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SUMMARY

This is the finalreport ofthe research project “Design and Simulation of Mechatronical Systems”,
which hasbeen financed by the HumaPapital andMobility Programme of the Commission of the
European CommunitiefContract No ERBCHBICT930534). The duration thie projectwas 18
months (01.08.1993 31.01.1995).

In mechatronic systems, which consist sshart motion controllers, actuators anghechanisms,
different technologies, likanalog and digital electronics, mechanics and hydraulics, interaceadth
other. Through the integration of the varidgashnologies, a more optimatoduct can be obtained. By
the use of Computekided EngineeringCAE) tools throughout theomplete desigprocess, better and
more efficient products can be designedtis¢ moment, advanced commercial CAE-toate available
for each technology, but tools that can aid in the design of a multitechnical product are still rare.

The aim of the research project “Design and Simulation of Mechatronic Systemsieselop a
design and simulatioanvironmentfor mechatronic systems. Two maimethods have beafeveloped
and tested for simulatinmechatronic systems: the integration of different CAE-tools by concurrent
simulation, and the extended analog circuit simulation.

In the concurrent simulation method, the systemmisdelled in various CAE-tools, which
interchange data during simulation. The advantage ofrieikod isghateach designeran use thenost
appropriatetool to model subsystems of the multitechnical system. Existing compomeciels and
libraries can be used, without requiring any model conversions.

In the second method, the complete system is converted, by applying analogies between the different
technologies, to an electricircuit. This allows to use an affordable SPICE-based analog circuit
simulator tomodeland simulate multitechnical systems. Thedel ofthe system can be graphically
entered in a schematic editor, which is customised to the multitechnical needs.

The analog circuit simulataloes however not hawl the functionsthat are dsired during the
designprocess. This requires the possibility @mchange system models between d@halog circuit
simulator and other CAE-tools. During this research project, interfacesbleavedeveloped between
the analog circuit simulator and the other design tools.



Publications

An article hasheen presented on tliguropean Simulation Multiconferend®94 (1-3June1994,
Barcelona) on the concurrent simulation approaElevelopment of an Integrated Environment for
the Simulation of Multitechnical System$, (In Proceedings of the Conference on Modelling and
Simulation 1994,, Barcelona, 1-3 June 199XS, pp.740-744). This article formshe basis of
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An extendedabstract ha®een submitted to th@th European Simulation Multiconferend®95,
Prague,Czech Republic, Jung-7, 1995:“Integrating Conceptual and Physical DesignTools for
Motion Control Systems” (J. Scholliers, T. Yli-Pietila, T. Kivento, P. Yli-Paunu, P. Viitanen).
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CHAPTER 1.

INTRODUCTION

1.1. Mechatronic Systems

Mechatronics is the synergetic combination of precision mechanical engineering, electronic control
and systems thinking in design of products and manufacturing processes [6].

Motion control systemarethe backbone of mechatronic machines and instruments. Motion control
systems consist generally of the following elements (Fig 1)
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:
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Figure 1: Elements of a generic motion control system.
Power source Source that supplies the energy, e.g. electric net or battery, hydraulic tank.

Power drive: (or power amplifier) controlthe amount of energy retrieved from the poweurce.
Examples of electrical power drivase switch-mode controlled converters athgristor controlled
rectifiers. Valves are hydraulical power drives.

Actuator: converts the electrical or hydraulical energy to mechanical energy.

Transmissiont conversion of the mechanical energy, e.g. from rotationaatslational, andeduction
of the velocity by means of gears, belts, screws, cams, planar or 3-D linkages,...

Load: the system that has to be moved.

Sensors:perform measurements of e.g. position, velogtgssure, current, and convert it t@ignal
that can be input to the controller.

Task programming unit: defines the task to be performed by the mechanism.

Task control: calculates the setpoifdr the power drive controller, with as input the desitesk and
the outputs ofthe sensors. Thiask control can bemplemented in a&ontinuous way (e.g. by the
use of analog electronic circuits or hydraulic systems) or digital, by the useaifca control IC
or an external PC or DSP-board.

Power drive control: creates the signafer the switches from the power drive, based on the setpoint
delivered by thaask control. Thegpower drive controller uses also sendata, e.g. the output
current of the powedrive or theactuatorvelocity. Electrical power drive controllers and power
drives are often provided in the same package, which is often delivered together with the actuator.

The different components of mechatronic systems belong to different energy domains (electronics,
mechanics, hydraulics,..). The electronic part can consist of both analog and digital electronics.



Designers of mechatronic systems have mostly oslyang background in f@w technologies. Due
to the lack ofknowledge orlack of experience with the other technologiesyide spectrum ofdesign
concepts and design problecan be ignored. The application of Compua@ed Engineering (CAE)-
tools, like simulation, throughout the complete design process, can aid the designer to desagutiie
faster and more efficiently, and improve the information flow between different subsystem designers. By
the use of simulation, the desigren verify the correct behaviour of the subsystems ircaongplete
mechatronic system, and the influence of design parameters on the behaviour of the complete system.

1.2. Design Levels

Due to the different technologies and domaimn®lved in the design of mechatrorggstems, the
designprocess is rathezomplex. To manage the design of the mechatiqm@duct,the design process
is decomposed in several steps: conceptual design, functional design and physical design [20]:

1.2.1. Conceptual Design

The conceptual design level deals with the design gbrtheuct architecture, and tlelection of the
main system components. At this level, rule-based algorithms are used.

An example of such a program $ervoPlan [14], a program fotthe selection of motor drives,
developed aVTT Automation/Machine Automation: ServoPlan uses a set of fotebe selection of
AC- and DC-motors and reducers, which are retrieved from a database.

1.2.2. Functional Design

The functional desigtevel refines thgoroduct architecture, and considers tly@aamic interactions
among the components. The physidahracter othe interactions isieglectedinteractions are treated
as unidirectional dimensionless signals [22]. The control design is generally perfortiisdeatl. For
the functional design, block oriented diagratiiee MATLAB (from Mathworks Inc.) and XMATH
(from Integrated Systems Inc.), are mostly used.

Continuous time systentan bedivided in twoclasseslumped parameter mode#sddistributed
parameter modelDistributed parametanodelsaredescribed byartial differential equations (PDE's)
- which have to be solved with Finite Element Methods; lumpadmetermodels bydifferential-
algebraic equationgDAE's). Mostengineering systenan be treated dampedparametemodels.
The general description for a lumped parameter model is:

0=f(X(t),x(t),u(t).t)
y(t) = dx(),u(t).) (1)
X(0) =%,
with x thestate variable vectoy the input variables vector arydthe output variables vectowhich all

are time dependent. Tfiest equation can in most casesdmnverted to an explicit form, i.e. to a set of
ordinary differential equationfODE's):

x(t) = f(x(t),u(t).t) 2

Differential equations can bsolved numerically with integratiorules, like Euler, Runge-Kutta and
Gear [27]. If the system Igear, EqQ. (1) can be written under thtate-space form

X(t) = Ax(t) +Bu(t)
y(t) =Cx(t) + Du(t) ©)
X(0) =X,

If Eq. (1) does not depend on the time derivaivea set ohon-linear algebraic equatioris obtained:



F(x(t),u(t),t)=0 @)
Non-linear algebraic equations are often solved with Newton-Raphson techniques.

In computer-controlled systems, the signals dovaoy continuouslyput only at equidistantime
intervals. Discrete-time models are characterised by sdiffeence equations

Xip = F(X U0t ) (5)

During this research projeMATLAB [51] hasbeen usedor functionaldesign. Block diagrams
can beentered graphically witBIMULINK, an extension to MATLAB. Built-in blocksare provided
for continuous and discrete linestate spacsystems and transfer functions, and for linear iaomt
linear algebraic functions, including look-tgbles andf-then-else expressions. Non-linedate space
systems (in an explicit form) can bedelled by aet of user-written routines infagher programming
language (C). Some of the properties of MATLAB are given in Table 1.

1.2.3. Physical Design

The physical desigitevel takes theenergetic interactionbetween thevarious subsystemmto
account. Mosengineering systentan be treated dgmpedparameter systems, so tlia energylow
betweensubsystems can be concentrated tfeva paths. There aretwo main methods tanodel
continuous systems at the physical level: as multiports or as bond graphs.

A multiport [21] describes a system in function of his energetic interactions witbntienment.
The multiport exchanges energy with thevironment at a (finite number gbprts. Toeachport a
through and anacross variable is attached. A multiport diagram of a system resembleleci
diagram. In a block diagram the signal® however unidirectional, whereas innaultiport diagram
power canflow in both directionsbetween themultiports. Analog electronicircuits areexamples of
multiport diagrams: resistors and transistors are multiptres,behaviour of which igompletely
determined by the voltag@cross variable) anthe current (through) at thelementterminals. The
multiport can be constructed from basic multipgeiments, like (the equivaleno® resistors, inductors
and capacitors, or be defined on a behavioural level, i.e. directly from some mathematical equations.

Bond graphs[3,12,44] are ainified graphical and topological description of #eergy interaction,
storage and dissipatiamithin a dynamic system. In borgtaphsthe energy flow icharacterised by a
flow andeffort variable. A complex system can be described by a number ofgoapl basielements,
which are connected by bonds. A bond is denoted by a stroke, representing the energy flow from one end
of the bond to the other end. A bond connecting two lgpaghelementdas a causal relationship. The
construction of bondgraphs requiredhowever a highabstraction ofthe system, often through
abstraction of the multiport model [22]. Moreover, there are not many direct bond graph simulators.

Multiports andbond graphs refer tadhe mathematical representation, and could both be used to
model multitechnical systems. In this research project the multigoproach ismainly used during
modelling and simulation at the physical level.

Physicallevel simulators can bdivided in twoclasses: procedural and non-procedural. Procedural
simulators allow constructs such as assignment and explicit control statements, non-procedural
simulators exclude these. In non-procedural simulators the system is described by a set of primitives, the
connections between the primitivasd parameter values. The description of the systemriona
procedural simulator is simpler, and does not require a profound prograkmoinfpdge aprocedural
simulators. Due to the user-friendliness of the system entry, non-procedural simulatobedwme
very popular. Procedural simulators dr@vever more flexibleand allow to extend the simulator better
to new applications. Graphical pre-processtrave been developeidr both procedural aneon-
procedural simulators, and allow to enter the system graphically in a user-friendly way.



characteristic CAE-tool MATLAB ADAMS PSpice
available in VTT-KAU Sun & PC Suh? Sun (with ABMP
on platform PC
version 4.1 6.1 5.1
graphical input SIMULINK AView schematic editor
(e.g. ViewDraw)
textual input MATLAB script file data set file netlist
conversion from internal internal netlister (e.g. SpiceLink
graphical input to
simulator input
basic model components  blocks (continuous and parts, joints, forces, resistors, inductors,
discrete state space motions, variables, capacitors, diodes,
equations, transfer arrays transistors, switches,
functions, non-linear transmission lines,
elements (e.g. delay, voltage and current
relay, limiter, tables),...) sources
attached component none none libraries of commercial
libraries electronic components
algebraic functions ? yes yes ABM
look-up tables yes yes ABM
transfer function input? yes yes ABM
frequency response developed during the no ABM
table? research project
state space equations [P linear linear & general no
differential equations ? no yes no
if-then-else expressiong? yes yes no
parameters ? yes to be modelled as yes
VARIABLE element
frequency response yes ADAMS/Linear yes
analysis ?
frequency response || state space matrix (alsp  state space matrix only tabular output
analysis output transfer function and (MATLAB and
freq. resp. table) MATRIXx format)
link to MATLAB ? - output ADAMS/Linear developed during the
research project
parameter sweep no no yes
interactive? yes yes no
start CAE-tool as yes ("Engine" routines) no tool not interactive
subprocess ?
neglect screen output Engine output not| set-up file (mdi) has to option -d0
written to screen be edited
add user-written script files (interpreted)] FORTRAN-routines no (only with Device
programs? C-programs (MEX) with predetermined Equations option)
names, which have to be
linked to ADAMS code
can external libraries bg yes no yes
included?

Table 1. Comparison between the available CAE-tools

! ADAMS has only been available until 31.12.93
2 ABM = Analog BehaviouraModelling. From version 6 onward&BM is included in the standard version of

PSpice.



At this moment, there is krge variety of singléechnology dedicatedimulators, bubnly a few,
mostly expensive, multitechnicaimulators, e.g. Saber [26Electronic circuits are commonly
simulated with circuit analysis prograriilee SPICE [32]and it's derivates, e.g. PSpice (frdfitrosim
Corp.).Mechanical systems can be simulated with general purpesbanisnanalysis programiike
ADAMS (from Mechanical Dynamics) and DADS (from Compufeded DesignSoftware Inc.).
During this research project, PSpice and ADAMS have been used.

PSpice[51] is an analog circuit simulator, basedSIRICE [32]. PSpice hasurrently a customer
base that is larger than athe other SPICE vendors combined, and aetber convergence and
performance than most other SPICE-derivates [51]. PSpice is a non-interactive and non-procedural
simulator. The electric circuit is input as a tébe (netlist). Two versionspnefor PC andonefor Sun
are available a¥ TT Automation. The Sumersionhasthe analog behavioural option, which allows the
use of algebraic functions, look-up tables and Laplace transformslfage controlled voltage and
current sources. PSpice is delivered with a large library of electronic components.

As graphical pre-processor (or: schematic editor), ViewDraw Wiwlogic hasbeenused. The
schematic editor ViewDraw, the netlister SpiceLink (which converts the schematics to a netlist) and
PSpice are encapsulatedtire framework WORKVIEWPLUS from Viewlogic [55]. Table 1gives
some of the properties of PSpice.

ADAMS [47] is a general purposeechanismanalysis program. The system candmered as a
text-file, or graphically with the pre-processor ADAMS/View [4Bpr the definition of the forces and
motions, theuser can enter algebraic functiomgnsfer functions, systems differential equations,
state space equations afthen-else expressions. Thser can also write C- or FORTRAN-routines
(with fixed namesYor the calculation of forces and variablegich have to be linked tADAMS.
From the geometry, the Lagrange equatiarederived. ADAMSwas only available during thdirst
part of the project (until 31.12.1993). Table 1 gives some of the properties of ADAMS.

1.3. Libraries

For rapidprototyping of mechatronic systems, libraries withdels of thevariouscomponents are
needed. In the ideahsethe designer only needs to pickradelfrom thelibrary and addhe model to
the system; andfterbuilding the complete system modeist presghe button tcstartsimulation. Two
types of libraries can beleveloped: parametric component modelibraries and thecommercial
component libraries.

1.3.1. Parametric Component Model Libraries

Parametriccomponent moddibraries exist for most CAE-tools. Each CAE-tdw@s afew built-in
primitives that can becalled through the built-in graphical user-interface, eapacitors, resistors,
sources for analog circuit simulatogrts, joints, forces formechanical analysigrograms, transfer
function and algebraic function blocks fbtock diagram simulators. These libraries contaity
componentsfor the technologyfor which the CAE-toolhas been developed. Only the expensive
simulator Saber [26] offers multitechnical libraries.

The libraries aredefined in aCAE-tool dependentanguage. Almost nstandard languages are
currently available to define the models. Standards are currently only used in electronics: VHDL (VLSI
Hardware Description Language) is #tandard in digital electronicSPICEthe de factestandard in
analog electronics. Bas®PICE ishowever very limitedand most commerci@PICE packagesave
add functions t&PICE toease modelling. Sorredtempts havéeen provided to model multitechnical
components in a system-independent way and hence stimulate model re-use.

A first attempt isDSblock (Dynamic System Block) [34], developed@iLR. A DSblock describes
an input-output block of a general non-linedynamic system in aneutral way. DSblocks are
mathematically described by explicit ordinary differential equati@@®E), differential-algebraic
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equations (DAE) or higher index differential-algebraic equations. The DSlglackbe coded in
FORTRAN or C. ADSblock can be used gwvery simulation environment, whicupportsthe calling

of user-definedrORTRAN or C routinesUnfortunately, no commercial interface between DSblocks
and the CAE-tools used for this project, was available.

Anothercurrentdevelopment i&/HDL-A [49]. VHDL-A is an extension to VHDIfor analog and
mixed-modeanalog-digital modelling. Since multitechnical systecas beconverted to electronic
systems by the energy conservation principle,stlamdard can also be usednoedel multitechnical
systems. The negotiatiofsr the standardisation of the VHDL-A languaae stillgoingon. No HDL-
A simulator was however available during this research project.

Another initiative isICOSYM [23], sponsored byhe European Commission in the Tempus
programwill use the Internet (World/ide Web) to makenodels of mechatronic componeatgilable
for public use.

The transfer ofmodels isalso difficult since different parametesge required to describe the same
component at different design levefer example, motor catalogwata like maximumtorque and
velocity are used forthe conceptual desigevel of electricdrives, whereas the physical desigwel
requires e.g. the rotor and stator resistances.

1.3.2. Commercial Component Libraries

Commercial componenibraries can be built from the CAE-tools primitives, or be based on
parametricmodels. In thdatter caséhe modelcontains only a reference to tharametricmodel with
the corresponding set of parameters.

Commercial componetibraries are currentlpnly available for aimited number of technologies,
e.g. for electronics. Librariesith commercial analog electronic compone(itansistors, operational
amplifiers,...) are available f@PICE.ServoPlan, a programeveloped avvTT Automation for the
conceptual design of servo drives, contddBase Il databasesith parameters of DC and AC motors
and reducers.

Commercial componentibraries can bedeveloped independeritom the CAE-tool, e.g. in a
commercial database system. These libraries contain for earhponent theparameters for a
parametrianodel in alibrary of the CAE-tool. The CAE-tools do normally not have any possibility to
access these general libraries during rifalelling phase. Foreach CAE-tool, which wouldise the
commercial componetibrary, an interface program has to be writtehjch converts the commercial
component library to a CAE-tool dependent model library.

1.4. Simulation of Mechatronic Systems

Due to the complexity of the designocess of mechatronic systemsirgle CAE-tool canndtave
all the functions desired during tkesignprocess. Moreover, simulators anestly limited to a single
technology, andrenot able to handleomplete multitechnical systems. In order to integratedésign
processmodels or simulatiomlatahave to be passduttween the different CAE-toothat areused
during the design process. Three possibilities are possible for passing data between CAE-tools:

Model Transfer Whenpassing fromone design level to aather, thecomplete modehas to be
transferredbetween CAE-tools. Unfortunately, no standardised techniques exist currently to
transfer non-linear models between CAE-systems.

Concurrent Simulation Physical desigttevel simulators arenostly limited to a single technology. By
performing the simulation of the complete mechatronic system concurrently in different CAE-tools,
which exchangeataduring simulation, each subsystem couldrmmlelled inthe mostappropriate
tool - without the need for model conversions.
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Tool Extension The energy conservation principle allows to convert a multitechnical systesingle
technology.This allows toextend the use of a singlechnology dedicated tool to multitechnical
systems. Thisnethodhasthe advantagéhat only oneCAE-tool isneeded to modehe complete
system, so that installation costs are reduced. .

1.4.1. Model Transfer

A single CAE-tool is not able to handle the complete design process of a mechatronic system. During
the desigrprocessmodels neethus to be passdmktween differenCAE-tools. The requirements at the
different design levelare completely different, sthat modelrepresentation and parametersywedl as
the structure ofthe system modetan becompletely differentThis makestransfer ofmodels between
systems difficult. Moreover, therare practically no standatdchniques tdransfermodels between
systems.

At the conceptual design level, catalogiad¢a araused, in order to select the compondotssteady-
state propertiedife time and strength. Rules aused forthe design. Thenodel isvery rudimentary,
based on catalogue data.

At the functional design level, bloakagrams are used. Ftire design of the control theodels are
mostly linearised. The componerise described in state-space form or tognsfer functions. State-
space matrices can be transferred relatively datyeenCAE-tools, which allow the definition of
state-space equations and the generation of user-written programs.

At the physical design level, the non-linear effemtstaken into account. Non-linear systems are
more difficult totransfer. Theonly method is tdransferthe topology of the system and the parameters
for the component models. This requitieat bothCAE-tools have libraries witbomponent models. An
advantage is that, if thepology of themodel isrelated to the topology of thactualsystem, thenodel
is less abstract than the state-space form.

Chapter 4 will describe how data can be passtgeen the different design levels, more specific for
the tools that were used during this research project.

1.4.2.Concurrent Simulation

The need to transfer models, in order to simulate the complete system could be avoided by simulating
the subsystems concurrently in different CAE-tools. This allowsadaeleach of the subsystems in the
mostappropriate CAE-tool. The useould use directly already availabieodellibraries andmodels
that have been generated by otlparsons. Models at differemtbstractionlevel, e.g. functional or
physical, can easily be combined.

If the global multitechnical system can &bdivided in subsystentsat aresequentially linked by
infinite impedances, and no feedbaekists, the simulation can be performied each subsystem
individually. The results afnesubsystem simulatiorarethen entered as inptdr the next subsystem
simulation in another CAE-tool. This requiresly thatthe input of the simulation can leatered as a
table which is function of time ADAMS, MATLAB and PSpice offer interpolating tools fdhese
purposes.

This methodcannot be used fdeedback systems, or if the impedanbetveen thesubsystems are
not infinite. If the modelsare available irdifferent CAE-tools, the simulatiohas to beperformed
concurrently in the different tools. A disadvantage of #iiproach is thahe computing timeneeded
for the simulation of the complete systengreases. This drawbackdsmpensated by the decrease in
the time needed to model the complete system.

The main requiremerfior the integrated simulatioenvironment ishatnew CAE-tools can beasily
integrated into the environment. The topology of the multitechnical system and the réletvossn the
input and outputs of the sub$s models should be described in a user-friemdly. Theenvironment
should alsampose only minimal requirements to the definition of itygut and output ports of the
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subsytem models. A computer-integrated environment, cal8E hasbeen developednd will be
described in the Chapter 2.

1.4.3.Tool Extension

The energy conservation principle [3,12,21] allows toveonthecomplete multitechnical system to
a single energy domain, and in this way to extend the ussingla technology dedicated physitalel
simulator to other technologies. One of the main possibilities is to convert mechanical and hydraulic
systems to electronic circuits [46]. A large tradition exists already in this field, hes lteen used
previously to simulate mechanical systems on analog computers [15].

The userwhich is often onlyexpert for aimited set of technologiesloes not have to tewvare of
the mathematicamodel description of the components. The simulatdeésign entry and thenodel
description language should be enhanced to meet the multitechnical aspects.

During this research project, the circuit simulator PSpaebeen extendetbwards multitechnical
systems. A library haslevelopedfor multitechnical devices, which includes electronic, electro-
mechanic, mechanic and hydraulic component models. In additioifrdmy contains a largaumber
of mathematical blockghat allow to model subsystems on a functional level. Componaotels are
available at differenaccuracylevels. The schematic editor ViewDrdvasbeen customised to allow
user-friendly entry of the multitechnical system. The extension of PSpice to multitechnical syiditems
be discussed more in detail@hapters 3 to 5. Chapter 3 descrities globalstructure ofthe library,
Chapter 4 the modelling of multitechnical components, and Chapter 5 discusses some examples.
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CHAPTER 2.

INTEGRATED SIMULATION ENVIRONMENT MISE

This chapter describes th#evelopment of acomputer integrated simulation environment for
multitechnical systems. Different CAE-tools work together during simulation and exctiategeThe
advantage of this approach is tkeach user can uske mostappropriateaool to modelthe subsystem.
Models, which have been developed at different tools, can be combined without conversion

Concurrent simulation exists currentbyly for mixed-modesimulation of electronic systems, in
which the simulation of the analog (continuous) system is performedesimulator, and another
CAE-tool simulates the digital (discrete) system [36]. Thesred-mode simulators havebeen
developed for the two simulators explicitly, and it is not possible to add other simulators.

This chaptemwill describe how an open integrated simulation environrf@ninechatronic systems
hasbeen developedhe sameapproach has aldmeen applied by otheesearchers in othengineering
domains, as thermodynamics [8].

2.1. Mathematical Principles

The complete multitechnical systesansists of several subsysteméiich are modelled in different
CAE-tools. The inputata forthe simulation of the subsystems consist of global idpteand output
data from other subsystems. The scheme that depicts the data flow between the subsystems is equivalent
to a block diagram, in which the blocks correspond to subsystem models.
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Figure 2: Motion Control System, consisting of a PID-controller (block-diagram model), actuator
(modelled as electronic circuit), and a mechanism

disturbance

Sg;i:gg» Controller%& Actuator | force__p, Mechanisn
MATLAB PSPICE Tque’ ADAMS

E

actuator velocity

W

rod angular position

Figure 3: Block diagram of motion control system

Fig. 2 shows, for instance,naotion control system, whiotonsists of a controller, actuatorand a
mechanism. The controller isnodelled on afunctional level in the control design package
MATLAB/SIMULINK, the actuator inthe circuit simulator PSpice, and thgechanism in the me-
chanical analysis program ADAMS. The input and outfait,which connect the different subsystem
models, do not always correspond to physical connections. In physical conndiktothe connection
actuator-mechanism, two power variables (gejocity and torquepre related teach other. In the
block diagram, this relatiomas to bemodelled by anexternal feedback loog-or the connection
actuator-mechanismpne powervariable (e.g. the torque) is entered as infaout the mechanism
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analysis; the other power variable (tredocity) is retrieved asutput and ied back to the input of the
actuator simulation. In this way, the block diagram in Fig. 3 is obtained.

The dynamical behaviour of the subsysieran be described by the equations:
_<B 0.H
o=tk X v 5
0 %( 0.5
ioviEg g Y ot ©)

X (O =xy,

The variables; arethestate variables ahe subsysterny which equal the initial conditiong j at
the start ofthe simulation. The subsystem inputs consist of global system ugpatsl local inputs
(Fig. 4). The subsystem outputs consist of global system outpaits! local outputs/j. The input data
vj are formed from the output da(ailfrom other subsystems.

o b

Subsystem WJ Vi .| Subsystem | w;

Figure 4: Inputs and outputs of subsysiem

The global simulation interval idivided in aset of smalltime intervals fx.1 tk]. The subsystem
output datawj andy; areonly retrieved at the end timgg of these timantervals. Consequently, the
input functionsvj(t) ‘are only an approximation of theactual outputffunctionsw;(t). Generally, the
output functionw;(t) is approximated by a linear function. If the derivativeswat) can also be
retrieved as output, a cubic function can also be used for the input fun¢tjon

If the block diagram contains feedback loops, a systemmoof linear equations of the form
Vj(t=hk(vj(tK) is generated for each the time intertpl{ tx]. The functionhy(v;) is unknown, sahat
the system of non-linear equatiadmas to besolved iterativelyFor the solution of the non-linear equa-
tions, a block containing non-linear equation algorithm is inserted into the block diagram at the input of
subsystem. The input of this block if(Vj n-1), With vj .1 the inputdata tosubsystem for the
previous iteration; the output is the updated value of the inputdat@Fig. 5).

h(Vi 1) Non-linear M, Y

—— =B equation | M, | Subsysten| w
| algorithm > |

Figure 5: Inputs and outputs of subsysiem

2.2. Integrated Simulation Environment

During concurrent simulatiomneprogram puts aignal on an externglort, while another program
monitors thigport for input. During simulatiorthe various CAE-tools have txchangelatawith each
other. There are mainly two possibilities to realise this :

Master-slave approach: One of the CAE-tools (thenaster), e.g. the system with the largésie
constant, performs thiime managemenifhe subsystem in the slaverwdelled as arxternal
function to the master model. A complete simulation run is started at the master. At each simulation
step,the master sendsa@mmand to the slave to evaluate $teve's outputlata. Ateach request

of the master, a small simulatioan is MASTER SLAVE
performed in the slave, with the output CAE-tool 1 CAE-tool 2
of_the' mastc_ar system as input, after SUBSYSTEM 1 SUBSYSTEM 2
this simulationrun the output data are

sent to the master system. Figure 6: Master-slave configuration
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This set-up is very simpldyut can in practicenly be used if the system is divided over two
CAE-tools. Thetiming depends completely on theaster, and can kafluenced seriously by the
occurrence of a slave.

General manager: A programdetermines _ _
the timestep, andhe dataflow between the %’:EYtSOTCI)_ZlMl 1 S%AB‘EYtSOTOElMZ ’
various processes. The program must IsS

solve theset of non-linear equationsince
these equationsare solved iteratively, the
program must also synchronise thequence
of the iterations.

General

The environmentconsists of twoparts: a Manager

general manager, calldédiSE, which controls
the complete simulation, and simulation
engines, whichare generatedor each CAE-

tool individually (Fig. 7). i T

The maintasks ofthe general manager are CAE-tool 3
the timestep management, the control of the SUBSYSTEM 3
information flow between thearious CAE-
tools, and the generation dfutput. The Figure 7: Configuration with general manager
general manager divides the global simulation
interval in small simulation intervals, generates the injawa forthe different simulation engines,
and interprets the output data.

The simulatiorenginegperform the pre- and post-processing of the simulation in the CAE-tool.
Pre-processing includes the conversion ofdatafrom the general manager to input functions for
the simulation during the intervall[ ty]. Post-processing includes retrieval of the output values.

2.3. Communication between Processes in UNIX

The simulationenvironmenthas been developed on 8UN-workstation under UNIXFor the
communication between processes the Inter Process Communication (IPC) protocol from UNIX is used.

Databetween systermare sent over message channels. The message chanagenerated by the
receiving simulation engind?er programone receiving channel igenerated. The general manager
MISE sendghusthe messages to the different simulation engines on different message cloartradls,
the engines send their output data over the same message channel to the general manager.

To make the simulation environment as system-independguaisaible, and to reduce the amount of
post-processing by the simulation engines, the message sétSIEy (or by the master) contains,
except a message header, only floating pdé@ta. The messages consist of a message heagleich
includes e.g. the number of teendingprocess and a message counter - and floating gatat The
messages that are transmitted are :

* initial message, containing the number of input and output signals.
* normal message: floating point data in ASCII-format.

¢ the general managgor the master) sends thend time the end timg of the simulation
interval and the input datg(ty) andv;j(ty) for the simulation in the CAE-tool..

¢ the simulation engine (or the slave) return only the values of the outpy @gtandw;(ty).

+ "exit": message to denote the end of #mmulation. The general manager closes all dpen
message channels and produces output, to be able to examine the results of the simulation.

To speed up the simulation, the simulatartput,which is normal sent to screen, is discarddds
can be hard to realise for some CAE-tools. For ADAMS e.g., an initialisation file had to be edited.
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2.4. Master-Slave Configuration

The master-slave configuration is a simplifegbe of the configuration with general managéth
the master as general manager. fline steppingnd the solution of the set of non-linear equations are
performed by the master. An external routine musidued to thenasterwhich puts a mesgye on the
message channfdr the slave, and reads the replyssege from the slave. The master CAE-tool must
therefore have the possibility to access user-written routimbih are written in a higherlevel
programming language, as FORTRAN or C.

The master-slave configuration hbsen testedor the configuration ADAMS-MATLAB with
ADAMS as master and for MATLAB-PSpicaith MATLAB as master. PSpice could not be
configured asmaster,since thecurrent versiordoes not have the possibility to add external routines.
The master slave configuration for ADAMSperforming well,but for MATLAB the procesdecomes
extremely slowThis ismainly due to the timstepmanagement dfIATLAB. Let us, as an emple,
take a simple PSpice systemr{@del of amass),with as input the applied force and agtput the
position of thanass. For anpen-loop system, in whidATLAB sends a sinusoidal signal to PSpice,
whichreturns it output to MATLAB{he timesteps aret=0, 0.2, 0.4,...s. If, teheck theaccuracy, the
transfer function ofthe PSpice systenG(s)=1/s’) is included in garallelopen loopbranch,the first
30 time steps are:

0 0.000125 0.0001875 0.0004615 0.0005 0.00025 0.0005 0.00075
0.000875 0.001423 0.0015 0.001 0.0015 0.002 0.00225 0.003346
0.0035 0.0025 0.0035 0.0045 0.005 0.007192 0.0075 0.0055

0.0075 0.0095 0.0105 0.01488 0.0155 0.0115 0.0155 0.0195

As can be seen from this table, the time step is not monotonically increasingnfdses additional
requirements on the simulation engine, since it does not only have to remensgiartthgconditions
from the last simulation step, but also from the previous time steps.

2.5. Development of the General Manager

The general manag@ISE (M ultitechnical | ntegratedSimulation Environment) is developed in
such a way, that it is independent of the CAE-tools.
A syntax hadeen developed tdescribe the topology of the system anddhtaflow between the
different subsystems. The description file for the motion control system in Fig. 2 is :
CONTROLLER matlab control.m in={des_pos,end_pos} out={voltage}
ACTUATOR PSpice motor.cir in={voltage,velo_motor} out={torque}
MECHANISM adams linkage.adm in={disturb,torque} out={end_pos,velo_motor}

.input des_pos const 0.00
.input disturb sqimp 00.1 1

simulation engine CAE-tool 1
pre-processin Input comman

L .

simulation engine CAE-tool 2

| _input data input command;
MISE PP ' . CAE-tool 2

output data p:ost-processin :program outpu

simulation engine CAE-tool 3

input data input command; CAE-to0! 3
output data p:ost-processin :program output

Figure 8: Integrated Simulation Environment

input data

 CAE-tool 1
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.tend 2
.tstep 0.01
The subsystems amescribed by a namg.g. "CONTROLLER"),the CAE-tool in which the

subsystem is modelled (e.g. "matlab”), the file containingrtbéel(e.g. "control.m"), and the input and
output dataThe name of the simulati@ngine, which is called bWMISE, is derived from the name of
the CAE-tool (e.g. Mmatlabor MATLAB and Madams for ADAMS). The descriptidile contains
further the input functions to the system (e.g. "cof@t"a constant antsgimp" for animpulse of a
fixed duration), the global simulation time ("tend") and the constant time step (“tstep").

If the block diagram contains feedback loops, a system of non-linear equations is gembieted,
solved iteratively. At start-up, MISEdecides where the block, containing the non-linear equation
algorithm (Fig. 5) has to be added.

After reading the system description fiM|SE startsall the simulatiorengines asubprocesses, so
that only 1 command has to be giverstartthe complete simulation. tine of thesimulation engines is
halted (e.g. due to a convergence error), also the complete simulation will end.

MISE divides the different signals input signalsfeedforward signals and feedback signals. Input
signals are calculated by MISErough the evaluation of an input function (e.g. sine, stepjput
signals do not occur at an ingurt of a subsystenteedforward signalareused as input during the
same iteratiomun n as they have been generatedatput. Feedback signalare only used during the
next iteration runr(+1). During thefirst iteration run ofeach timestep on a subsystem, the values of
the feedback signals are extrapolated from the previous time steps.

MISE takes a constatiime step. The firstime steps aremadesmall, to allowfor an accurate

‘ read description file ‘

‘ initialize system ‘
v
‘ start engines & open message chanhels

> A subsystems

are all input data es
available ?
no is accuracy
obtained ?
no
‘ new iteration ‘ ‘ new time interv#l
¢< |
‘ compose & send message to enginks
|

continue
v
‘ wait / read message from enginks

exit message ?

close message channgls
generate output

Figure 9: Algorithm MISE
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calculation of thestate variables dhestarting point. MISEchecks, for each subsystem, if #ié input
data,which areneeded tg@erform anewsimulationrun are available, and if dlhe output signaldave

been used for other subsystem calculations (Fig. 9). This means for feedforward signals that their values
during the same timstepty and iteration rum must be available, and fégedback signalghat their

values during the santiene stepty and the previous iteratiamn n-1 must be available. If all theata

are available, MISE checks if the demanded relative accuracy is reached. The acisudafiyed as:

0 0

V. - V.

_ | ikn jkin-1 0

e = mjaﬁw. e, ™
In(|VJ kn-1 " Vin-|y | Vikn = X k—1|) ]

with v; i n the value of the inputlementy; at thek-th time step and at the-th iteration, andjj _1 the

value ofvJ at the time stef-1. If the accuracy is not reached, a new iteration step is performed. After a
maximum number oiterations, the currertime step ishalved(so, inthe outputthere is an additional
time step). If the time step reaches a minimum value, the data are accepted without obtaileisigethe
accuracy, and a new time step is taken.

The algorithm, which is used to solve the non-linear equations, depends on the number of equations.

If the system contains onigne equation, amodified regula falsimethod is used [43]The modified
regula falsi carmowever not be extended to systems with ntioa®one degree of freedorRor higher
order systems, no methodan be foundvhich assureconvergence [43]. Broyden's method,aaapted
secanimethod, is used. Theecanimethodoffers however only often slow convergenice somecases
with one degree of freedom, likepare backlash curveyhich occurs inmany engineeringpplications.
In MISE, a single degree of freedom regula falsi method is used during the first iteratioreriibtHer
one variable is much larger than the errors for the other variables.

If no input data are available, MISE waits for a rageson th&eommon sending channiegbm the
simulation engineslhis methodallows to perform calculations concurrently in the different simulation
tools.

At the end of thesimulation,MISE sends an "exit" message to all the subprocesses, and generates
output. As output, an ASCII-file is constructadhich containsall the signalsbetween the different
processes. Aew MATLAB-commandsareadded at thetartand theend of thefiles, sothatthe results
can be post-processed in MATLAB.

2.6. Development of the Simulation Engines

For each CAE-tool, a simulatiorengine has to begeneated. This engine takes care of,
consecutively, the retrieval of the input data, pre-processing, transmission of the sinuoletinand to
the CAE-tool, post-processing of the simulatmumput and export ofhe output data (Fig. 8). The
sequence of thesmlls is identicafor all CAE-tools. Ageneral methothiasbeen developetbr writing
the engine.

The simulatiorengine is thesame forMISE as forthe master-slavapproach (excephat for the
master-slave approadhe output is generated by the simulatioengineinstead of by the general
manager.

Fig. 10 shows the algorithfior the simulation enginélhe program is started up by MISE (or the
master). Theengineinitialisesfirst the modeland generates the receiving message channel., and waits
then for a message from MISE.

If the multitechnical system contains feedback lodpESE works iteratively. Theenginehas to
check ifMISE hassentdata for anewiteration on the oldime interval, or forthe first iteration on a
new timeinterval. In thelatter casethe time, sent bMISE, is larger thaithe end time of the previous
simulation. The values of the state variables at the end of the previous simulation are then the new initial
conditions. If anew iteration on the oldime interval is performed, the initial conditions, whigiere
used during the previous simulation run, have to be reloaded.

19



initialize model |
v
‘ open message chann%ls

‘ wait / read message from MISQ

close message chaﬂmels

‘reload initial condition% ‘ store initial condition#
¢< |

‘ generate simulations commabd

‘ send command to CAE-tooI‘

SIMULATION IN CAE-TOOL

‘ retrieve output ‘
v
‘ compose & send message to MIS¢
|

Figure 10: Algorithm simulation engine

The simulatiorenginehasthen to generate the inpcmmandgor the simulation tool, senithem to
the CAE-tool, retrieve theutput fromthe CAE-tool, compose the message tesélt, and send the
message to MISE (or the master).

In principle, a simulatiorenginecan be generatddr each CAE-toolwhich can beexecuted under
UNIX. The efficiency of the simulation depends on the tf@otors:the amount of pre- and post-
processing required and the completeness of the system state information.

In the ideal case, i.e. if the CAE-tool is completely open, the simulation engine needstanigrtot
the newinput functions and (a pointer to) the initial conditions to the integration routine of the CAE-
tool; and to senane request to retrieve theutput values anthe state variables. The CAE-tool is
started as a subprocess durihg initialisation of the simulation enginend closed at thend of the
complete simulation. Information between the simulation engine and the CAE-tool passes over sockets.

In the worstcase, e.g. ithe CAE-tool is non-interactive, pre-processing includes the updating of the
system's input-file with the new input functions and the initial conditions of the state variables, and post-
processing browsing to tleutputfile for retrieval ofthe output dateand the values of th&tate vari-
ables (Fig. 11). The CAE-tool is started as a subprocess at each new iteration step

MISE splitsthe global time interval up in small simulatiortervals fix_1 tk]. The global simulation
will therefore only besuccessful if the simulation is not affected by the division of the simulation
interval. Therefore, the&eomplete description of the system at #md of thesimulation must be
accessible. Thimeanghatthe simulatiorenginemust retrieve all thetate variables; atty. However,
if the subsyem model cotains alsaime delays, thestate variables do naletermine thestate of the
system completely: most CAE-toalse (inaccessible) internal buffers to store the values alelhged
signal, and initialise this buffer at the start of each simulation. iédh#pletestate ofthe system cannot
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storage/retrieval
time state variables >
actuator velocity motion function
adaptation >
. _ ADAMS
simulation commarnd-py,
< actuator force
end effector pos. output request
MISE
time input file
input voltage > generation >
PSPICE
actuator velocity output file
4 put |
browsing

Figure 11: Communication of MISE with the CAE-tools ADAMS and
PSpice for a motion control system

be retrieved, the subsystem simulation will always have to begin abfwdute startingime ¢=0),
resulting in an inefficient use of computing time.

The input and output ports tifie subsystermodelhave to be compatible witklISE, which sends
only floating pointdata tothe simulation engines. Thenginehas to becoded insuch a way, that the
effort of theuser todefineand to change the input andtput variables is as small as possibleere
aremainly two possibilitiedor the definition of in- ancutput portsthe names of input- and output
variables can be fixed by the simulatiengine; or the nameasan bechosen freely, and written into a
file, which is read at the initialisation of the simulation engine.

Engines have currentlyeen developetbr PSpice, ADAMS and MATLAB/SIMULINK (Fig. 11).
PSpice is a non-interactive programhich demands aimput file and produces awutput file. For each
simulation interval, the input fileas to be updated, atttk outputfile has to bescanned fothe output
variables and the values of thtate variables (i.enodevoltages and inductance currenBgfore the
first use ofthe PSpicemodel, astart-upfile is generated which contains the namesalbfthe state
variables, and the names of the subsystem's input and output variables, which can be freely named.

ADAMS and MATLAB/SIMULINK are more openFor ADAMS, the state ofthe system at the
start ofthe previous simulation step is reloaded, or dtae atthe end of theprevious step saved,
dependent on the tinteansmitted byMISE; then theparameters of the input functigmotion or force)
are updatedconsecutively a simulation execute command is given; and finally the value of the output
variables areetrieved. ADAMS allowsonly numeraldor the input andbutput ports.The simulation
enginerequires fixed numberfsr the input andutput portsThe simulatiorenginefor MATLAB uses
a similar procedure.

2.7. Examples

The simulation with MISE has been tested with several examples. Two examples will be discussed: a
simple motion control system, with an eccentric rod, an a double pendulum.
2.7.1. Motion Control System

The motion control systensonsists of a permanent magnet DC-motdrich drives agear box and
an eccentric rod (Fig. 2Jor the control, an analog Pl position controller is used. The DC-motor is
modelled inPSpice, the gear box and the rod in ADAMS. The controller is on a functevehl
modelled in MATLAB/SIMULINK.
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Figure 12: Adapted block diagram of motion control system

The block diagram of the system is shown in Fig. 2 and the system descriptitor filéSE on
p. 17. The iput forthe MATLAB model isthe angular position ofhe rod, and theutputthe voltage
applied to the motor. The inputs for the PSpice model are the input voltage to the motonatatitye
of the motorshaft; the output isthe motor torque. The inpufer the ADAMS model are the torque,
developed by thenotor, and a disturbance (a square pulse of 1 Nm durinfiysh®.1 s);the outputs
arethe motor velocity and thengular position othe rod.MISE adds &lock to solve of the non-linear
equations between ttf&PI1CEblock and the ADAMS block. Athat point,there is only one non-linear
equation. The adapted block diagram is shown in Fig. 12.

The accuracy of MISE ishecked by simulating the linearised syst@m®. no eccentricity for the
centre of gravity of the rod) both in MATLAB/SIMULINK and with MISE. Fig. 13 shows the torque at
the output shaft othe motor, and Fig. 14 thengular position ofhe rod. Both figureshow agood
resemblance Iween the results of the program MISE and the results of MATLAB.

The complete non-linear systemasthen been simated. The resultdave been compared with a
simulation of a linearised system with MATLAB. Theechanismhasbeen linearised using the built-in
linearisation algorithm in ADAMS [38]. Fig. 15 shows the motor torque and Fig. 16 the position of the
rod for the non-linear simulation. The differendestween theesults withMISE andwith MATLAB
are rather large, due to the friction in the gears, which hdseeatmodelled in MATAB, and thenon-
linearity of the rod angle.

Motor torque for the linearized model Motor torque
T
T T T T T

0.1

o
T

Angle (rad)

N R o e
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Figure 14: Position of the rod for the linearised
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Figure 13: Motor torque for the linearised
simulation

Angular position of the rod for the linearized model
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Figure 15: Motor torque for the non-linear
simulation
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Figure 16: Position of the rod for the non-linear

simulation
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2.7.2. System with two degrees of freedom

The mechanism with two degrees fofedom is a m motor and gears for rod 1
double pendulum, whicbonsists of two identical rods

(Fig. 17). Both rodsiredriven by a permanent magnet
DC-motor and twqairs of spur geard.he motor and rod 1
the gears of theecond rocare mounted on the end of
thefirst rod. Theposition of both rods is measuretth
an encoder, and fetback to a PI-controller. The T@ motor and gears for rl
controllers aremodelled on afunctional level. A

disturbance is added at tekaft ofthefirst DC-motor.
The desired position corresponds to the starting

P : rod 2
position, i.e. both rods vertically downwards.

The system is subdivided in subsystems instrae
way as in the previous example. Themplete Figure 17: Mechanical system with two
mechanism (i.e. gears and rods) isnodelled in degrees of freedom

ADAMS. Both PI-controllersare modelled in one

SIMULINK-model, and both motors ionePSpice netlist. Both systerasedescribed in onéle, since
only oneprogramlicence isavailable, and tdimit the time neededor system initialisation. The block
diagram of the double pendulum is the same as the block diagram of the systemendigree of
freedom (Fig. 5), except that two variables are passed over each arrow. The description file is now:

MOTORS PSpice twomotor in=Vin1,spm1,Vin2,spm2 out=torq1l,torq2
PENDUL2 adams tworod.txt in=torgl,torg2,disturb out=spm1,spm2,pos1,pos2
CONTROL matlab twoctrl in=des_pos1,des_pos2,pos1,pos2 out=Vinl,Vin2

.input des_pos1 const 0
.input des_pos2 const 0
.input disturb sqimp 0.1 1

* simulation parameters
.tend 2

.tstep 0.0105

.toler 0.0001

.maxiter 20

.minstep 2e-4

The results are shown in Fig. 18.

The simulation wittMISE hasbeen compared with simulations of the complete system in ADAMS
and MATLAB. The controller and thactuatorwere modelled agransfer functions in ADAMS. The
resultswere comparable. Simulation of theomplete (linearised) system MATLAB was not so
successful. MATLAB uses a Newton-Raphson method to solve the set of non-linear equatidnesand
not always find a solution.

2.7.3. Discussion
Some conclusions could be drawn from the simulation of the examples:

*  The execution oMISE is slow compared with the complete simulationoime CAE-tool. This is
a.o.due to the large amount pfe- and post-processing feverycall to PSpice. The simulation is
much more efficient for the CAE-tools that are more open, like ADAMS and MATLAB.

If the system isnodelled in oneCAE-tool, the CAE-tool willtry to optimisethe number of
equations. Division of the system over several tools will lead to a non-ogtinal equations, and
thus tolonger calculation timesThis can benoticed by comparing the timeeededfor the
simulation of a motor-inertia combination: if only the motomisdelled inPSpice (and thenotor
velocity entered agnput parameter), donger processing time is requirdoian if thecomplete
system ismodelled inPSpice.Another example is the exampileat wasused to test théme
efficiency of MATLAB (p. 17).
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Figure 18: Results of the simulation of the double pendulum with MISE

*  The simulation of the double pendulumNHSE washalted before the desired end times§2 due
to a convergencerror duringone of thePSpice simulations. This is a classic problem in PSpice
and is generally solved by changing the tolerance ofdlmilations and the maximum number of
iterations. During other examples, the program halted daerteergencerrors in ADAMS.Also
these problems can be solved by trimming simulation parameters. During simulatidf SHhe
CAE-tools arecalled many times, and is it more difficult to findset of simulation parameters for
which alwaysconvergent solutionsan be found. Since the CAE-to@is=called very oftenMISE
is also sensitive to bugs in the various CAE-tools.

2.8. Conclusions

This chapter described théevelopment of an integrated environmedat the simulation of
multitechnical systems, based on commercial CAE-tools. Different commercial CAEwooks
concurrently during simulation. Thenvironmentconsists of twgparts: the general managéviISE,
which controls the information flolwetween therarious CAE-tools, and the simulatiengines, which
are attached tthe CAE-tools. Simulatioenginescan begeneated for each simulation toalhich can
work under UNIX.

The main advantage of thimvironment ighatthe subsystems of the multitechnical system can be
modelled inthe mostappropriate system, dbat cumbersome model conggnsare avoided. It also
allows to use already available models and model libraries.

The efficiency of the simulatioangine depends on tlease of access to the CAE-todtigegration
routine, and on the possibility txtractthe complete system description. A disadvantagsoigever
thatthe simulation time is very long, due to the communication betweeratiwis processes, and the
required pre- and post-processing work of the messages in the various CAE-tools.
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CHAPTER 3.

EXTENDED ANALOG CIRCUIT SIMULATION

Due to analogies between the different energy domains, the complete multitechnicalcsystan
modelledand simulated in a single simulation tool. Howeverthé&g momentthereare nocommercial
multitechnical CAE-toolsthat are affordable for SME’sThe requirementdor an (affordable)

multitechnical simulator are:

» allow behaviouraimodelling,i.e. to describe thephenomena by mathematical expressitather
than by technology dependent primitives.

» allow parametric models, to ease model reuse.

o user-friendly, i.e. allow graphical input. Simulatiadll only be used inindustry, if the effort to
enter themodel isvery small. In the ideatase,the modelcan be constructed lsimply picking
objects from a library and defining the connections between the models.

* low price, so that the system is affordable for SME’s

» if possible, based on industrial standards.

3.1. Energy Conservation Principle

The totalenergyrate flow between a componeind theenvironmentcan, for most engineering
systems, be approximated by a finite sunsahe complementaphysical quantities [21]. One tiese
guantities represents tarough variable, the other amcross variable. The criterion foselecting a
physical quantity as either a throughamross variable is based the way it can béentified, e.g. by
measurement(cf. Table 2): through variables ammeasured between adjacepoints by first
disconnecting themand including the measuring instrumedmgtween themacross variables are
measured betweedistant points withoutlisconnecting [21]. The reference of taeross variable is
related to the energy domain.

Power variables PoweP)
through across Wi
Electrical current p] e.m.f. M i*v
i s
Magnetical flux rate Wb/ssV] m.m.f. [A] Fdg/dt
dg/dt 7
Mechanical force N] velocity [m/g F*v
translational F v=dx/dt
Mechanical torque N angular velocity 1/9 ™w
rotational T w=do/dt
Fluidic volume flow [’n3/s] pressureRa) Q*p
Q p
¢ = magnetic flux X = position 0 = angle

Table 2: Power variables in the different energy domains

The energy conservation principle allows to convert multitechnical systems to a esiegts
domain. By translating the through aacdross variables ithe different energy domains to the through
and across variables ofsangle energy domaim.g. voltage andurrent,multitechnical systems can be

modelled as electric circuits, and be simulated with analog circuit simulators.
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3.2. Analog Circuit Simulation

Due to the selection criteridior the across and through variablestire variousenergy domains,
there is a complete analogy between mechaait@klectricalnodes and connections. Taiucture of
the electric circuit resembldgence theghysical structure ofhe model, whicleases the generation of
multitechnical modelsFor example, if a motor is connected tolaad, theconnection provides an
internal feedback. Opposed to block diagmaadelling, there is noeed inanalog circuitmodelling to
build an external feedback loop to model the effects of the load on the drivenctieingprocess can
be simplified by providing macromodefer the various componentsyhich can beadded to the
equivalent electric circuit in the same way as the physical components are added to the system.

3.2.1. SPICE and PSpice

In analog electronics, the de fadtandard for simulation iISPICE (Simulation Program with
Integrated Circuit Emphasis). All SPICE-simulatorsderive from the SPICE2 circuit simulator
developed at the University @alifornia, Berkeley, in the mid-19709any derivates (e.g. HSpice,
PSpice, ISSpice) anmarketed commercially. All of theggograms offer avide variety of analyses,
including DC-analysis, transient analysis, AC-analysis,...

In SPICE,the circuit is built from primitiveslike resigors, capacitors, inductorgydependent and
controlled voltage and current sources, diodes, transistors,.... The circuit is entered in a text file, called a
netlist. Circuit analysis is based thre application of Kirchhoff's current law, Kirchhoff’'s voltage law
and branch constitutive equations, i.e. the relakietween the voltagand current forthe electric
elements [27]SPICE convertshe circuitelementsand their interconnections to system equations by
usingnodeequations, expressed in termaiotievoltages and Kirchhoff's current law [27]. Tigstem
equationsare a set ohon-linear first-order ordinary differential equations. During transient analysis, a
numerical integration method is used to convert the non-linear differegtiations into a set oion-
linear difference equations, whietre solved simultaneously with the Newton-Raphson methibds
involves the conversion of the non-linear equations to linear equations and their subsequent solution
using a sparse LU decomposition technique [32].

StandardSPICE2G.6 does not allow behaviourahodelling: controlledsources caronly have a
fixed (nonparametrical) linear gain or bepalynomial of a combination of nod®ltages. Thisnakes
the development oparametric and multitechnicahodels instandard SPICEvery difficult. Many
SPICE derivates have developed their own methods for behavioural modelling.

PSpice[51] is one of the derivates of SPICE, which has currently a customethbase largethan
all the otherSPICE vendors combined, and atter convergenceand performance than most other
SPICE-derivates. Together with PSpice, extensivelibrary of electronic components is delivered.
PSpice uses a combination of the trapezoidal and the gear integnatiood. Theresults of PSpice
simulations can be viewed with the post-proceBsobe.

The analog behavioural optionof PSpice allows, in addition to tleandard SPICrimitives, the
use of mathematical expressions look-up tallesisfer functions anérequency response tables in
controlled voltage ancturrent sources. Withthese capabilities it is possible toodel complex
mechatronic systems in a relatively simple way.

The system can be entered graphically with the schematic editor ViewDraw or by directly writing the
system's netlist. The schematic editiewDraw, and the netlisteGpiceLink, which converts the
schematics to a netlisare included in the frameworkWORKVIEW PLUS from Viewlogic [55].
WORKVIEW PLUS provides a user-friendly environmefar the design anénalysis of the system.
WORKVIEW PLUS is a CAE framework that conforms to CFI (CAD Framework Initiative) standards.
PSpice and Probe can easily be encapsulated in the framework.
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3.2.2. PSpice primitives

The basic components in PSpice, which are used to model multitechnical systems, are [51]:
* resistor (prefix R).
* capacitor (prefix C). The initial voltage can be set.

* inductor (prefix L). The initial current can bentered as garameter in thelefinition of the
inductor. Core materiahodels (includinghysteresis) arprovided in alibrary. Themagnetic flux
density can be accessed in the post-processing program Probe, but can unfortunately not be used in
controlled sources in PSpice.

* voltage sourcg(prefix V). Generates a voltage source in function of time. Possible waveforms are:
constant, exponential, pulse, piecewise linear, sinusoidal, frequency-modulated.

* current source (prefix 1). cf. voltage source

* voltage controlled voltage sourcgVCVS) (prefix E). Generates a voltage in function of the
voltage between other nodd3asic PSpice allowsnly a non-parametric linear angolynomial
gain. The analog behavioural option allows also algebraic functions, tabaieser functions and
frequency response tables. Parameters can be used, except in the table descriptions.

The transfer function and frequency response controlled sources have to be treated with care: the
precision of these sourcefepends not only on thaccuracy settingsbut also onthe total
simulation time. Simpléransfer functions cahowever easily be replaced by equivalent electric
schemes.

* voltage controlled current source(VCCS) (prefixG). cf. voltage controlled voltage source

e current controlled voltage source{(CCVS) (prefixF). This source generates a voltagéuinction
of the current through a voltage source. Only linear and polynomial gain is allowed.

* current controlled current source (CCVS) (prefixH). cf. current controlled voltage source

* voltage controlled switch(VCSW) (prefixS). Generates a switch, which is controlled by a voltage
between two controlling nodes. PSpice treats the switch as a voltage-controlled resistance, the value
of which changes from high to low over a voltagéerval. The switchmodel easily causes
convergence errors, and is therefore as much as possible replaced by tables.

* current controlled switch (CCSW) (prefixw).

* transmission line (prefix T). Generates a bi-directional ideal delay line. Distributemtiels are
provided to simulate lossy lines, but these produce extremely long CPU-times.

* diode (prefix D). Together with the diode, modelmust be entered. An idediode (infinite flow
for positive voltage, no flow for negative voltage) is modelled as [5]:

D 12 DIDEAL
.MODEL DIDEAL D(N=0.001)

Diodes lead however easily to convergemeceors. Inthe multitechnicallibrary, diodes are
replaced as much as possible by tables.

* transistors (Bipolar, JFET, MOSFET,...)These electronic devices have no equivalent in other
energy domains.

3.2.3. Subcircuits and Parameters in PSpice

In addition to these primitives, PSpice allows also to declamnasmble otircuit elements as a
subcircuit (prefixX). Subcircuits can be nested. Parameters can be passed without problems to the
subcircuits and to thdéower level subcircuits. Inthe definition of thesubcircuit (in thenetlist:
.SUBCKT), the default parameter valuase entered. If the parametdoes nobccur in the call to the
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subcircuit, the default parameter value is used. Tedinition for the a simple amplifiesubcircuit
(input node 1, output node 2) is:

.SUBCKT AMP 1 2 PARAMS: K=1

The call in the netlist is:
XAMP 1 2 AMP PARAMS: K=100

Subcircuits can be stored in a library. the netlist a reference is made to tiary, and the
subcircuits that aresed in the netlistreretrieved from thdibrary. Next to subcircuits, a library can
also contain primitive models (e.g. for diodes, transistors,...).

Global parameters can loefined with the keyword.PARAM”. Parameters can baefined as an
algebraic function of previouslgefined parameters. Parameters can be used in voltag&olled
sourceqonly with analog behavioural optiorfhr modelvalues (e.g. switch control voltages, resistor
values), and for initial conditions. Parameters can be sweptsimulation is performefibr different
values of the parameter, and all simulation results caloduked and easily compared in the post-
processor Probe.

3.3. Mechatronic Library

A hierarchical PSpice library haseen generated to extend thge of PSpice to multitechnical
devices. Thdibrary consists of mathematicalementsand electrical, electro-mechanical, mechanical
and hydraulic components. Table 3 shows the elements contained in the library.

3.3.1. Hierarchy, Parameters and Accuracy Levels

The library is constructed hierarchicallyte component modelre constructedrom lower level
models or phenomendhe basicphenomendor eachenergy domairare described by the built in
PSpice primitives (resistance, inductance, capacitance), or by voltage controlled sourcesddlbe
are parametrically.

sources electrical voltage and current sources (PSpice primitives, net supply)
mathematical input function: (step, impulse, ramp, PWL,...)
control task control : PID
power drive control: PWM, hysteretic current control, thyristor firing angle
power drives electrical :  diode and thyristor rectifiers, switch-mode converters, behavioural mgdels

MOSFET, BJT, thyristor gate drivers
hydraulical : valves
actuators electro-mechanical : DC-motors (permanent magnet, separately excited, shunt, series,
compound), brushless DC and AC motors, induction motors, synchronous motorg,
stepping motors, switched reluctance-motors, solenoids
hydraulical : pump (fixed and variable displacement), hydraulic motor, cylinders

transmission gears, rack and pinion, belt drives, chain, lead screw, friction drive, brake, clutch,
freewheel, cam, cardan, levers, pulleys
sSensors encoder, tachometer, potentiometer, current sensing resistor, accelerometer, synchyo,
resolver, LVDT, switch
mathematical Algebraic operations (+,-,*,/) and functions (abs, sqrt, sin,...), derivator, integrator, sample

and hold, first and second order transfer functions, second order filters, limit, dejay,
dead zone, relay, hysteresis, saturation, cubic curve segments, power calculations,
statistics, transformers, gyrators, variable impedances

electrical PSpice primitives and libraries
mechanical translational: mass, damper, spring, friction, gravity, coupling, contact, backlash
rotational: inertia, damper, spring, friction, coupling, shaft, contact, backlash
mixed translational/rotational: ret.trans., rolling (sliding), lever, unbalance
planar (linkages) : mass, spring, damper, point on object, rotational and translational joint
hydraulical pipes, tanks, accumulators, orifices, losses (leaks, bends), pressure relief valves

Table 3: Components in multitechnical library
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During the different phases of thlesign of a mechaonic productthe different models doot have
to be modelled athe sameaccuracylevel. Modelling of the components at the highesturacylevel
requires a lot of computing time, and also a large numbparm@metersyhich are not alwaysknown.
The model accuracy has to be adaptedth® design level. Thearious (often not yeselected)
componentgan bemodelledroughly, e.g. as idealement, during the initigphases of the design. To
check the influence of non-linear elements on the system behaviour, all the components that may have an
influence have to bodelledaccurately. Fomstance, during the design of the power drive inadion
control system, the power switch behaviour is of interest, and the mechanical load roadebied
ratherroughly (e.g.ignoring flexibility andbacklash). During thelesign ofe.g. the computer control
loop for positioning the load, calculation of the different power switch signals is not desiréngy do
not influence the motion of the loadsince they increase the computing time tremendotlibly.power
drive is themrmodelled on dunctional level,e.g. as a first ordesystem withoutput limits. In order to
verify the starting transients arttie influence of the ntor torque ripple orthe motion of thdoad, the
complete motion control system has to modelled accurately.

The libraryprovides therefore models &rious accuraclevels. Theaccuracylevel is indicated by
a numerathat isappendedfterthe model namde.g. GEARO, GEAR1, GEARZ2)level O is the most
simple (ideal) level, whereas levels2,... aremore complex modeld-or instance, the mostimple
model of agear pair (GEARO) is aideal transformer. Theore complex modelSEAR1 and GEAR2
include the inertia of the gears, damping, friction and backlash.

The different levelsire compatible with each other: all the parametheg areneededor the most
complex levelreturn inthe definition of the more ideal levels, although tlaegnot used there. The
default values of the parametexse chosenso, thatthey do not influence theodel if theyare not
defined (e.g. friction force 0, gain 1, initial velocity O, infinite limits,...).

While selecting a moraccurateamodel, the number ahput ports othe modelincreases, if thenore
accurate model describes the influence of a new time-dependent parameter.

Also the completenodelstructure carthange, since a behaviourabdelcan consist ofmore than
onephysical componentor instance, a power amplifier modelled athe behaviouralkevel as &irst
order system. At the physical level, the power amplifiedel consists ofone or moreconverters, the
drivers for the gate signals, the control algorithm for the switch signals and the power supply.

3.3.2. Scaling

PSpice works optimally in the range ®01C¢, which is the mostommonrage in electrical
engineering. In multitechnical systems, aditthe variablesare in this range. Fdnstance, hydraulic
systemsare characterised by large pressure vainethe order of 10- 1 Pa)and smallvolume flow
values, in Sl-units. To convert tlaetual values tahe PSpice range a scalifactor o is used. The
relation between the PSpice voltage and current values and the original values (for across aadable
through variable) is:

vV=—
) (8)

I =aq
The through variable idetermined with espect to a referencethich depends on the energy domain.
For instance, temperature can drmered in degrees Celsius and in Kelpressure can bentered as
absolute pressure or related to the atmospheric pressure.

The reference at which (e.g. temperature dependent) parametelbebawetermined, does rave
to correspond to the referenie the across variable. Ifthe across variable temperatureeistered in
Celsius, and the measuring referenceTiga.s =20°C, then the measuring temperature and the
temperaturedependencare passed as parameterghe subcircuit. Forinstance, in thenodel of a
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temperaturelependentesistorR=R meadkt(T-T meas), the temperaturdependenci; and the measuring
temperaturd neas have to be entered as parameters.

The scaling influences the values of the primitives (the index * indicatesathes, entered in
PSpice):

R:E:g_&’:gzﬂ 0 R’*:E2
q i/o [ o
_q _ ijo _1 i v~
C= = == 0 C =Co 9
da/dt odv/dt o° dv/dt ®)
| = Aa _ -O'AV _ g2 _Av 0 L*:Lz
dg/dt (di/dt)/o di/dt o

In the multitechnical library, scaling has only be included for hydraulics.

3.4. User Interface: The Schematic Editor

The multitechnical library consists of a large variety of models. This results in a large variety of sub-
circuit definitions (two-nodesubcircuits,four-node subircuits, mechanical, electrical and hydreai
inputs,...) and of subcircuit parameteFar efficient and error-freanodel entry, theuser interface
should be suclthat it gives theuser asmuch information as possible on thedelsand themodel
parameters. A graphicanvironment is therefore desired, in which tiger can pickhe component
modelfrom a menudraw theconnections between th@rious components, and enter thedel pa-
rameter values.

Schematic editors have begevelopedor graphical input oklectroniccircuits. The user can create
a schematic by retrieving the desired symbols from a librarycamaecting the symbol nodes with nets.
Commercial programs are available to convert these schematic to SPICE-netlists.

A small drawback of thisnethod is howevethat the userdoes not have direct control over the
sequence of the commands in the netlist. Jriaghicalmethod isalso not so suited to enter algebraic
expressions and tables. Duritige development of component models, whiohsist mostly of dew,
often non-linear blocks, it is therefore more affordable to create the netlist directly.

This sectionwill describe how a schematic editbas been customised to allow the design of
multitechnical systems.

3.4.1. WORKVIEW

WORKVIEW PLUS is the name of the open design environment from Viewlogic [55].
WORKVIEW PLUS is a CAE framework that conforms to CFI (CAD Framework Initiative) standards.
Tools can easily be encapsulated in the framework. WORKVHWS organises tools itoolboxes,
which consist of toolboxdrawers, which contain the differentools. At VTT Automation, the
environment ishoth available on PC and on SiBoth environmentgare compatible with each other.
The name of the Sun environment is Powerview.

In thestandarcenvironmentarious toolsare encapsulatetike the schematic editor ViewDraw, the
program SpiceLink, which generates netlists from the ViewDraw schematic, and the simulators PSpice.

ViewDraw is a Windowbased schematic editor fetectroniccircuits. The schematic generated
by picking symbols from é&ibrary, and byconnecting thgorts ofthe symbol(or pins)with nets. The
symbols can refer to primitives (voltage sourgesijstors,...), to subcircui(svhich are available in a
separate file or organised in a library), or to other schematics.
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3.4.2.Customisation

3.4.2.1.ViewDraw Symbol Library

For eachmodelfrom thelibrary, which hasbeen discussed in the previous section, a symbol has
been generated. The model parameters are added as attributes to the symbol. The attributes added to e.g.
the symbol of a (mathematical) amplifier symbol are:

PREFIX X

REFDES A? AMP
PINORDER IN OUT

ORDER MODS$ " PARAMS: " K=

MOD AMP

K 1 100

The firstcolumn gives the name of tlatribute,the second the definition valuésr default values
during the schematic entry), and the third column givesattibutesassigned by thaiser in the
schematic. SpiceLink builds the PSpice netlist command as follows from the attributes:

PREFIX-REFDES PINORDER ORDER
The meaning of the attributes is:

PREFIX: The first character on the line in the PSpice netlist (cf. P$pingtives) For the elements of
the library, which are all subcircuits, the prefix is alwXys

REFDES: The name of the object, which is attached to the prefix in the PSpice description file.

PINORDER: Indicates in which order thgins (connection pointr nets athe symbol) occur in the
PSpice netlist.

ORDER: Describes the format of tH&PICE subcircuit, aftethe nodenames.For the library models
this is always:

MODS$ " PARAMS: " PARAM_NAME=

The characte after MOD indicatesthat the word MOD is replaced by its attribute, the
character after PARAM_NAMEindicatesthat PARAM_NAME= iscopied into the netlist. The
text in betweeri " is also copied to the netlist. The following text appears hence in the netlist:

MODEL_NAMIPARAMS: PARAM_NAMEBEARAM_VALUE

MOD: Corresponds to theame of thesubcircuit in the multitechnicdibrary. For components for
which models have been provided at multipteuracylevels, the level number Bttached to the
name of thesubcircuit.Level O indicates always the ideal level, levielg,.. more complex levels.
The default value in the symbol is always the most complex level.

PARAM_NAME : Corresponds to theame of a modgbarameter. In theymbol definition, the
default values occur. The default values @nesenso, that, ifthey are omitted, they do not
influence themodel(e.g. friction value 0, gain 1, initialelocity O, infinitelimits,...). In this way,
the modelsare compatible with the lower (ideadjccuracylevels. The parametetisat areincluded
arethe parameterfor the highestccuracylevel (most complex), andre not always used by the
lower accuracylevels. They occuhowever in theisubcircuitdefinition, to avoidsyntax errors in
PSpice.

3.4.2.2 ViewDraw Menu Customisation

To thestandardmenustructure of ViewDraw, anenufor including mechatronic components has
been added. Fig. 21 shows a detail of the menu.
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Add Comp

Command Lib Mechatronics, PSpice commands (.tran, .ac, .param, .options, .probe, .step, .lib,...)
Probe Voltage & Current Probe, Bus Element (X-velo.,...,X-pos.,...), Terminals

Ground Electrical, Mechanical, Hydraulical

Source Mathematical input functiongstep, impulse, ramp, constangopurces for Through and

Across Variables (Constant, Sine, Pulse, PWL; dependent sources)

Control
Task Control PID (PI, limited PI, PD, P)
Power Drive Control: PWM, Hysteretic Current Control, Thyristor Fire Angle

Power Drives
Electrical Behavioural models (voltage controlled, current controlled, frequency controlled)
Convertersline frequency converters (1-phaaad 3-phase diode and thyristor rectifiers),
switch-mode converters (1-quadrant, 2-quadrant, 4-quadrant DC/1-phase and 3-phase)
Gate drivers: MOSFET, BJT, thyristor gate drivers
Hydraulical ~four-way valves

Actuators
Electro-Mech.Behavioural models (motor +power controller)
DC-motors(PM, series, shuntompound, separatebxcited, brushless), inductianotors
(3ph., 1ph), synchronous motors (field wound, PM), stepping motors (PM, VR), SR-motors
solenoids
Hydraulical Pumps & Hydraulic motors (fixed and variable displacement), Cylinders

Transmission Gears, Belt drives (flat, \synchronous)Chain, Lead Screvpall screw), Friction Drive,
Brake, Clutch, Freewheel, Cam, Cardan, Lever, Pulley

Sensor Encoder, Tacho, Potentiometer, Current sensing resistor, Accelerometer, Vibrometer,
Synchro, Resolver, LVDT, Switch

Mathematical Gain, +, -, *, /, abs, sign, sgrHarmonics, Powers, expog, Integration, Derivation,
Extrema, Sample & Hold, Transfer Functiqdst order, 2nd ordepole/zero, filters)Non-
Linear (Delay, Limit, Dead zone, Relay, Table, Saturation, Cubics), Unit Conversions,
Power Calculations, Statistics (max, min, mean, RMS).
Variable Impedances, Transformers, Gyrat&fficiency, Timedependent switches, initial
values

Electrical R, L, C, opamp, diode, thyristor, MOSFET, call ViewDraw analog menu

Mechanical
Translational Load, Mass (gravity, feedstock), Damper, Spring, Friction, Coupling, Position, Contact
(limits, backlash, lock)
Rotational idem as translational
Mixed Roll, Unbalance
Planar Mass, Spring, Damper, Point on Object, Rot. Joint, Transl. Joint, Rot.+Transl. Joint
Planar bus idem as Planar

Hydraulical Pipe, Tanklosses(leak, bendconnector), Orifice (fixed, variableéhrottle), Accumulator
(gas, spring), Pressure Relief Valve, Pos. Pressure element

Figure 19: Menu Structure

The highest levels dhis menustructure areshown in Fig. 19. Dialogue boxaseused to enter the
model parameters anthe model accuracylevel. Fig. 20 showdiow a separately excited motor is
entered in the schematic editor, in the netlist and in the multitechnical library.
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Schematic
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Netlist

.)-(.MOT Al A2 F1 F2 W 0 DCSE1 PARAMS: RA=.0125 LA=.008 KE=.38 KT=.38
+ JM=.002 BM=1N WM=15M W0=0 IFSAT=10 LFSAT=.6M DI=.2 RF=3.7 LF=.25
XJ W MASS PARAMS: M=.02

:LIB "mecano.lib"

Definition of the subcircuit in the multitechnical library:

.SUBCKT DCSE1 123456 PARAMS: Ra=5.5 La=6.2M ...
model name (+ level) nodes parameter names
level 1 = linear + default values

level 2 = saturation
Figure 20: Separately Excited DC-motor in schematic editor, netlist and library

3.4.3. Nets and Buses

The different components of the multitechnical systeresconnected by nets dsuses. A net
between two sytmls corresponds to @mmon node inhe SPICE-netlist. Aus is an array afiets,
and is normallyonly used in digital electronics. Theye however veryuseful forlinking components
that have large number of similar nodes.

Buses araised in the mechatroniibrary for planarmechanics, and fdhe gate signals in switch-
mode and thyristor power converters.
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CHAPTER 4.

MULTITECHNICAL MODELLING

Table 2gives an overview of the relation between the electric poagables and the variables in
the other technologies. Table 4 gives the basic electric primitives in the various energy domains.

Electrical Mechanical Fluidic
translational rotational
voltage source\) velocity source (v) velocity sourced) pressure source (p)
current sourcel § force source (F) torque source (T) flow source (Q)
resistor R) damping (b) rot. damping (b) fluidic resistance
capacitancey) mass (m) inertia(J) tank
inductancel() spring (k) rotational spring(k) fluidic inertia
ideal diode D) ((cable)) freewheel ideal relief valve
ideal switch §) ((contact)) ((contact)) ideal on-off valve

Table 4: Electric primitives in the different energy domains

4.1.Mathematical Model Building

Most mathematicahodels, whichareincluded in thdibrary, are blockslike integrators, derivators,
algebraic functions, transfer functions, limiters,... The mathematical library contains fuotipding
element models and variable impedances.

4.1.1.Block diagrams

The definition of blocks allows to ustSpice forthe functional design level. Thoaitput ofthe block
is only function of thenput and a set of internal state variables. The input and outpetlance are
infinite. Infinite impedancesan be created byopying voltages over voltage controlledurces. For
instance, the subcircuit for an amplification is:

.subckt amp 1 2 params: K=1 ; subcircuit definition (amplification)
rn101T ; input impedance (1e12)

ecopy 101 0 value={K*v(1)} ; copy and amplify input voltage

routl 101 2 1f ; small resistor to avoid voltage loops
rout220 1T ; output impedance (1e12)

.ends

For most of the blocks equivalent electric circuits or SPICE models can be found in literature [5].

4.1.2.Coupling elements

Pure coupling elements are elements which neither store nor dissipate batsgyply transform it
from oneform to another [20]. In a pure two-padupling element thpower at both sides is the same,
or: izvi=i,vo.  Coupling elementsare essential formodelling power transmission components and
actuators, where energy is transformed from one energy domain to another.

An ideal transformer is a two-port couplingelement, in which the voltages hoth sides are
proportional to each other:

v, = Ky,
A (10)
i, —Ell
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A transformer is modelled by two voltage controlled current sources, one in the primary loop and one
in the secondary loop [5].

Lossy transformer. At the conceptual level, losses are characterised by entering the efficiency of the
power transmission, and is expressed as a percentage of the global power. ¢dasesshe of the
power variables is correctly transmitted (e.g. ¥bdcity in agear pair),and the losses occur in the
other power variable (e.g. the torque in a gmr). The efficiencycan be represented oy for the
through variable ang, for the across variable:

v, =1, Ky
1, = i| (11)
2=t

If the gainK of the transformer is not constahtt depends on an externaariable, thecoupling
element is called mmodulated transformer. [12].

For anideal gyrator the voltage at the secondayd isproportional with the current through the
primary circuit:

v, = Ki,
o1 (12)
I, _']Z_Vl

The gyrator is modelled by two current controlled voltage sources.

4.1.3.Variable Impedances

Non-linearities can often bmodelled bythe use of non-linear impedances. Tasistors, inductors
and capacitors used by PSpare however alvays constant. In this section timedelling of non-linear
impedances is described. The value of the impedance equals always a reference value mitittiplied
the voltage between two control nodes.

Variable ResistancesA non-linear resistancB can bemodelled by acontrolled voltage source. The
value of the voltage source equals #ual value of the resistancB=Re*Ve (With Res @
reference resistor angy, the voltage over the control nodes), multiplied withabeenti through
the circuit:

.subckt rvar 101 102 201 202 params: rref=1; 101 102: power nodes
; 201 202: control nodes

rin 201 202 1T ; input resistance for control nodes
eout 101 106 value={Rref*i(vsense]*v(201,202)} ; multiply current with Vctrl
vsense 106 102 0 ; sense output current

.ends

Variable Inductances can bedefined in twoways:v=Ldi/dt (LVAR) andv=d(Li)/dt) (LVARX). The
schematic is the same for both definitions (Fig. 22), but the values for the controlled sources differ.

For LVAR, the current is sent through a reference indudiq¥, a voltage equal to the product
of the voltage drop over the inductor and the control voltageis then placed between the output
nodes.For LVARX, the product of the curremtand the control voltage., is sent through the
reference inductdt,s; the voltage drop over the reference inductor is copied over the output nodes.
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Figure 22: Schematics for the variable inductance

o di di d(Li)  d(Le Vi) d (Ve 1)
V= La - Lrefvctrl a v= dt = dt - Lref dt
.subckt lvar 1 2 3 4 params: Lref=1 .subckt lvarx 12 3 4 params: Iref=1
rin 341G ; input resistance rin 341G ; input resistance
111 0 {Lref} ) 111 0 {Iref}
gcopy 0 11 value={i(vsense)} gcopy 0 11 value={i(vsense)*V(201,202)}
eout 1 6 value={v(3,4)*v(11)} ) eout161101 : copy VZ to Vout
vsense 6 20 ; sense iout vsense 6 20 ; sense iout
.ends .ends

Variable Capacitances A variable capacitance can also Hefined in twoways: i=Cdv/dt and
i=d (Cv)/dt.

4.1.4.Equation Solution
Algebraic Equations The program PSpice can be useddlvealgebraic equations, by application of a
VCCS. The netlist for the equatiercos§)=0 is:

g 0 x value={v(x)-cos(v(x))}
rox 1T

The VCCS applies a currenthich is function of the voltage over tlwaitput nodes of the
VCCS. The large resistance pushes the current to zero. The result can be obtained i@s the
point calculation. If the equation is written in explicit forrs{(x)), an alternative model is:

g 0 x value={cos(v(x))}
rox1

The current through the resistor and the VCCS should then be eae) to since the value of
the resistor is Q.

Systems of Algebraic Equationscan bemodelled by defining @et of electric circuits, all ofvhich
consist of a VCCS, and large resistanedsch push the current to zero. As an examplsystem
with two equationsxt+y=1 andxy=1) can be modelled as:

gx 0 x value={v(x)+v(y]-1}
rx0x1T

gy 0y value={v(x)*v(y)-1}
ryoy 1T

Differential Equations (in explicit form) can be solved, lghanging theesistor (in the explicit form of
the algebraic equation) by eapacitor of 1 Farad. Fdnstance, the equatiodx/dt=4x-2 is

modelled as:
g 0 x value={4*v(x)-2}
cOx1lic=1 ; capacitor with initial conditions.
rox 1T ; large resistor to avoid floating nodes

For Integral Equations (in explicit form) the capacitor has to be replaced by an inductance of 1 Henry.
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4.2. Modelling of mechanical systems

4.2.1.Translational mechanics

In translational mechanics, the across variable is the translatiEloeity v and the through variable
the forceF (cf. Table 2).

Mass The law of Newton for translational motion is:
F=——~ (13)

In mostcasesthe massnis constant, and the law dlewton is:F=m*dv/dt. The electric analog of
a mass is a capacitan€=m. A variable mass, e.g. &uel tank, is represented by a variable
capacitance. In some mod@savity is added as a constant current source, proportional to the mass.

Spring. The force in a spring igivenby: F=kx=k[vdt The electric analog of a spring is an inductance
L=1/k. If initial conditions on the positioare applied, it ihowever moreppropriate to represent
the spring by a position controlled fordéis methodallows alsamore easily to include non-linear
springs.

Damping. The force in a damper iB=bv. This corresponds to a resistarftel/b.

Friction. Friction cannot be represented easily by electric primitives, and requires behavioural
modelling. The friction forcebetween two objectsonsists of three componentghich depend on
the relative velocity, between the objects (Fig. 23): the viscous friciidxby;, the kinetic friction
force W, =Wsign{;), and the static frictiolV;, which only occurs at zero velocity.

The discontinuous functions faY, andW; areextremely difficult to handle bgimulators, and
are therefore approximated bgiecewise linear functions, which have a smalnp near the
discontinuity. Friction ismodelled bytwo tables anane mathematical expression in PSpice (Fig.
23}

The static friction forcéW is
however often not taken into
account. The library contains two
friction models: FRICT1, which
models only kineticfriction, and
FRICT2 that models viscous,
kinetic and static friction. The SUBSKTFRICT2 12 PARAMS: =0 1is=0 b=0
friction model FRICTL1 returns in E2 80 TABLE {V(1,2)}=(-2M 0) (-.1M -1) (.1M 1) (.2M 0)
many mechanical models t w1 2112TVALUE = {WHV(7)+(Ws-W)*V(8)+b*v(1,2)}
determine friction lossesnd to R1 701T
check relative motion: the friction_REzNDssO o
force is the maximum forcé¢hat
can be transmittedetween two
objects; if the force is smaller than
the maximunforce, no relativanotion occursbetween th@bjects. The kinetic friction is evaluated
in function ofVVOvr: the termW’ is added tadiscard the evaluation of thabularfunction if the
friction forceW equals 0, what happens often in hierarchicadlels wherdriction is included as a
parameter in thenodel. The kinetic friction forcecan beentered as a constant fordé or by a

friction coefficienty.

Figure 23: PSpice model of stick-slip friction

Contacts Two models are provided for contacts: a rigid contact and a flexible contact.

The rigid model is modelled as position controlled switch and a diode.cAntact caronly
exert pressure and no tensiarhich can bemodelled by a diodeThis approach causd®mwever
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sudden velocityjumps, and thudnfinite accelerations. A disadvantage hewever that the
combination of diode and switch easily causes convergence errors.

The flexibility of the switch ignodelled by aspring withlimited length, damping, friction and
mass. The contact is only active if the spring is pressed.

Backlash. Many authorsmodel backlash byopening or closing a switch in function of the relative
position of the two objects. Thisiodel isnot correct: the switches also allow passnegative
forces (i.e. a tensional force on the contagljich is not possible. dacklash ignodelled by two
contacts. Two models have been provided: one for rigid backlash and one for flexible backlash.

A General Load consists of a masslamping and frictionThis model isalmost always called if a
mechanical component is included (e.g. the rotor in a motor, the piston in a hydraulic cylinder).

4.2.2.Rotational mechanics

For rotational mechanics, the across variable is the rotatrelwality « and the through variable the
torque T (cf. Table 2). Due tdhe analogy betweerotational and translational systems, g@me
models as for translational mechanics can be used.

4.2.3.Planar mechanics

The analog circuit simulator can also be used to simulatentht®n of mechanisms. General
purposemechanismanalysis programs perform advanced manipulations on the sysjeometrical
description to obtain an optimal set of equatiddBICE use®nly nodeequations to catruct the
system's equations, $bat only a simpleCartesianmodelcan be used tmodel planarmechanisms.
This method isnot so computer-efficienbut complete simulation of the systemm$pice allows to in-
vestigate e.g. the influence of actuator transients on the mechanism motion.

For the simulation of glanarmechanism, followindgasicmodels have been developed: gianar
motion of themass centre an object,naodelfor relating forces andelocities in a point to the forces
and velocities of the mass centre, and models for rotational and translational joints.

Mass For a massnoving in aplane, thregnotionlaws (Eq. 13) argenerated. Thmotion of themass
centre ismodelled bythree electrical circuitsgnefor eachvelocity component. The voltage in each
of these nets corresponds to the absolute velocity component. Gravity is included.

Position The velocity componentare integrated to obtain the position components. The foetthe
position components do however tr@nsportenergy. The position components may theredorg
be used as function values in controlled sources.

Motion of a point on an objectA point P on the object is characterised by the coordinxeﬁg% with
respect to the coordinate system attached to the mass [deatrne object. The absolute position
of this pointP is given by:

X X X X coh -sind||X

Yol [Yul [Yool [Yu] Lsin® cod | [V,
with Xy Yy andxe,yp the absolutgosition components aésp.the mass centrél and the poinP,
X,Yp the position components of pofdtin a coordinate system attached to the mass cehéned

0 the angle of the object's local coordinate system with respect to the global coordinate system. The
translational velocity componentsiequal:

VP,X = VM,x -—w yp,e (15)
Vey = Viy W X6 (16)

with v, ..y, y the absoluteelocity of themass centrél and the rotationalelocity of the object.
The contributionT,,, of the forces{; andY; and the torqué; in P to the torque in the massntre
Mis:
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Twe = To = Xp Yoo T Yo X (7)

Equations (15), (16) and (17) arquivalent to a combation of two transformers with variable
ratio: one between the electric circuit for the rotation and the cfaruihe x-direction with as ratio
-Y, ¢ @nd one between the circuit for the rotation and the circuit for-theection with as ratiax, 5

Rotational Planar Joint In a rotational plangjoint (or pin), the translationavelocity components at
both sides equal (what corresponds to a didcbetween the twaircuits), and the torque igero
(what corresponds to a velmgh impedance to the groundladth sides). Macimodels havéoeen
generatedor the rotational camection between twparts,combiningboth the rotational joint and
the transformatiotetween thenass centres and tleennection point. A more complexodel of
the pin joint includes joint damping and friction.

Translational Planar Joint In a translational joint, imvhich a fixed point opart 2moves inpart 1, the
following relations yield between the velocity components:

Vorx = Vpox T Vi Cos-(el +0 s) (18)
Vory = Vpoy T VrSin(91+es) (19)

with 81 the angle opart 1,64 the angle of the slider with respect to the local coordinate system in
part 1, andy, the relative velocity. In a frictionless slider, the force along the slider is zero, or:

0=F =X,co46,+6,)+Y, sir(6,+6) (20)

Equations (18), (19) and (20) are equivalent to two transformers with variableayersetween a
circuit, which represents the relative motion, and ttiecuit for the x-motion with asratio
cog0, +0,), andone between theircuit for the relative motiorand the circuifor the y-motion
with as ratiosin@, +96.).

Initial Velocity If, for a mechanism with one degree of freedom,itfiial velocity of the driver differs
from zero, all the initialzelocities ofall mass centres (translational and rotational) shoaichally
be entered. To avoid this, an initie¢locity componenhas been generated, whichpplies the
desired initial velocity during a smadtarting period (e.g. us or 1 ms). The initiaVelocity is
applied by a constant voltage source over a swittlich is openedfter the starting period, and
does not influence the calculations afterwards.

The use of buses in the Schematic Editarhe modelsfor planarmechanics have many nodes, e.g. for
a translational joint, the- andy-translationalelocity components and thietationalvelocity and
position of the mass centre of bgplarts arerequired. The resulting schematic forsemple
mechanism consists of a large number of nets, so that connection errors can be easily made.

Through the use dfusesthe schematidor planarmechanic systems becomes much simpler.
The dimension of théus is 6:x-position,y-position, rotational velocityx-position, y-position and
rotational positionFor each subcircuit foplanarmechanics, a subcircuitas beenbuilt, which
converts the bus-format of the subcircuit to the oridibaary format. Bus coponents, which are
not used in the originasubcircuit, are,connected over a verarge impedance to ground or
connected to equivalertus components at other inpyorts. Position component nets do not
transmit power. The position componeai® alwaysconsidered asnput, except forthe mass
model (which gives the position of the mass centre) and for the point on object model.

4.2.4. Mixed Rotational-Translational

Mixed Rotational-Translational systems haoree translational andne rotational componentike
rolls, and can be treated as special cases of planar mechanisms.

Rolls An ideal roll is a transformer from rotational to translationgd|-Vpasis-R&roll, With Vi)
anduyq) the translational and rotatiomatlocity of the roll centre, and,5gjsthe velocity of the
reference. A higher levehodelincludes slippage: slippagecurs if the forcdoetween the roll and
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the reference at the contact point is larger than the maximaunsmittable friction. At slippage, the
velocity of thecontact pointwill differ from the velocity of the reference, aodly the maximum
friction force is transmitted.

Unbalance Due to unbalances of rotors, vibrations are passébetdrame on which the system is
mounted. The unbalancedgfined as anasswhich is added eccentrically to thaetor. The force
that is passed tthe system frameajepends on the position of thator. An unbalance is special
case of theplanarmechanicamodel“point on an object” (the centric rotating disk). The “point on
the object” is the unbalanc&here an additionahass is added®nly 1 velocity component is used
(the system is supposed to be very stiff in the other directidghasmopower is transmitted). The
unbalance transforms the rotatiegergy of themass to vibratioenergy of the motosupport, and
is modelled as transformer (cf. Eq. (15) and Eq. (17)).

4.2.5. Transmission

The ideal power transmissia@iement is apure coupling element, since no power is dissipated.
Models have been provided at three levels: leveb®esponds to an ideal couplietement, level 1
includes inertia and joint friction, and level 2 other non-linear effects.

Gears.An ideal gear is a transformer, with r@sio k=(wo-trep/(61-Wref)=-N1/N2, With n1 the number
of teeth of thdirst gear. This isvalid for all kinds of gearsspur gearsepicyclicalgears,helical
gears, rack and pinion,Models have been providddr gearswith fixed axes and for planetary
gears. More advanced models include gear inertia, friction and backlash.

The Friction Drive is equivalent to gyear. Slippage occurs the driving torque idarger than the
maximum friction force.

Lead Screwstransmit a rotation to a translation, with r@sio k=vo/uwq=p/2m, with p the pitch per
round. A distinction is made between conventional screws and ball screws.

The higherevel modeffor the normal screws includes the friction in the screhich depends
on the motion directioand the geometry of treerew. The tangential forde, equals, in function
of the driving momentq [16]:

_2m +pp'sign(v,)
p—2mmy'sign(v,)

with p' the friction coefficienty the screw radius, ang the translational velocity.

F, T (21)

For ball screws a constafriction force is taken. A preload is includeshich aims to avoid
backlash [54]. The total friction force becomes:

W=W+u( K+ F) (22)

with W; the translational friction force in the joirkty the normal force ankipre the preload.

Belt drives. An ideal belt drive is a transformer with esio k=wpw1=r1/ro, with rq theradius of the
first pulley. At belt drives, slippage can occur if ttheving torque islarger than themaximum
torque transmitted by friction. The friction along the belt is derived from the equatEythafiwein
[16]:

F-F

F,-F,

=g with F =pAV = gV (23)

with F1 andF» the force acting along the belt sidBshearc ofcontact,u the friction coefficient,

Fs the centrifugal force, witlyy the mass per uniength for the belt. Two possible pretension
methods have been includedc@nstant force at the slack side, and pretensioning by adjustment of
the centre distance. Models hadveen developetbr flat belts, for V-belts and fosynchronous
belts.
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The model of synchronous belts is based on the chaodel, since no slippagean occur.
Synchronous belts can also be used for transmission of rotational to translatiergy. A
translational node and load have been included in the model.

Chains are analogous to beltbut noslippage can occur. Th@odel includes the flexibility of the
chain. A model has also been included which models the polygon[égct

Clutchesare modelled by two inertia, in between which a friction force is applied.
Brakes are a special case of clutches, where one inertia corresponds to the fixed frame.

Freewheelsarethe equivalent of diodes. In oa&ection, they transmit only a small frictisarque, in
the other direction a large torque can be transmitted.

Camsldeal cams are modulated transformers. In most cases the paasgerées not zero, and the total
driving torque is not transmitted to the follower. The canodel calls two external tables (or
algebraic functions): thirst for the velocity of the follower in function of the position of the cam
(at unit cam speed) (i.e. the derivattsddd with x the position of the follower arfdithe position of
the master; theecondablegives the relation between tt@rquedelivered by thenaster and the
force on the follower (which depends on fxessureangle and thanomentarm). PSpice has
however problems with rotating cams: these cams are described by tables il vdriels between
0 and 2t PSpice camowever not jump fronene endrom a table to another end, without passing
through all the other elements, what is needed at the crogsihg 2

Cardans allow to pass the rotation to non-aligned shafts. The rotation speedouitphe shafdepends
on the angular positiody of the input shaft [16]:

W, _ cosu
w, 1-sin’@, sira

(24)

with a the angle between the two shafts.

Levers convert a rotation to a translation. If the rotati@re small,the lever corresponds to a
transformer with fixedatio. Models with fixed andnoving pivot have been providedhe models
are only valid for small rotations; for larger rotations, the planar mechanics models must be used.

Pulley. The ideal pulley reverses the sign of the velocity (relative to the motion of the axis of the pulley).
Models have been provided with fixemoving and drivenaxis. If the force between the belt or
cable and the pulley is larger than the allowable friction, slippagars. Themaximum friction
force is derived from the equation of Eythelwein (Eq. 23).

4.3. Electro-mechanical and magnetic systems

Electro-mechanical systems convert energy from the electric to the mechanic energy domain. In most
casesgenergy istransferred in two stepgirst from electric to magnetic, and then from magnetic to
mechanic. In the magnetic system #wross variable ithe magnetomotive force and the through

variable the flux ratel@/dt.

4.3.1. Magnetic elements

Reluctance The only elementthat occurs inmagnetic systems is the magnetic matemdijch is
characterised by its reluctange’/@, which is - if the material is not saturated - constant.
I I
= — p=
I"lA p-ol'lr A

0= 49 (25)
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with # the reluctancd,the path lengthi the section ang the permeability|(o the permeability

of air, andy, the relative permeability)ln the electric-magnetic equivalence, the reluctance
corresponds to a capacitér1/, since it is theatio between thecross variable arithe integral

of the through variable.

Permanent Magnet Materialsare, in a first approximation, treated as elements that generate a constant

flux @ (the flux rate is thus zerwshich is the same as a grougldmentor an electric circuit and a
fixed point in translational mechanics).

HysteresisTo modelthe saturation othe core, and the losses due to hysteresisnduel ofChua and
Stromsmoe [4] is used. In this model, the hysteresis is described by a differential equation:

do(t) _

o gl At) - f ()] (26)
which can be rewritten as :
A= g'{‘;—‘f} f (@ @7)

This equation can be transformed into an electric circuit: the fungtiorcorresponds to éon-
linear) resistance, and the functidn* to a non-linear capacitance (in series with the resistance).
The capacitancmodels the energstored in the magnetic field, the resistance the hysteresis losses.
Both the resistance and the inductance are modelled by a cubic curve in the PSpice model.

Electro-magnetical Conversion The elementthat converts energy from the electr@rcuit to the
magnetic system is gyrator. Theelectric circuit generates magnetomotive forcé=Ni in the

magnetic systemThe magnetic system generates in the elecitguit a back e.m.f. voltag&hich
equals:

dy do
=—T =N 28
¢ dt dt (28)

with y=N@the flux linkage, antl the number of windings per stator pole.

Magneto-mechanical ConversioriThe energy in thgap isconvertedpartly tomechanical energy, and

partly byincreasing the magnetic field energy in tpp. The totaknergy in thegap (magnetic
coenergy) equals [9,13]:

J W 0y 0) 47 (29)

with 42, the magnetomotive force over thg gap,which depends on the positi@nof therotor.

The torque, produced by the rotating magnetic field, equals fattial derivative of the magnetic
coenergy with respect to the angle [9]:

T 6V\/gap T 6V\/gap 30
= or =
g 00 g 00 (30)
@=const £ap=const

Electro-mechanical ConversionThe inductancé is defined as theatio between thdlux linkage (s
and the input current and depends generally on tfwdor angle®, and the currerit(in the case of
saturation). Eq. (28) becomes for a linear systemL(iiedependent af:
dp(i,6) oy di oy do i d L©O) dL

V,=———=——+_——=L0O LO) - +i——(w —w,)31

g dt oi dt 00 dt () do (' ) ()dt de( )( )

The firstterm in Eg. (31) isthe self-inductance, the second term is blaek e.m.f. Eq. (30)
become$29]:
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i D
M, aJo( 5,0)d 5, ] a{Nl L(6)id (Ni) ] aaL(e)‘d‘ 1 iz due)

90 99 99 99 T2 do

The dependence of thimductance on the position increases the simulatiioe for motors
operating at high velocities. In mangses, osition-independent motonodelcanthen be chosen
(e.g. a permanent magnet DC-motor model).

(32)

Behavioural modelIn manycases, not athe parameters tmodelthe motorare available. Thenodels
thathave been developédr e.g. stepper motorsjodeleach electric phase separately, and contain
position-dependent inductanceBhis makes simulation very slow. To speed up simulation,
behavioural models are used, which use parameters, that can be retrieved from catalogues.

The motor is boughtombined with the poweamplifier, allowing to operate the control the
torque between a minimal and a maximum torqumodlelhasbeen developefibr the combination
of motor and amplifier, with an inpuibdefor the desired velocity and two mechanical nodes.
The model uses a PI controller to calculate the desired torque and limiteutpet torque,
according to a maximum torgue-velocity relation.

4.3.2. DC-motors

In DC motors, the orientation of the magnetic fieldasstant with respect to tiséator. Inthis case,
the torque can bderived from the force on @onductorwhich carries a current, in a magnetic field
[11]: F=Bilgf, with B=@/A the flux density antk¢s the effective length of the conductor. The tordge
which is developed in the motor, equals hence:

T,=CU i, (33)

with Kt the torque constant,factor thatdepends on the design of the motprtherotor flux linkage,
andig the armature current.

The back-e.m.f. (electromotoric force) voltage in a conductor, which moves with a veltioibugh
a magnetic field, equals [1NemFBVlefs. For the armature windings in the DC-motor, this becomes:

Vemf = Cqu (00 r W s) (34)

with Kg the voltage constani, the rotational/elocity of therotor andwg the rotationalvelocity of the
stator frame.

Separately Excited DC-motor.The equations for a separatelycited DC-motor, includingjeld satu-
ration, are [19]:

_ oL dwd) o dwi) di
Vf - Rf If + dt - Rf If + dlf dt (35)
V,=Ri+ La%me(oor —w )y (36)
TI :Ctial‘lJ _|:Jm d;:r + bm((’or _ws) + Tfric:| (37)

with Vt the field voltageyV the armature voltageT| the torque at the motshaft, ) the magnetic
flux linkage,ig thearmature currenty, andug resp.therotor andstatorvelocity, Ry andRs resp.
the armature andhe field resitance,Ly the armature inductancel, the rotor inertia, by, the
damping coefficient, an@irjc =WmpsSign(-«g) the friction torque between the rotor and stator.

If the magneticircuit is notsaturatedthe fluxlinkage is proportional to théield currentis:
Y=Lsit, with L5 the field inductance. Eq. (35), (36) and (37) are then simplified to:
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Vf:Rfif*'I-fdi (38)
_ dt

V, =R+ La% +K (0, —w)i, (39)

do,

TI = Ktiaif _|:‘]m +bm(oor _ws) + Tfric:| (40)

with Ke=Cgl t the back-emf constant akg=CiL+ the torque constant. Kg andK; equal, all
the electrical power is converted to mechanical power. By méisgnaller tharKg, losses in the

XARM.

XFIELD.

XROTOR.
GCTRQ
== E )

VIF.
?m
: DCSE-
XM.
- L XD.
— —
WINDING. ﬁv

MASS. DAMPER. FRICT.
Fig. 24: Schematics for the separately excited DC-motor model and its subcircuits

* DCSE : separately excited shunt DC-motor
.subckt DCSE 1 2 345 6 PARAMS: Ra=1f La=1f RF=1f
+ LF=1f Ke=1 Kt=1 Jm=1f Bm=1f Wm=0 w0=0

Xarm 1 107 WINDING PARAMS: r={ra} |={la} ;arm. winding

EMF 107 105 value={ke*V(5,6)*I(VIF)} ; back-emf

VIA 105 2 dc=0 ; arm. current
XFIELD 3 201 WINDING PARAMS: R={rF} I={IF} ; field winding

VIF 201 4 dc=0 ; field current
GTRQ 6 5 value={Kt*i(vIA)*I(vif)} ; motor torque
XROTOR 5 6 LOAD PARAMS: m={Jm} B={Bm} w={Wm} vO0={wO0}

.ends

.subckt WINDING 1 2 PARAMS: R=1ohm L=1mH
R 1101 {R}

L 101 2 {L}

.ends

.subckt LOAD 1 2 PARAMS: m=1 b=1n w=0 v0=0
XM 1 MASS PARAMS: m={m} vO={v0}

XD 1 2 DAMPER PARAMS: b={b}

XW 1 2 FRICT PARAMS: w={w}

.ends

.SUBCKT MASS 1 PARAMS: m=1 v0=0

C 1 0 {m} ic={v0}

RC 101 0 1lel2

.SUBCKT DAMPER 1 2 PARAMS: B=1
R12{1/B}

.SUBCKT FRICT 1 2 PARAMS: W=0

rinl121el2

ESIGN 111 0 TABLE {V(1,2)*pwr(w,0)}= (-.1m -1) (.1m 1)
RE11101

GFRIC 1 2 VALUE = {W * V(111)}

.ENDS

Fig. 25: Netlist for the separately excited DC-motor model



power conversion can be modelled.

Fig. 24 shows the schematic and Fig. 25 the ndtisthe PSpicemodel ofthe separately
excited DC-motor and the submodels. Thedels of theactuators alwaysiclude a model of the
electrical subsystem (the field aadmaturewindings), a power conversigrart,and a mechanical
subsystem (the load). The electromotive forceniglelled by avoltage controlled voltage source
and the generated torque bycarrentcontrolledcurrent source. Fdpoth the windings and the
mechanical load lower level models are provided.

V.l

If the machine is operatingear rated load, the linea’
model isnot valid anymore, due teaturation ofthe mag- I
netic field. The fluxlinkage Y is then modelled as a ‘fsat
(parabolic) blended piecewisdéinear function of thefield
currentis (Fig. 26). The expressions fehe controlled
sources in the power conversigart areadapted. The
derivative of the fluxinkage in Eq(35) is modelled as a
variable inductance (which is a function of fiedd current Lf
if).

In a Shunt DC-motor the same voltage is applied over th ‘ >
armature andhe field winding. Themodel istherefore the
same as thenodel ofthe separately excited motor, except,;igure 26: Saturation of magnetic
that it has only two electric terminals.

field for a permanent magnet DC-

Series DC-motorin a series DC-motor, thesld winding is in motor
series with the armature winding, so the field current equals
to the armature current. Eq. (33) and (34) become (for the non-saturated case) :

Tg = C[ian(ia) = Ktii (41)
Vemf:Cel‘IJ(wr_ws): Kej a(w r_wg (42)

The PSpice model is analogous to the model of the shunt and the separately excited DC-motor.

Compound DC motors. The flux in acompound DC-motor is generated both ishaintwinding, and
in winding in series with the armature winding. Eq. (33) and l{@dpme :

Ty = Gl(Wg +0..) (43)
Vemf = Ce(quh + l‘IJSe)(wr - ws) (44)

Permanent magnetDC-motors. For apermanent magnet DC-motor, treor flux ¢ is constant, and
the torquehence onlyfunction of the current through theindings. The equationfr a motor,
including winding losses and mechanical losses, are [9]:

V:Rdia+ La%+vemf Vemf: Ke(wr_ws)
B doo, with T, = Kii, (45)
Tl B T - Jm dt +bm(00r _w5)+ Tfric Tfric :V\ASign(wr _005)

9

Brushless DC-motorshave a permanent magnet rotor and a sadiator [29].The back-e.m.fvoltage
and the generated torgaee function of the position, and can be approximated by a sinusoidal
function [40]. The back-e.m.f. in theh phase and the torque generated by-thghase are:
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Vemf,j = Ke(wr_ws)Sin(nQ_ (J _1)2_]-[)
P (46)

with ng the number of north poles on teetor,p the number of phases, apsl..p the phase
number. A PSpicenodelfor a 3-phase brushless DC-motor teen developed, which includes
armature losses andechanical lossetike the other motor model3he mutual inductance of the
phases has been included. This motor needs also a commutator model.

4.3.3. Stepping Motors and Switched Reluctance Motors

Models have been developéa Permanent MagnéPM) and Variable Reluctance (VR)epping
motors, and for Switched Reluctance (SR) motors. SR-motors need feedback, stepping motors not.

Permanent MagnetStepping motorshave a round permanent magrabr and a salierdtator (with
concentrated windings). The back-e.m.f. injtie phase and the torque generated by-thephase
are:

Vemf,j = Ke(wr_ws)Sin de_ (J _1))\)

T,; =—Ki sinp(®-(j—1\)

with p the number of polpairsandA=172 for a two-phase ank=21v3 for a three-phase motor.. A
PSpice model has been generated for a 2-phase and a 3-phase motor.

(47)

Variable Reluctance Stepping motorshave both a saliestatorand rotor. The back-e.m.f. the j-th
phase and the torque generated byj-thephase are:

Vemf,j = Kei j(wr_ws)Sin p(e_ (J _1)>\)

T,; = —KiZsinp(®-(j-1))

The mutual inductancbetween thgohases habeen neglected in these equations [18P3pice
model has been generated for a 2-phase and a 3-phase motor.

(48)

Switched Reluctance (SR) Motor$iave a salient rotor and a salistator.The equationaretherefore
similar to the equationfor the VR stepping motor. The efficiency of tl#R-motor can be
improved by usingsaturation. Saturation can lbeodelled intwo ways: by applying a physical
model,based on the reluctances of thegp andthe rotor andstator core, or byhe use of anore
behavioural model, which is based on current-dependent inductances.

Behavioural modelThemodel isbased on thenodel ofMiller and McGilp [30],which is also
used by the prograf@C-SRD forthe design of SRnotors. The fludinkage variesbetween the
unaligned alignedlux Y, =L, and the alignedlux ,(i). For inermediate positions the
function is - except for a transitioreone - a linear function of the angl®:
y@.,)=Y,+k,© -¢§,), with k, and&, bothdependent on theurrenti. The transitiorzones
are modelledwith a rational function (Frohlich curvefor each zonegland each phase), the
relations for the induced voltage and the generated torque are derived Eq. (31) and Eq. (32).

Physical modelThe core igmodelled as a magnetrcuit. The inductance is replaced by the
gap reluctanc@gap which remaingonstant, since thgap is notssaturated. The gap reluctance is

derived from the inductance: if the rotor is not saturated, the core reluctance is very small compared

to the gap reluctance, so that the inductaniseinverse proportional to the gap reluctamﬁgp'

2 2
=¥ Mo e N° N (49)

i AN F Byet By £

gap
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The expression for the generated torque becomes:

b ¢ 5 gap(e)cng
T= OWgep _ a‘! w(@.9)d0 _ 6{&2 w0 )PP _U 2 2N (p_z %y, ©) (50)

00 00 00 00 2 do

The SR-motor requires position feedback and commutation. A PSpice model hds\w&eped
for an SR motor with a 3-phase stator.

4.3.4. AC-motors

Three-phase induction motor The 3-phase induction motor is characterised by the equations:

U= T+dqjs— T+Ld—E+Md(EéE) 51

l'g_&s dt _Rss sdt( ) dt ( )
dg, d|eJe

=Rj+ 3 =Ri+M r S 52)

The model isbased on the generalisedchine theory [33,37]I.'wo stationary coilgwre attached to
the stator(direct axisd and quadratureg), and two coilsare attached tthe rotor (which can be
seen as theeal and the imaginargomponent of one compleoil). This leads to théllowing 4
equations [37]:

di di
Ug = Rigt L2 +M—2
ds RS ds dt dt
_ dig di,
Uys = Rslqs+ Ls +M—
dt dt (53)
:RL+M%+L %*‘%(Mi +|_rj )
r dt T ddt gt gs qr
I € .
+L Mi +L
th dt dt dt( ds rldr)

with ugg the direct component of ttstatorvoltage andq, the quadraturecomponent of theotor
current.Rg is the stator phase resistandsg, the rotor phase self inductance amlthe mutual
inductance betweerotor andstator phaseslhe anglee is the electrical angle, which is related to
the mechanical anglé=Npe/2, with Ny the number of polesThe electric circuit isshown in
Fig. 27,which is analogous to the steashate circuit of arinduction motor [19]but in the rotor
branch acontrolled source in entereipendent on the velocignd current components. The rotor
circuit is short circuited, so thag=0 andug=0.

Rs. Ls—M. Lr—M. Rr.
& L f = " = L f L &

W(M*\'qs+L*"\qr).
udsl| M.

udr.
= 2
Rs. Ls—M. Lr—M. Rr.
3 = . = — ¢
—w(M=ids+L*idr).
US| M. ugr.

[}

8

Figure 27: Equivalent circuit for the induction motor.

48



The generated torque is calculated from [19] :

N,M NM .. .y NM
TQ_ 3 |eJE)]: ‘)3 (iSDir): 3 ( -rq s!} rd) (54)

The direct and quadrature components of the stator voltage are derived from the phase voltages:

1
Usg = us_E(usz + ug)

J3 (55)
usq = 7(”:2 - u§)
The stator phase currents and the direct and quadrature current components are related by:
2 2
=5 Req ) 3 sd

o0
! \/éi O (56)

2 L
=—R 3 =—[+ i -
s2 eq ) 3 25d 2 qu

3
2 4 D 1. V3 U
= — +—
s3 3Req ) 3 25d 2 |qu

Single phase induction motorThe equivalenschemefor the three phase motor is used. The net is
connected to two stator windings; the third stator winding is not connected.

Synchronous motor with field winding The model isalso based on thgeneralised machine theory.
The machine isnodelled bythreestatorwindings (the field windings andstributed winding), and
two rotor windings [19,37]. If the field winding iplaced on theotor, asmostly is thecase, rotor
and stator are switched in the generalised machine model.

Synchronous motor with permanent magnetotor This motor ismore commonlycalled a brushless
AC (or synchronous) motor. The motor differs from the brushless DC motor sinegtiiegs are
not concentratedyut areequally spread over thetator.The flux in therotor, andhence theotor
current, is constant. The equations are [19]:

usd = Rsisd+ I-sdISd _E(pM %Sms
dt 2 dt (57)
u,=Ri,+t L 3(p ds 0
= = dt 2P gt ©
with @4 the rotor flux. The torque equals [19] :
N
T, = Py (uSq CosE - U, sins) (58)

4.3.5. Solenoids

The solenoid is thenly translating electro-mechanical motwhich is included in thdibrary [9].
The magnetic field is generated bgwarent in awinding. A cylindrical plungemoves in a cylindrical
solenoid magnet. Thitux is guided to twaair gaps.The air gaph widthdepends on the position of the
plunger, and equals tg+x, with x the displacement (¥=0 both gaps arequal tolp). The width of the
air gaps idimited between @nda, the width of the poles. The plunger is assumed tariger than the
magnet, so that the width of one of the air gaps egudlse inductance of the system equals:

N> N2 kallb+X)

L= = = (59)
SN CENEE
[ 1o+XO
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4.4. Modelling of Electrical Power Drives and their Controls

The power drive regulates the power flow from the posugply to theactuator.Power drives can
be hydraulical or electrical. This sectiavill discuss the electrical power drives; hydrauligaiver
drives (valves) will be discussed in the next section.

The basic module of the power amplifier is the power electronic converter, which is buifidvesn
semiconductor devices (or “power switches”), like transistors, MOSFET’s, thyristor,... [31¢én&hgy
flow from the powersupply to theactuator iscontrolled by opening or closing the power switches, viz.
by sending an on-off signal to tigate of the power switch. The behaviour of power drivasghsly
non-linear due to the switching, which can cause severe problems for the convergence of the simulation.

The complete power driveonsists ofone or twoconverters and the circuiter the control signals
for the power semiconductors. The power drive consists of the following elements:

® One or twoconverters whichare built ofpower electronic devices. The converter architecture is
limited to a fewtypes, butthere is a widevariety in the types of power electronic devices. Power
electronic systems are subdivided according to how the devices are switched:

Line Frequency Converters: The devicesare switched on at the line frequency of 5i2. Line
frequency converters can be uncontrolled (diode rectifiers), or controlled (thyristor bridges).

Switch-mode converters: The controllable switches (e. M /OSFET'’s, BJT'’s, IGBT's) in the
converter are turned on and off at frequencies that are high compared to the line frequency.

Power converters have often two converters: a controlled or uncontrolled rectifier to convert the
net supply to a DC-voltage andsaitch-mode converter to generate the pulsed sigoalthe
actuator.

® A switch control algorithm to determine thstate ofthe switch, e.g. # WM or hysteretic current
control algorithm. The algorithm is relatively independent of the type of the power switches.

® Thegate driver for the power semiconductor devices. This circuit converts the output signal of e.g.
the PWM-algorithm to a voltage or a current. The driver depends on the type of the switches.

4.4.1. Power Drive Models

The power drivehas adiscontinuous behaviour, diat an accuratenodel of a switch-mode
converter requires a lot of computing time. An accunadelel ofthe power drive is however not always
neededthe mechanical timeonstant of the system is generally mianger than the switching interval
of the power converter, gbat a behaviourahodel ofthe power drive - which does niatke switching
into account - can be used ftire simulation of the mechanical system. Behavioural power switch
models have been developed at different abstraction levels:

Behavioural model of completepower amplifier The most simple and moabstractmodel of the
power drive is a first order transfer function, i.e. a voltage or current amplifier with a time constant.
The outputvoltage is limited. Thenodel isalmost linear, and dodgencenot take switchingnto
account. Themodel represents actually the power converters (i.e. rectifier switch-mode
converter), the switch control algorithm, the gate driversvels as the nesupply. Models have
been developed for current controlled power drives (i.e. input variable is cougnit isvoltage),
voltage controlled power drives and frequency controlled power drives (i.eutpat signal is a
sinusoidal signal with a frequency proportional to the input signal). Modelshesvedeveloped
for 1-phase and 3-phase output.

Behavioural model of the Power ConverterThis is amodel ofthe power converter, the net supply,
and the driveffor the switch signals. Theutput signals othe switch control algorithrare the
input to themodel. The system isnodelled as dirst ordersystem, a limiter and a voltage source.
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Opposed to thdirst model, this model takes the switching into accouriut still models the
converter as an input-output block with infinite impedances.

Behavioural model of the Power Switchefn this model, the power switchegseassumed to be ideal:
the power convertergre modelled assariable gain (mathematical) transformers. The transformer
gain (x1) isdetermined by thgate control algorithm. Models hateen providedor VSI (Voltage
Source Inverter)CSI (Current 8Surce Inverter), VCRVoltage Controlled Rectifier) and CSR
(Current Source Inverter).

Electrical Converter Models The leastbstracimodelcorresponds to thactualelectrical model. The
topology of the converters is limited to a féypes,which all use a number of identicabwer
switches, of which there is large variety. In order to avoid to writerew subcircuit foreach
possible type of switch, the PSpililerary uses auser-definedsubcircuit forthe power switches
and the power diodes.

In the schematic editor, the convertmodels are available aschematics (Fig. 28). The
converter switch and diode are defined as a lower level schematic. In order to change the type of the
switch, only the schematic for the converter switch has to be updated.

S
X
Y
2.
H
_| 5—4 _
b _ o
TG rectane ii ) Comyerter.
Thyristor. 2. Thyristor.
Converter. a Model.
Converter Schematics.
X X. X
—/% KDH—/X & —/% &
i o
— a Convefter.
= Switch.
| B X. % % Model.
. <. & /< & HB—/x &
TG orvan
Switch—mode. 1 - J - J
Converter. a Comvverter.
Diode.
Model.

Converter Schematics.

Figure 28: Lower level schematics for a thyristor and a switch-mode 3-phase
converter.

Models have been developft diodeand thyristor rectifiers (1 phase and 3 phase) and for 1-
guadrant, 2-quadrant DC-drives and fhlidge switch-mode converteX®C, 1-phaseand 3-
phase).

4.4.2. Switch Control Algorithm

Two switch control algorithms havieeen modelledPWM and hysteretic current contrdBoth
algorithms have been modelled on a behavioural level.

PWM: The modefor PWM consists ofwo parts:the PWM triggering signal (triangular aamp), and
the PWM-signal generation. Dependent on the sign of the diffebetaeen the control signal and
the triggering signal, a positive or negative constant voltagetjgit. The control signalyhich is
the input to the PWM model, has to be generated by the task controller.
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Hysteretic Current Control The modelfor hysteretic current control consists is a Schmitt-trigger: if
the current > i gftAi, with ief a referenceurrent andi a tolerance, a negative constaoltage
is output, ifi < iefAi, a positive constant voltageasitput. The output is analogousthe output
of the PWM.

The switch control algorithmare blocks with infinite input- aneutputimpedance. Theutput of
the algorithm is a single signal for a DC or 1-phase motor, or 3 signals for a 3-phase motor.

4.4.3. Power Switch Drivers

The power switch drivemodels generate thgate signal from the control algorithm (eRWM).
Behavioural driver models have been developed for MOSFETSs, BJTs and thyristors.

MOSFET Drivers The gate signal is a voltage source. The value of the voltadmig 10 Vhigher
than the voltage between the drain and the source of the MOSFET.

BJT Drivers The gate signal is a current source.

Thyristor Drivers The gate signal is a current pulse. The commutation of the thyristor is characterised
by the firing angle, which determines thmentthat the current pulsstarts.The value of the
firing anglea is determined from the desired output volt&ge

V
kV.
a= arccoEL) =TT_ arct n# (60)

(Vi)

with Vyy, the amplitude of the input signal akdhe relation between the maximwnutputvoltage
andVyy, (2/rtfor a 1-phase rectifier andr8for a 3-phase full bridge rectifier [7]).

m

The pulse fothefirst thyristor startswhen thephase of the input signal equals to the firing angle.
The model assumes a constant input frequency thsat the phase of the input signal can be
determined by a triangular pulse wave. The pulse is stopped after the next thyristor is ignited.

The input forthe model isthe output ofthe switch control algorithm. Thaeutput isthe voltage or
current signathat issent to all the power switches. Busegused in the schematic editor between the
power switch driver and the convert@odel, inorder to reduce the number of nétsat has to be
entered by the designer.

4.4.4. Discussion
With the models that have been provided, normal motor control methods can be modelled.

The abstractiorlevel of the power drivanodel determineshe computing timedrastically: the
difference in computing time between thast and the mosibstracimodel ofthe power converter is of
the order of magnitude 100...10000.

The switching of the power switcheauses a discontinuity in the voltage over the metbigh will
make it more difficult to find a convergent solution. Power control@ms be modelled without
problems if the switchingccurs according to predeterminegbattern. Ifthe switching is controlled by
a feedback signal, PSpideas often severe problems to find a convergent solution, laaits the
simulation. In order to find a convergent solution, domvergenceparameters (voltage and current
tolerance, relative tolerance, number of iterations) can be chamgethisdoes not guarantdbat a
solution will be found, andhat thissolution will becorrect. Another possibility is to add a delay, in
order to cuthe feedback loop in the system of equations. Thihommvercause a ripple in the output
results,which can be reduced by reducing teday— which will however increase the simulation time,
since the simulation step is always smaller than half of the delay.
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4.5. Modelling of Sensors

Sensors convert a signal from the electrical, mechanical or hydeaeligy domain to an analog or
digital electric signal. The model of a sensor consists therefore of two parts:

» amodel in the sensing energy domain.

» an electric modelThe sensor consists normally of thetual sensor and signal conditioning
device, which converts the measurement tosable form. Anencodere.g. has a pulse train as
output,which has to be further processedderive the position. In the multitechniddrary, the
electricalpart isoftenmodelled on dehavioural level, as.g. a voltage sourdbat is proportional
to the measured position.

The following models have been developed with behavioural output:
Encoder: the model consists of a mechanical load. The output signal is proportional to the position.
LVDT: the model consists of a mechanical load. The output signal is proportional to the position.
Tacho: the model consists of a mechanical load. The output is proportional to the velocity.

Current Sensing Resistorithe model is a resistor. The output is proportionéihéocurrent through the
resistor.

Vibrometer: the mechanicamodel is amass,which is connected with a damper asuting to the
system. The output is proportional with the displacement of the spring.

Accelerometer: the mechanicahodel isthe same as thmodel ofthe vibrometer. Normally the spring
(representing a piezoelectric element) is matfier. The output is proportionalith the force
between the two masses.

The following models have an electric output (hence at least two electric output nodes).
Potentiometer: the mechanical model is a load, the electric model a potentiometer circuit.
Resolver:is modelled as two transformers, the gains of which depend on the position [41].
Synchro: is modelled as three transformers, the gains of which depend on the position [41].

Position controlled switch a switch is closed if the relative position between the measured object and
the reference object is larger than a predetermined value

4.6. Modelling of hydraulical systems

In hydraulical systems, thecross variable correspondstie pressure and the through variable to
the volume flowrate Q. In the PSpicemodel, the referencpressure \=0) corresponds to 0 Pa or
10° Pa, the pressure for which the reference parameters are determined.

4.6.1. Basic Hydraulic Laws

Compressibility: Bulk modulus Hydraulic fluids arecompressible: the density of the flydddepends
on the pressurp and the temperatuie The compressibility is characterised by the bubdulus
E [28]:

0 1 O
p= po§-+E(p_ po)_a(T_ To)a (61)

with po the measuring referenqeressure (i.e. fOPa if v=0 corresponds to 0 Pa, 0 V0
corresponds to £@Pa),anda the cubical expansion coefficient. The cubical expansifficient
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Continuity Law For hydraulic systems the continuity equatfon a flow through a chambdrecomes
[28]:

dy, V,dp
|~ =——t—_— 62
ZQ‘” ZQ"“‘ dt E dt (62)
with Vg the volume of the chamber.

Flow Through Conduits Flow can be laminar or turbulemtependent on the Reynolds number. In the
PSpice modelling, the type of flow is predetermined.

Orifice Flow is characterised by the relationship :

2A
Q=C, A= " (63)

with C4 the discharge coefficiendy the orificeareaandAp the pressure drop over the orifice. The
orifice flow is modelled as a controlled current source.

Scaling Hydraulic systemare characterised by large pressure vainethe order of 10- 1¢° Pa) and
small volume flowvalues, in Sl-units. To convert the hydraulic Sl-values to this range, a scaling
factoro=10° Pa/V is used. The relation between the PSpice values and the hydraulic Sl-values is:

_ p - pref
VT (64)
i =0Q

4.6.2. Hydraulic Primitives
Tank For a constant volume tank with one input port, Eq. @2pmes:
Q=P
E dt
which corresponds to a capacitai@eVy/E connected to the ground.

(65)
Hydraulic inertia Due to the law of Newton, a force, or a presdlifierence, will generate an the
acceleration of a fluid in a pipe:
_pldQ
C A dt
with | the length and\ the section of the pipe. This corresponds to an inductarmiéA.

Ap (66)

Viscous flow During laminar flow in a pipe, pressure drop igenerated in a pipe, proportional to the
velocity, e.g. for a circular pipe [28]:

with | the length and the diameter of the pipe. This corresponds to a resisRek28ul/d*.

Leaks are also modelled by a resistance (flow proportional to pressure difference)

4.6.3. Hydro-mechanical Actuators

In an ideal hydro-mechanicaktuator,the flow is proportional to theotational (or translational)
velocity of theshaft (resp. plunger). Aideal hydro-mechanicalctuatorcorresponds to a gyrator, due
to the relation between force and presskrgf) and between velocity and volume flo@<vA).

Models have been provided at two levels: Levebfresponds to the idegyrator,level 1 includes
losses.
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Pump A pump converts rotationahergy to hydraulic energy. Models have been provioiefixed and
variable displacememumps. Themodels include a mechanidakd, leaks (both internéletween
low andhigh pressure compartment and external leaks), and a cavitation loss [28hethanical
load consists of the rotating mass, and friction (consisting of a constant term, a term proportional to
the velocity, and a term proportional to the pressure).

Hydraulic motor The modelsfor the hydraulic motorare the same agor the pump. Models are
provided for both fixed and variable displacement motors.

Cylinder A cylinder consists of two hydraulic chambers and a mechanical loadndded ofthe load
is the same a®r the pump. Thénfluence of the changing volume of tbleambers on the pressure
(cf. Eq. 62) is modelled by a variable capacitance. The force created thineusiteleration of the
fluid on the piston isnodelled by avariable capacitance (to the mechanical load). mbdelalso
includes internal and external leakage.

4.6.4. Hydraulic Power Drives : Valves

The physicaimodel of ad4-way valve is a network of 4 orifices, with a mechanical load. flone
through the orifice is determined by a non-linear equgtbrEqg. 63). The forces frotne fluid on the
plunger include an inertia force and the stestdye forcewhich is derived from thapproximated law:
F=0.43wvxAp [28], with w the areagradient of the orifice ana the plunger displacement. Problems
occur during simulation, especialbfter closing of the valve. Thenodel parameters ar@hysical
parameterdjke thegapwidth, the length between tip@rts,and the contraction coefficients, which are
difficult to determine.

Linear models have been developed for the valve. The flow to the load equals :
Q= KeX— KAp (67)

with Kq the flow gain K the flow-pressure coefficient afgh the pressure difference between the input
and output port ofhe load. The number of inputs aadtputs to thignodeldiffers from the physical
model, since this model does not include the supply and return pressure, and has no mechanical load.

4.6.5. Other Hydraulic Elements

Pipe A pipe ismodelled by aesistance (for the pressure dmiye to viscous friction), aapacitor at
both pipeend (for the compressibility), and an inductance (for the inertia). The flexibility of the
pipe is taken into account in the capacitance [2]

Accumulator Two modelsfor accumulatordiave been developedior gasloadedaccumulators and for
spring loadecaccumulators. The accumulators aredelled ashydraulic chambers (thus variable
capacitors). The pressure of the fluid is the same as the pressugassiolumefor the gasloaded
accumulator, and in equilibrium with the spring force for the spring loaded accumulator.

Hydraulic LossesA modelhasbeen added to modeydraulic losses at bends, fittings, and entries. At
bends, the pressure loss is described by [28]:

Ap = K% (%) (68)

with K the loss coefficient andl the section of the pipe.

Pressure Relief ValveAn ideal pressureelief valve is a limiter: the valve is always closed until the
pressurexceeds g@resetmaximumpressureAbove the maximunpressure, it acts as a resistor.
Both a behavioural model and a physical model have been generated.

Positive PressureElement Negative PSpice voltages indicate pressures smaller than the reference. The
pressure cannot be smaller thamiaimumvalue. Amodelhasbeen provided to keep tipeessure
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above theminimumvalue. Eq. (61) ifiowever a linearisation round the referepoessure, and is
not valid for low pressures. For low pressures the results will be inaccurate.

4.7. Commercial Motor Libraries

All the model libraries, which have been discussed until now, contaipatametriccomponent
models.For each commercial component, tharameters have to be retrieved and teittered in the
model.

For rapidprototyping of mechatronic systems, it would be advantageous if the designer could take
the model ofthe commercial component direct from thigrary, without the need to lookfor the
componenparameters. This requires the availability of libraries with censial components, nainly
of libraries with (parametric) component models.

4.7.1. Electronic PSpice libraries

PSpice isdelivered with an extensiveet of commercial electronicomponentlibraries. These
libraries are partlydeveloped byMicroSim, partly bythe producers of electronic components. The
libraries contain eithemodels (for diodes, bipolartransistors, MOSFETs) or subcircui(g.g.
Operational Amplifiers, Thyristors,...).

For some of the components, symbalse available inviewDraw. The ViewDraw symbols are
however mearfor Printed Circuit Board (PCBJesign, and do often not have the coregtributes for
simulation with PSpiceFor PSpiceprimitives, e.g. for comercial diodes andransistors,only the
MODEL attribute has to be input. For subcircuitise following attributeshave to be provided:
PINORDER forthe order of the pinsfQRDER=MOD$with MOD the name of thesubcircuit and
PREFIX=X to indicate that the component is a subcircuit.

4.7.2. Motor and reducer libraries

ServoPlan is a prograneveloped aVTT Automation forthe conceptual design of electric drives.
The program uses a set of rules to select motors and reducemdafr@pasesyhich are all in adBase
[l format.

A program Crealib habeen developed to convert thd$earies to PSpice libraries. The program
uses, for eacldifferent model, a conversion routitieat derives theparameters of the PSpiceodel
from the parameters in the database. The program CrealLib will be discussed inGs2ation

Databases are available for DC-mot{permanent magnet), AC-motors (3-phase induction motor)
and Reducers (gears).

A component occurs in this library as:

* GFRK 090-22/1,7 : Permanent magnet DC-motor
* Manufacturer : LENZE

* Supplier : REFIMEX OY

.SUBCKT DCGFRK090_22/1*712 34

XMOT 1 2 34 DCPM1 PARAMS:

+ Ra=4.53 La=0.0141 Ke=0.69 Kt=0.69 Jm=0.004
.ENDS

The component is aubcircuit,which contains onlyne elementyiz. a model ofthe multitechnical
library. All the models in ondibrary have the same number of inmades and represent the same type
of component. Symbols have been provided in ViewChawheselibrary models. Thettribute MOD
of these symbols has to be set to the library model of the respective component.
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4.8. Digital Behavioural Modelling

Modern motion control systene®nsist nobnly of analog componentsut also ofdigital electronic
components. The digital electronics can be a digital network on a printed bwewd, but also an
advanced IC (e.g. motion control IC) or be coded as a computer program.

Digital systems can beodelled orseveral levels: the electrical (analog) level, the switch level, the
gate (or logic) level, the register transfer level and the behavioural level [36].

* In theswitch level transistors arenodelled agyate-controlled switches amdodelled as‘on” or
“Off”_

o At the gate or logic level transistors argrouped into logicgates. Rather thadealing with
voltages and currents at signal nodes, disdogie states arelefined, and Boolean operations are
used to determined the new logic value at each node.

» The Register Transfer Level (RTL) is ahigher level ofabstraction, and is used fdata path
design. At the RTL related bits of information are grouped into ordered sets of wanasesr The
set of statements fahe RTL model involves a sequence w¥gister transfers andrithmetic
operations that are similar to data-flow descriptions.

» Thebehavioural levelallows the definition of functional blocks. The statemeamémostly written
in a hardware description language (HDL).

The possibility tamodelmultitechnical systems at the behavioueakl is desiredor the modelling
of digital controllers. Thesareoften softwarecodedprograms or e.gnotion controllC’s, from which
the internaktructure is noknown, only theibehaviour. Softwareodedprograms must bmodelled as
sampled systems, in which the input and output signals change at equidistant time intervals.

4.8.1. Mixed-mode simulation

Mixed-mode simulation techniquesan be classified in three groups [36]: manghled and fully
integrated.

* Inthemanual approachthe results of a digitdbgic simulationarefed into an analogircuit. This
technique cannot be used if feedback paths exist.

* Intheglued approach, two existing simulators - one analogaretiigital - work concurrently run
concurrently under a multitasking operating system and exclaatgebackand forth[51]. This
solution is used by companighat have invested severely in the developmentseparate
simulators, and nowilling to abandonthem in favour of a completely newsimulator [36].
Examples of gluednixed-modesimulators are e.gviewSim (with PSpice or HSpice) and Saber.
The approach worksnostly only between two specifisimulators, and is nobpen to other
simulators.

* Thefully integrated approach ishe most efficient and flexiblapproach, irwhich the algorithms
for analog and digitaflogic) simulationare tightly coupled. Examples of fully integratewixed-
mode simulators are PSpice and SPLICE [36]. This approach has also the advanthgetioét
system can be modelled in one netlist, and the results verified in one post-processing run.

PSpiceis a fully integratednixed-modesimulator. Digital systemare alwaysnodelled athe logic
level: digital signalsare represented by logical levels, such“a% “0” and “unknown”. The digital
simulation algorithm uses avent-driven logic processing technique, whidlculatedogic transitions
and propagation delays. This approach allows to simulate systameining analog electronics or
behavioural analog models with digital electronics efficiently.

Digital systems cahowever not benodelled athe behavioural level, which is desirfd systems
including softwarecodedprograms, or IC’swith unknownstructure. Ifthe digital system cannot be
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represented on the logic level, the systa&an bemodelled on aranalog behavioural level. The digital
samplinghasthen to be modelled by ample andold component, whickonsistsa.o. of aconstant
pulse train and a capacitor [5]. Theementcauseshowever almost discontinuodsansitions at the
sampling moment, whiclbauses problems in the PSpice simulation. Digital controllers require also
delay elements, whichlso can increase the simulatiime severely, if the delay mall. Modelling of
digital control systems on a behavioural level is therefore rather inefficient in PSpice.

4.8.2. VHDL

VHDL (Very High Speed Integrate@ircuit HardwareDescriptionLanguage) is a standardised
programming languag®r describingthe structure andhe behaviour of digital electronic systefi$.
VHDL allows the description of thetructure of adesign, i.ehow it is decomposed intsubsystems,
and how thesesubsystems ariterconnected; and it allows the specification of the function of the
design on a behavioural level. Teeucture ofthe design indicates how tlsebsystem is connected to
the environment, through ports. The behaviour wfoglelcan be described in a programming language,
which offers thebasic functiongprovided by each programming language. The sigoats be bits,
characters, integers, floating point, arrays of these types and user defined types.

4.8.2.1.Implementation of VHDL in Viewlogic

Viewlogic has asdigital simulator ViewSimwhich supports VHDL. There are few differences
between Standard VHDL and Viewlogic’s VHDL, e.g.:

* The Standard VHDL typ8IT hasbeen replaced byLBIT, which assumes values 0, 1, X and Z,
instead of only 0 and 1.

* Viewlogic’'s VHDL currently does not allow signals of any type othiean VLBIT, whereas
Standard VHDL allows any type of signals.

* Viewlogic's VHDL does not support floating point.

VHDL files can be translated amttbugged with ViewSim. A VHDImodelcan beincluded in the
ViewDraw model bythe generation of aappropriatesymbol, whichhasthe correct number gjorts,
and an attribute that refers to the VHDL file.

4.8.2.2 Mixed mode simulation in Viewlogic

Viewlogic allows mixed-modesimulation with the “glued” approach: the digital systemsiisulated
with ViewSim, Viewlogic's digitalsimulator, the analog system with PSpice or HSpice. The digital
system can either be a hardware model or a VHDL model.

The mixed-signal system is entered as a schematic in ViewDraw. In the schaeleratats D2A
(digital-to-analog) and A2D (analog-to-digitalje required to interface with the digital and the analog
simulators. These models have to be included for each digital signal.

The programmadsnet generates a separate digital and analog netlist fremschematic. The
simulation in both the analog and the digital simulator is controlled by the progadsim. The results
can be post-processed with the post-processor ViewTrace from Viewlogic.

4.8.3. Mixed-mode Behavioural Modelling with Viewlogic's VHDL

Viewlogic’s VHDL hastwo limitationsthat make behaviouraiixed-mode modellinglifficult: the
restriction of signals to (extended) bits, and the limitation of variables to integers.

Since Viewlogic’s VHDL does nasupportfloating pointdata, allcalculations on the behavioural
level have to be performed withtegers. The integers in Viewlogic's VHDAre always 32 characters
long, which allows taise scalingactors, and so to udixed decimal pointvalues. This complicates
however thecalculations. Mathematical expressioffike goniometricfunctions, arenot supported,
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which makes the modelling efg. an IC that performsaordinate transformation for vector control of
induction machines almost impossible.

Ports ofsubsystems can in Viewlm VHDL only be (extendedbits, whereas StandardHDL
supports all types of signals. In Standard VHDWwduld therefore be possible to e.g. enter the position
as a floating-point value to a VHDL-model of a motion control IC or algoriffine procedure in
Viewlogic is much more complicated: the positioais to be translated to separate béfore input to
the VHDL-model. This requires thenodel of anADC (and on the other side of th&HDL-model
possibly a DAC). Thesmodels have to be provided asalogmodels inPSpice. They can baodelled
as physical models, usirgansistors, or by use of behavioural descriptions. The usehavioural
models is more flexiblehut due to the discontinuousharacter othe DAC and the ADC it ivery
difficult to produce models that are efficient and which converge always.

If Viewlogic would support bothfloating point values and signals, it would be possiblentalel
mixed-mode systems on a behavioural level. At this moment it is however extremely difficult.

4.8.4. The future: VHDL-A

VHDL-A (e.g. HDL-A[49]) is anextension to VHDLfor analogmodelling.HDL-A is basically an
analog Hardware Description Langualget capable oflescribing mixesgignalmodelsanddesigned to
work either withSPICE simulators or inonjunction with VHDL simulator§49]. The language allows
also themodelling ofdigital logic, either standlone or imbedded ianalog models, using subset of
VHDL, but the digitalmodellingcapabilities areot as extensive as the analog ones. The negotiations
for the standardisation of the VHDL-A language are still going on.

HDL-A supportsobjects of the type analogthich consist of a through aratross variable. The
syntax of VHDL haseen extended to describe anaggtems, by using the terminolotiat isused in
schematic editors and analog circuit simulators. Since multitechnical systems canvbded to
electric circuits by the energy conservation principle, VHDL-A can also be usedde multitechnical
systems, and become the standard in the simulation of multitechnical systems.
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CHAPTER 5.

EXAMPLES

5.1. Motion Control System

The first example is the design of a cascade current-velocity-paosition control sysiemis shown
in Fig. 29 [24]. The desired positigh is compared with the (sampled) feedback signalfrom an
encoder, and sent through a limiting Pl-controfldPIC). The output igdhe desired voltage, which is
compared with theeturn signalig from a tacho, and sent tosacondLPIC, which calculates the
desired motor currenpi The current signal is sent througfiraiter (LIM), compared with the signal
ig of a current sensor (CSEN), asent through a thirtlPIC. The output of thisg of this LPIC is the
control signal fothe currencontrolled power amplifier. The power amplifier consisii@e 1-phase
full bridge rectifier,which converts the AC net voltage to a DC voltage, and of a full bridge switch-
modeconverter, built from MOSFETs.The algorithm which is used to control tREOSFET gates is
a hysteretic current control. The motor is a permanagnet DC-motor. A flexible couplingith
backlash connects the motor to the rotational load, which consists of an inertia, damping and friction.

|POSITIONLOOP |

'VELOCITY LOOP L
| | _ [CURRENT LOOP |

E
|
[

9
%g) tric 1) 1pic [P LM ) > Lpic > AMPL >IMOTOR

Figure 29: Cascade current-velocity-position controlled drive system.

For each of the components of this system, subcircuits have been provided in the library and symbols
in ViewDraw. Fig. 30 shows the ViewDramodel and Fig. 31 the PSpice netlist (generated by
SpiceLink). The (current controlled) power amplifiemi®delled on éehaviouralevel:i.e. as a first
order system, with a limiter on tlatput voltageFor the tacho and thencoder the ideal models (no
mechanical part) have been used. The parametkich are used, are stored irfil@, which is included
in the model: if the netlist is built directly from the schematicutber has no control dhe sequence of
the different commands in the netlist, whichn lead to syntaerrors in PSpice. Bywriting the
parameters to a separate filee user cardefine dependencies between plagameters. The parameters
of the PI-controllers haveeen optimised usinglassical controkechniques [42]. To determine the
system control parameters, the systeasbeen linearised, by making the friction in the motor zero and
by removing the backlash element.

Fig. 32 shows the PSpice simulation results for the load position and the load and motor velocity, for
a stepchange input of the desired position. The oscillations in thevieladity aredue to the flexibility
between the motor and the load. Fig. 33 shows the motor current and the motor voltage.
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Figure 30: ViewDraw model of the motion control system

* Project DYNMOT1

* Powerview Wirelist Created with Version 5.1.2
* Inifile : wspice.ini

* Options :-p -f-n

* Levels

XSTEP FIDES STEP PARAMS: T0=0 DT=1MS

XAMP  FIDES FID AMP PARAMS: K={PSEN}

XCP  FISFID WD PILIMREL PARAMS: KP={KPP} KI={KIP} VLIM={VLIM} KLIM=1
+V0=0 RREF=1MEG

XCV WS WD ID PILIMREL PARAMS: KP={KPV} KI={KIV} VLIM={VLIM} KLIM=1
+V0=0 RREF=1MEG

XLIMI ID IE LIMIT PARAMS: VMIN={-ILIM} VMAX={ILIM}

XCl  ISIE IA PILIMREL PARAMS: KP={KA} KI={KA/TAPI} VLIM={VLIM}

+ KLIM=1 V0=0 RREF=1MEG

XPWR |A R1 DRVI1IP PARAMS: K={KA} TAU={TAPOW} VS=200

XCSEN R1 R IS CURRES PARAMS: K={CSEN}

XPMDC R 0 WM 0 DCPM1 PARAMS: RA={RA} LA={LA} KE={KEM} KT={KEM}
+ IM={IM} BM={BM} WM=0 W0=0

XTAC WM 0 WS TACHOO PARAMS: K={VSEN} J=1N B=1N W=0 W0=0

XSH WM WBL LINKO PARAMS: K={KS} B={BS} W=0 L0=0 X0=0 V0=0 M=1F
XBL  WBL WL BACKLASO PARAMS: XBL={WBL} K={KBL} B={BBL} XTOL={WBL/5}
+ XBL0=0 RSW=1MEG

X137 WL 0 ROTLOAD PARAMS: J={JL} B={BL} W={TD} W0=0 TCT=0

X139 WL 0 FIS ENCODERO PARAMS: K={PSEN} J=1N B=1N W=0 TH0=0 W0=0
.PROBE

.OPTIONS LIMPTS=2000 ITL1=40 ITL2=20 ITL4=20 ITL5=0 ABSTOL=1NA CHGTOL=.01PC
+ CPTIME=1E6 GMIN=1E-12 RELTOL=.01 NUMDGT=6 VNTOL=1UV TNOM=27
.TRAN 1MS 70MS 0 .1MS UIC

.INC "dynmot.par"

.LIB mecano.lib

.END

*

* File dynmot.par

* parameters dynast example motion control

.param La=.62 Ra=2.05 Kem=45.2m Jm=7.48u Bm=4.72u Ilim=3.67 Csen={10/3}
.param Vsen=4.17m Ka=2.4 Tapi=1m VIim=10

.param R=5MEG Tapow=.2u ks=0.885 Bs=79u JI=2.96u BI=12.5u
.param Td=4.72u WbI=3.34m

.param kbl={1/4.72e-6} ;1meg

.param Bbl=1.25u ;lmeg

.param Psen=2.43m

.param Ts=1m

.param KpV=50 KiV=30

.param KpP=150 KiP=0

Figure 31: PSpice netlist of the motion control system, generated by SpiceLink

At the start of the system, the desimdput motor current igery high. Due to the inductance of the
motor, the current cannot reachmediately the desiredalue, and th@utput ofthe voltage is akigh
as possible. As the motor curregtincreases rapidly, the input curregtfor the amplifier decreases
rapidly, and after about 6 mihie (scaled) curreng bbecomes smallghan theactualmotor currentd.
Since } increases rather rapidlhhe motor current canndollow the desireccurrent, andhe motor
voltage is as negative as possible. After 7 ms bothents equal again approximately to each other,
and a (temporary) equilibrium is found.
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Figure 32: PSpice results: Desirgighgqg and ac-  Figure 33: PSpice results: Desireg) @nd actual
tual (¢ position of the load; desiredy) and (i) motor current and desired output current of
actual ¢cyy) motor and loady) velocity. the amplifier (); Output voltage of the ampilifier.

To analyse the motor control maeactly, the behaviourahodel ofthe power amplifier is replaced
by an electric model of the amplifier. Fig 34 showsrbeViewDraw model:the behavioural amplifier
model isreplaced by the net supplgiode bridgerectifier, switch-mode converter, a hystecigrrent
control algorithm and anodelfor the drivers of theMOSFET's ofthe converterFor the rectifier and
the converter schematics have been defiRedthe diodes and switches in these schematics I@welr
schematics have been defined.oldler to change the type of all the switchady the lowestevel
schematic has to be changed.

MOSFET.
DRIVE.

TD 7 _eiimes
DES. POS.. LPICT. LPIC2. LIM. LPIC3.

|,L\B MECHATRONICS UN\>|<| INCLUDE F\LE,H TRANSIENT ANALYS\S” OPT\ONS,” PROBE.l
. X.
& X
\ .
-
RECTIFIER. 1 €L

SCHEMATICS.
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[ F L F
X. & X. &

SCHEMATICS.
D

Figure 34: ViewDraw model of the motion control system with electric model of the power amplifier
and schematics of the diode and the converter.

ERPT

Problems occurredhowever in the simulation of the complete systéhe simulation of the
converter itself, with a predetermined desired irquutent (to the hysteretic control algorithmgrked
well. The simulation of the complete system workeell during thefirst 7 ms, i.e.when the motor
outputvoltage is maximal and the switdmly has tochange oncécf. Fig. 33). After 7 msthe output
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voltage is notsaturatedmeaningthat the switches regularly have to change.ofte of the switch
changes, PSpice has convergence errors.

5.2. Crank-slider Mechanism

The crank-slider mechanisoonsists of a permanent magnet DC-motamaak,conrod (connection
rod) and slider. Fig. 35 shows the ViewDravoedel.For each rod (crank and conrod)camponent is
providedfor the motion of themass centre. Three netseprovidedfor each rodpnefor eachvelocity
component. The motor velocity édtached to theelocity component of thenass centre of therank. A
component is includetbr the pin connection between the growardl the ground, and anotHer the
connection betweecrank and conrod. Aastcomponent is the slider, which is a joint with tdegrees
of freedom(rotational and translational). The slidapndelalso includes frictiorbetween the slider and
the ground. Terminalare added to symbol pinthat arenot used to avoid amrror message in the
converter program SpiceLink.

MOTOR. mMmass Crank.
=S
pin crank—conrod. gss conrod.
slider.
? j&; joint motor. 7M
Q,
|AL\B MECHATRONICS UN\)|<| TRANSIENT ANALYS\S” PARAMETERSA” OF’T\ONSA” PROBEA|

Figure 35: ViewDraw model of the crank-slider mechanism

The ViewDrawmodel inFig. 35 is rathecomplicated. Thenodelcan besimplified by the use of
buses. Fig. 36 showthe ViewDraw model using buses and Fig 37 the PSpice netlist. froelel
consists of the same components, as the prewnaaiel, but is simpler. An additional component has
been added to imply an initial velocity to the motor shaft during the first millisecond.

Fig. 38 shows the simulatiaiesults. Thesystemstarts infully aligned position, with a rotational
velocity of 190 rad/s. Irthis example, a fixed voltageas applied tahe DC-motor. As can bgeen in
Fig. 7, neither the motor torque nor the craelocity isconstant. In most mechanical system analysis
programs, the system @given by either a predetermined torque or motion. In this exarsydd, an
approach would lead to serious errors.

motor joint. I

((((((((

mass crank. mass conrod.

|.L\B MECHATRONICS UN\>|<| TRANSIENT ANALYS\S” PARAMETERS.” OPT\ONS.” PROBE.|

Figure 36: ViewDraw model of the crank-slider mechanism, using buses.
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* Project CRANK3

* Powerview Wirelist Created with Version 5.1.2
* Inifile : wspice.ini

* Options :-p -f-n

* Levels

VS VS 0 DC 12

XWINI - WM INIVEL PARAMS: V0= 190 DT=1MS RON=1U ROFF=1MEG

XPMDC VS 0 WM 0 DCPM1 PARAMS: RA=5.5 LA=6.2M KE=62M KT=62M JM=56U
+ BM=.1N WM=15M W0=0

X01 Q11 Q12 Q13 Q14 Q15 Q16 WM ROTDRF2B PARAMS: X1={-LK/2} Y1=0
XMKRUK Q11 Q12 Q13 Q14 Q15 Q16 MASS2B PARAMS: M={MK} J=1U GX=0 GY=-10
+ X0={LK/2} YO0=0 THO0=0

X12 Q11 Q12 Q13 Q14 Q15 Q16 Q21 Q22 Q23 Q24 Q25 Q26 QC1 QC2 QC3 QC4 QC5
+ QC6 PIN2BO PARAMS: X1={LK/2} Y1=0 X2={-LD/2} Y2=0 W=0 B=1F

XMCON Q21 Q22 Q23 Q24 Q25 Q26 MASS2B PARAMS: M={MD} J=1U GX=0 GY=-10
+ X0={LK+LD/2} YO=0 TH0=0

XTRAN Q21 Q22 Q23 Q24 Q25 Q26 QB1 QB2 QB3 QB4 QB5 QB6 TRPIFX2B1 PARAMS:
+ X1={LD/2} Y1=0 M={MS} GX=0 GY=-10 WT=.1 MUT=0 BT=1F WR=0

R1179 QC10 1T

R117912 QC20 1T

R117913 QC30 1T

R117914 QC40 1T

R117915 QC50 1T

R117916 QC60 1T

R1180 Q@B10 1T

R118012 QB20 1T

R118013 QB30 1T

R118014 QB40 1T

R118015 QB50 1T

R118016 QB60 1T

.PROBE

.OPTIONS LIMPTS=2000 ITL1=40 ITL2=20 ITL4=10 ITL5=0 ABSTOL=1UA CHGTOL=.01PC
+ CPTIME=1E6 GMIN=1E-12 RELTOL=.1M NUMDGT=6 VNTOL=1UV TNOM=27

.PARAM LK=.05 MK=.05 LD=.5 MD=.5 MS=1

.TRAN .12 0UIC

.LIB mecano.lib

.END

Figure 37: PSpice netlist of the crank slider mechanism
* Project CRANK3

Date/Time run: 08/04/94 12:33:30 Temperature: 27.0
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Figure 38: Simulation results of the crank-slider mechanism : Position of the slider; Velocity of the
slider ; Rotational velocity of the crank ; Motor torque
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5.3. Mechanism with two degrees of freedom

The example, which is presented here, is a doodahelulum, whiclconsists of two identical rods
(Fig. 17), which is also discussed as an example in Chapter 2 (s&gtian).

The models, which haveeen developetbr the motor and thgears, are pure rotation&ince the
gears and the motoese also translatingdditional components (masses and pin connections) have to
be added for the planar motion of the gears and the motor.
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Figure 39: ViewDraw model of the system with two degrees of freedom

The ViewDrawmodel, as shown ifrig. 39, is rathecomplicated. Through the use lbfises, the
model can somehow be simplifiedrig. 40 shows the ViewDrawnodel using buses and Fig. 41 the
PSpice netlist.

thetal. .
M
DC—motor 1. . gearz.
d ] - I V\/\DW . w. o,

. T'
b T _ rod1l mass.
o : VA v v e? e PN rod1—ground.

PWL. «L

disturbance. rodl damping.
<7

S

L = axis gear 32—41.
pemarczs, mass centre rod 2

gear3. gear4.
win2. W . w2 4
— < _?* D \ M
f I mass rodpP.
& 4 axis rmotor — gedaros | gear42.
rod2 damping

|,uB MECHATRONICS UNDH, OPT\ONS,” PARAMETERS,” TRANSIENT ANALYS\S“ pROBE_l

Figure 40: ViewDraw model of the system with two degrees of freedom with buses.
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* Project TWOROD3

X151 VDES1 CONST PARAMS: X=0 ; desired position rod 1

X1411 PW1 VDES1 VPWR1 PIREL PARAMS: KP=5 K|=2 ; control rod 1

XPWR1 VPWR1V1 DRVV1P PARAMS: K=1 TAU=1MS VS=24 ; power amplifier rod 1
XPMDC V1 0 WM110 DCPM1 PARAMS: RA=5.5LA=6.2M KE=62M KT=62M JM=56U

+ BM=.1N WM=15M W0=0 ; motor rod 1

V1406 WM11WM1DCOACO ; sense torque rod 1

IIN 0 WM1PWL(00.0011.11.1010) ; disturbande

XGEAR1 WM10 WG1 GEAR1 PARAMS: N1=20 N2=60 J1=4E-5 J2=3.17E-3 B1=1N

+ B2=1N W1=0 W2=0 BL=1 BL0=0 KBL=1MEG BBL=1MEG RSW=1MEG XTOL=1M EFFIC=1. WO0=0 ; gearpairl
XGEAR2 WG10 W1 GEAR1 PARAMS: N1=1 N2=3 J1=4E-5 J2=3.17E-3 B1=1N B2=1N

+ W1=0 W2=0 BL=1 BL0=0 KBL=1MEG BBL=1MEG RSW=1MEG XTOL=1M EFFIC=1. WO0=0 ; gear pair 2
XENC1 W1 0 PWI1ENCODER1 PARAMS: K=1 J=1N B=1N W=0 THO=0 W0=0 ; encoder 1

XPIN  M11 M12 M13 M14 M15 M16 W1 ROTDRF2B PARAMS: X1=0 Y1={L1/2} ; fixed pin gears-rod
XROD1 M11 M12 M13 M14 M15 M16 MASS2B PARAMS: M=0.42411 J=8.836E-3 GX=0

+ GY=-9.81 X0=0 Y0={-L1/2} THO=0 ; mass rod 1

XD1 M11 M12 M13 M14 M15 M16 G11 G12 G13 G14 G15 G16 DAMPER2B PARAMS:

+ BR=0.1 ; damping rod 1

V1811 G110 DCO ; connect end of damper to ground

V18118 G130 DCO

V1812 G120 DCO

R18136 G140 1T

R18138 G150 1T

R18141 G160 1T

XA M11 M12 M13 M14 M15 M16 A1 A2 A3 A4 A5 A6 PTPART2B PARAMS:

+ XP=0 YP={-L1/2} ; axis of motor and gear pair 3
XA2 M11 M12 M13 M14 M15 M16 A21 A22 A23 A24 A25 A26 PTPART2B PARAMS:

+ XP=.08 YP={-L1/2} ; axis of gear pair 4

XDES2 VDES2 CONST PARAMS: X=0 ; desired position rod 2

XPI2 PW21 VDES2 VPWR2 PIREL PARAMS: KP=5 K|=2 ; control rod 2

XPWR2 VPWR2V2 DRVV1P PARAMS: K=1 TAU=1MS VS=24 ; amplifier rod 2

XDCPM2 V20 WMZ2R1 WM2S DCPM1 PARAMS: RA=5.5 LA=6.2M KE=62M KT=62M

+ JM=56U BM=.1N WM=15M W0=0 ; motor rod 2

V1440 WM2R1 WM2R DCOACO ; sense torque rod 2
XBEAR1 Al A2 A3 A4 A5 A6 WI2 WM2S WM2R ROTDRI2A PARAMS: M1=1F J1=1F

+ M2=1F J2=56U ; convert bus to net and add torque

XGEAR3 WI2WG2 Al A2 A3 A4 A5 A6 A21 A22 A23 A24 A25 A26 GEARN2B1

+ PARAMS: N1=20 N2=60 J1=4E-5 J2=3.17E-3 B1=1N B2=1N W1=0 W2=0 BL=1 BL0=0

+ KBL=1MEG BBL=1MEG RSW=1MEG XTOL=1M EFFIC=1. W0=0 M1=0.196 M2=1.923 GX=0
+ GY=-9.81 ; gear pair 3
XGEAR4 WG2 W2 A21 A22 A23 A24 A25 A26 A1 A2 A3 A4 A5 A6 GEARN2B1

+ PARAMS: N1=1 N2=3 J1=4E-5 J2=3.17E-3 B1=1N B2=1N W1=0 W2=0 BL=1 BL0O=0

+ KBL=1MEG BBL=1MEG RSW=1MEG XTOL=1M EFFIC=1. W0=0 M1=1F M2=1.764 GX=0 GY=-9.81; gearp. 4
XENC2 W2 Al A2 A3 A4 A5 A6 PW21 ENCODER2B0 PARAMS: K=1 JR=1F JS=1F

+ MR=1F MS=1F B=1N W=0 THO=0 W0=0 ; encoder 2

* bearing : construct the velocity of the pin of the 2nd rod

* from the velo. of the gear & the gear axis

XBEAR2 W2 Al A2 A3 A4 A5 A6 AO1 AO2 AO3 AO4 AO5 AO6 PINI2C

XM2  M21 M22 M23 M24 M25 M26 AO1 AO2 AO3 AO4 AO5 AO6 PTPART2B PARAMS:

+ XP=0 YP={L2/2} ; connection with rod 2
XROD2 M21 M22 M23 M24 M25 M26 MASS2B PARAMS: M=0.42411 J=8.836E-3 GX=0

+ GY=-9.81 X0={SIN(TH02)*L2/2} YO={-L1-L2/2*COS(THO02)} THO={TH02} ; mass rod 2
XD2 M21 M22 M23 M24 M25 M26 G21 G22 G23 G24 G25 G26 DAMPER2B PARAMS:

+ BR=0.1 ; damping 2nd rod
V134711 G210 DCO ; connect end of damper to ground
V1347118 G230 DCO

V134712 G220 DCO

R1347136 G240 1T

R1347138 G250 1T

R1347141 G260 1T

.PROBE

.TRAN 1M 20 1M UIC

.LIB mecano.lib

.OPTIONS LIMPTS=2000 ITL1=40 ITL2=20 ITL4=10 ITL5=0 ABSTOL=1NA CHGTOL=.01PC

+ CPTIME=1E6 GMIN=1E-12 RELTOL=.01M NUMDGT=6 VNTOL=1UV TNOM=27

.PARAM L1=.5 L2=.5 TH02=0

.END

Figure 41: PSpice netlist of the system with two degrees of freedom

For the first rod, the rotationalmotion of the motor is fed to a pin-connection (which includes
actuator input) tahefirst rod. Twocomponents have been provided the position of the connection
points forthe gealaxes. Themotor of the second motor is fed ab@aring,which converts théus to a
single neffor the rotational motion. In the bearing, inpat providedfor the DC-motomodel (which
includes onlytranslationaimotion) isinput. Thebus modelsfor the geardave twobus inputs for the
positions of the geararrier pointgwhich are attached tthefirst rod), andwo single net node®r the
rotational velocities of the gears. After the encoder, a second bearing combirwatibealvelocity of
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the encodeshaftwith the translationalelocity of thegear carrier axis, tbuild the velocity of the
second rod.

The simulation results are given in Figure 42.
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Figure 42: Results of the simulation of the system with two degrees of freedom: output voltages of
the PI-controllers, torques at the DC-motor shaft, (relative) rotational velocities of the motor shafts,
and relative angular positions of the rods.

5.4. Electro-hydraulic Positioning System

The electro-hydraulic system [25] (Fig. 48s toposition a mechanical load, evhich a constant
force and frictionacts. The system consists of a servo-amplifiehich sends aurrent to aservo
hydraulic four-way valve. The valve controls a symmetric hydraulic positioning cylingdgch
actuates the load. The position and the acceleration of the load are fed back to the servo amplifier.

CYLINDER.
P.

SERVO AMPLIFIER. ﬁ
PW bt VPt > LR B
es. xS SERVO VALVE. VP D>
load position. >_‘
load acceleration.
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Figure 43: ViewDraw model of the electro-hydraulic system.

Fig. 43 shows the ViewDrawnodeland Fig. 44 the PSpice netlist of the system. A behavioural
linear model istaken forthe servo valve (the physigadrameters areot known). An accelerometer is
used for measuring the acceleration. A behavioualel(integrator) is used for positioneasurement.
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A spring is added tonodelthe flexibility between the loadnd the cylinder, andetween the cylinder
frame and the ground. The gains of the amplifier and of the position feedtmdalculatedising
classical control techniques.

* Project DYNHYDR

* Powerview Wirelist Created with Version 5.1.2
* Inifile : wspice.ini

* Options :-p-f-n

* Levels

VDES VDES 0PWL (00 75MS .2462 .325 .2462 .40) ; desired velocity
X15 VDES XDES POS PARAMS: X0=0 ; desired position
XAMP  XDES XD AMP PARAMS: K={KX} ; gain

X17 XD AS Al SUB2 ; servo amplifier

X18 Al XS A2 SUB2

X0 A2 | AMP PARAMS: K={KAMP}

XVALV A B | SERVALV PARAMS: KQ={KQ} PSCH=1MEG PS=10MEG PR=1E5 KP=0 ; valve
XCYL A B P C CYLINSYMO PARAMS: A={A} BETA={E} RHO=1N M={MP} W=0

+ B=1N VR1=1U VR2=1U X0=0 P01=1E5 P02=1E5 DIR=1 CEP1=1E-21 CEP2=1E-21

+ CIP={GAB} PSCH=1MEG PEXT=0 L={H} KS={FS} BS=1N V0=0 PREF=1E5 ; cylinder
XCON C MASS PARAMS: M={MC} V0=0 ; mass frame

XCK C 0 SPRINGO PARAMS: K=100G ; flexibility frame

XK1 P L SPRINGO PARAMS: K=100G ; flexible link cyl - load
XMASS L MASS PARAMS: M={M} V0=0 ; mass load

XDAMP L 0 DAMPER PARAMS: B={BM} ; damping

IFEXT 0 L DC({-FEXT} ; external force

XACC L AS ACCMETERO PARAMS: KAMP={KA} KM=1G BM=1K M=1M MH=1F ; acceleration meas.
XPOS L XL POS PARAMS: X0=0

XS XL XS AMP PARAMS: K={KX} ; position meas.

.PROBE

.OPTIONS LIMPTS=2000 ITL1=40 ITL2=20 ITL4=10 ITL5=0 ABSTOL=1PA CHGTOL=.01PC

+ CPTIME=1E6 GMIN=1E-12 RELTOL=.001 NUMDGT=6 VNTOL=1UV TNOM=27

.TRAN 1M .05 0 .1M UIC

.INC "dynhydr.par"

.LIB mecano.lib

.END

Figure 44: PSpice netlist of the electro-hydraulic system

Fig. 45 shows the simulation results. Du¢ht® compressibility of the fluichigh frequencypressure
oscillations occur during opening and closing of the valve.
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Figure 45: Simulation results of the electro-hydraulic system : Velocity of the load; Pressure on both
cylinder sides; Input to the servo valve ; desired and actual position.
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5.5. Field Controlled Induction motor

This example discusses a 3-phagkiction motor with fielccontrol. The applied control is tlhiedi-
rectfield control method, as described in [19]. The contrah@&lelled on amnalog behaviourdével.
The induction motor is driven by a current controlled converter, which is also modelled on a behavioural
level.

5.5.1. Field Coordinate Transformation

The aim of field control of an induction motor is to decouple magfleticand torque, so that the
motor can be controlled as a separagdgited DC-motor [19]. In the field-orientateghproachpoth
the statorand rotor variables are transformed t@aordinate system (the field coordinate system),
which rotates with the magnetising rotor currigpiy which is defined as:

I - i = Lr =
ImR:ImFgJp :IS+VIreJE (69)
with p the angle between the magnetizioigrrent and thdixed coordinate system. The torque
relation Eq. (54pecomes then:
_ NpMI _Q(_Q je)* _
6= 5 mfi i e =
with iSq the quadraturecomponent of thetator current irthe field coordinate system. The relation for
the rotor current Eq. (5Become$19]:

di - _ de -
Tr dt +@‘_ JTra@nR:IS (71)

with Ty=L,/R, the rotor constant. From this equatiamo equations can be deriveghich give the
magnetizing current and the angte

N, M

3—|_risqi mR (70)

dér;R = %(isd =i gl (72)
%:%+ I?q (73)
dt dt Tix

The anglep is defined from Eq. (73), and then used to derive the culikgniand iSq from the currents
isgandigp, which are defined in a local coordinate system, and derived (with Eq. 55) from the measured
currentsgy, isp andigg:

Isd =1 saCOSJ +l sb SInp

Ioq = —i ;,SINP+i ,,COP

(74)

In Eq. (73)the magnetizingurrent occurs in the denominatarich can lead to problems. In PSpice,
the magnetisingcurrent isderived from a system of differential equations, which is derivech
Eq. (69):

Tr dImRa = isa _i mRa_T rﬁl mRb
dt dt 25
Ty B e
r dt ~lsb mRb rdt mRa

with indicesa andb indicating coordinates in a fixed coordinate system. In the field coordinate system
yields:ijmRg0, and:

imR = irana+i 2mRb:i ngqu'H mR§irp (76)
O = iqu = _i mRaSin p +i mRbCOSp
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5.5.2. Field Control

The indirect field controimethod [19], which is describdukere, usestator currentand velocity
measurements. The control consists of a torque and a flux control. The torque contdeffileegp the
desired currenggRref the flux controlggref

The torque control loop consists of a Pl-controlleat compares the velocity with thactual
velocity. The output (desired torque) is limited to the maximum possible torque at the meeakuwitd
(using field-weakening). The desired torque is compared with the rwtue, as calculatedith
Eqg. (75) and sent through a PI-controller to generate the desired ¢§q@g$

The flux control loop compares the calculateaignetisingcurrenti g with the desired magnetising
currentimpr Which is proportional to themaximum torque. The difference is sent through a PI-
controller, and gives the desired curepiref

These desirecturrents are transformed to faxed coordinate system, by using the inverse
transformation of Eq. (74). The desired 3-phase currents are then derived by using Eq. (56).
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Figure 46: PSpice results of the field control simulation: actog) @nd desiredu(geqg motor velocity;
Generated torque and load torque.

Fig. 46 shows the results. The netlist is:

* field control AC-motor

* book Leonhard p.215 ev. Fig.12.13
lib mecano.lib

.options noecho

* calculation of the magnetizing current vector in a fixed coordinate system,
* starting from the stator currents in a fixed coordinate system

.subckt magcur isa isb w imra imrb params: Tr=1 Np=2

c1z1 0 {Tr}; ic={x10} ; z1 : temp. variable
g1 0 z1 value={v(isa)-v(z1)-(Np/2)*Tr*v(w)*v(z2)}

r1z101T

c2 z2 0 {Tr}; ic={x20}
g2 0 z2 value={v(isb)-v(z2)+Tr*(Np/2)*v(w)*v(z1)}
r2z201T

rinlisa0 1T ; output resistances
rin2isb 0 1T

rin3 w 01T

routl imra 0 1T
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rout2 imrb 0 1T

rout3 imra imral 1n

rout4 imrb imrb1 1n

exlimral0z101 ; copy voltages
ex2imrb10z201

.ends

*,

* Calculation of cos(rho) and sin(rho) of the magnetizing current vector
.subckt rhocalc imra imrb imr cosq sing
xhyp imra imrb imr hypot

g1 0 x1 value={v(imra)*(1-v(x1))+v(imrb)*v(x2)-v(imr)}
rl0x11T

g2 0 x2 value={-v(imra)*v(x2)+v(imrb)*(1-v(x1))}
r20x21T

el cosql 0 value={1-v(x1)}
e2singl0x201

routl cosql cosq 1n

rout2 singl sing 1n

rout3 cosq 0 1T

routd sinq 0 1T

.ends

*

* field control=velocity control

* nodes : wdes : desired velocity

* w : measured velocity

* isl,is2 : measured current (as velocity signals)
* islref,is2ref,is3ref : output currents (as velocity signals)

* params: Rr,Lr,Rs,M, Np : motor parameters

* rhoO : initial magnetization angle

* Trat : rated torque (also : mO in leonhard control scheme )

* wrat : rated velocity

* |mrat: rated magnetization current

* Kpvel, Kivel : velocity control Kp and Ki

* Kptrg, Kitrq : torque control Kp and Ki

* Kpflux, Kiflux : flux control Kp and Ki

* lim : current limit.

.subckt field_ctrl wdes w is1 is2 is3 islref is2ref is3ref

+ params: Lr=1f Rr=1f rho0=0 M=1f Np=2

+ Kpvel=1 Kivel=0 Kptrg=1 Kitrg=0 Kpflux=1 Kiflux=0 Kcurr=1

+ Trat=1 wrat=300 Imrat=10 [lim=50A

+ ph2dg=0.816496580928 ; conversion factor from 2ph to 3ph

x3ph2ab isl is2 is3 isa isb ph3toph2 params: ph2dg={ph2dgq} ; transfo. from 3-phase to 2-phase
ximr isa isb w imra imrb magcur params: Tr={Lr/Rr} Np={Np}; magnet. current in fixed co.sys

xrho imra imrb imr cosq sing rhocalc ; angle and amplitude of magnetizing current
xab2dq isa isb isd isq cosq singn cotra2d ; coordinate transform to field co.sys.

xsinneg sing singn inv ; invert sine

xweak w tmax fieldwea params: wrat={wrat} yrat={Trat} ; maximum torque (field weakening)
xvelo w wdes mdrefl pirel params: Kp={Kpvel} Ki={Kivel} ; pi-control ; velocity control

xtlim mdrefl mdref tmax limitvas ; limit to maximum torque

xprod imr isq md mul2 params: k={(2/(3*ph2dg*ph2dq))*(Np/2)*M/(Lr/M)} ; torque calculation
xtorqg md mdref isqrefl pirel params: kp={Kptrq} ki={Kitrq} ; torque controller

ximref tmax imref amp params: K={Imrat/Trat} ; desired magnetizing current
xflux imr imref isdrefl pirel params: Kp={Kpflux} Ki={Kiflux} ; flux controller
xlimq isqrefl isqref limit params: vmin={-llim} vmax={llim} : limits on currents

xlimd isdrefl isdref limit params: vmin={-llim} vmax={llim}

xdq2ab isdref isqref isaref isbref cosq sing cotra2d ; coord. transform to fixed co.sys.
xab2ph3 isaref isbref islref is2ref is3ref ph2toph3 params: dq2ph={2/(3*ph2dq)} ; 3-ph. cur.
.ends

*

* actual model
*
xconv islref is2ref is3ref vl v2 v3 drvi3p params: Vs=380 ; converter

xsenil vl plisl curresO ; current sensors
xseni2 v2 p2 is2 curresO
xseni3 v3 p3is3 curresO

* motor model

xmot p1 p2 p3 wm 0 acind3p params: Rs={Rs} Rr={Rr} M={M} Ls={Ls} Lr={Lr}
+ JIm={Im} Np={Np} wO={w0}

xtach wm O wt tachoO ; velocity sensor
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x wdes wt isl is2 is3 islref is2ref is3ref field_ctrl ; field control
+ params: Rr={Rr} Lr={Lr} M={M} Np={Np}

+ Trat=40 wrat=150 Imrat=10 rho0=0

+ Kpvel={Kpvel} Kivel=0 Kptrg={Kptrq} Kitrg=0 Kpflux=1 Kiflux=0

vdes wdrpm O pwl (0 0 1m 500 50m 500 51m -500) ; desired velocity
xdrpm wdrpm wdes rpm2rads

iload wm 0 pwl (0 0 30ms 0 31ms 30 80ms 30 81ms 0) ; load

.param Rs=0.490 Rr=2.364 Ls=0.1468 Lr=0.1468 M=0.1312 Np=4 Jm=8.2e-3 Vs=380
.param w0=0 ; {.9 *2* 50*3.14159265/Np}

.param Kpvel=10 Kivel=10

.param Kptrq=10 Kitrg=10

.tran 10us 100ms 0 .1ms uic

.options vntol=1m abstol=1u reltol=1m itI5=0
.probe
.end

Figure 47: PSpice netlist for the field controlled motor
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CHAPTER 6.

DESIGN INTEGRATION

Design of mechatronic systems is a compecess. The previous chapters descrified a single
CAE-tool can be used fomodelling and simulation of the complete multitechnical system at the
physical level. The CAE-tool dogsowever not haveall the functionswhich are desirediuring the
conceptual and the physical design. At the conceptual design level, different diésigatives are
compared and the optimal componeats selected, mostly by the use sfme designules. At the
functional design level, the aim is to design the contrédleoptimum dynamical behaviour. The tools
that areused at the conceptual desilgivel have mostly no advancqmbssibilities for simulation,
whereas the physical and functional design tools have no possibilities to select convoengtaients
efficiently. By integrating conceptual and physi¢at functional)design, different design alternatives
can beverified rapidly. Forintegration of the desigprocess, modelsand desigrdata can bgassed
from one design tool to another.

This chaptewill describe how modelsan be transferred fromne design level tanother, ofrom
one CAE-tool to another. Three tools halzeen used durinthis design projectServoPlan for the
conceptual design of electric drivédATLAB/SIMULINK for the functional design of the controller,
and PSpice for the physical design.

6.1. ServoPlan: Conceptual Design of Servo Drives

The aim of the conceptual desitgvel is to define tharchitecture of the system, by comparing
different desigralternatives, and by selecting thasicsystem components. At the conceptdesign
level, rules are used to select the various components.

6.1.1. Description of ServoPlan

ServoPlan [14] is a program fdahe conceptual design of electric drivédervoPlan hadeen
developed at VTT Automation in co-operation with component suppliers (ABB Industry, SKS-tekniikka
Oy and Refimex Oy) and end-users (Cimcorp Oy and Lillbackan konepaja).

- Berrefin | Lr o |

._.!

Figure 48: User Interface of ServoPlanl.2 with drive system, and the input and calculated values.
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ServoPlan is a Windows basprbgram, and is programmed in Visugasic. Figure 48 shows the
user interface. The loathe velocity profile and thparameters of the power transmissot@mponents
are interactively entered. The following power transmission compoaesysovided:gear, rack-pinion,
belt drive and ball screw. ServoPlan uses a set of rules to A€lecDC-motors and reducers from a
databaseAll databases are in dBase Ill format. The parametéhgimotor and reducelatabases are
catalogue data, e.g. maximum and rated torque, rated velocity, moment of inertia,...

ServoPlan has alssome simple simulationoutines to check thetarting ofthe motor. During
simulation, the complete mechanical transmission systéradted as aingleinertia, and no external
forces are applied.

Since ServoPlan is maingimed at the selection of the motor aediucer, the controller is not
modelled. Only for the simulation of DC-motors a PID velocity control loop is added.

6.1.2. Export Module

The simulation algorithimthat isused by ServoPlan is very simple: the integration rule is a Euler
method with a fixed timstep. In order teheck the behaviour mosecurately, anoreelaborate CAE-
tool like MATLAB or PSpice has to be used. The basic version of ServoPlan can however only print the
global system configuration, amés no possibilities to expdtie designed system to otheAE-tools.
Since the sourceode ofServoPlan was available,raodule, calledEXPORT hasbeen added to the
original code.

Unfortunately, ther@re no standard languages floe exchange of simulation modesach CAE-
tool usedts own language to defined models. A different conversiartine hagherefore to be written
for each CAE-tool. IEXPORT, the system can be transferred to the other todigh were used
during the project, i.e. PSpice and MATLAB/SIMULINK.

The model, which is generated ByXPORT, consists of macromodels, their connections and the
model parameters. This requires thateach CAE-tool a library othese models iavailable. The
library for PSpice habeen described in the previotisapter. The library that hdmen developed for
MATLAB will be discussed in sectio8.3.3.

Themodulecan also add a controller to thdel, inorder to have directly a complateodel of the
system.

6.1.2.1. Program Flow

The module has the following steps:

Selection of the Export format. MATLAB and PSpice are at this moment included.
MATLAB/SIMULINK: the output file is a script file with the SIMULINK model.
PSpice:the output file is a PSpice netlist

« Input of the output file name

« Selection of the transient analysis tygéep function owelocity profile. If thestep function is
selected, thestarting ofthe motor and the control loop is tested. If the velocity profile is selected,
the velocity profile and the forces, which have been input to ServoPlan, are used.

- Semi-automatic or interactive input. In semi-automatade, theprogram reduces requests to the
user for input to aninimum. In interactivenput mode, theuser carchange most of the parameters
and enter the parameters that do not occur in the standard conversion routines.

« Writing the initialisation commands to thautput file, as e.gthe name of thenodel library,
transient simulation parameters,...

«  Export of the models for motor, mechanical transmission and load.
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« Selection of the Controller. Position control avelocity control have been included. Feedback
sensors can beelected at the motor or at the load. If net input is selected, the motor is driven by a
DC- or AC-supply. If nacontroller is selected, oniyotor, transmission and loaglewritten to the
output file.

«  Export of the models for the controller.
« Closing of the output file.

6.1.2.2.Model Window

For each model, aimilar modelform (or window) isused. Fig. 49 shows thmodel windowfor a
DC-motor and PSpice output.

=| DC motor DC_TEST [=] =«
Model Parameters
Permanent Magnet DC-motor| Ra 7.8
Separately Excited DC-motor| | 5 L]
Shunt Ke - 13
Series -
Compound Kt 4
Brushless DC-motor Jm 0082
Behavioural model [linear cul Bm
Behavioural model [constant | v
Library Model

Own Definition

Level I:I

SPICE Text

= DC motor DC_TEST +
XMOT 200 201 300 410 DCPM1 PARAMS:
+ Ra=7.8 La=018 Ke=.43 Kt=_4 Jm=.0082
VTRQ 4100

B Include Torque Sensing Mode

Figure 49: Model Window for DC-motor with PSpice output
The controls on the window are :
e Alist with the possible models:

Parametric Component Model: the list contains the variousodelsthat are available in resp. the
PSpice or MATLAB library.

Library Model : is available for PSpice output of DC- and AC-motors and gears. With the
program CrealLibwhich will be discussed in secti@?2.4.,the dBasalatabases in ServoPlan
can beconverted in directly to PSpidibraries. At this selectiorEXPORT asks fothe name
of thelibrary, and listshe names of thsubcircuits in thdibrary in the window, fromwhich
the user can choose. No parameters can be selected.

Own Definition : theuser can enter himvn model.The program indicates the names ofrtbees,
which have to be used.

e The level. Thdevel is an integer numbehat is appendedafter the model name. If the PSpice
library hasmodelsfor several accurackevels, the levetan bechanged between O (ideahd the
maximum level number (most complex).

« The parameter names and values. Moeuleconverts the model, which is usedSarvoPlan, to a
physical modeland lists the parameters of the physicaldel onscreen. The parametesghich
are used by ServoPlan, correspond mostly directhatameters of the physiaalodel; in the other
cases aonversion routine is used to calculate the physialelparameters from the parameters
in ServoPlan. For e.ddC-permanent magnet motors, tharameters in ServoPlan correspond
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directly to the parameters of the PSpicedel, exceptor dampingby, and the frictiorW,, which
are not used in ServoPlan. The user can change the parameter values.

e The output text in MATLAB or PSpice format. The text is updated automaticahg ihodel or a
parameter value is changed. Tuser can alsehange theext. When the "OK"button is pressed,
the content of the output text box is written to the output file.

- Additional controls, dependent on the model type and the output format. For AC- and DC-motors, a
torque probe can badded to the PSpice filé&:or the complex belt drive models, the type of
pretensioning can be enterdébr MATLAB output, textboxes areadded to name the output
variables.; if these boxes are filled, the program generates additional blocks to output the variables.

6.1.2.3. Coding of the model window

The model window isprogrammedso, that it can also besed by other programs (e.g. VarComp,
which will be discussed in secti@n7.2.).Due to the limited possibilities to handle user-defityges in
Visual Basic,one global variableXmodel is used to represent all the componeKimodel is a
user-defined typenodel , and consists of the following fields:

name name of the component (the prefix X is added for PSpice subcircuits)

type built-in model or subcircuit. The output format for both MATLAB and
PSpice differs if thenodel isbuilt-in (PSpice primitive, SIMULINK built-in
blocks) or defined in a user-written library.

model the name of the model
max_level the highest accuracy level model
level the actual accuracy level

n_in the number of input nodes
node_in names of the input nodes

n_out number of output nodes
node_out the names of the output nodes
n_par the number of parameters
par_name the names of the parameters
par_val the values of the parameters
comments comments, which are written to the output file.

Three filesare used forprogramming of thenodel window:the Visualbasicfile for the form, the
Basic file MODEL.BAS and the applicatiodependenBasic file APPL_yyy.BAS. MODEL.BAS
defines the globavariables used by themodel windowroutines and generates a “blankibdel for
Xmodel . The “blank”model defineshe variableshat arefixed for the model(i.e. the number of input
and output nodes, model name, parameter names). At selectiomwidéixxx in themodel window,
an application specific routinappl_model_xxx is called (in the file APPL_yyy.BAS)which
performs a call to the routinmodel_xxx in MODEL.BAS. This routine generates a “blank”
Xmodel ; the routineappl_model_xxx then fills in thenode nameand converts the parameters
used in ServoPlan to component model parameters.

6.1.2.4. Extension to other CAE-tools

The moduleEXPORT can bextended to other toothian PSpice and MATLABFor each other
tool, a library for the components, which are used by ServoPlan (i.e. reducers, AC- and DC-motors) has
to be developed.

In the moduleMODEL.BAS, the routinedor the “blank” modelhave to be adapted to match the
model of the component in the CAE-tool. If thmodel uses other parameters than tinedels in
MATLAB or PSpice, theconversion routines have to be changed. An additional foas)to be
generatedor the initialisation of themodel description file in the CAE-tool. Routines have to be
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developedor the output ofthe modeland the connectionsetween the models in timeodeldescription
file.

The physical design tool could bather integrated in the conceptutsign tool by using the other
CAE-tool directly as simulatorafter pressinghe button “Simulation”, thanodel is automatically
converted, the simulatiostarted, andhe post-processor called. éser interface has to hgovided
betweenServoPlan and the post-processor, to allowitov the desiredesults on screen (without
accurate knowledge of the model in the simulator).

The technique, which is used by tmeduleEXPORT could be applied to other conceptdakign
tools than ServoPlan. The main routine generatesetpgence in which the different components in the
conceptual design toare written to the description fileFor each component, model window is
generated, in which thegorts tothe modelgi.e. the connections with previously generateutliels) are
the parameters.

6.2. From Conceptual to Physical

6.2.1. Physical Model of the Electric Drive

Due to the selection criteridor across and through variables the different energy domains, the
topology of themodel inPSpice resembles the physical system. The topology of the physidal of
the electric drive corresponds to the topology of the grapimodEl inServoPlan. Fig. 50 compares the
ServoPlan input with a ViewDrawodel ofthe same system. Due to this analogy, the physicdel
can be constructed by converting component by component. The nodes in the piydétebrrespond
to mechanical connection points.

M
= I
AT
] = bad.
-5 gearf. ' Sltsyn. ' TSy Mt
= depm.
-3

o

&
Figure 50: The graphical model in ServoPlan and the equivalent ViewDraw model.

If we want to generate model ofthe complete motion control system, aisoneed to include a
model of the control system, which is not included in ServoPlan

6.2.2. Physical Model Parameters from Catalogue Data

Conceptualmodelsare based on cataloguata, whereas physicainodelsare based omphysical
properties. Foinstance, the conceptualodel ofthe AC induction motor uses e.g. tteged and the
maximum torque, whereas the physical torque uses rotor and stator resistances and inductances.

If the physicalmodel of aproduct is available at an early stage of the design, diffelesign
alternatives can beerified rapidly and decisions on the selection of the other comporemisemade
early. If the physical parameters cannot be measthey,have to be derived from the cataloga¢a.
Conversion routines have to tevelopedor eachdifferent model, irorder to calculate the parameters
for the physicalmodel from the cataloguedata. These conversion routines make often rough
approximations. The physicalodelthat isderived insuch way may therefore not becurate, and has
to be handled with care.
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This sectiorwill describe how the models BervoPlan (DC-motors, AC-motors and reducers) are
converted to physical models.

6.2.2.1. DC-motors

The databases for DC-motdrglude the torque and the gaionstant, thermature resistance and
inductance, and the rotor inertia. These parameters return all in the physical model of the DC-permanent
magnet motor. All DC-motors are modelled aspermanent-magnet DC-motordajor motor
manufacturers use these models in their guidelines for motor selection [50].

6.2.2.2. AC-motors

ServoPlan treats all A@otors as 3-phase induction motors. Totr andstator resistances and
inductances are derived from the catalogue data with a satiygle conversion routine. Tlenversion
is based on the following equations:

w, = 2t
V VEL X0
=V[1-—[
¢ O X0
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The first 2 equationsgive resp.the rated torqud ¢ at ratedspeedngt rpm, andthe peak torque
Tpeak The following assumptions are made:

L=L =105M O X,= 005,

78
R, =005X, (78)
With these assumptions the rated torque can be written as:
2 2
;.3 (a9sv,) ooy 3 (a9sv) 79)
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60 60
From the reactancéy the stator resistand®; and the inductanced, LgandL, are calculated:
XG

X, =w/(L- M)+(L- M)]=w[2mosm] O M= 16 = (80)

The rotor resistance is approximated Bs= §,..+/ R+ X, with Speakthe slip, corresponding to the
maximum torque. At the rated speed, the torque is approximately proportional to the slip, or:

peak

Speak = Srat Trat
. Tpeak 2 2 Tpeak
This leads toR = s, T_‘/Rs + X5 = $at-|-_\/10025(c
rat rat
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These assumptiorege rather rough. The calculatdgtoretical starting torquéoes not correspond
with the catalogu&lata.Another (iterativelapproach habeenused,which uses also the value of the
starting torque anthe powerfactor (cosp). It is however not alays possible to find valuder rotor
and stator resistances and inductances, which match all these parameters.

6.2.2.3.Behavioural motor models

The behavioural motanodels in thé®Spice library uséhe parameters stored in the dBdatabase
as parameters. These motaodelsrepresent the combination of motor, motor control and power
amplifier. The parameters for the control (Pl-velocity control) are entered as parameters to the model.

6.2.2.4. Reducers

The reducer isnodelled as a singlgear pair.The two gearsre supposed toave the same width
and material densitp. The radius othe output gear equals tine product of theadius ofthe input
gear and the transmission ratid he inertia of each of the gears is calculated ottmbinednertia at
the entry shaft. The ratio of the inertia is:

o _me_(mbe)e r' i (81)
J  mr (Trpbrf)rl2 r’

(o, 0 |
The total inertia atthe input shaft Jiot equals: J,, = Jﬁ%fEJZ:(H |2)Jl. For higher
transmission ratios this assumptiorh@vever nowalid. If there is no backlash, it is not necessary to
divide the inertia over the two gears.

The efficiency is gparameter that also occurs time physical model. In theataloguedata, the
efficiency is entered at four different velocitiesmddelhasbeen added to tHfeSpice library for a gear
pair with variable efficiency.

6.2.2.5.Mechanical transmission and load

The input parameters of ServoPlan, correspomudtly to parameters that occur ihe physical
PSpicemodel. Propertieswhich are calculated by ServoPlan a@metimegarameters in the PSpice
model, e.g. the inertia of gears and belt pulleys, which are calculated from the diametesamdich
are entered interactively. Isomecasesmodels have been added to ®8pice library toconvert a
ServoPlan inputelementdirectly to a PSpicenodel (e.g. the linear loadnodel, and time dependent
forces).

6.2.3. Conversion from ServoPlan to PSpice

The module EXPORT, which has been added td&ervoPlan, converts the inpdiata and the
calculations from ServoPlan to a PSpice netlist. Due to the anaddggen the physicahodeland the
graphicalmodel inServoPlan (cf. Fig. 50the conversion isather straight-forward component by
component is converted, and the nodes are numbered accordingly.
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* Example for conversion from ServoPlan to PSpice
.LIB mecano.lib

.TRAN .050001 5.0001 0 .050001 UIC

.PROBE

* DC motor 443.1.20

XMOT 200 201 300 410 DCPM1 PARAMS:

+ Ra=4.1 La=.023 Ke=.67 Kt=.67 Jm=2.00E-03
VTRQ 4100

VGND 201 0

* Reducer SP60-M1-10

XRED 300 301 GEARF2 PARAMS:

+ N1=1 N2=-10 J1=1.287129E-07 J2=1.287129E-03 bl=1.745333E-
03

+ effic=0.97

Figure 51: ServoPlan model and start of corresponding PSpice netlist

EXPORT canadd a velocity or position controller to the system. The feedback signal can
correspond to the motor or load velocity (resp. position).

The inputdata of ServoPlan carhowever not be converted to a ViewDraw model. ViewDraw
schematics are stored as ASCII-filbat nofunctionsare available tgenerate these files from external
programs. Moreover, the nets, which link the different symbol pins in theseafiésetermined by their
initial and final position coordinates, not by the pin labels. If the size of a symbol or the position of the
pins change, the pins have todmanectechgain manually. Thisakes it almost impossible to generate
ViewDraw files from an external program.

6.2.4. Generation of PSpice Libraries from Catalogue Data

The conversion routingkat areused to generate physicalbdels from thedata inServoPlan can
also be used to directly generate PSpice libraries from the dBase libraries, used by ServoPlan.

The program Crealib halseen generatetbr the conversion of the dBadibraries to PSpice
libraries. Currently, théollowing modelscan be output: DC permanent magnet, AC 3-plrahgction
motor, behavioural motor models and gear models. Figure 52 shows the user interface for CrealLib.

Create SPICE Library ME

Databasze File : NATMPWOHANASERYOADATABASEADCLZE DBF
Output  File - N-ATMPWOHANASERVOADATABASEADCLZE . LIB
Model

Execute

Permanent Magnet DC-motor
Behavioural model [linear curve]
Behavioural model [constant power]

Level l:l

Figure 52: User interface of CreaLib

Figure 53 shows part ofthelibrary in ServoPlan anthe resulting PSpickbrary. Thecomponent
name is changesbo, thatthe subcircuihame contains onlgharacters that amlowed byPSpice, e.g.
blanks are removed, "-" becomes " " and "," becomes "*".
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(a) dBase data in ServoPlan

* PSpice Library created by CrealLib v.1.0

*VTT/KAU 18.11.1994

* Database file : J\COMM\DCLZE.DBF

* Models converted to PSpice model for : Permanent Magnet DC-motor
* (model dcpm level 1)

* GFRK 090-22/1,7 : Permanent magnet DC-motor
* Manufacturer : LENZE

* Supplier : REFIMEX OY

.SUBCKT DCGFRK090_22/1*712 34

XMOT 1 2 34 DCPM1 PARAMS:

+ Ra=4.53 La=0.0141 Ke=0.69 Kt=0.69 Jm=0.004
.ENDS

* GFRK 090-22/1,8 : Permanent magnet DC-motor
* Manufacturer : LENZE

* Supplier : REFIMEX OY

.SUBCKT DCGFRK090_22/1*8 12 3 4

XMOT 1 2 34 DCPM1 PARAMS:

+ Ra=1.48 La=0.0046 Ke=0.39 Kt=0.39 Jm=0.004
.ENDS

(b) PSpice library
Figure 53: Conversion from dBase to PSpice library

These libraries can then be used directly when writing or editing the netlist, to verify the behaviour of
other motors, or by other schematic editors. All the models in one library have the same number of input
nodes and represent the same type of component. Symbolbdeav@rovided in the schematic editor
ViewDraw for theselibrary models. Theattribute MOD ofthese symbolfas to be set tthe library
model of the respective component.

6.3. From Conceptual to Functional

The translation of the graphical input in ServoPlan to a functional form is not so straight-forward as
the generation of the physical model. This sectionfirgit discusshow the motor transmission system
can bemodelled as dlock diagram, consecutivelyow blockdiagram libraries havbeen developed,
and then how ServoPlan data are converted to a MATLAB/SIMULINK block diagram.

6.3.1. Modelling of motor-transmission

Block diagramsare unidirectional. Power flow between two components, described by two blocks,
can be represented by separating the through aratitbes variablever twoseparate signal lines. One
of the power variables is1odelled asoutput ofthe first block and is input to the second block. The
second power variable modelled as &edback signal: it isutput ofthe second block and input to the
first block.

The mechanical transmission is characterised bympedance| : «y=Z| Ty, With «py, the motor
shaft velocity andT,, the torque available at the motshaft. This can benodelled in 3ways in
MATLAB

1. The load is modelled ag=Z) Ty, The inputs to the mot@rethe voltageV and the velocitycy,
output the torquéy,

2. The load isnodelled asl =Y &, With Y| the load admittanceThe inputs to the motare the
voltageV and the torqué, output the velocityy,

3. The transmission impedance is included in niwel ofthe motor. The torque equation of the
motor is always of the typelp=Tg-Ymum, or Tg=(YmtY)wm, With Yp=Jys+by, the motor
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admittance. This laghodel isthe most simple ondut has aslisadvantagéhatthe model includes
the model of the transmission, so that the conversion is not so straight-forward.

In models 1 and 2 the structure of the block diagram reflecstiiheture othe system. In the block
diagram, one block is providedor the motor, andone for the transmission. Theutput of the
transmission block is input to the motor block. Thiauld allow totranslatecomponenper component
of the ServoPlan model to the block diagram model. The linking of the blocks is a little bit more difficult
than in the ServoPlan-PSpice conversion.

Model 3 does not keep the topolodput the global block diagram is simpler, since tmmplete
transmission and load are included in the motor model.

TIMECT
Constant

<G

Sumil Integrator 1 jjgad To Workspace

To Workspacel
=

—\Kﬁ

(a) Torque is output of motor model=(1JjgaS) T

To Workspace

TIMECT
Constant

"
] du/dt

Integrator  1_Jm Derivative Jload.

Sum

(b) Rotational velocity is output of motor mod&kJjgggdu/dt

To Workspacel
'

To Workspace2

TIMECT Ki>—dp

tf Gainl Integrator

m ain2_|
o]
ke|«

Gain

- e w5

To Workspac

Constantl

(c) Load inertia is included in motor model

Figure 54: Alternative models for permanent magnet DC-motor
with inertial loadJ,pag

As an example, the different modelse compared for avoltage-fed DC permanent magnet motor
with a pure inertial transmissiorZ{ =1/ Joaq 5) (Fig. 54). Table Hjives the number of timsteps for a
simulation (parameterf®=5.5Q, L,=6.2mH,K=6.2e-3Nm/A K.=6.2e-3Vs/rad],=56e-6kgm).

The firstmodel worked welfor large inertiaput the simulation became unstalide smaller inertia.
The secondnodel worked welfor small inertiaput became unstabler larger inertia. This instability
might be due to the presence of the derivation, which easily prodacesacy problems. Thisodel
type,which maintains the topology of the system, is therefore not so interestingarBewever used
by Yan and Sharpe [44] fahe modelling oimechatronical systems. In their article howewaty the
motor has an inertia, and thgiower transmission system is without inertia,tisat noderivation is
needed.
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Jioad(kgm?) Model 1 Model 2 Model 3

«=(1/ Joad S)T T= Jioaq da/dt inertia in motor model
le-6 Erroneous 244 244
le-5 Unstable 241 230
le-4 251 506 245
le-3 247 Unstable 250
0.01 248 Unstable 248
0.1 248 Unstable 248

Table 5: Number of time steps for a simulation of DC permanent magnet motor with inertial load
(simulation time 1s, tolerance 0.001, minimum time step le-5).

The third model provided always good results, and has therefore been selected.

Currently, only inertial transmission loads aniecluded. The transmission inertia is added to the
inertia of the rotor. The model of the rotor with and without load is therefore the same.

6.3.2. Textual input in SIMULINK

SIMULINK is an extension of MATLABwhich allows to enter blocitiagrams in a graphical way.
The SIMULINK modelsare stored as a MATLAB scrigdile. MATLAB provides commands to
generate SIMULINK blocks, to set parameters in blocks, and to link block gatdmiiay blocks, the
names of theoutput block/port andhe input block/port have to be givehhis allows togenerate
SIMULINK modelsautomatically. TheEXPORT module of ServoPlan therefore converts the input
data to a SIMULINK file.

6.3.3. SIMULINK Libraries

In SIMULINK, high levelblocks can be constructed frooomponent models. These blocks are
masked, i.e. an interface of a number of inpotgput and alialogue window isattached to it. The
masked blocks can be collected into a library, which can be used to develop the system model.

A small library “servolib” hasbeen developed, which contains thedels of thamotors and drives
used in ServoPlan. Thmodel parameters arentered in dialogue windowSIMULINK dialogue
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Figure 55: SIMULINK library and dialogue box for 3-phase induction

motor.
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windows are however limited to 6 input lineghich canhowever contaimrrays.The modelparameters
areequally spread over the 6 input lineswhich thefirst inputlines contairone model mor¢ghan the
last inputlines. Figure 55 shows the SIMULINKorary andthe dialogue and helwindow for the 3-
phase (voltage controlled) induction motor.

The motormodelsare based omodelsthat have previously beedeveloped aVTT Automation
[17]. For each motor two models have been providedaaalel for a voltage controlled motor and a
modelfor a currentcontrolled motor. The motanodels have agput theoutput signal othe power
amplifier (onefor each phase), arttie torque applied at the load. Thst output isthe motor shaft
velocity, the second output is the generated torquefdllbering output ports correspond toe electric
variable that is no input variable (i.e. current outputvidtage controlled motors, voltagritput for
current controlled motors).

The inertia of the transmission is added to the inertia of the rotor. This has as advantageuttet
interface in ServoPlan and in SIMULINK is kept simple. If the transmidsasflexibility, the motor
model must be unmasked, and the block representingdter and transmission inertia has to be
adapted.

6.3.4. Conversion from ServoPlan to SIMULINK

The EXPORTmodule ofServoPlan generates a SIMULINICriptfile from the inputdataand the
calculated data of ServoPlan.

POSFBG PCTRL VCTRL TRANSMIS

o

o

LOAD

Figure 56: Conversion from ServoPlan to MATLAB/SIMULINK (including controller)

The progranflow is the same af®r the conversion t&PICE.The transmissiomodel isreduced to
a singleparameter in the motenodel, instead of theariouscomponents in the PSpiosodel. A gain
block hasbeen provided whiclepresents the reduction of the motor velocity. Figure 56 shows the
SIMULINK model for a motor with position controller.

6.4. From Physical to Functional

Physical simulators do normally not have the advanced facfiitiesontroldesign as block oriented
programslike MATLAB and XMATH. Direct model conversion is howevatifficult, due to the
different model representations used by physical simulators and functional simulators.

For the design the controller, the system is linearised, the frequency resmdoskated, and
transferred to the block oriented simulator. Model linearisation requires two steps: first, removing all the
non-linearities, e.g. frictionbacklash,... asvell asconstant forces; secondly, calculate the transfer
function or the frequency response.

Currently, thereare no standarohethods tdransfer datdoetweersystems. Transfer functions, state
space systems and frequency responses can be represented as mhicitesn be relatively easy
written to file. The representation of matrices in MATLAExiptfiles is relatively easy, and requires
only a header line to name the matrix, and an ending line to give names to the different rows. Procedures
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can be easily written for the different CAE-tools to convert theiput data t&MATLAB script files or
to directly write data to MATLAB script files. This section will describe the procedufer the
conversion from PSpice and ADAMS to MATLAB.

6.4.0.1. PSpice~ MATLAB

PSpice allows a frequency response anafgsismall-signals on analog systems. Theguency
response is output in a table format.

For the conversion from PSpice to MATLAB, the programut2mat’ has been developed.
“out2zmat” reads the ASCII-outpidile from PSpice and writes the simulatiogsults to a MATLAB
script file. The simulation resultare written into amatrix, in which each column correspond to an
output variable. Theolumnsaregiven a name iMATLAB, which corresponds approximately to the
name of theoutput variable (i.evm(1)-VML1 ; time- TIME; freq— FREQ;vm([a]) -~ VMa, i(R) -
iR).

For frequency responses, three talfEREQ, VMx (magnitude) and/Px (phase)) are created. A
program,developed at Katholieke Universiteit Leuven [39]used to retrieve the parameters of the
transfer function fronthe frequency response. Thser entershe order of the numerator and the
denominator of theransfer function, based dhe Bode-plot of the system. The program ("curfitc")
calculateghen the coefficients of theansfer functionwhich fits best thefrequency response. ghell
("fr2tf") has been written roundhis program tomake it more interactive and user-friendbfter
calculation of thearansfer functiorcoefficients, the program generates a picture with the oriBioaé-
plot and the new Bode-plot, and allows the user to perform further iterations.

6.4.0.2.ADAMS . MATLAB

The moduleADAMS/Linear linearises thenechanism round the equilibrium point [38], andputs
the state space equations in a forrtiat can be read by MATLAB or MATRIXX. Fahe MATLAB
output format, files are generated, 4 of them containing #tate-space matrices, and the others the
input and output state variable definitions [47].

A user-written function (ADstate$)lasbeen generated, whidgmports all these files into MATLAB.
A SIMULINK block hasbeen developed, which generatesM#&TLAB state space equatiorsrectly
from the name of the ADAMS/Linear output file.

6.5. From Functional to Physical

At the functional design level the systems are linearised. Linearisation is always an approximation. If
the system contains many non-linear elements, the behaviour of the non-linear system caveliéigr
from the behaviour of the linear system.

The controller, whicthasbeen designed in the block orienwthulator has to be transferred to the
physical modelThe controller can binplemented aanalog electronics or in a digital way, as a digital
electronic circuit or as a prograznded on &SP or on a&omputer. The interfadeetween analog and
digital is however a problem in most analogcuit simulators. PSpice is a nativeixed mode
simulator, and can therefore simulate circuits consisting of both analog and eigittdonic
componentsbut has ngossibilities for behaviourahodelling ofdigital systems. Digital systems can
be modelled asnalog behavioural modelsut thistechnique is very time consumirgnd caneasily
cause convergence errors.

Due to the problems of PSpice with digital control systems, the transition from functional to physical
has notbeen studied profoundly durirtbis research project. Feimple controllers, the block diagram
can beconverted manually to a netlist PSpice. Fomost built-in blocks in MATLAB there is an
equivalent in the PSpice library. General transfer functions cambelled as aoltage source with the
Laplace function. State space matribage to be implemented ast of matrix equations. The previous
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chapter described some controlled systems that have been simuR&ualda, as DC-motors, hydraulic
systems and a field oriented control for an induction motor.

6.6. Design Environment Customisation

The schematic editor ViewDraw is encapsulated in the open desigronment WORKVIEW
PLUS from Viewlogic [55]. WORKVIEW PLUS is a CAE frameworkhat conforms toCFI (CAD
Framework Initiative)standards. WORKVIEW PLUS organises tools in toolbox, andoatbox
drawers, which contain the different tools.

A toolbox "Mechatronics" withonetoolbox drawer "Mechatronicdiasbeen generated to ease the
design of mechatronic systems. The tooldoeswver consists of theesign toolg¢hathave been used and
developed during this research project, viz.:

e ViewDraw schematic editor
e SpiceLink netlister
« PSpice analog circuit simulator
e Probe post-processor for PSpice
e ServoPlan conceptual design of electric drives
«  MATLAB/SIMULINK control design system
e out2mat conversion of PSpice output to MATLAB script file
« Crealib library conversion from ServoPlan to PSpice and MATLAB
=] Workview PLUS Cockpit [~]-
. Project Library Process Config
Selected Tool YiewDraw ulgpaLasic ulgpLaEIE gL nGI 1‘
Current Toolbox E E % % % —
Current Drawer WViewDezawr  spicelink pspice probe
e |8 W @
Current Project E
Current Library E ServoPlan Mlatlab ot 2mat Craalib

Figure 57: WORKVIEW PLUS Mechatronics Environment

The first three programswere already included in the framework. The generation of the
encapsulation files is not so difficult. The programs ServoPlan and Credlidh arewritten in Visual
Basic, are only available for the PC version and not for the Sun version.

6.7. Design Optimisation with Physical Design Tools

As described in the previouhapter,design tools at the physiclvel can beextended to other
technologies. Physical design tooln also be used for conceptdakign,but have mostly only limited
possibilities to select optimally components. Maegign tools allow toary asingleparameter, and in
this way to optimise the systefor onevariable. ltwould however be interesting to compare different
designalternatives in the same iteratimm. Thisrequires thatwo analyses can Headed in the same
post-processing run (this is e.g. possikith MATLAB), or thattwo systemsareanalysed in the same
simulationrun. In thissection we will show how a componerdn bechanged semi-automatically in
PSpice, so that in a single post-processing run the simulation results can be verified.

6.7.1. Varying Parameters at the Functional and the Physical Level

The procedurghat has to beised in the different CAE-tools to perform a sensitivity analysis on a
single parameter can be very simple or very complicated:
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* PSpice: A variable can be swept easily by dammand'.STEP". The results can be analysed in
the same session of the program PROBE.

Paragon, a product of Microsim, is an analog ciraytimise, which allows to optimise
parameters in a PSpice netlist [53]. After creation of the neflsignparameters, performance
specifications (goal functions), and optimisation constraints caefigedvia simple dialogues.
Paragon performsnultiple iterations on the systems and compares the performance to the
specifications. This program would therefore allow to optimisg@é#nameters of thultitechnical
component. The product Paragon was unfortunately not available during the research project.

* MATLAB: A function "sensitivity" hasbeen developefbr parametesweeping. Theutput for all
simulations is stored imne matrix, e.g. "Y". If the model has n output portshen columns
1,n+1,2n+1,..contain theoutput ofthefirst port, columns2,n+2,2n+2,..the output ofthe second
port,...

* ADAMS: The simulation process is controlled by the subrou@@NSUB, which gives the
command MODIFY to vary a parametemich is defined as aarray. Foreach parameter value, a
simulation is performed and the resudte stored in separafides sens_001.resens_002.res,....
The result files cathen be loaded in ADAMS/Aview and analys@&this method is howevemnot so
user-friendly, and requires especially a lot of post-processing work.

6.7.2. Varying Components at the Physical Level: VarComp

The conceptual desidavel contains only little information on the dynamics of the sysemd, it is
often difficult to imaginehow the system wilinteract with the other components. Therefore ifisn
desired to compare the dynamical behaviour of two components.

This can be performed in PSpice by generatingearate netlist for eaatomponent, andhen
verifying theresults. In Probethe post-processor of PSpice, ithiswever not possible to load two
simulation outputs ithe same time. It is therefore not possible to verify the results of a simulation of
two design alternatives at the same time.

A Visual Basic program VarComp hheen developed to change componeniSpice, so thahey
can be simulated in the same simulation, and theoutputs can begerified in the sam@robe session.
VarComp performs the following steps:

« Asking for the input and output file.

« Reading the input file. Thdata ofthe input file are stored inthree ways: PSpiceommands,
PSpice primitives and PSpice subcircuits. Only the PSpice subcircuits can be changed.

« Selection of thesubcircuit that has to behanged. The names of tmeodels of thevarious
subcircuits appear in the window in Fig 58. VarComp tries to recogniserttfgonent by verifying
the name of thenodeland the type and thelass areshown in the window. Type is group to
which themodel belongge.g. DC-motor, AC-motor, gear), class is a groupvtoch the type
belongs (e.g. motor, rotational transmission, power amplifier,...).

- Definition of the alternativeubcircuits. Foeach alternative, theodel window, which isised by
the program EXPORT is used. The subcircuit caly be changed by a modedbm the same class
and with the same number of nodes. Fig. 59 shows the user interface.

« Creation of the filewhich containsall the alternatives. To eagfodeand component name the
suffix "$n" with n the alternative number is added-Q : original)
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Figure 58: User interface for VarComp

The resulting filecan be simulated with PSpice and all the different alternatives can be post-
processed in one Praobe run. Fig. 60. shows an example listimigicimfour motors forthe libraries are
tested for the same DC-voltage input and inertial load, and the simulation results (motor shaft velocity).

X * test VarComp: Starting of DC—motor with inertial load
Date/Time run: OW?ZO?E?S 14:16:37 Temperature: 27.0
BOV.

* test VarComp

*$*$~k

* mot$0 : DCGFRK090_22/1*71
*mot$1 : DCGFRK090_22/1*81
* mot$2 : DCGFRK100_22/2*71
* mot$3 : DCGFRK100_22/2*51

60V]

lib mecano.lib

lib j\comm\dclze.lib

.tran 1m .4 0 0 uic

.probe

*$*$~k

Xmot$0 in$0 0 w0 0 DCGFRKO090_22/1*7

xload$0 w$0 mass PARAMS: m=.001 20V

vin$0 in$0 0 dc 24

*$*$~k

Xmot$1 in$1 0 w$l 0 DCGFRKO090_22/1*8

xload$1 w$l mass PARAMS: m=.001 ov ‘ ‘ ‘ ‘ ‘ ‘

}%'121 in$1 0 dc 24 SDv(w%O?oﬁ;?w%W;OAOJ?vi%Z)w?%@Sﬂ;E) QT(‘Jr:r:S 250ms  300ms  350ms 400ms
Figure 60: Variable Component netlist (start) and results

40V]

It hashowever been noticeithat the results of the simulation may Imdluenced by the number of
alternatives in the same netlist: the number of equatwimish has to besolved byPSpice increases,
which can affect théime steppingand accuracgheckingalgorithms, and lead to other resultswagn
the system is modelled alone, or even to convergence problems.

6.8. Conclusions

This chapter describeldow the different design levetsan be integrated. Conceptuddsign tools
have mostly only limited simulation possibilities, whereas phy$te@l designtools have mostlipnly
limited component optimisation possibilities. A major problem is howevdatkeof standardisation: at
this moment, there are no standards for model transfer that are suppdtieccbsnmercial CAE-tools.
Another problem isthat the model componentsire modelled atdifferent abstractionlevels in the
different tools, and hence use different parameters.
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The first sections showed how hysical or functionaimodel can be generated from system
description in a conceptual desigmogram. This provides the conceptutdsign program with a
simulation tool, and allows to verify the dynamical behaviour of the vadesignalternatives in the
conceptual design todl.ransfer ofmodelsrequireshoweverthat bothtools have libraries of theame
components, as well as conversiounitines forthe model parameters. The expantodule, which has
been added t&ervoPlan, can bextended to othetools, by enteringfor each model the model
representation in the other tool. If thewtool uses other parameters than the paramétatsreused
by the PSpice model, conversion routines have to be added.

On the other hand, a routine has been written to allow the comparison of diifesignt alternatives

in the physical design tool in a single post-processimg A problem is howevethat the simulation
results can be affected by the other design alternatives.
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CONCLUSIONS

This report discussetthe results of the research project “Design and Simulation of Mechatronical
Systems.”

Two methods have been developadd tested foithe simulation of mechatronic systems: the
concurrent simulation of subsystems in different CAE-tools, and the extended analog circuit simulation.

A computer integrated environment, caltSE, hasbeen developetbr the concurrent simulation
of a system in different CAE-tools. The simulatienvironmentconsists of twoparts: the general
manager MISE and simulati@ngines. The general manager controls the timing, the synchronisation of
the simulations and the communicatlmetween the differef@AE-tools. The simulation engineshich
have to be developeidr each CAE-tool separately, convéine messages fromlISE to CAE-tool
commands. Thenvironment is tool-independent: simulation engireas bedevelopedor each toothat
can beexecuted under UNIX. Simulatioangines have been developied ADAMS, PSpice and
MATLAB. The advantage of this approach is thatlibws to model each subsystem in the most
appropriate tool, and thus to use alreadisting modelsand availablenodellibraries. A drawback is
the long execution time, due to tla@ge amount of pre- and post-procesdima isrequired for tools,
which do not allow easy access to the integration routine.

The second method, extended circuit simulation, is based on the energy conservation pvinciple,
allows tomodel conplete multitechnical systems ame single technologgedicated physical simulator,
e.g. an analog circuit simuta. PSpice, a SPICE-basatalog circuit simulator, is used toodel
multitechnical systems. A large multitechnicabréry, containing mathmatical, electric, electro-
mechanic, mechanigranslational, rotdonal and planamechanics) and hydraulmmponent models,
hasbeen developetbr rapid prototyping ofmechatronic systems. Componembdelsare available at
differentaccuracylevels, which allows to change the systeatsuracydepending on the design needs.
The schematic editor ViewDrawas been customised to allow tlggaphical input of multitechnical
system models: graphical symbolibrary hasbeen developednd amenufor adding mechatronic
componentshas been appended to ttetandardmenu. This method allows to model and simulate
complete multitechnical systems in a single, affordable CAE-tool.

The simulator PSpice isowever notable to perform all théasks,which are desiredduring the
designprocess, as e.g. tlselection of commercial components. Links have therefore deezioped
betweenServoPlan, a progrardeveloped aVTT Automation forthe conceptual design of electric
drives, and the multitechnical PSpice library.

PSpice is a nativenixed-modesimulator, but has npossibilities tomodel digital systems on a
behavioural level. The standardised language VHials been developedor this purpose, but the
functionsthat were needefbr mixed-modebehaviouraimodelling wereunfortunately notmplemented
in Viewlogic's VHDL, which was available during this project. Falixed-modebehaviouraimodelling
will be possible with the VHDL-A language, which will [sandardised in th#llowing years, but
which was unfortunately not yet available during this project.
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