate
rests upon the isolator. If the pressure increases further the plate ‘rolls’ over the
isolator and exhibits the typical, significantly more linear increase. Furthermore,
regarding the various base capacitances at 0 bar, we note that arrays of 6, 18
and 33 pressure elements were selected for the diameters of 120, 70 and 50 wm
respectively. The numbers selected correspond with a real fields used for pres-
sure elements.

System simulation

In this section a transient simulation of the pressure sensor system shown in
Figure 8.2 will be presented, see Figure 8.13. The applied pressure will be increased

Saber simulation
Diameter: 70 ym

40

C [pF]

0 5 10 15 20 25 30
Pressure [bar]

Figure 8.11 Capacitance against pressure for an element diameter of 70 pm
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Figure 8.12 Capacitance against pressure for an element diameter of 50 pm
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Figure 8.13 Output voltage against pressure for a pressure sensor system. Simulation (solid
line), seven series of measurements, the maximum and minimum values of which are each
marked by the triangles

continuously from 1 bar to 16 bar. This deflects the pressure element, the change in
capacitance of which is converted into an output voltage by the switched capacitor
circuit. The simulation (solid line) shows the slightly nonlinear path of measured
output voltage. The voltage peaks that occur at regular intervals are caused by
the read-out using switched capacitor circuit technology. For the validation of
the simulation, seven series of measurements, taken on a corresponding number of
manufactured circuits, were considered. The extreme values of these measurements
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are each depicted by the small triangles. The scatter between the measurements is
caused by the scatter between the circuits. The simulation reflects the measured
trace with an accuracy of below 10%. It also shows that the simulation remains a
little behind the measurements at higher pressures and thus greater deflections. This
effect could be caused by the stronger electrostatic forces of the read-out voltage
at greater deflections, which are not taken into account in the model. Overall, this
type of simulation permits the investigation of the overall function of the system,
and also its sensitivity and linearity. This is accomplished even before manufacture.
For the case shown, such a system simulation requires around 77 CPU minutes on
a SUN Sparc 20.

Parametric simulations

In a circuit simulator it is normal to vary the models based upon parameters, in
order to cover as broad an application spectrum as possible. Such parameters can
be yielded from the geometry of the structure and from the material properties.
A geometric parameterisation, such as the length or width of MOS transistors,
can be achieved within certain limits even for FE models. In our case the follow-
ing parameters were taken into account: diameter of the pressure element; plate
thickness and height of the hollow area.

In addition, there are naturally also material properties, for example, the modulus
of elasticity, Poisson’s ratio or the dielectric constant. A circuit simulator offers the
possibility of running certain simulations repeatedly and thus travelling through a
predetermined parameter space. This will be performed for one design parameter
and one technology parameter, namely for the element diameter and the plate
thickness. The prerequisite for this type of simulation is that the geometry of the
FE model is variably formulated. This is illustrated in Figure 8.14.

Two parametric simulations are shown in Figure 8.15 and Figure 8.16, in which
the diameter and the plate thickness are varied. In this manner the FE model can be
used both for design and also for technological optimisation, taking into account
the circuit aspects.

1%(d/10)
*(d/10)
3*(d/10)
9%(d/10)
10*(d/10)

X
X
X
X
X
X

y=h+25(t/2)

y=h+1*(t/2)

y=h

Figure 8.14 Geometric parameterisation of the FE model by diameter d, plate thickness t and
height of the hollow space h
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Figure 8.15 Parametric Saber simulations for the variation of the diameter of the pressure
element. The plate thickness is fixed at 1.7 pm
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Figure 8.16 Parametric Saber simulations for the variation of the plate thickness of the pressure
element. The diameter is fixed at 70 pum

8.3 Demonstrator 6: Micromirror

The second example here is a micromirror, which is arranged in arrays in order to
generate pixel images of all types. Just like the pressure sensor described above,
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this micromirror, see Kiick ef al. [209], is a system manufactured using CMOS
compatible surface micromechanics. It is operated as an actuator, i.e. the mechan-
ical displacement is not the object of the measurement, but rather the system
behaviour to be caused. Here the deflection consists of the lowering of the mirror.
If light falls on the mirror its deflection brings about a corresponding phase shift
in the reflected light. The picture to be generated finally arises from the resulting
interferences. The deflection is achieved electrostatically.

8.3.1 System description

The micromirror has an edge length of 20 microns and is placed on the chip surface
in large arrays, e.g. 512 x 464, see Figure 8.17.

Each mirror is individually addressable and can be moved independently of the
others. The mirrors are deflected electrostatically by applying a suitable voltage
between the mirror and a counter-electrode located below it. The restoring force of
the suspension works against the electrostatic force, so the mirrors return to their
initial positions after the voltage is switched off. One problem for modelling is
that the resulting force depends significantly upon the distance between mirror and
counter-electrode. In particular there is a positive feedback here, which can lead
to instabilities.

8.3.2 Modelling

Due to the filigree structure of the micromirror, modelling cannot be achieved ana-
lytically without further complications. The finite element method is particularly
suited to answering the questions of structural mechanics in such cases. Certain
questions are essential to the consideration of the interaction between electronics

- |
' - -

& i I“If

Figure 8.17 SEM photo of the micromirror layout (Reproduced by Permission of Fraun-
hofer-Institut IMS, Duisburg, Germany)
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and mechanics. Initially the relationship between the voltage applied and the result-
ing deflection should of course be investigated. Furthermore, the feedback of the
mirror capacitance on the electronics and the possible excitation of resonances of
the mirror is also of interest. Figure 8.19 shows the typical deflection of a micromir-
ror and the structure of the associated FE model. This is based upon plate elements,
which are particularly well suited for the layer structure of micromechanics. The
following representation deals with rectangular plate elements, which are treated in
detail in Gasch and Knothe et al. [113]. The description of modelling is dealt with
more briefly here in comparison with the previous demonstrator because — like
the beams introduced in Chapter 6 — small deflections result in constant mass and
stiffness matrices for the rectangular plate elements used. Furthermore, the cus-
tomisation of the element matrices according to geometric and material parameters
is very simple in this case.

Each element has four nodes, which lie at the corners of the plate element, see
Figure 8.18. Each node again has four degrees of freedom (u,, 1y, 1y, ryy), Where
u, represents the displacement perpendicular to the plane of the plate, i and ry the
cross-sectional tiltings in the x and y direction, and ryy the torsion:

auz 8uz 82uZ

-z == v = — 8.20
ax by ay Ty axady ( )

Iy =

The interpolation functions for the rectangular plate element can be obtained
in an elegant manner by the multiplication of pairs of interpolation functions of
a beam, see for example equation (6.35). One interpolation function covers the
x-direction, the other the y-direction. If there are four interpolation functions for a
beam there are sixteen interpolation functions for the plate. Using the principle of
the virtual displacements we obtain a mass matrix and a stiffness matrix for the plate
element, see [113]. The mass matrix depends exclusively upon the density of the
material p and the dimensions of the plate, see equation (8.21). The stiffness matrix
is again influenced by the dimensions, the modulus of elasticity of the material,
and Poisson’s ratio. In both cases 16 x 16 matrices are obtained which —as shown

Figure 8.18 Finite element of a rectangular plate with four nodes and four degrees of freedom
per node
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Figure 8.19 Deflection of a micromirror (a), structure of the FE model (b)

in Section 6.3.2—will be represented in hardware description languages.

ptyab
176400
B 24336 8424 8424 2916 —3432 2028 —1188 702 —3432 —1188 2028 702 484 —286 —286 169 ]
8424 24336 2916 8424 —2028 3432 —702 1188 —1188 —3432 702 2028 286 —484 —169 286
8424 2916 24336 8424 —1188 702 —3432 2028 —2028 —702 3432 1188 286 —169 —484 286
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—3432 —2028 —1188 —702 624 —468 216 —162 484 286 —286 —169 —88 66 52 -39
2028 3432 702 1188 —468 624 —162 216 —286 —484 169 286 66 —88 -39 52
—1188 —702 —3432 —-2028 216 —162 624 —468 286 169 —484 —286 —52 39 88 —66
702 1188 2028 3432 —162 216 —468 624 —169 —286 286 484 39 -—52 —66 88
X —3432 —1188 —2028 —702 484 —286 286 —169 624 216 —468 —162 —88 52 66 —39
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484 286 286 169 —88 66 —52 39 —88 —52 66 39 16 —-12 —12 9
—286 —484 —169 286 66 —88 39 =52 52 88 -39 —66 —12 16 9 —12
—286 —169 —484 286 52 =39 88 —66 66 39 -—-88 52 —12 9 16 —12
L 169 286 286 484 -39 52 —66 88 -39 —66 52 88 9 —12 -12 16 a
(8.21)

A total of 69 finite elements are used for the modelling of the micromirror, which
are connected together as shown on the right-hand side of Figure 8.19. Ninety six
nodes have to be considered, with four degrees of freedom each —thus a total of
384 degrees of freedom. In addition to the finite elements of the mechanics, further
elements are used to calculate and apply an appropriate force from the applied
voltage and the current deflection for each node. Further details with regard to

modelling can also be found in Bielefeld et al. [34].
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Figure 8.20 Simulation result: deflection of the mirror against the excitation potential; finite
elements in hardware description languages (Saber) versus finite elements in a FE tool (ANSYS)

8.3.3 Simulation

In the quasi-static simulation shown in Figure 8.20 the excitation voltage increases
linearly from OV to 30 V. The deflection of the micromirror is plotted against time
or voltage. The results that were achieved using the Saber circuit simulator and
the ANSYS FE simulator (at the same discretisation) are shown. The differences
between the two simulations are below 2%, so the model formulated in hardware
description languages can serve as a good replacement for the FE model. Both
simulations require about a minute of CPU time on a SUN Sparc 20 workstation.

8.4 Summary

For virtually all FE simulators it is true that electronic components cannot be
included in the simulation to an appreciable degree. So for these tools the con-
sideration of the electronics goes no further than the formulation of electrostatic
forces. By contrast, the point of the implementation of the finite elements using
hardware description languages is that all models present in the electronics sim-
ulator can also be drawn into such a simulation. Thus the development of the
electronics can be achieved taking into account continuum mechanics.

This is illustrated by the two demonstrators of this chapter. Both of these are
microsystems. Nonetheless, exactly the same methodology is applicable for con-
tinuum mechanics of macro scale. We considered a sensor and an actuator, which
can both be investigated equally well using the approach.



Summary and Outlook

This book is concerned with the problem of modelling and simulating mechatronic
and micromechatronic systems on the basis of hardware description languages.
To achieve this, it first describes the modelling of electronics, mechanics and elec-
tromechanics. This is followed by a comprehensive representation of the description
methods and possibilities of hardware description languages. Then the latest meth-
ods for the modelling of multibody mechanics, continuum mechanics and software,
plus their representation in hardware description languages, are presented. This
compendium of basic methods is subsequently applied to six demonstrators from
mechatronics and micromechatronics in the application chapters.

In the past, a hotchpotch of isolated individual solutions existed in the field of
the modelling and simulation of (micro)mechatronics using hardware description
languages. This work makes the transition to a unified approach for the whole prob-
lem class by highlighting the most important modelling strategies for the domains
typically involved —i.e. multibody and continuum mechanics, digital and analogue
electronics plus software — and describing their representation in digital and ana-
logue hardware description languages. The problem of mixed simulation is thereby
transformed into a problem of mixed modelling, which is significantly easier to get
to grips with. In addition, elaborate, commercial simulators are available for all the
main hardware description languages. Furthermore, due to the option of functional
modelling, hardware description languages facilitate the introduction of a top-down
design sequence. This has brought significant productivity gains in the design of
digital electronics and increasingly also in the field of analogue electronics. Using
the described methods, top-down design can now also be applied for mechatronic
and micromechatronic systems.

In addition to the validation of executable specifications and the verification of
designs by simulation — which are already possible using the methods presented in
this book — in future, further options will open up, such as the synthesis and formal
verification of mixed systems. This used to be the exclusive preserve of digital elec-
tronics and to some degree also analogue electronics. The use of the system models
available in the form of hardware descriptions removes a significant obstacle.

Mechatronic Systems Georg Pelz
© 2003 John Wiley & Sons, Ltd ISBN: 0-470-84979-7
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However, there remain a few gaps that will have to be filled in the future. For
example, the object-oriented modelling of three-dimensional multibody systems on
the basis of hardware description languages is still in its infancy.

Furthermore, a significant problem of software modelling is the support not only
of one controller, but of various families of controllers sometimes with some tens
of variants. This calls for a set of building blocks that puts the peripheral blocks
used together with the processor core to form a model. It will also be necessary
to consider various abstractions in order to consider the pure function in one case,
but to consider additional parasitic effects in another.
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Appendix

Symbols

Lower case letters

a Acceleration; parameter to be estimated

a Identified parameter

a Local acceleration

Ape Angle of accelerator pedal

3 Polynomial coefficient

aj, Ignition advance angle

b Damping coefficient, generator voltage constant

b; Polynomial coefficients

Cw Drag coefficient

ek Error signal at time k

f Function

g Gravity

h Increment

h; Form function i

1L, 1jj,c Inductive and capacitive component of current between
the nodes i, j

k Spring constant

ki Entry i, j of the stiffness matrix

m Mass

Miyel Fuel mass

Myy Air mass via the throttle valve

mjj Entry 1, j of the mass matrix

my;, Air mass

Migdle Air mass via the idle setting

n Number of measurements

ng Interference signal

Neg Rotation speed of crankshaft

p Pressure

Pel Electrostatic pressure

Pio> Pil Load at the nodes 0 and 1
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Pm Average pressure in the cylinder

Q Charge

qi Value of a boundary condition; generalised coordinate

r Rotational degree of freedom; exciting function; radial
local variable

S Natural coordinate

Si s-coordinate of a Gauss—Legendre integration point

t Time; natural coordinate

te Thickness of cavity

t Thickness of the insulator

t t-coordinate of a Gauss—Legendre integration point

tes Trigger signal at crankshaft

ty Plate thickness

u Voltage; deflection

u; Node displacement in x-direction

uj Voltage between the nodes i, j

\% Velocity; deflection

v Local velocity

Vi Node displacement in y-direction

w Excitation

X Variable; global coordinate

Xk Input signal at time k

y Global coordinate

Yk Output signal at time k

Yk Output signal of the identified model at time k

Zx Measured response signal

Upper case letters

>

Area

Boundary condition i; flexural strength of element i

Capacitance

Constant i

Capacitance between the nodes i, j; entry i, j of the
capacitance matrix

Flexural strength; range of a partial differential equation

Modulus of elasticity

Force; Property of a circuit

Moment of inertia

Current

Moment of inertia

Inductance, differential operator

Inductance between the nodes i, j; entry i, j of the
inductance matrix

Torque

Co=r-=mmyu 000w

<
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Greek letters

o

Olij

Vxy» Vxz» Vyz
A

€0

Ereff

Exx» Eyys €2z

TXX! Tyyv TZZa
Txy» Txz> Tyz

¢
bi
v

w

Vectors / matrices

R el ey R

Power; parameter

Quality function
Generalised inertial force
Resistance; residuum; radius
Sensitivity

Energy

Voltage

Piston-swept volume

Ratio at a transmission element; angle of road gradient

Weighting factor for the Gauss—Legendre integration

Shear strains

Laplace operator

Dielectric constant

Effective, relative dielectric constant

Strains

Variable for the approximation of continuous
displacements

Efficiency

Fuel mixture ratio

Mass occupancy of element i

Poisson’s ratio

Elastic potential

Density

Stresses

Solution of a partial differential equation
Potential at node i

Magnetic flux

Angular velocity

Acceleration matrix

Damping matrix

Capacitance matrix; material matrix
Force vector

Interpolation matrix

Inertia tensor

Jacobi operator

Global Jacobi matrix

Vector of the generalised, gyroscopic forces
Stiffness matrix

Inductance matrix



220 APPENDIX

M Mass matrix; torque vector

M Block diagonal matrix of mass and inertia tensors

P P Applied force/moment vector, reactive force/moment
vector

pi Load vector at element I

il Vector of node displacement, element displacement
vector

& Vector of the element strains

T Vector of the element stresses

® Rotating velocity vector

Abbreviations

AMS Analogue mixed-signal

DAE Differential-algebraic equation system

DSP Digital signal processor

IEEE Institute of electrical and electronics engineers

FPGA Field programmable gate array

HDL Hardware description language

RAM Random access memory

SCS Society of computer simulation

VHDL VHSIC hardware description language

VHSIC Very high speed integrated circuit

Registered Trademarks

ADAMS Mechanical Dynamics, Inc., Ann Arbor, MI, USA
ANSYS Ansys, Inc., Houston, PA, USA

MAST Avant! Corporation, Fremont, CA, USA
MATLAB/Simulink The MathWorks Inc., Natick, MA, USA
MATRIXx Integrated Systems, Inc., Sunnyvale, CA, USA
Modelica Modelica Design Group

PSpice MicroSim Corp., Irvine, CA, USA

Saber Avant! Corporation, Fremont, CA, USA

Sparc SUN Microsystems, Palo Alto, CA, USA

Verilog Cadence Design Systems, Inc., San Jose, CA, USA

VHDL system
simulator (VSS) Synopsys, Inc., Mountain View, CA, USA



Index

ABCD 68 Coulomb friction 43
ACSL 52,55 Coupling
ADAMS 61, 99 of simulators 58
AleC++ 126
Analogies 41, 44 daCapo 68
Analogue modelling 74 Damping matrix 117
Analytical modelling 127 Degrees of freedom
ANSYS 62, 124, 176, 186 rotational 117
translational 117
Balance principles 25 Differential equation
BDS 68 partial 126
Behaviour modelling 70 Digital mock-up 14
Behavioural definition 75 Discontinuity 78
Block diagram 54 Domains
Block diagram simulation 36 physical 77
Bond graph 52 Drive train 143
Bottom-up design 9 DSL 55
Bouncing ball 78 Dymola 52, 55
Camera winder 148 Effort 52
Capacitive pressure sensor 126, 166 Euler equation 105
Causality 25 Euler principle 49
Centrifugal force 106 Experimental modelling 130
Circuit diagram 16
Circuit simulation 33, 45 Finite differences 126
COMPAMM 61 Finite element simulation 36, 51
Compilation Flow 52, 77
of software 88 Formal verification 26
Conservative modelling 75 Full adder 70
Consistency of units 25
Constraint Galerkin method 129
holonomous 102 Gauss-Legendre quadrature
scleronomic 119 172
Continuum mechanics 115 Gauss-Seidel iteration 60
Coordinate transformation 103 Gearbox 150
Coordinates Generalised coordinates 103
generalised 103 Genetic algorithm 132
Coriolis force 106 Gradient procedure 132
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Gyrator 52
Gyroscopic force 106

Hardware description language 64, 65
Hardware/software cosimulation 84
Hardware-in-the-loop 15

HDL-A 68, 132

Holonomous constraint 102

Identification 131
IEEE standard 1076 68
IEEE standard 1076.1 65
Inertia tensor 106
Internal combustion engine 143
Interpretation

of software 85

Jacobi matrix 60, 105

Kane’s method 104
Kinematics 8

Kinetics 8

Kirchhoff’s laws 42, 78, 121

Lagrange equations 139
Lagrange principle 41, 50, 106
Laplace transformation 75

LC network 121

Lockstep algorithm 59

Logic simulation 34

Macromodel 130, 131
Mass matrix 117
Mass-spring-damper system 41
MAST 68, 97, 123, 143, 173
MATLAB/Simulink 51, 61
MATRIXx 63
Mechatronics 1
MEMCAD 164
MEMS 163
MEXEL 47
M-HDL 68
Microelectromechanical systems 163
Micromechatronics 114, 163
Mixed-mode simulator 65
Model
abstraction levels 41
autonomous 9
based upon tables 131
conceptual 6
deterministic 9
dynamic 8
event-oriented 8
executable 6
field of application 6

hierarchy 31

inverse 31

non-autonomous 9

physical 18

qualification 6

simplification 32

simulatable 6

static 8

stochastic 9

structural 16

time-invariant 9

time-variant 9

with differential equations 8
Model distortion approach 30
Model transformation 45
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