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Abstract

The theory required {0 model 2 system using a bond graph is presented znd a computer
aided bond graph modelling prograin is implemented. The program allows the bond graph to
he entered and inodified and automaticaily assigns the cansality. Using the bond graph and
the equations entered by the user, the program creates an ACSL input file and performs an
ACSL sintulation, The progrom is able to deal with systems containing algebraic loops and
derivative causality, The Lisy source code is included in the dissertation. Numerous bond
graph models of systems in different domains are presented and examples of how the program
is used to model, simulate and obtain the linear state-space equations of » number of systems
are shown, The boad graph is a powerful nltidomain medel representation, particularly
whan incorperated in & computer aided modeiling program, :

Keywords: Bond graph, modelling, simulation, causality, computer aided mudelling,
maultidomain representation,
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Chapter 1

Introduction

1.1 Introduction to boud graphs

I order to design o controllir or simnlate o system, a mathemeatical model of the process is
required. A mathematical wodel §s usually written as o set of differential equoations relating .
the outpmts to the inputs.

Obtaining the mathematica’' model is however as mueh of an art as it is a science. This is so
for & number of reasons:

o There is po definite scguence of events to follow,

¢ A thorough anderstarling of the process is usually required and the detuiled behaviour
musi. be known,

» The modeller has to Lnow which effects must he ineluded in the maidel because they
gignificantly influenc« the behaviour of a system and which eflects can be ignor i,
becanse their indluen o is negligible.

‘The bond graph modelling techaigne attow pts to address sowe of these difliculties.

The bond graph is a mult' Jomais model representation, which ases gymbaols, to characterise
the bekaviour of a aystem. Consides the bond graph shows in Figure 1.1, This bond graph

. €1 \ it} \
8 I
5 : Ha

Ca | fa

R
Yigure 1.1: A Bond graph, iy

consists of four different elements; 5B, R, T and 1, linked together by half arrows, called
honds, repeesenting the gawer transfer. The variables on either side of eack bond aretermed
puserr variables, hecause their praduct is Jhe instontaneeus power. That is, the pioduet of
e and f is the power leaving the effort sonrce (SE), the product of vy and fi i the power
entering the resistor (R) and so on. 1f the bond graph were 2 model of an elevtrical cireuit,



the effort, ¢ would represent a voltage and the flow, f wonld represent a current, the product
of the voltage and the current being the power,

There are nine ditfereni bond graph elements, cach one having a different type of relation
governing its behaviour. For example, in Figure 1.1, the resistar (R), has a relation between
ey and fi and the inestia (1) hag a relation hvt.wwn Sy and fegdt. Because each bond graph
clement has o particular relation, the differential equations governing the behaviour of the
system zre obteined from the bond graph,

Depemding ou the accuracy of the model I'uqllll‘f'(l an aspect, component or subsystem of a
plant is yepresented by a bund graph element. That is, in order to increase the accuracy
of the model, each bond graph elemient has to represent a sinaller part of the system, For
example, an inductor in an clectiieal cirevit can be ropresented by a bond graph inertia, If o
more acearate model is requirad, other bond graph elements can be added to the inertia, For
example, a bond groph resistor could be included to account for the resistance of the coil. In
a similar manner, if a less accurate model is required, one bond graph elemoent can represent
a number of circuit elements,

If each part of o system is represented by a bond graph clemoent, these elements can be
connerted together in a logical manner (based ou their connections in the system) to form
the bond graph model of the system. The bond graph modelling techrique therofore follows
a logical progression,

Once the bond graph structure has been obtained, an exact equation has to ba fornd to
represent each elemeat. This is also not an easy step in general, because the syatems studied
(particulatly process systems), are often very complex and in some cases, the equaticus are
no§ known at all. The bond graph modeling technique does simphfy this step because the
model is subdivided into a number of bond graphk cloments. The modeller can therefore
sturly each part of the system. ropresented by a bond graph slement (futr which the form of
the squation is known), separately,

Using these equations and the cause-effect relationships, derived from the struciure of the
hond graph, the differential equations governing the behaviour of the system are systemati-
cally ubtained. These difforential equations can be used to simulate the aysi -,

If the model is not a sufiiciently aceurate representation of the system, the hind graph can
be easily modified, by removing or adding elements, The new differential equations can be
obtained and the system resimulated.

The bond graph graph madelling techuique is thecefore well onrdered and allows iterative
mndel developiment,

1.2 Computer aided modelling using bond graphs

The hond graph modelling technique, is a technique particnlaly well suited to computer
implementation for the following reasons:

o A bond graph consists of 2 Himited numh... of different bond graph elements con. ected
together by half arrows representing power flow A bond graph can therefos be clearly
displayed o1 & computer sereen and easily entered from the kevboard.

e Since modelling is an iterative provess, it may be necessary to change the bond geaph
straelure @ nwmber of times hefore it is an adeguate reprezentation of the system,



Becanse of the inherent a.bilitj of & compiter {0 store and retrieve data, a computer
implementation is particalasly valaable,

# Ay computers have the ability to store large amounts of data, bond graph models can
he constracted by connecting together previously stored bond graph fragments.

» The causality assignment procedure is & sequential procedure, governed by s well defined
sot of rules. Such a procedurs is easily implemented in a computer progras,

o The equation formulation routine consists muinly of equation cubstitutions, Software
and simulation langnages in particular, are written to solve such problems.

The bond graph modelling technique therefore consiitutes a powerful computer ajded mod-
cliing tool.

1.3 Historical development of bond graphs

Bond graphs were invented by Henry Paynter in 1955 [22] and his first paper on the subject
appeared in 1961, It was in this paper, that the concepts of causality were first discussed.
"Two of Paynter's students, Dean Karnopp and Ronald Rosenborg are, however, eredited with
developing the rules and symbols of the bond graph as it is known today. Their first hook
on bond grapha appeared in 1968 [4).

The number of bond graph papezs published aunnally increased dramatically in the early
19760, passibly due to an ssue of “The Transactions of ASME, System Iynamics, Measure-
ment and Control” {18] Leing devoted to bond graphs, It was in this period, that moss of
the theory was doveloped.

Howewve , 1t is the author’s opinion that Karnopp and Bosenberg's text book, “System Dy-
namics, A Unified Approach” [14], published in 1975, caused the bond graph to be recognized
as a major modelling tool, The book covers all aspects of bond graph theory and presents
numerous bond graph modelling examples. '

The majority of papers published after 1975, are concerned with modelling a partienlar
systemt or a particular type of sysiem using bond graphs (see bibliographies [4,38]), Most of
the systems modelled are relatively complex and often involve heat and mass transfer or have
parameters that are distributed in space (for exampie [21,22,31]). During this pedod, tae
papers published on bond graph theory were conserned mainly with the junction structure,
algebraic loops and derivative cansality (for example {23,26]),

Although ENPORT{24], a ecomputer program which simulates o sysicn modelled by a hond
graph was written by Rosenberg in 1974, only later did computer aided modelling and simula.
tion using hond graphs become widely accepted [9,32). This is probably due to the increasing
availability and decressing vost and size of the computers required for' this purpose, The field
of computer aided wodelling and simulation continves to grow with papers constantly being
published (for example [10,11]).

Litely thers has been an increasing number of paners published deseribing the mathenatical
topnlogy of hond graphs, Also, more papers have heen published on topics closely related Lo
control theory, for example stability, controllability, observability and eigenvectors of bond
geaphs (for example [6,37]).



1.4 Motivation for the research

The Control Group of the Department of Electrical Engineering at the University of the
Witwatersrand is iuvolved primarily with research into control system design for process
plants, Tlus field is diverse aud stretches from system modelling through to controller design.,

Becanse process contro! systems are mhevently large and complex, no ¢ingle techaique en-
compasses all the requiremeats for control system design., The development of a Computer
Aided Process Modelling And Coniroller Design (CAPMACGD) package [28] hos therefore
been proposed. There are presenily a number of people developing and evaluating modules
for this package, The bond graph for:ng one of these modules.

1.6 Objectives of the research

Although the amount of literature published on bond g.aphs is vast, the modelling techaique
. is atill relatively unkpown, particularly in the process control ficld, One of the objectives is
therefore to piusent » -oneise, coherent body of theory, Using this theory, bond graph models
can be created and 1. implications of these models studied.

‘The other primary abjective was to develop a computer program to antomate the bond graph
modelling process. This will facili.ate rapid model creation, modification and validation. The
program will be written so that it can be included in the CAPMACD package.

1.6 Qutline of the dissertation

Chapter 2 containg the relevant bond gruph theory, Ineluded in this chapter are seetions
on the definition of a boud graph, the variables used in bond graph theory, the definition
of eausality, the basie I-porg elements, bond graph fields, the possible catsal forms that the,
I-port and field elemenis can be sscigned, the Sequentinl Causality Assignment Pmceduro
and the procedure nsed to obtain the equations of state.

A number of hond graph moedels are presented in Chapter 3. This chanter is divided into six
sactions,

1. An olectrical cirenit problem is shown in the first section,

P

The second gection containg & mechanical translation and mechanical rotation example,

o

The third section is devoted to modeliing iacompressible fluid flow systems.

9

. IIrat transfor systems, with no mass flow are discussed in the foarth section,

5, The fifth section is concerned with the theory of modelling compreasible thermofivid
systems using pseudo bond grophs. Ineluded in this section are a number of pseudo
boad graph models of basic process “building blocks®

6. The last section demonstrates, using examples, how these “building blucks” are used
to construet lovger rystoms.




Chapter 4 is a discussion of the bond graph modolling program. In this chapter, there ic
a zection devoted to cack of the four prograan modules; entering and modifying, causality
assignment, ACSL input file creation and ACSI, execution. In addition to these fout sections,
there are sectioss on Lisp, ACSL, the aumbering scheme used in the program nd the data
structures used. The last section in the chapter lists the limitations of the program.

Chapter 5 illustrates the use of the program, by showing the steps required {o model and
simulate a parallel connected tank system.

Chapter 6 shows, by, means of an example, the ‘mportance of a krowledge of the causality
prior obtaining t.l"' #stem oquatmub.

The ccnclmmns”m bond gragh tlls‘ory and computer aided modelim,g uzing the bond graph
PTOZram are dra.?h in Chapter 7.

Chapter & c{w’ﬁmna the recommendations for further work and lugh!laghtu possible inclusions
to the bond gjj}hph program as well as further reseaceh required in bond ziaph theory.

Yollowing the veforences are four appendices. The first shows the alterations made by
the authos to the transition table implementation of the Sequential Causality Assignment
Proceduze[18]. The second appendix contains a avinbes of applivation examples, demon-
strating the capabilitios of the bond graph program. The third appendix is the bond graph
program user manual. The last appendix contalus the program listings.

4 .

o
M



Chapter 2

Bond graph theory

2.1 Bond graph generalized variables — efforts, flows, mo-
menta and displacements

When any two dynamical syswms arc conpected together, to form a larger system, power is
transforred between them. The representation of this power flow ig the basis of bond graph
theury. It follows thercfore, that the bond graph can be used to represent systems in all
Jdomains where power transfer occurs.

The interface between one system and another, facilitating power transfer, is termed 3 port
and a system with one or more ports is tevmed a mnltiport. Consider as an example of an
engineering multiport. a ropaately excited direct cursent {d.c.) motor, The d.e. motor has
three external ports, the armature winding, the field winding and the shaft and is therefore
termed a 3-port. All three of these ports may be connected fo other systems with a resulting
power flow between ther,

Tho instantancous power is usually expressed in terms of the product of two variables, called
power variables, For example, the instantaneous power at an electrical port is the voltage
mulitplied by the current and the instantaneous power at a mechanical rotation port is tlhe
torgne mmltiplied by the angnlar velocity, As the abk'is to deseribe all physical systems
using a universal language, the power variables will be termed either effort oft) or flow f(t). .
Table 2.1 shows effort and fow variables for several domaias.

" Tomain | Lfort e(t) [ Flow f(7)
" Mechanical transiation | i' orce F(E) T mﬁﬁﬁﬁwmmﬁ'“
Mechanical rolation Torque ¥(t) Angular velocily coft)
Hydraulie Pressure (1) Volomec flow rate g(t)
Electric Voltage V{t) Current #(t)
Thermal Temperature T¢) Entropy flow rate 5{1)
Shemical Chemieal potential (i) | Molaz flow rate %(t)

Table.2.1: Eifort and flow quantities in several domains.

"The effort and flow variables of mechanical systems are usually defined as in Table 2.1, bt
in eortain texts [33), the effort is defined to be the velocity and the flow is defined to be the



force. This is berause the effort variable is an “across variable” {the measurement on the one
side of an element is defined relative to the measurement on the other side, for example, the
voltage across 2 resistor) and the flow variable is a “throngh variable” (the measurement is
defined relative to same reference, normally zero, the carrent flowing through a resistor is an
example). The definitions of an effort and a fiow in {33] are therefore compatible with these
definitjons. However, in this dissertation, the efforts and flows will be defined as in Table 2.1,
because this is more common,

Since the powes zan flow in either direction, a sign cowvention must be established.

As dynamie systems are dealt with, the offort and flow variables and henee the power fluctnute
with thue, The power P(1) is given by,

P(t) = e(t)f(2) (2.1}

Two other variables are required to describe dynamical systems, they are the mqi;;_;‘-htum )
and the displacement g{t). These two variables are known as energy variables [1a,.

The momentum is defined as the time integral of effort,
p(t) = f e(t)dt 22)
and can be written nsing the definite integral |
Wt = 2ot | ottt | e

where p, is the momentum at time #, (the “initial” momentum).

The displacement is defived &3 the time integral of fow,
a(t) = f Fltydt (2.4)
and as in the case of the momentum, it may be written using a definite integral
9t} = o + f i Fityde . (2.5)-
iy !

where g, is the displacement at time #, (the “initial” dispiacement).

Tahle 2.2 shows the momentum and displacement variables in several encrgy domains,

Domain | Momentum p(t) | Displacement (1) [
" Mechanical translation | Momentum p(t) "1 Displacoment z() |
Mechanical rotation Angular momentum p.(¢) 1 Aungle o(2)
Hydraulic | Pressure momentum p,(7) | Volume V(i)
| Flectric Flux linkage (i) Charge q(4)
Thermal . Entropy 5{t)
Chemical . Molar mass n{})

Table 2.2: Momentum and dispiacement quantities in several domains.
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Figure 2.1t A separutely oxcied dic. motor, {a) Usual diagrammatical represontation.
(b) Multiport represer.tatton. (v) Multipors representation with the sign convestion added.

2.2 DBonds and power

Consider the separaiely exeited d.¢. motor shown in Figure 2.1a. As montioned previously,
it has three external ports, two electrical and ore mechanical, Figure 2.1b is another repre-
sentztion of the motor, where each pert is represented by o single ne and its namz is used
to stand for the sdevice. The power variables are written next to the porte for convenience.
The power variables are positioned according to the following conventions:

v Effotts are placcd either alove or to the left of port lines,

o Flows are placed either below or to the right of port lines,

In Figure 2.1¢, the power sign convention has been added to the part lines. The half arcow
on tha pert lines indicates the direction of power flow when both ower variables ars positive,
or when they are hoili negative. For example, if w and 7 are positive in the direzsion shown
and the product of w and = is pesitive, the power fiows out of the motor, through the shatt,

When two multiports ar: counected togeuwer, the effort variables are constrained to be equa)
and the flow variabies ace constrained to be equal, The mnltiports are then said t¢ have a
comuion bond, in aralogy to o chemical bond hetween molecnles,

Figure 2,2 shows threc multiports, a separately excited d.c. motor, & Irive shaft and a hy-
draulic pump, connected together, The motor and the one end of the shaft have a common
angular velocity and torque, The hydraulic pump and the other end of the shaft share a
cotmmon angular velocity and torgue. These angular velecities may or may not be equal
depending on whether tha shaft is rigid or not. The systems to which the electrical and
hydraulic ports are connertad are not shown in this example,
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Figure 2.2: A Connected system.

Figure 2.2 is a bond graph, that is, it is diagram of components and subsystems linked together
by lines representing power How. When, as ia Figure 2.2, che subsystems are represented by
words, the diagrum is called a word band graph. A word bond graph only depicts the manner
in which subsystems are connected, -

2.3 Cause and effect relationships

Although an effort and a flow exist at every port, it is not pessible to control beth variables
independently. For example, if o voltage source is connectaed to the armature port of a d.c.
motor, the source impresses a voltage on the motor and the motor responrds with an armature
current, That is, the voltage is the input to the motor and the current is the output from -
the motor.

A bond praph uses a causal stroke to specify which power variable is the input and which is
the output. The causal stroke is a short line perpendicular to the bond drawn at either end,
indicating, by convention, the direction of the effort signal (hy implication, the flow =ignal is

divected away from the causal stroke).

Figure 2.3 shows the bond graph of a d.c. motor and a voltage source and includes the eausal
strake. The stroke indicates that the voltage is the input to the motor and the current is the
output from the motor, .

vy i‘f

£a

r .
A d.c. motor k-—-:—m—- voltage source
fd

4

Figure 2 3: A scparately excited d.e, motor and voltage source showing the vansality at the
armature port.

7t musi be noted that the power half arrow and the causal siroke are completely independent.

2.4 Basic component models

In this section, the basic set of multiports that are used to model systems will be introdaced,
There are nine iuealized elements in bond graph theory, one dissipative element, two en-
ergy storage eloments, two source elements and four powsr conserving elements or junsctions.
Each element type is governed by a relation having a particular form, The acausal relation
governing each element is termed the constitutive relation.



2.4.1 The i-port resistor

1S

The 1-port resistor is an clement where a relation exists between the offort and the flow. The
bong, graph representation of a 1-port resistor is shown in Figure 2.4a. The power half arrow
iz shown directed into the resistor implying that the resistor dissipaies power.

L+

(b]

Figure 2.4: The i Ilort resistor, {a) The bond graph symbol, (b) A non-linear constitutive
relation. :

The constitutive relation of a resistor, with the effort as the output, is

e = ®n{f)
and with the flow as the output is
= 85(e) _ {2.6)
The lincar rela.tioﬁ of the resistor, with the effort as the output is
e=Rf
and with the flow ag the output is .
f= ?’.xé.c @.7)

where 2 i the resistonce and % is the conductance. A non-linear constitutive relation &
shown in Figure 2.4b.

Electrical resistors, mechanical dampers or dashpots and the fow through hydrauiic lines
are usually modelled using resistors. The models of these four systems may in addition to
resistors, include other hond graph elements fo account jor other effects.

If a resistor supplies power, as in the case of irreversible thermodynamics (see Section 3.4),
the half arrow sign convention may be changed, to show that the power is leaving the port.
But if the sigu convention is retained, the consiitutive relation must be altered,

2.4.2 The 1-port capacitor

The 1-port capacitor is an element where a relation exists between the effort and tlie displace-
ment. A capacitor stores and gives up energy without loss. Figure 2.5a is the bond graph

10



representation of a capacitor. The sign convention is the same as for the resistor, that is, the
power flows into the port when the product of the effort and tie flow is positive. Although
the relation exists between the effort and the dispiacement, the power variables are written
next to the bonds on the bond graph.

6 . B . q= f}‘dt
———\-f r .
(a)
(b)

Figure 2.5: The l-port capacitor, (a} The bond graph symbol. (b} A non-linear constitutive
relation. : : _

The constitutive refation of a capacitor, with the displacement ag a function of the effost iz
) ¢ =%g(e)
and witl she effort as a function of the displacement is
e = 85'(0) (28)

The linear relation, with the displaceinent as the output is

g=Ce¢
and with the effort as the oatput is

e=tq (29)

C

where ' is the capacitance. Figure 2.5b shows a non-linear constitutive relation for a capac-
itor.

Flectrical capacitors, springs, torsion bars and tanks are modelled using capacitors.

2.4.3 The 1-port inertia

A 1-port inertiz is an eloment where a relation exists between the flow and the momentum,
As with a capacitor, the inertia also conserves energy. Figure 2,8a is the bond graph repre-
sentation of an inertia. Again the sign convention is the same as for the resistor, Although
the relation exists between the flow and the momentum, the power variables are written next
to the bonds in the bond graph.

The constitutive relation for an inettia, with the momentum as the cutput is

ped(f)

11
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Figuce 2.6; The I1-port inertia. (a) The bond graphk symbol. (b) A non-linear constitutive
relation. .

and with the flow as the output is

"The linear refation, with the momentum as a function of tie flow is
p=If.

and with the flow as a function of the momentum is

f=1p @.11)

* where [ is the inertance, Figure 2.6b shows a non-linear constitutive relation for an inertia.

The inertia s used to model inductauce effects iv  vetrical systems and inertial or muss
affects in mechanical and finid sysieras.

2.4.4 The 1-port effort source and 1-port flow source

The 1~port effort snurce and 1-port flow source, dej icted in Figure 2.7 are idealized versions
of voliage supplies, pressure sources, vibration shakers, constant flow systems efc, In each

' SE-%\L SF --—-—;--—\

(a) (b)
Figure 2.7: {a) The effort source. (b) The flow sowrce,

ease, the effort or flow is a known function of time and is independent of the power supplied
or absorhed. This implies that a bond graph source can supply an infinite amount of power,
which is not true of real sources, To make a bond graph source accurately represent a real
gource other bond graph elements must be added it. Source elements are thought of as
supplying power to the system, therefore the half arrow is normally directed nut of the port,
as shown, .

12
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2.4.5 The 2-port transformer

The 2-port <mnsformer i3 o power conserving junction, that ls, the power entering the one
port is equal 10 the power leaving the other, Consider the bond graph represantation of a
transformar in Fignre 2.8 W ey ond f; are the power variables at port 1 and e and fa are

c‘ \!11 [‘2 \
ry TF T

Fignre 2.8; 'The 2.port transformer.

the power variablos at port 2 then

er(t)f1(t) = ea(t) ol ) (2.12)
The power halfl arrow convention shown in Fignee 2.8 is such that the power enters the one
port and leaves tha vither. This is termed 2 “through power” sign contvention,

Onue passible set of relatinns which fulfil the power constraint is
€1 = meg

?Bfl = fz {2.13)

These are the constitutive relations of & 2-port transformer, where the parameter m is known
as the trangformer modulus. Typical examples of systems within a single domair, which
are modeliod using bond graph transformers are eleetrical trausformers, gears and lovers.
Trausformers zxe also uced to represent clements coupling two different cnergy domains,
examples includs & rack and pinion and a hydraulic ram. Neve of the systems mentioned
above are ideal transformers, as this would imply that they are 100% officient, The bend
graph transformer {4 usad however, amongst other hond graph clements, to represent them.

2.4.6 The 2 por{ gyrator

The 2-port gyrator shown in Figure 2.9, like the 2-port transformer i3 power conserving,

! \ \ €2
h GY B

Figure 2.9 The 2port gyrator,

The other possible s of relatinns which fulfil the powse comstraing is
ﬂl = ng

*fy = e (2.14)

Thege are the constitutive velations for the 2.port gyrator. ‘Che parameter » in the gyrator
1nodulus,

Gyrators are ot often found within oue encrgy domiain, but ase wsed frequently when linking
different physical domuins, An example of o system represested by a hond geaph gyrator is
n doe motor, which hes o relation hetween the torgue and the current,

13
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Figure 2.10: The 3-port 0-junction,

2.4.7 ‘The n-port O-junction

Like the transformer aad syrator, the n-port -junction iz power conserving. The 0-jurction
js also termed o flow junction or commeon effort junction and s equivalent fo a poraliel
vounection in an elect iral civenis,

The 3-port O-junction. shown in Figure 2.10, has the constitutive relations
eq(t) == e (2) = ea(t)
A{ts + 1) & fit) = 0 (2.15)
That is, the florts o all the ports are equal and the flows sum to zero. The flow variables

are sumuned according to the direction +f the half arrews. For example, had the half werow
on bond 2 been dircesed ont of the §-junction, the constitutive relations would be

e3(1) = eall) = e3(1)
AR = () + o) = 0 (2.16)
it is cloay that the J-port Y-junetion i3 cosily generalized to an p-port G-junction.

In {30], the O-junct’oqn is sepresemted by a “p”, as opposed to 2 “0” to eniphasize that the
O-junction is cquivaicnt 1o a parallel yunetion in an electrical civeuit. In this dissertation only
a 0" will be used. '

2.4.8 The n-port l-junction

The n-port 1-junstion, sometunes called an effort junction o & common flow junction is
equivalent to a serins conregdion iu an electrieal clicuit.

N <
Fignre 11 The 3-port L-junction.
The 3-port 1-H uetion, shown in Fignre 2.11, has constitutive relations

Fi(@) = fad) = fa(t)
ey(t) 4 ea(2) & et} = 0 {2.17)

That iy the ilaes o all the perls are equad ard the efforts sum to sere. The effort varialdes
ace sumined zecwding to the direction of tie half arrows, For example, had the half arrow

14
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on bond 3 been directed out of the port, the constitutive relation would be

filty = fult) = f5(2)
e3(t) + ea(t) ~ eaft) = 0 (2.18)

As before, it is clear that the J-port 1-junction can easily be generalized to form an n-port
1-junction.

In the sqme way ilat the $-junction is occasionally yepresented by a “p”, the 1-junction is
sometimes epresented by an “s”, to represent & serics eonnection [20]. Again this notation
will not be adopted here.

2.5 Modulating lines

As diseussed previously, a half arvow is used to represent power flow. There are times however,
when a pure signal flow must be depicted. Signal flow is represented by a ae with a full
arrow head, as shown in Pigure 2.12, The srrow points in the divection of the signal fiow.

&

Y r— e bl s
Figure 2.12: A modulating line representing a pura signal dow,

Such a line is termied 2 *modulating line”. In reality, & pure signal flow does now exist, as
there is always o transfer of power involved. A pure signal flow can be assumed however,
if the powrs transferred is negligible in comparison to the power in “he system itself. An
exawaple of this Is a measurement instrument, where if there was a significont teansfer of
power hetween the instrnment and the system, the system behaviour would he wffected.

All bond graph elements can he modulated. An example of a modulated resistance is a
4-way hydranlic control valve where the flow rate is modulated by the displacement of the
valve rod. Although power is required to displace the valve, it is negligible in comparison
to the hydraulle power transferred through the valve. Examples of modulated sources are
a dependent current source, a dopendent voltage sousee, a transisto= and faid flowing from
ona tank into anciher with no returs paih,

‘There are thnes when a modulating line does not carry any physical signal flow. An example
of this is the modulated transformer used te model large angle wotation in mechaniea] sys-
tems [14). In this case, the transformer is modulated by leosd, waere ! is the length of the
arm and &, the angie through whicl it revolves,

2.6 Causality of the basic bond graph elements

'The causaiity assgued to 2 bond graph element dictates the form of the constitutive relation,
that is, it states which variable is the independent variable and which variables are the
dependent variables. The constitutive relation in the correct cancal form is ofton termed the
vausal refation. The convention used for the causal relation is: The output is on the lef; of
the eyuality sign and the funetion containing the dependent variables is on the right hand
side. For example, the causal relation of a linear resistor, is ¢ = RJ if the effort is the output
and £ = %o if the flow is the output.

The causal forms of the basic multiporis are shown in Table 2.3,



Element — § Causal Form |__Causal relation |

o 7
Effort sonrce | SE """’LI e= 5
Flow source SF !’“"’“‘l F=F
Resistor I"""L R e = ®p(f)
Capacitor l—'—-\ ¥ e =95 ([ fdt)
—Y ¢ f = F(2cle))
Inertia ‘“"‘"‘_SI I f = *Iij?“ {fedt)
1 2 €1 = iNay I
Transformer AN TF AN fr=mf
fi= o fa
1 2 Y
Nrp b2 = ey
1 T2 1 &1 = vy
(iyrator ; 2 GY \} e2 = Tf)
| fy = e
1 2
GY ANy e
1 3
:“-—| D ey
3 = £
2 €3 % €1
0-junction _ Hr=fo-Ts
1 1 3
A — K
“1 o= o
“ fizh
l-junection €1 = ot €3

"Table 2.3: The causal forms of the basic multiports.
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The effort source by definition, impresces an effort on the rest of the system to which it is
connected and can therefore only take on the causal form shown in Table 2.3,

Like the effort source, the flow source has only one allowed causal form, The flow source, by
definition, forces a known flow on the the systesn. The only allowed causality is that shown
in Table 2.3, —

Although cither two of the cauealities, shown in Table 2.3, are allowed, it does oceasionally
gecur that one of the eausal ferms is not physically realizable. This happens when tha resistor
has a nou-linear constitutive relation which cannot be inverted (for example, when y == f(z)
is one-to-one, hut z = f~¥(y) is one-to-many). Coulomb friction is an example of an effect
represented by a bond graph resisior with only one valid cousal form. This also occurs when
dealing with some modulated resistors, For example, the flow rate is proportional to the valve
offset (the amaount it is open) and proportional to the square root of the pressure difference
in a d-way hydraulic control valve, The pressure can therefore pot be found as a function of
the flow rate if the valve offset is zero.

If a causality that is not physically realizable is assigned to a resistor, it is necessary te
change the boud graph structure (normally by including storage or source elements) so that
the resistor takes on the only possible causal form, It must be noted that 1o the author’s
knowledge, the band graph is the only modelling technigue where the causality is known prior
to nbtaining the system equations.

The capacitor can take on cither of the two causal forms shown in Teble 2.3, The first causal
{ormy, where the effort is a function of the integral of the flow (the displacement) is referred
to as integral causality. The second causal form, where the flow is a function of the time
derivative of the capacitor function {®¢(e)) is known as desivative cansality,

The fnertia, like the capacitor can take on either of the two causal forms shown in Table 2.3.
If the flow is a function of the integral of the effort (the momentnm), the inertin is said to
have integral causality. But if *he effort is a function of the derivative of the inertia fanction
($7(F)) the inertia is said to be assigned derivative causality.

The c.-oice of the causality assigned to the storage elements (the inertia and capacit ) has
an ir.portant offact, bocause the energy variables of the storape elements (the momentum
and .placement) ore the state variables. If a storage element is assigned integral cansality,
tho s ergy variable is an independent stute variable. The derivative of an independent state
varianle is o function of jigelf, the other independent state variablos ond the inputs to the
system. An independent state variable is included in the final state-space njodel of the system,
If derivative causality is assigned to o storage clement, the epergy variable is a dependent
state variable. A dependent state variablo jg a function of other independent state variabiles
and sonrce clemenis. The dependent state variable is not included in the final state-space
model of the system,

As depicted in Table 2.3, the 2-pozt transformer can take on one of two causal forms. Thore
are ouly two possible causal forms, becanse il any one of the four variables is constrained
to be an input or an cutput, the remaining three will automatically be constrained, For
axample, as in the first case in Table 2.3, if effort 2 is an input to the transformer, flow 2
must be an output from it. Alzo from the constitutive relations, flow 2 is related to flow 1 hy
the transformer modulus, Therefore flow 1 must be an input to the transic .aer and offors 1
an output from it. ‘The other causal form iz obtained in the same manner except that effort 2
is constrained (o be an output from the transtormer.
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The 2-pori gyrator is similar to the transfurmer in that, for the same reasons, there are only
two posgible causel forms. Either both efforts ere the outputs from the gyrator {and both
flows are inputs) or the two flows are the outputs from the gyrator (and the two efforts are
the inputs).

There are ns many different caasal forms for the O-iunction as there are bonds connected io
it, but certain requiremenis have to be met. In a O-junction, all the efforts are equal and
the flows sum to zero, sherefore if one of the efforts Is known the others can be determined,
Conversely, if ail but one of the flows is given, the remaining one can be caleuniated, Therefore,
an n-port O-function can only have one offort inpot ((n = 1) eifort outpuis), which implies
Laving (n — 1) flow inputs (one flow output),

The causal requirements of 2 1-junction are obtained in o similar monner to that of 2 0«

juuction, In a 1-junction, all the flows are equal and the efforts sum to zero, therefore if one

- of the flows is given the others can ba determined. Conversely, if all but one of the efforts are

known, the remaining one can be calculated. Therefore an n-port 1-junction can oaly have
one flow input ({n - 1) flow outputs), which implies having {z ~ 1) effort inpuis (one cffort
output).

2.7 Multiport fields

Previously only 1-port resistors, capacitors and inertias were discussed. In this section, felds,
which are muliiport generalizations of these 1-port elements are considered.

2.7.1 Capacitor fields

As discussed previously, a capacitor stores and gives back energy without loss. Any single-
valned Hinctional relitionship between effort 243 displacement therefore defines «n energy
congerving capacitor, Likewise, the nwltiport generalization of a I-port capacitor, termed 3,
C-field, is energy conserving,.

A C-field is denotad by the letter G, with as many bonds s the field has ports, as shown in

Figure 2.13.
g2 St
£ \\ n

4'1 G\q'w“

Figure 2.13: An n~-port C-ﬁeld..

C-fivlds exhibit integral and derivative cousality in the same way the I-port capacitors do,

but C-fields may also tuke on mixed integral-derivative causalitios.
The integral form of an » port C-ficki has all the efforts as outputs and has constilutive
relations '

e = B0 03 ) {2.19)
§ = 1,2,3,...,n '

hi
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The derivative form of an n-port C-field has all the offorts as inputs to the C-field and has
constitutive relutions

g = dclersenea5.00005) (2,20}
i = L,33,....n '

A C-e'l with mixed cawsslity has integral causality assigued to some of the bonds and
derivati¢ caugality rssipned <o the rest. Consider an n-port C-field, with the first § ports
having i‘i“eg;ral eausa'ity and the rummmg ports haviug derivative cansality, Such a (-field
has condiiteiive laws

o = ﬁ'az(ﬂls{&v-ﬂaj’ej-l--lv"icn)

) 1,2,3,000d
i B (@uatzs s s GinCiadnen st} (2.21)
B o= j+l..,2 '

Hi

i

An examyple of @ 2-port C-field is a nmvmg plate capacitor, where the voliage and the force
on the plaes are both functions of the charge on the capacitor and the pusition of the plates.
The bond graph vepresentation of the noving plate t-apac:tur ia shown fn Figure 2.14.

AN _—
g \ & :

Figura 2.11: Bond graph representation of & moving plate capacitor.

If an element or systemn ean only be decrribed as a field (as is the vase for o moving plate
capacitor), it is termed an explicit field. However if a field is formed from 2 group of 1-port
(in this case C) elements and junction.structure elements (0, 1, TF, GY), thea it is tormed
an implicit field. :

Consider the bond graplie ghown in Figure 2.15a, which consists only of 1-port capacitors and

¢ o _
j! j-a j-s i
NN N | N L, %
el el AN e N
(a} {b)

Figure 2.15: A C-fleld constracted from 1.port capacitors,

0 and I-junctioss. Fignre 2.15b s a 2.port implicit C-field representotion of the bond graph
in Figure 2,154, £ssuming thot the l-port capacivors have lincar relatives, the constitutive
laws of the C-fleld are
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or in matrix form

1 1
€1 Htd & l[ae 222)
O R TR | : '
2 [ o /]

The mateix in Equation 2.22 s called the stiffness matriz because the effort {force) is a
function of the displacement. The stifiness matrix is symmetrical, that s, it is equal to its
iranspose.

In general the complience and stiffness matrices, which are inverses of each other, are cym-
metrical. This can be proven in a form valid for even nonlinear C-ficlds [14]. This relation,
sometimes termed the Aazwell symmetry relation, is

e a"!E f?t“
-:—-:- s brounauen = 2-23
Og;  Oqg:  Omi (2:23)
i, = 5L230,...,n

This relation makes it possible to ensure that the equations formed for a C-field give rise to
an energy conserving field. Also, if the ene.gy as a function of the displacements is known,
the constitutive laws can be obtained.

It may not always be useful to form an implicit C-field from a system containing l-port ca-
pacitors, bui consider the bond graph in Figure 2.16a, consisting of, amongst other elements,
three I-port eapacitors. It is not posgible for all three capacitors to have integral causality
C C
2 4
3

<
l"—i"‘\h‘ﬂ \ili\\s 0\? } I\C\'l'
(a) (b)

Figure 2.16: Two independent and one dependent 1-port capacitors and the implicit C-field
vepresentation.

assigned to them, that is, all the displacements are not independent of one another. In this
rase, 44 is related to @2 and ge. Notice however that bonds 1 and 7 have efforts as outputs.
If an implicit Cefield is formed, with bonds 1 and T as the two poris, both bonds will have
integral causality, as shown in Figure 2.16b. This eliminates the need to perform the alge-
hruie manipulativns associated with the derivative causality. However, other manipulation is
requized to get the equations into a form representative of the field.

2,7.2 Inertia fields

In the same way that the I-port inertia is analogous fo the l-port capacitor, an Ifield is
analogous to a C-field. An Ifield is therefore also energy conserving, All the resulis for
(fields hold for I-fields if the flows are substituted for the offorts and the momenta are
substituted for the displacemeonts, ‘

An Lield iz denoted by the letter I with as many bonds as the ficld has ports, as depicted in
Fignre 2,17,
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Figure 2.17: An n-port I-field.

I-fields exhibit the same three causal patterns as C-fields, all integrad, a1l derivative and mixed
integral-derivative causality.

The integral form of an n-port I-field, whick has oIl the flows as outputs, has constitutive
relations

fi = 7P, 02 Psse s s P0) (2.24)
i = 1L,2,§,...,n

The derivative form of an n-port I-field, which has all the flows as inputs, has constitutive
relations

fl

B q’fe(flsfhfasﬂ':fn) (2'25)
i = 1,23,...,n

An I-ficld with mixed causality, has integral causality assigned to some of the bonds and
derivative eausality assigned to the »est. Consider an n-port I-fleld with the first j porte having
integral causality and the remainder derivative causality. Such an I-field has constitutive
relations

it

fi S PP e 1 Bis Siwts s s Ju)

= 1,23 |
oo = Sn{pnpn. o PiJive oo Ju) (2.26)
E o= j4+1,.,n

The reciprocity relation (Mazwell symmetry relation) for a non-Hneur I-field [14) is

o  PE Of
Op;  Opipi Om
,7=1,23,...,n

(2.27)

Electrical systems containing mutually interacting coils can be represeated by an explicit
I-field. The constitutive laws for the Ifield representing two voupled inductances are

A In Mp i
e _ 2,23)

Az My, I ty
where the sell-inductance coefficients are denoted by I, the mutual inductance coefficionts
by A7 and A is the flux linkage. The mutual inductance roell cients Myy and My must be

equal (as is known fromn eireuit theovy) for the I-field to be enszgy conservative. This is the
same result as obtained for the “stiffness” and “compliance” matrices of C-fields,

In the previous section on C-fields, an implicit C-field wag used to elimigate the algebraic
manipulations associited with derivative causality. The same can be achieved for an I-field.
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2,78 Mixed energy storing fields

I+ does occur tha* an energy storuge device cannot be modelled as a pure C-field or I-field,
hut acts as a O-field at some ports and as an field at others, This field will be termed an
1C-field, The use of this element within a single energy domain is not evident, but does occur
between different domains., An example of such an element is a solenoid, the inertial part
being due to the inductance effects and the capacitive part due to the displacement of the
core, :

An IC*ﬁei{E is shown in Figure 2.18. The ports sre numbered so that the first § ports ave

* fini

N3 1L
A 1
fa \| I €42
fa ! \ 'J:':+2

mfi [\&:

Figure 2.18: A field displaying both capacitive and inertial behavior.

inertial and the remainder capacitive in nature.

The constitutive relations of an n-port IC-field, with all integral causality, are

fi = q’;&'.—(?l!pz'l'"’Pj’%"l"l&"'*!?ﬂ)_

i : 1’2'3,.’.'3’
ey = ‘I’?clf,..(phpi!u roaPh gl e vy n) . (2'29)
B = j+1,...,n

The reciprocity relation (Mezwell symmetey relation) of o non-linear 1C-feld [14] is

of; | O°E _ de

Oax  Omai | Op; (2:90)

i=12...,7
ke=jdl,..m

I3 is possible to convert an IC-field into a pure C-fleld or a pure I-fivld, by changing the
definitions of the efforts and flows in ous of the domains, or by attaching gyrators, with a
modulus of one, to eitler the inertial or capacitive bonds.

2.7.4 NResistor fields

An R-field, which is a multiport generalization of 2 1-port resistor is shown in Figure 2,19,
The constitutive laws of an n-port R-field relate the n efforts to the n flows. In practice,
most R-fields are dissipative but in some cases, for example heat transfer, the R-field may
act as a source (normally sone of the bonds remove energy from the one domain and supply
it to another). As in the case of C-fields and I-ficlds, both explicit and implicit R-fields exist.
Explicit R-fiel1s arise frequently when modelling non-linear effects or heat and mass transfoe
systema, Implicit R-ficlds may he formed from vesistors and junction structure elements for
convenience,
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Figare 2.19: A 3-port R-field.

The causality of 2 F.-field is determined by the source and storage elements in the systen,
because R-fields, like 1-port resistors, are ncutral with ~espect to caunsality. Although as
discussed previously, ail the causal forms are not always physically realizable,

An n-port R-field with resistance causality {all the efforts are the outpuis from the R-field),
has constitutive reletions

£ ‘I.Ry(fhfﬁ;f&-“!fn) (2'31
i = 1,2,3,...,n

An n-port R-field with conductance causality (all the efforts are the inputs to the R.-ﬁeld),
has constitutive relations

Ji = @E(ci,eg,es,.. v1Cn) {2.32)
. i = L23...,8
As with the previous fields encountered, the R-field may also take on a mixed causality. Con-
sider an n-port R-field with the first 5 bonds having efforts (resistance causality) as outputs
and the remainder, flows (conductance causality) as outputs, The constitutive relations for
such an R-field are

e = Pp.(fia oo ShrCittsenirln)
i = L,%3,...,7
Fo = BENfus favrserfirCrbtneserin) (2.33)

k = j+iw’-nn,n

It is interesting to note that since the junction structure elements (0, 1, TF, GY) provide
relationships between cfforts and flows, they could be modelled as R-fields, Although these
R-fields wonld be energy conserving and would not be able to take on all possible cansal
forms.

2.8 Pseudo bond graphs

There are oceasions when the most convenient variables used to model a system do not
conform to the definitions of the hond graph variables. The most common problem is that
the produet of the variables chosen to be the effort and the flow do not equal the instantancous
power. When such varialiles are used, the bond graph is referred to as a pseudo bond graph.

Psendo bond graphs are often used to model systems involving heat and mass transfer. When
modelling heat flow systems, it is common to choose the effort variable $o be the temperature
and the flow variable to be the heat flow {14], Because heat flow has the dimensions of pawer,
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the system cannot .. repyesented by a true bond graph. Compressible fuid systems are
sometimes modelled with the pressure as the effort variable and the mass flow rate as the
flow variable [17]. Again the product of the effort and the flow is not the instan-.aueous power
and a true bond graph cannot be used.

The higgest disadvantage of using pseudo bond graphs, is that they cannot be directly con-
nected to trua bond graphs. Other ad hoc elements must be used to enure that the power
eatering the one bond graph is equal to the power leaving the other. Examples of pseudo
bond graphs will be ahown in later chapters.

2.9 Assignment of causality

Once the bond graph model of a system has been derived and the causality assigned, the
state-space equations defining the system can be methodically obtained from the bopd graph.
However, prior to writing down the state-space equations, qualitative information about the
nature and behaviour of the system can be gained from the bond graph structure and the
causality.

In the causal sense, there are three different types of elements:

1. The source and junction structure elemeats (SE, SF, 0, 1, TF and GY) must meet
certain causal conditions, or their basic definitions are no longer valid, If the system
model cannot meet these constraints, then there is either an error in the bond graph
structure or in the systern itself,

2. The storage elements (C and I) have a preferred, but not necessary causal orientation.
i a storage element is assigned integral {preforred) causslity, the energy variable will
be an independent state variable. However, if a storage clement s assigned derivative
causality, the energy variable will not be included in the final set of system equations.

3. The resistors are neutral with respect to cansality. In some cases however, one of the
causal forthis may not be physically realizable and it is necessary to modify the bond
graph structure, so that the resistor can take on the valid causal form,

As the elements differ with respect to their causal requirements there is a procedure for
assigning causality, known #s the Sequential Cavsality Assignment Procedure, (SCAP) {14].
The procedure is: '

1. Choose any unassigned source clement (SE or SF), and assign to it, its required causal-
ity. Immediately extend the causal implications through the bond graph as far as
possible, using the constreint olements (0. 1, 'TT and GY).

2. Repeat stop 1 uetil all the sources have been assigned.

3. Choose any unassigned storage elem~nt (C or I), and ussign its preferred (integeal)
causality. Immediately extend the causal implications through the graph as far as
possible, using the constraint elements (0, {, TF and GY).

4

Repeat step 3 until all storage elements have beon assigned a causality, In many practi-
cal cases, all the bonds will be cansally oriented after this stage. In some cases, however,
certain bonds will not be assigned. The cansal assignment is then completed as follows:

24



-
A%

5, Choose any unassigned resistor and assign an arbitrary causality to it. Immediately
extend the causal implications through the graph as far as possible, using the constraint
elements {0, 1, TF aand GY).

6. Repeé.t stop 5 until all the: resistors have been assigned. °

7. Chouse zny remaining unassigned bond (joined to two coustzaint elements) and assign
an arbitrary causality to it. Immediately extend the csusal implications through the
graph as far a5 possible, using the constraint clements (0, 1, T¥ and GY).

8. Repeat step 7 until all the reﬂﬁaiﬂing bonds have been assigned,

There are saveral situations tha,t can. a.me when applymg causality according to the above
procedure:

1. Al storage elements have integrs! causality and the procedure is complete 1 after step 4.

2. The swsignment procedure is completed by assigning an arbitrary causalicy to a resigtor
or bond, that is, after steps 6 or 8.

3. Some of the storage elements may have derivative causality.

These situations may occur individually or together.

2.9.1 Assignment of causalily to a system without derivative or arbitrary
causalities

Considor the acausal bond graph shown Figure 2.20a. The first step is to assign the requirad
causalisy to vhe effort source, Fignre 2.20b shows bond i assigned a causality accorling to
the conventions of the source (the effort is the output), Since the 1-junction has only one
effort input, the other bonds u.ttached toit ca.unot be ass:gned As there are no other sources,

flow is t}m o put from the mertla.) Immema*ely the cansality may be asmgned to bond 3 as
114 1-jun ti m can only have one flow inpui. Thie is shown in Figure 2.20d4. The procedure
cannot be (ontinued as ti:e O-junction only has one effort outpui. In Figure 2.20e, capacitor
4 is as:‘gned integral cansality (the effort is the output from the capacitor). The causality on
hond & can b immediately assigned as there may only be one effort input to a G-,;l;nct.lun.
The fully augmenied bond graph is showa in Figure 2,20

The causalities assigned to the bond graph in Figure 2_._-_,01’ can be interpreted as follows:
1. The system is of seeond order as both the storr; clements have mteglal causaiity
assigned to them,
2. The two state variables will be momentum, py and displacement, 1.

3. The resiztor has conductance causality assigned to it and it :aust there"m be passible
to write fs as a function of eg.
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2.9.2  An example of SCAP when the causality is completed by the resistors

Cousider the unangmented bond graph in Figure 2.21a. The flow source is assigned ihe
restired cansality, As there is only one effort output from the D-junction, the causality
assignmont cannot be extonded through the bond graph, The next step is to assipn the
proferred causality to one of the storage elements. Infegral cansality i3 assigned to inertia 3.
There ate now two effort outputs from the O-junction, but thiz is still insufficient to continue
the assignment. Clapacitor 6 in assigoned integrad cousality, The 1-junction to which the
vapacitor is atiached has only one effort input, which is insuflicient to extend ihe ecausal
implications, The assigament of these three causal strokes is shown in Fignee 2215, In
order 1o complete the procedure, one of the resistors must be assigned an arbitrary causslity
{(provided that the resistor is indiFrent to the causality assigued to it). Resistor 2 is assigned
cowduriauee cansality. This fovees resistor 5 to areept resistonce cansality, berause the O«

Janction san only have three effort vatputs and the 1-junciion can only have one flow input.

The fully angmented bond graph is shown in PFignre 2210, Tigure 2.21d shows the fully
augmented bond graph of the sume system but with resistance cansality assigned to resistor
2‘ J’I

The cansalities assigped to the bond graph in Figurs 2.21¢ can be interpreted as follows:

1. The system is second order as both the storage elements have integral causality assigned
to them.

2, The two state variablos will he momentum, p; and displacement, ge.

3, There is an algebraic loop because one of the resistors {resistor 2) had to have an
arbitrary causality assignod to if.

4. Resistor 2 has conductance causality assigned to it and it must therefore be possible to
write £ 29 a fanetion of eg.

5. Resistor 5 has resistanee causality ossigned to it and it must therefore be possible to
write es as a function of fi. '
i

2.9.3 Causality assigninent to a bond graph exhibiting derivative causality

Consider the wnasgmented bond graph in Figure 2,226, The effort source is assigned the
regquived causality, but because the {-junction only bas one effort input, the causality cannot
he extended ihrovgh the graph. Inertia 2 is assigoed integral cansality and because there
ig now one effort outpnt from the 1-janction, bonds 3 and 4 can be causally oriented. FThe
three rematuing bonds however, cannut. yet be assigned a cansality as the 0-junction has only
one effort output from it This is depicted in Figure 2.22b. Capacitor § is assigned integral
cansality and beeanse the 0. Jl'lll‘tl(m now has an effert input, bonds 6 and Yy must bo 1wgnm£
the exusality shown in Figare 2,22 B

The cansalitios assigued to the bond graph in Figure 2.22¢ can be lerpreted as foltows:

1. The system is second arder as two of the three storage clements have integral causality
assigned to them.

2. The two state variables will be momentum, py and displacement, gs.
i
I
4
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Fignre 2.22: Bonu graph exhibiting derivative eaunsality,

¥

3. Displocoment g will not be included in the final set of system equations Lecause rapaci-
tor 6 Las derivative causality assigned to it. Becanse the assignment of inogral cansplity
to enpacitor B cansed: capacitor § to taie on derivative causality, ¢s Is & fanction of ¢,.

4. Thero are 10 algebraic loops.

5. Resistor 3 has resistance cousality assigned 1o 3 and it must therefore be possible to
write £y as o function of f3.

. Resistor 7 has conductance vausality sssigned to it and it must therefore be possible to
write fr as a function of eq,

| 2,19 Equation formulation

) .

Ouee o fully augmented boad geaph i available, the statespace equations way be writien
dows in an orderly fashion. The steps to follow in deriving the state space aquations are

1. Solect the input and state vaciubles.
) o 2, Write down the causal relations for each element,

3. Reduee the equations to state-space form,
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The selection of the inpus and state variables is straightforward, Each source element provides

an input variable and the energy variable of each storage element having integral causality is
a state vartable,

In practice, it is not necessary to write down all of the causal refations, but it gives incight
into the formulation of the equations, particularly to a person without much bond graph
experience,

T'he reduction of the equations to state.space form is usnally a simple matter, requiring ounly
the substitution of equations. There are cases, hiowever, when some ulgebraic manipulation
is reguirad. This will be shovi later,

In all the examples that follow, the goneralized variables; effort, flow, displacement and
momentam will be nseid, s oppesed to the standard variables used in a particular domain,
This is done for clarity and o avord an emphasis on any particular domain as a bond graph
4 u muitidomain eepresentation,

2.10.1 The equation formulation of a system without derivative cansality
and algebraic loops

C :mwdor the fully :mgmnntz*d bond graph in Figure 2,23,

SN

2 4
Az I’
I G

Figure 2,23 A fully angmented bond graph of 2 system without derivative causality or
algebraiv loops,

The inpus to the system is the effort from the effort source, ¢q. In this example I+ is assumed

that ¢; s some function By,

"The state variables of the systera are the energy variahles of the storage elements with integnl
causality. In this case, both the inertia and the capucitor are wwigned integral causality and
the state variabies are therefore momentum, p; and displacement, g4. '

The gencral form of a set of statespace equations ix

Xx = Ax 4+

(2]
i

U= [I.!}]

in this example

and

Stap 2 invalves writing down the cansad relations for all the elemoents. For vonvenience, it §s
assumed that all the elements have Iineer relatiuns,
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Effart souree 1 Tle causality assigned to the effort source implics that the effort g is the
ountpet from the cffort source, The cansal relation is therefore

£] = El

Inertin 2 The luertic has integral vansality sssigned to it, therefore the flow fi is 2 funetion
of the momentun: p., :
ﬁ*ﬁm
aid by definition
da= oy

Capacitor 4 The capaeitor also has micgral causality assigned to it, therefore the effort e
is & function of the displarement gq.

E.;‘*f-z

€q =
aud by definition
4= fa

Resistor 5 The resistor has conductance cansality assigned to it, therefore the flow f, is a
finction of the effort o5,

1
f.': = }}j;i?ﬁ

The 1-junction The 1-junetion has bonds | and 3 a5 eflort inputs (flow ontputs) and bond
2 as the effort ouiput (flow immt). Therefore, uoting the sign convention

£ =01 — €3
Ji = fa
fam fo

The 0-junction The 0-junction hos bond 4 as the effort input (flow output) and bands §
and & as the effort outputs {flow inpuots). Therefore, noting the sign convention

Ji= fa—fq
€3 =2 0y

U5 04

Recanse the twe storage elements have both been nssigned Intogral cavsality, there are two
equations of state {each storage element with intogral causality contributes ono surte variahls),
To find the first eqnaticn one beging with an equation involving the derivative of one of tha
state variahlos, Considering the inertia first and using the definition of momentum

P ey {2.34)
hut from the causal ml:itinn;a

PR S Bl

=)
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therclore

Pa=e1—e3 (2.35)
but from the causal relations '
€] = Ex

and
£3 = £4
therefore
Pa= By ey (2.36)

The term E is an input 5o it does not have to be pursued any longer, however ¢4 does, From
the causal relations

€4 25 —ify
A
therefore

. 1 -
Pa s By = ey (2.47)
4

The derivative of one of the state variables is now in terms of the input and another state
variahle. This is therefore one of the state-suace equations, v,

. N . ‘l ¥
The second equation of state is chtained by starting with the capacitor (thd first equation was
obtaincd Ly starting with the inertia}, One begins with the definition of the displacoment.

gy = f3 | (2.34}
but
Jo= fa—fa
therofore _
ga=fa~fs (2.39)
but
izl
and e ..3.. ]
[ M Ifsld
therefore !
H wh Tiy mm miunka i ),
q‘.l fl! Iisl.. (Mo ;0)
but
f - a}m 4
3 = I?.pb
and
£y = Py
therafore
. 1 i _ .
g = :{;P2 v }2-;'(".1 (2.41)

At pg i oostate varinble, it nead wot be pursned any longer, byt ey is neitlier nn input nor a
state variable, so the term nst bhe continued with

l
i E
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therefore 1 )
i = A el (2.42)

The derivative of the displacement g4 is in terms of the two gtate variables and is therqﬂ‘ure
the other state-space equation :

The state-space equations of the system are

0 0 =& ([ 1
= + [ & ] (2.43)
I [ N 0
/£ Y S T 24
Therefore .
0 -
.(1 =
1
' “11‘501
and
1
B=
]

2.10.%2 Equation formulation when the causality is completed by a resistor

The equations of state, for £* o bond graph in Figure 2.24, are derived as follows:

R R
A e
2 5
4 el
S SR N
3 6
R4 /
I ¢

Figure 2.24: A bond graph where the causality is completed by assigning an arbitrary causals
Iq ity tu a resistor,

The input to the system is the flow from the fow source, fi, It is assumed that fi is some
function Fy.

"The state variables of the sysw.an are the energy variables of the storage elentents with integral
vangality. In this case, both the capacitor and the inertia have integral causality and therefore
O the state variables are the momentwin, py and the displacement, gg.

The general form of the state-space eguations is

S

%= Ax+ Hu
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In thié example

«| %]
L
snd : “

u = {F]

Step 2 involves writing down the causal relaiions for 2ll the elements. For copveaience, it is
assumed that all the elements have ligeer relations.

Flow sonree 1 Tho output from the flow source is by definition the flow fy
H=H
Inertia 3 ‘The inertia has integral causality assigned to it, therefore the flow f3is a function
of the momentum p. {
fa= A
and by definition
pa=es

Capacitor 6 The capaciior alse has integral cousality assigned te it, therefore the effort g
is a funcivion of the displacowment ga,

1
£g 2 e
6. oA &
and by definition
= e
Resistor 2 Resistor 2 has condnetive causality assigaed to it, therefore the flow £ is a
function of the effort ey, )
= g
f2 By

Resistor & Resistor 5 has resistance cansality ass'gned te it, therefore the effort es is &
function of the flow f.

The 0-junction The 0-jun<tion has bonds 1, 2 and 3 as effort onrpuis {flow inputs) and
bond 1 as the effort input (flow eutpui). Therefore, noting the sign convention
o By omm fy o RN
f"l = f% f). f7§ ‘;}I.\‘:
(:1‘ =i 47 :
Uy &= £4
'|"\ (}3 =04

A

The I-junction The I-junction has bonds 5 and € as effort inputs (fow outputs) and bowd
4 as the effort outpnt (Row input). Therefore, notling the sign conventions -

€4 = €5+ 6g

T % fo=fa
Jo=fi
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The first state-space equation is obtained by starting with the definition of the momentum

of e inertia,

but from the causal rei:;ti‘ons

thereflore

but from the causal relations

therefore

but from the causal palations

amd

therefore

P3 = 3

Py = 64

T3 =¢4

ey = €5 s
m=¢+%
o5 = Ry fs

£ == =il
A

. o1
Bz = Rsfs + A
"B

the teem g does not have to be p"‘uraued any further as it §s a state variable, but

therefore

but

therefore

~but

ani

thorefore

Js=Ja

* . 1
Py = Refy 4+ Ly
'8

Jazh-fiv fs

Hh=n"

ol
1
Ja = im

= Ro(fi = fa = F) + g
<

1 i 1
‘. b !’q _Iﬁ handilotnl 0 IR T ] ot smirin,
Py = Rs{ Iy ;2 Iai'ls) {- cte

@)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

From Fquation 2,50, it can be seen that ¢ is the only ferm that is nelther a state nor an

input variable and therefore has to be pursued further, but

therefore

£y = Q4

. 1) 1 1 1
Py == Bs(Fy = e }*;PS) +
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£
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In Equation 2.51, ¢4 is also not a state or input variable and therefors an expression for ¢4
hias to be found, But considering Equations 2.i5 and 2.46, w1 expression for g4 has already
been substituted. If eq = 5 + e is su’ sfituted into Equation 2.51, Equation 2.51, will get
larger and larger, with e4 having to be substituted repeatedly.

To get vut of this algebraic loop, it is noted that 2is = ¢; (Kquation 2.45). Reversing the
order of the relation to get ¢4 = J3 and suhbstituting into Equation 2.51 gives

. 1., 1 |
Py = Re{ly - 7yl ?;P:;) + 7l _ (2.52)

" and with some manipulation

RgRg I - RzR.‘; - R‘}.
ot Rg ' " (Rod Byl ¥ (R % Fa)Co®

(2.53)

fa =

which is cnly in terms of the input and state variables,

To vhtain the other state-space equation, the definition of tue dizplacenent of the capacitor
is used

= fo (2.54)
but
Jo=Jfi
therefore .
@ =fi (2.58)
but
fi=fi-fa=fy
therefore h
Go=fr~fa=f3 (2.56)
but,
H=8
fa= “}%‘;62
and
Ja= ‘Lpa
12
therefore
A | 1
G = Fy - T s {2.57)
 Only ez needs to be cortinued with as py is @ state variable and Fy is an input
€2 5 €4 ’ B
therolore y i
g = Iy — ‘}vé:{‘.d - Em {2.58)
As hefore, this is in terms of ¢4 and again using eq = 73 .
u i
o= Iy - -}“251 - '*‘1-'3!-3 : £2.50%
R Iy oo

i
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But from Equation 2,53

wo ol o Bl Ry
T Rev Bg ' By By)ly 0 (Bp -k Lo)CGQG

therefore
i [ RaBs RaRs fiN ] 1 i
S R —- 2.
W= B e TG T (Tt R (BT R ~ P (2:60)
and with a little manipulation '
* R'3 | 2 H &
ds = Fi- - - {4
b=t i T Tt BhT Tt Reyte® (2.01)
This is in terms of the inpat and state variables and is therefore ar eqtmtmn of state.
The state-space equations of the systom are
. AR R .
Pa iR -I—R«E) I {T{'a-ng. o M }%"g“?;
- ) IR fa (2.62)
%o Tﬁ“-.f-‘-FHLsii' chmsjc.' 5 Y6 v ol 3
Therefora R R
. "'{??“aﬁ.'?f}':a' [T
L= |
Hy 1
UHIGYE TR HS)Cs
and T
R .
Ht 35 .
B = "
Tt i

The equations of state for the bond graph whe=e re: "stor 2 is arbitrarily assigned resistance
causality are the same as those derived above, but the steps ! !ved in formulating the
equations ure different,

2.10.3 Eguation formulation when the bond graph exhibits derivative caus-
ality

The state-space equations of the bond graph depieted in Figure 2,25 are derived as follows:

The input to the system is the effort output from the effort source e, It is assumed that ¢
is some fupctien £y,

The two storage elements with integral causality are inertia 2 and capacitor 5. Crpacitor §
hay dvtivative causality assigned fo it and the displacement, g; is therefore a dopemlent state
va fa'hiv- The two state variadles are the momentum, 2 and the dispiacement, gs.

I} general form of the state-space equation is i )
. /

X = Ax - Bu c

In this example \\

x| P2
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Figure 2.25: A bond graph exkibiting dertvative causality,
_ =
aud | g
u = [y}
Siep 2 involves writing down the causal relations for all the elomnents. For touvenience, it is
assumad that all the clements are described by lincar relations,

Effort source 1 The effort source by definition has an effort as the output.

o £y = Fy

™

Inertia 2 The mertia has integral causality assigned to it, therefore the flow foisa fum.tmn
_of uhie ‘momentum p;. |

o fz = }-_;p-,a

and by definition
Py =02

Gapacltor 6 Capacitor 5 has intogral vausality .xss:gned to it, therefora the effurt e5 is a
funciion of the displacement gs.

1
g = a’-(!s

and by definition
gs = Jfs

Capacitor 6 Capacitor § has derivative catusality assigned to it, therefore the- displacement
i is a fupction of the effort eg.
g6 = Cgeg

and by definition
Jo=d:

. N
Resistor & Resistor J has resistante causality essigned to it, therefore the effort ey i a
function of the flow fs.

\‘ eg = Mafs

Reﬁlstnr T Resistor 7 has conduetince caunsality assigned to it, therefore the ﬁuw frisa
funetion of the cffort eq.



The I-hmeiton Tie 1-junction has bonds 1, 8 and 4 ag effort inputs (flow ontputs) and
hond 2 as the eliort oniput (flow inpat). Therefore, noting the sign conventions

s.‘
O3 3 =€y - 05 ".}‘

fr= fo ' ’
F3= fa
faw fa

The 0-function The d-junetion hag woreds 4, § and 7 as effort ouspats {How inputs) and
honid 7 as the effort input {llow outpis), Therefors, noting the sign convention

o= Jao- fo fr

£4 2 g

fg &= 0

The first statespace eqaaiion iy obtained as follows:

Heiug the ineriia,

Hy = €2 (2.63)
hut
LRTI- S R Sl o |
thesofurn
3."5 By N T X X 3 ;2.&'34)
hat
) & ';'1
ea = Rafs
and
€1 % 0y,
thoerefoie

P Py = Bafy - o5 : (2.65)

The teetn F5y does not have to be puraned any further as it s the inpat, hut

fs= fo

amd |
rn = }"_;;‘IS ;
therafure ,
Hy v iy v Rafr = ot B ¢-X 5!

Ouly the fero e fi needs to be parsted fucther a5 g is @ state vanuble,

K
J2 = m

3
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aq! by definition

therefore R ]
th= By g {2.67)

Pz is in terms of the state variahlos and inputs only and is therefore & valid equation of state,

To gat the other state-space eguation, the definition of the displocement is used.

gy = fs {2.68)
hut
fomfo—~fo-Fr
therefore .
s - f.s - Ja - Iz . (2.6%)
bus '

Ja= fa

"‘\ . f‘-; = ‘?'ﬁ
alsg
fr= ge
therefinn 1
i fa "..!f'f, = ?E;(?? ¥ (2.70}
but. p - ' |
- . 1

B Pt 1 1
J AL

There is no term in & but
e == g

Faking u?i{;:va?.iws on hoth sides and assaming Cy to be o constant gives

p . iﬁ; = Elp
also
S _
L Oy Fy
therefore °
s 22 ety e L0y o e (2.71)

b aoutate vordable, it theeefore doss not seed to ba pursaed any furtker, but

amd waking derivasives on both sides pives

AT
also “ .
*fs =
thepefore )
i E-;;PJ 4 gty - ;«';(;F: T ) [RARY

b
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but !

1
€ = =g
Taking derivatives on both sides and assuming that Cs is a constant gives
€ L
e
[+ quﬁ
therefore
| = o S = (273)
LRt L Bamigr | Shaaliatiaap =l f 1 LEA
. i1 Iﬂ % L] R‘Zcﬁ ] k
and with' a little maninulation  ©
C" 1

'ﬁ 3 o 5 - g e e “ i ‘2‘?4
w {Cs + (-'ri)fzm {C5 | Cg) h’,-,vl (2.14)

Therefore the state-space equitions of the system are

, i 1
[ # i - m 17
+ [ 2 ] (2.79)
-r' [ — 1 i u
| @5 GFeh  ~{Ohicaie 5 ]
‘Thepefore o
—ita o o3
I oy
4’1 bred (' W
UL 41 T L N
) (s +Cs)l2 (LTI
and

[

L

Had eapacitor 6 been assigned intepral cansality as opposed to capacitor 5, a simidlar sort of

resnlt wonld hiave heen obiained.,
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Chapter 3

Bond graph models of systems in
various domains

In this chapier, bond graph models of clactrical, mechanical ranslation, mechaniesl rotation,
flnid flow (hydraulic), heat .ranster and eompressible thermofluid systems will be presenied.

The seetions on flnid flow, heat transfer awd heat and mass transfer will be more detailed
than the others, because process systeme are of primary hnportance to the Control Group of
the Depariment of Electrical Engineering ot the University of the Witwatersrand.

3.1 Bond graph models of electrical systems .

Electricu gystomns are easily representod using boud graphs, beeause the slectrical domain is
the only dumain where a formal system representation exists and each bond graph slement
has an equivalent electrical cirenit element. There are cases however, where it is not straight-
forward to convert an electrical cireuit into 3 bond graph. For such systems however, the
bond graph constraction method {14], can be used, This method will not be presented here,

As an example of the method used to model an electrical cireuit, consider the cirenit in
Figure 3,1a and the Fond graph model in Figure 3.1b.

The voltage source XE (reprosenting the source F) and resistor By are comuected to o 1
junction because they are in series, In series with the voltage source and resistor By, s a
paraliol enmbination of capacitor 7y and the vest of the cirenis to the right of . Therefore
connceted to the I-junction is a 0-juncetion, representing the parclle! connection, to whick the
capacitor 'y and the rest of the cireuit to the right of (7, are connected.

Because the inductor Ly {represented by Ip in the hond graph) and ~apacitor €y ara in
parallel, they are courected to a B-junction. But becange the parallel conuneetion is in series
with the remaduing vircuit, the O-junction is connected to the rest of the bond graph with a
1.junction. '

The resistor By is fa serles and therefore connected o the hond graph with o Ljunetion.
Finally the capacitor O3 and the resistor s are in parallel and they are therefore conneeted
to & O-junction. Berwmsc the parallel combination of {3 and Ry is in series with the rest of
the eirenit, the {-jupction is connected to the 1-junction,

Figure 3.1e shows the two adjacent $-port, 1junctions in Figure 3.1 combinad into a 4-port
I-junction. '
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Figmre 3.1 A eleetrical civuit and corresponding hond graph nuadels,
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3.2 Bond graph models of mechanical systems

The mechauical domain can be divided into two separate sub-domains, namely mechanical
translation and mechanical rotation. These two sub-domains are however modelled in the
Same way.

3.2.1 Mechanieal translation

Counsider the mechanical Lranslation system in Figure 3.2 and the corresponding bond graph
model in Figure 3.3a. Spring J is connected hetween the position of the force input and

ks

>

F Ka B, b
— — M, |

Figure 3.2: A mechanical translation system.,

mass 2. The end of the spring, connected to the mass, is moving at a cortain vefocity (the
velocity of mass 2) and the other end is moving at a different velocity, Capacitor 3 (spring 8)
is therefors counected (¢ a S-janction beeanse a 0-junction has different velovities at each of
its honds but the same force on all the bonds. The eifort source (force input} ia attached to
vne of the bnuds conneeted to the §-junction and & I-junction is connectad ta the other, The
Lejunction, as opposed to o O-junction, represents a distinet velocity, in this case the velocity
of mass %, Tuertin 2 {mas 2 iy therefore connected to the Ijunetien, Damper ¢ is connected
between mass 2 and the lever. Hocause moss 2 is at & particular velocity and the laver is
at another, resistor 2 {damper 2) is connected to a O-junction. ““he O-junction is placed
between the I-junetion, tepresenting the distinet volocity of mass 2 and the transformer,
which pepresents the lever, A tronsformer is used to represent the Iever because the forees
amd veloeitics on either side are related by the ratios of the lengths.

‘The I-junction attached to the transformoer is used to show that the one side of the lew rig at
a pactirnlar velocity, Doth spring 2 and damper 1 are cornected between the ane side of the
lever and mass 1. Becouse the lever and mass move with two different veloeltios, Inertia 1
(moss 1) ix connected to a Ijunction to show that it s at o distipet velocity  Capaciter 2
(spring ) and resistor 1 {damiper 1) must now be vonnected bolween the two I-junctions.
Because the velueity of the spring and the dawper is the same and equal to the difference
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between the velocity of the lever and the velocity of the mass, capacitor 2 and resistor 1 must
be connected to separate D-junctions. Buf both the D-junctions must be connected between
the two 1-junctions. Spring 1 is connected between the wall (zero velocity) and mass 1,
Because the wall is at zero velacity {reference velocity), it does not have to be included In
the hond graph. Capacitor 1 (spring 1) is therefore connected to the l-junction representing
the distinet velocity of mass 1. '

Figure 3.8b shows a bond graphk “identity”. Provided that the power haif arrows are as in
Figure 3.3a, the loop can be rewritten as shown. In Figure 3.3¢, the 1-junction with two bonds
connected is removed. A 1 or 0-junction with two bonds attached, can cnly be removed if
the power is flowing throngh the junction.

3.2,2 Mechanical rotation

As an example of a rotational system, consider the system in Figure 3.4a, where By.ods a’

rointional damper, Ky is a rotational spriag and F represents the friction between mass 2
and the surface,

r I o I . Iy
™ .
+ HH W
F. .
(a)
Ry
/]

SE e | 1 N e Iy

NN
L
Iy Ry Iy Y]

(b)

Figare 3.5 A system with mechanical rotation,

The bond graph representation is shown in Figure 3.4b, The torgue input oceurs at the same
angular velacity as mass 1 snd both are therefore cannected to a 1-junction. Damper 1 is
between lwo distinet velocitios, that of mass | and mass 2 and is therefore connected to a
(-junction, which is between the two 1-junctions, Inertia 2 is conneeted to & 1-junction as it
is at a distinet veloeity, Resistor 2, ropresenting the fricticn ¥, is sonnected to the same 1.
Junction as mags 2. This is because the friction occurs between the velocity of mass 2 and zero
veloeity {reforeace voloeity) and the reference does not have to be included. This 1-junction
can he explained ax follows, The torque entering the I-junction from the left is roquired to
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aceelorate the mass, Some torque is lost due to the friction and the remaiuing & ogue can

he transferred to the rest of the circult. FinaBly capacitor 1 (the spring) is connected to o

0-junction between the 1-junction and inertia 3, because the two ends of the spring are at
two different velocitics. Iiertia 3 doos not have to be connected to a 1-junction hecaunse its
angular velocity oceurs hetween the spring and zero velority,

3.3 Bond graph modals of incompressible fluid systems

In this section, flnid systems, where the statie prossure mulitiptied by the volume flow rate
represents most of the transmitted power, will be considered. This implies velatively slow flow
rates and large pressures, Although this is maiely the hydraulic systems dom:in. the ideas
will be used to model most liquid systems, This is becauge the majority of the modelling
in this dissertation is done for the purposes of controller design and overly comp’ex maodels
are not reguired. Gas systems catnot wsnally be modelled effectively using these methods,
as the compressibility is an important factor. Gas systems are therefore modelled using thdé
techniques of Section 3.5. '

In this section and the following three sections, “fusgy” statements like consideruble velocity
and small density changes will often be encountered. Exact numerical values can ofien not

be given to these statements as they are modelling assumptions and depond on the accuracy

required of the model. Similar modelling assumptions are made in all domains,

In general, heat and mass tansfer systems are modelled nsing partial differential equations.
"Chis j= because the thermal and finid properties are not only functions of each other, but also
of position {that is,'they are distzils 1 in space). To use a bond graph model to represent
a thermal fluid, it is necessary to spatially divide the fluid jnto 3 number of blocks, termed
lumpa. This is hecause a lumped model is sepresented by gidinary differential equations. The
fluid in each lump is considered to be at the same coyditions of temiperaturs, prossure aid
density. The number of lumps iato which a fluid is dif»ﬁded, depends on the aceuracy of the
model required. ir
i

3.3.1 Bond graph variables and elements

When modelling incompressible fiuid systems, the effort variable is chosen to be the pressure
{(normally gauge pressure), symbol p in units of Pascals, Pa. The flow variable is chosen to
be the volume flow rte, symbaol g in uits of m®s™!. The displacoment variable {the jotegeal
of the flow).is thetefore the mlyme, symbol ¥ in units of m? and the momentum variable
(the integral of the offort) is the pressure momentum, symbol g, in units of Pa s [19]

The storage of fiuid, in a tank for example, is represented by a capacitor. If o fluid of density
15 held in o eylinddieal tank with eross-sectionad sy A and the acceleration due to gravity

is ¢, then the prossure [16] is gt
_ ' p= = ;ﬁ (3.1)
The general linear forin for a capacitur is '
, p=gv : By
therefore the capacitanee, & for a eylindrical tank is
" “"1 i
€= ™ {5.3)
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A pipe or channel through which fluid flows at a considerable velocity is represented by an
inertia. If a fluid of density p flows through a pipe of cross-sectional area A and length [, the
volume flow rate {19] is

q= f’lp‘.ﬂ (3‘4)
The general linear form for an inertia is
1
q= ‘f?’p (3.5)
therefors the nestance I, is ,
- =P (3
I == 1 4)

Inertia! clements are therefor. important for mndellmg long pipes, or pipes with a small
cross-sectional area,

The fiow of a viscous fluid down a pipe [20]} is given by

q= K(ps - po)& (3.7

where K js a constant dopendent on the restriction and the fluid, and « is a constant in
the range 1 to 2, For high flow velocities, where the ow is turbudent, (Reynolds number
Re > 105) a = 2. When the flow velocity is low enough, so that the flow is laminar,
(Re < 1100) then « = 1 [20]. Since the flow rate is a function of the pressure, the fiow of
fluid shrough a pipe is represented by a resistor, -

3.3.2 A tank with & known inflow and outflow N

{lonsider the system depicted in Figure 3.8a. Fluid enters the tank at a kuow flow rate g
and exits from the botlom of the tank at a known flow rate gy.

]
VRV SF% s 0 : \=SF
® :
el
(2) (b}

Figure 3.61 A tank filling and emptying, but with the inflow and cutflow being known func.

tions of time.

The bond graph of the system is shown in Figure 3.5b. The two flow sources enforee the

predefined inflow and outflow rates, while the capacitor represents the storage of fluid in the

tank. The consdtutive relation for tho capacitor is that previously given. The 0-junction

represents the conservation of mass, assuming that the density of the fluid fowing into the
tauk is equal to the density of the fluid leaving,
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3.3.3 A tank filling and emptying inte the atmosphere

Consider the system depicted in Figure 3.6a, fluid enters the tank with flow rate g1, and exits
from the bottom of the tank into the atmaesphere with a flow rate of ¢;.

q1

o

AEAYATAVATRNA VL VAFLY

i i 2

(a) ' (b}
Figure 3.6: A tank filling and emptying into the atmosphere,

The hond graph of the system iz shown in Figure 3.6b. The v source, copacitor and ¢-
Jjunction are as in the previous example, hut a resistor replaces the flow soutce at the outflow,
The resistor has the constitutive law given previously as the outp.. How rata is a function of
the pressure at the bottom of the tank. In the constitutive law given previously, the flow rate
was & function. of the pressure difference, but because all pressures are defined with respect
to atmospheric pressure (termed gauge pressures), the second pressure term is zero,

'Ta emphasize that the outflow is inte the atmosphere, the bond graph in Figure 3.6b may e
redrawn 35 in Figure 3.7,

Figure 3.7 An alternative bond graph of the system with the tank filling and emptying into
the atmosphere. '

In Figure 3.7, the l-jugction is wsed to shown that the pressure acmss the resistor is the
difference hotween the pressure at the bhottom of the tank and atmospheric pressnre. The
constitutive relation for the registor would be

L
7 == Kpg
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3.3.4 . & pipe section or fluid lump e

Comsider the schematic of & pipe sectmn or fluid lumnp shown iy Figure 5.8a, with the vor-
responding hond graph representation in ,{\1{;1;"0 3.8b. ‘The mer'tm, I is usesl 10 modol the,
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Figure 3.8: A pipe section or fluid Iump

accoleration of the {Imd and has the constitutive relation discussed previously. Tha resistor
R4, represents the loss in pressure beyond that required to accelerate the fluid and typically
has the constitutive law presented enrlier. The capacitor Cg, s intenced to model the com-
pliance of the fluid = the compliance of the licid and the pipe walls. It is feasible to use
a capacitor to model the density changes only if thete chonges are small. If the change in
density is large, the thermodynamics of the sitnation has to be studied. A typical constitutive

relation for the capacitor would be

1
P—EV

where the capocitance €7, Is the ratio of the velurhé V, to the bulk modalus B. Finally,
resistor &y, represents the loss of flow in the pipe section due to leakage,

3.3.5 Fiuid flow control valves
The flow throngh a control valve [20] is

g = keaf@)m ~ )i - (3.8)

where & is a constant dependent on the arca of the fnlly open valve and the dﬁnsuy )
of the fuid,
eq iz the coflicient of discharge of the valve,
F(e} s the fractional rea of the valve as o function of valvo stem position, When
the valve is fally closed, f {z) = (0 and when the valve is fully open, f(z) = 1.
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It is clear that E.qua.tmn 3.8 is a relation between the flow rate of the ﬁuxd pasgsing through
the valve and the pressure drop across the valve, A finid controf valve is therefore represented

‘hy a resistor. However, because the resistance is a functicn of the valve stem positio and

there is no significant power transfer betweed the stem and the fluid, the ofiact of ; #(z) is
depicted using 2 modulating line. The sond grayh of the control valve is shown in Figure 3.9.

: \ g L

Figure 3.0: A bcnd graph model of a control valve.

As the control vslw relation includes a difference in pressures, it is usually attached to a
1-junction.

If the dynamic characteristics of  valve significantly affect the dyaamic be}mrmur of the
spstem, j*is necessary to include these effects in the alvo model This entails the addition
of energy storage and possibly other elements. :

3.4 Thermal systems

This section discusses heat flow in closed systems where no mass passes inve or out of the
system boundafics. As mentioued earlier, the fluid in ‘each lump (the boundaries of sach
lump mav or may not be physical} will be assumed 10 be in psendoequilibrium,

3.4,1 Bond graph variables

The behaviour of closed thermal systems is often explained using the electric circnit analogy,
with heat flow unalogous to enrrent and temperature analogous to voltage. The substance
through which heat is transferred is modelled as a resistor. The problera with wils analogy,
for use with bond graphs, is that the product of voltage and current is powes, but the product
of heat flow and temperature is not (heat flow has the vnits of power). In order to construct
a true bond graph, it is necessary to choose different variables, although the variables heat
flow and temperature will be used extensively in the next scction by considering what are
termed pseude bond graphs,

In this section, Jhe ¢ffort is chosen to be femperature, symbol 7' in units of Kelvin, K. The
flow is chosen to be the entropy flow rate, symbol & in units of JK~15"1, The displacement
variable is thercfore the entropy, symbol § in wnits of JK™!

As the integral of temperature is physically merningless there is no momentum variable i»
thermal systems, The lack of an inertia in the thernal domain has caused some researchers
to reconsider some of the initial ideas of having both inertive and capacitive esemients in bond
gI'iL‘JhS [5]1

3.4.2 A fluid lumup

As shown by Karnopp and Rosenbergf1], a &,uhutance in & lump may be represented by o
C-field, as shown fu Figare 3.10.
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Figure 3.10: A bond graph representation of a substance ir a lump,

In Figure 3.10, the hydraulic bord is shown with the vower half arrow directed away from
t*e Cofield, this is in aceordance with the negative sign in the Gibbs equation [14]. Integral
causality implies that

T = T{s, )

and
p= pls, v}
where 7' is the temperature.
& is the specific entropy (s = & where m is the mass of the fuid in the
lump and § the entropy of the lnmp),

w i the specitic volume (v = -L where V is the volume of the lump and
v is the mass of the fuid in the lump).

p s the pressure.

integral causalify is obtained by considering the i ternal enevsy as a function of the entropy
and the volune. The other camsal forms are obtoined by considering the enthalpy b, the
Helmholtz frre energy £y or the Gibls free encrgy ¢ [14).

$.4.3 Hear transfer with ne chenge of state

Cunsider as an example, twoe chambors containing finid, It is ossumed that the fluid in each
chamber is consideredoas o single lomg. The fluid b the one ehamber is ot temperatnre 73
and the other at tetaperature Ty, us shown in Figure 3,110, Heat is only sble to flow through
the thermial resistance sepamtmg:, the two chambvys, Figure 3.11b {.lmws the bond graph
representation of the hieat transfer,

'f

insulation __
.zr ,—[! . ,
" S RO B .J T.l \l | & 1 {‘a N
5 ! B2 4 8y
fasnlutinn
(a) (h)

Figwa. 211 Two chambers containing fluids ab different tomperatures.

-

A possible constitntive law for the R-field is obtained by congidering the heat teansfor rate
@, whick is defined as .
Q= HAN ~-T)



where H is the heat transfer coefficient.
A is the area available for heat transfer.

also

where & is the thermal conductivy,
! is the thickness,

But Q is defined as T°S, therefore

NS = Q= Tu85,

therefose
’ 4 o HAT - To)
1 - TI e
s HA(T, - T3)
§r= = - (3.9)

3.5 Compressible thermofluid building blocks

Bond graphs can be used to model thermal systems where a fixed amount of matter is
involved [14]. Also, there is a method to model comprossible fluid systems based on a La-
grangian rather than the more common Eulesian approach [15). However, many engincering
gystems are practically deseribed using a contral volume, where matter flows across hound-
aries carrying energy in several forms with it. Power interaction in sach cuses needs at least
three variables such as pressure, temperature and mass flow rate, tather than the two vari-
ables of true bond graphs. Also, the invariant causality of normal bond graphs requires
awitching as the flow direction reverses (7). Karropp{l16,17}, has shown that it is possible
to model such systems using psevdo bond graphs as opposed to true bond graphs, that is,
where ¢ efforts and flows used are not complimentary power variables. The remainder of
this discussion will be based on these ideas.

3.5.1 Variables and elements for compressible thermofluid pseudo bond
graphs

The definitions of the psewdo bond graph variables for compressibic thermofinids are shown
in Table 3.1, Using these definitions, energy is a stafe varieble, whereas in true bond graphs,
the energy is a function of the state variables,

The concept of a puwer bond s now extended to a double bond, where p and 1 are the
variables oa the one bond and 7' and E or @ are the variubles on the othor, Figure 3.12
shows how two systems, “A” and “B", are connected together using this type of pseudo bond
graph.

Kamnopp{17], represents the thermal bond (7', £) as a dotted Tine, this is done only for clarity.
Far simplicity, the thermal bonds in this dissertation will he drawn as a solid line.
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ariable type Variable name { Symbol | Units
e R T e it s
effort tomperatore v | T K
[ elfort pressuie ' P Pa
flow wass flow rate 1 kg s™t
ficw energy flow rate E ¥ 51
fow heat energy flow rate Q J g1
flow rate of change of volume { V mS ™!
| displacement | mass G0 ke
displacement. | energy E '
(_displacement, | heal energy Q J
momentu pressare momentium Py Pas

3
1

Table 3.1: Compressible thermofluid pseudo baiid graph variables,

Figure 3.12: The vouble bond fourd in pseude bond graphs of rompressible thermofiuid
systems,



It must be noted that the energy flow rate is not independent of the mass flow rate and is

given by
, v -k
E=1m (u. + pu+ -2—f~) {3.10)

whore 2 is the specific internal enerpy.
v is the specific volume.
V; is the flow velority.

To differeptiate bayween pscudo bond graphs and true bond graphs, Karnopp{17], uses the
term accumulator when refersivg to & eapacitor and restrictor when discussing a resistor. In
thig dissertation the latter two terms will be used.

3.5.2 A junction of two pipes or two lumps in a pipeline, with no corre-
sponding pressure drop

Figare 3.13a shows a pipe junction or the boundary of two fluid Inmps in a pipeline. 1wis
assumed that thers is no sigeificant pressure drop across the junction,

b4 - P2
NPRELY
) 1131 msa
i1 X
| e T ;
T '\] Ta \
) _ | R. .
b2 a
@ o (b)

Figure 3.13: A pipe junction or & boundary of two fluid lumps,
Es

From the bond graph in Figure 3.13b, it is clear that the pressures and the mass flow rates
are continuous at the peint where the two lmups are connected, that is

MmEp
and

kg = miky

The I-junciion is unnecessary except that it is used to obtain the value of the mass flow rate
necessary for the thermal model. [ad the bond graph fragment been attached to other bond
graph elenients, the madulating line could have been connected to any other element which
Jhas the particular mass flow rate as an output,

In the thermal model, the fluid in each lumyp or in each pipe is considered to be at a different
tempesature. It is also assumed that . )
Iy = I

The convected energy flow rate 1s given by

I o= e



where ¢  is the specific heat.
. is the mass flow rate, cither mé; or »is.

T s the temperature. The temperature will be either 7% or T depending on
whether @ is pnsitive or negative,

As the temperature s & positive quantity, 73, and £y ropresent the mass and energy leaving
tump 1t and niy and E represents the mass and encrgy entering lump 2. Assuming that the
temperatires are determined internally in lump 1 and huop 2, as discussed in Scetion 3.5.4,
the heat flow rate is given by

s g ) emdy i J
'm”J&“{cmﬂ if 5 <0 | (3.11)

One may combine the two previous equations into one constitutive law for ihe R-field so that
only one causal form is neeessary. This form is used if the flow changes direction, or if the
direction of flow is unknown, The relation for the R-field is

P=E= E-'f’i(i" + ) + c]m[(n ~Ty) (3.12)

As the hnat flow rate is a function of both the sum and the difference of the temperatures,
the relation cannot be represented using a resistor attached to a l-junclion, as was done
previously, but must be repiesented by an R-fiold, If this equation is used, the R-field must
take on the ¢iusality shown in Figure 3.13b. This wragality stays fixed regardless of the
direztion of flow, but the temperature hifluence changes, as dictated by the equation.

8.5.3 A pipe restriction

Consider the pipe restriction shown in Figure 3.14a. Two bond graph represenfations are
shown in Figure 3.14b and Figure 3.14c. The general form shown in Figure 3.14b is useful
when the fluid can choke due to supersonic flow. Under such conditions, the mass fiew rate
depends not only on the pressure difference, but also on the pressure ratio [16], For low,
stbsonic fiow, it may be sufficient to assure the mass flow depends only on the pressure
di'Terence, then the bond graph in Figure 3.1dc can be used, In this dissertation, the bond
arapb in Figure 3.14c will olten be drawn as the 4-pcrt R-field in Figere 3.14b for simplicity.

Yor such systems
Ny = Mo
and ) .
By = Iy
Consider the bond graph in Figure 3.14b, but assume that the mass flow rate is sufiiciently
slow that it can be calealated using the equation

tho= K (py - pa)% (3.13)

Equation 3.13 is similar to Equation 3.7, except thot the voiumetric flow ra,to Js renlaced by
the mass flow rate. The constant &' now relates the mass flow rate to the siyuare raot of the
pressure differenice and is a function of the square root of the density, wheress before it wos
a function of the square root of the reciproeal of the density {see Section 5). Tre term o
remaing the’same.

o
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Figure 3.14: A pipe restriction.

As in the previous section, the saergy flow rate is defined as

onTy im0

Fh=ty = { onTs ifm<0

But as both pressures py and p; are inpuis to the R-field (note the causality strokes), the
heat flow rate has to be written in {erms of the pressure differ .nce rather than the mass flow
rate. A simple substitution cannot ke made, because if p2 > m, ™ cannot be caleulated,
d @ o the nonlacar characteristic. Therefore

3.

BioEr= { Kpr-p)*h U 2pe (3.14)
el (pr~m)eTy Hp <p2

If the sign of (py — p2) is urknown or varies, it is cumbersome to use Equation 3.14. Equa-

tions 3.13 and 3.14 can be written

. A
1y = sgopy — pa) K |~ pal@ {3.15)
1 1
. . o - s Yo I e Bl n | -1
By = E2 s Bnll(pl pé):; 4 ‘pl pll {TI +T2) + ﬂ_‘ Ip12 p!!l (Tl - T2) (3.16)

where sgn(z) = { ﬂ :i; 3 g

3.5.4 A pipe segment or fluid lump

Consider a pipe divided into three lusaps, labelled 1, 2 and 3, as shown in Figure 3.152. The
bond graph representation of lump 2 is shown in Figure 3.15b. The subscripts in Figure 3.15b
correspond to the lump numbers.

‘The hydraulic portion of the lump riodel may contain the usual lumped elements disenssed
in Section 3.34. The thermal model contains a thermal capacitor which stores cuergy Ea,
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Figure 3.15; The pipe segment or fluid lump.

the difference between E:'l and }7:33 and “calculates” the temperature of the fluid in she lump,
The energy flow rates By and E3 are calculated at the junctions on either side of the lump
(see Sections 3.5.2 and 3.5.3).

A possible constitutive relation for the thermal capacitor is

T2=%=To+m£%

where 7, is the initial temperature,
Ey s the energy stored in the lump.
m  is the mass of the fluid in the lump (m = pl4 where p iz the density of the
fluid, ! the length of the lump and A the cross sectional area of the pipe).
¢ i the specific heat of the fluid.

3.5.5 Tank with fluid entering and exiting from the bottom of the tank

Consider the tank shown in Figure 3.16a. It is assumed that the fluid in the tank can be
treated as a single lump, that is, there is suificient mixing to assign a single pressure and
temperatura to the finid at all times.

The bond graph of the tank system is shown in Figure 3.16b. The tank is represented by a
2-porh C-fisld, because in general, the temperature and pressure of the fluid in the tank is a
function of both the mass and the internal energy.

Although Figure 3.16a shows the tank filling and emptying from the bottom, the set of
equations governing the system also held if the tank is filling from the top. This is because
the flow rate of the Tluid entering the tank does not depend on the pressure of the fluid in
the tank. If the input flow rate is a function of the pressure, as in the coupled tanks example
{see Section 3.0.5), then this assumption dves not hold.

Liguid systems For many liquid systems, it is assumed that the pressure is 2 function of
the mass only, but the temperature is a function of both the internal energy and mass.
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Figure 3.16; A tank filing and emptying through the buttom._

The constituti-e relutions of such a system, assuming the tank to be cylindrical, are

:%m

1

Gas systems For gas systems, the pressure and the temperature arve functions of both the
mass and the energy. For such systems, the tank containing the gas, having a total

volume V is assumed to be closed. If the specific internal energy «, and the specific
volume v, are defined as

v
O
i3
E
@ o= pong (3.18)
Then the constitutive relations may be determined from the equation of state of the
gas
T = T(u,v)
p = p(u,v) (3.19)

3.5.6 Tank with the inflow equal to the outflow

Consider a tank, with the initial height of the fluid equal to the height of the cutflow pipe
as depicted in Figure 3.17a. It is asswmed that the fluid is always at the same helght as the
outflow pipe. The ontflow rate is therefore always egunal to the inflow rate.

The bond graph represeniation of thi. system is showr. 1 Figure 3.17b. Asg o fixed mass is
assumed, there is no need for a modulating line between the hydraulic bond and the capacitor.

It is clear that this system is identical to the pipe segment discussed in section 3.5.4. It
follows, therefore, that a pipe is sometimes said to be modelled ag a number of tanks, with
the inflow equal to the outflow, connected together. A sypical example of this is the model
of a heat exchanger.
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Figure 3.17: A tank with the inflow always equal to the outilow,
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Figure 3.18: A variable volume tank.
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3.5.7 A variable volume tank.
In Figure 3.18a, a variable volume tank is shown. This may be used {0 represent a cyiinder
of an internal combustion engine, part of a compressor or a hydraulic ram.

The constitutive equations found in Section 3.5.5 still hold, but now the volume V, is variable
and the force F, is pA, whera p is the pressure and A the cross-sectional area.

The bond graph of the variable volame tank is shown in Figure 3.18b. The equations for this
system are:

| thom k- Al (3.20)
E=py—E~ B, | (3.21)
V=di | (3.2
Where ) ) '
By = pV = Fi | (823}

is the rate of work and & is the piston velocity,

The TF element is essentially a normal hond graph transformer, except that the extracted
mechanical power E,,, must be considered in the calculation of £, This is the meaning of tae
 modulating line from the transformer to the flow source. The signal interaction and the flow
sovrce are needed to connect this pseudo bond graph to a true bond graph.

3.5.8 A heated tank

Consider the heated tank shown in Figure 3.19a. The tank gystem is thal discussed in
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Figure 3.19: A hested tank, : ‘--\ “'~.--.\
\ \
Section 3.5.5, although any of the other tank configurations discussed proviously could h\ \
been used. .

i
The bond graph of the heated tank is shown in Figure 3.19b. The T'() bond can be connes.i.?
to any heat transfer pseudo bond graph.
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Conductive heat transfer
Consider the tank containing a fluid at temperature 7. In contact with the finid in the tank

is a pipe containing a fluid at temperature Ty, If the temperature of the fiuid in the pipe is
assumed to be constant, then the equation of this system is

Q=0s3=HAT-T)

wllere H is the heat transfer coofficient.
A is the area for heat transfer.

Two boud graph representations of this conductive heat transfer are showa in Figure 3.20.

| Ty Nt TN T 1 TN
SE s R : SE - 1 -
it st
Ta |Ga
R
) - (b)
.  Fipure 3.20: Heat transfer pseudo bond graphs.

The bond graph in Figure 3.20a consists of a 2-port R-field and has the constitutivs relation -
Q=g = HAT: -T)

The bond graph in Figure 3.20b uses a 1-junction to calculate the difference between 73 and
T and ensures that ) is equal to Q3. The constitutive relation for the resistor is

(4= HAT,
The direction of the power half arrow and the order of 7y and 7' m the equations above,

determine the direction of the flow of heat. If (T3 - T) is positive and the power half arrow
i directed towards the tank, then heat is entering the tank and o on,

A tank heated by steam flow through a pipe

Consider the contents of 2 tank heated by steam flowing thre |  a pipe in contact with the
fiuid in the tank, It is assamed that the contents of the tank is at a lower temperature than
the condensation temperature of steam and that the steam gives off all its latent heat to the
tank, that is, it condensns completely afterwards, The heat entering the tank {20] is

0 =h

where A is the latent k 9t of vaporization.
i is the mass flow rate of the steam.
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Figure 3.21: The bond graph of heat transfer due to steam flow

The system ls represented by the 5-port R-field, shown in Figure 3.21.

The heat flow inte the tatk is depicted by bond T'Q. The hydraulic bond panis gives the
flow rate required to calculate (). The latent heat of vaporization }, is a function of the
temperature and the pressure of the steam [20]. If the pressure and temperature are known,
then only the bond carrying the flow rate has to be included. If the conditions vary, or if
one is required to keep an account of the condensed stea.m, it is necessary to include all the
bonds shown in Figure 3.21,

The constitutive relation for this heat transfer part of the system is
Q = Az

also _ ' 3 |
A= f(T3:P4)

3.6 Compressible thermofluid systms

Using the basic “building blocks”™, dlscussed in Section 3.5, some common process systems
will be maodelled.

3.6.1 Tank with a thermofluid entering and exiting thro.xgh the hottom

EL

Consider the system shown in Figure 3.22.

The model is constructed as follows:

1. The model of the fank in question is discussed in Section 3.5.5.

2. The temperature of the inflow is different to that of the contents, therefore a bond
graph fragment to calculaie the heai entering the tank is needed. A suitable choice is
the pipe lump junction, discussed in Section 3.5.2. Although Section 3.5.2 shows the
lamp model as a 1-junction and a 2-port R-field, these will be combined into one 4-port
R-field for clarity.

3. The mass flew rate of the fluid into the atmosphere depends on the difference between
the pressurn at the bottom of the tank and atmospheric pressure. The heat flow zate
i¢ o function of the temperature of the fluid in the iank and mass flow rate, which is
a function of the pressure difference. Although a I-junction can be used to subtract
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_Figmé 3.22: Thermofinid entéring a tank and'éxiting through th?; bottom.

C
/
P2y T jo

Ps "\ <
pry SE(patm)

Gl N BN AN
e T
SE T1'\’ I ¥ i N o . 7.'4"\4

B o o) K Es !

Ty N
. SE(T,
A ( amb)

Figure 3.23: Fond graph of a tank with thermofluid enteting and exitiug through the bottom.

the one pressure from the other, the entire refatior can be conbined into dn R-field as

discussed in section 3.5.3. The ambient temperatare is not required, but is included for

clarily and completeness,

The bond gra.ph of the system is shown in P‘lgur\e\\\ﬂ?

The causal reIatmus aro

The input R—ﬂeld

T hf.a.‘_ C-field

o=
" g = iy

E‘[ = C'I'Ii1T1

© FamemiTy
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The output R-field
L
'ﬂ‘hl 22 H’p,g
1
nts = Kpg
+ -I\.‘
Ey = eKpaTy
X " '!‘: ’
s = cKpd Ty

As the atmosphesic presstre p; is the reference pressure (zoro), it is not included in the
causal relatious. '

In this example, it is possible to substitute the eqaation fr the mass fow rate into the enorgy

relation for thie output Refield as the mass flow rate will always be positive (the fluid always
leaves ihe tank), Thid cannot be done in general.

3.6.2 A t'wmk with predefined outflow

Consider the system shown in Figure 3.24, where the output flow rate niy, is known, The
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Figure 3.21: Fluid entoring and leaving the tank at a known flow rate.

boud geaph of th. system in Figure 2,24 is shown in Fiygure 325, The flow soarce connected
to bond 3 in Figure 8,25 foreas o known output flow rate op the system, With the exeaption

¢

P2 |nig Ifl N

TUTTRY Sl N S N LN NS (i)

H [ ia iz ¢ i
LN AN
SE(Ty) I::‘: \l Y 0 T \I Fr SE(Taun)

Figare 425 A bond grapk of 2 tank with a predetermined vatflow rate,



of the flow source connected to hydraunlic bond 3 the rest of the bond graph is the same a3
that in Figure 3.23, ‘

As the R-field between the fank and the pautput has a different causality assigned io it in
conparison with Figure 3.23, the causal refations will be different. A possible set of causal
relations are ' '
g = ??'13
_ (?i‘::;\_“
mere- (%)

Fa = enigTy
By = cniTy
3.6.3 A tank with thermofivid inflow equal to outfiow

Consider the system shown in Figure 3.26, where the inflow and outflow rates are erual.
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Figure 3.26; Tank with equal inflow oad .utflow.

“The tank mods] in questan is a¢ discussed in Section 3.5.6. As discussed before, 4-port
R-fields are used to connect the tauk to the inflow and ontflow ports, The bond graph of the
system in Fignre 3.26 is shown in Fignre 3.27.
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Figure 3.27: Boud graph of o tank with equal inflow and vutilow,

A possible set of causal relations for the system are
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Figure 3.28: Two cascaded tanks.

The inflow R-field
pig = Uiy

m =
By = emyly
| By= ol
The eapacitor &

. 1
Ty m e
3 aki]) @

Wherte 72, the mass of the fluid in the tank, is o known constant.
The outflow R-iield
B Py =M
Hig = Mg
Ey = emyTy )

By = eniyTy
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3.6.4 Two cascaded tavks

Consider the cascaded tank systemn shown in Figure 3.28, Although the height and tem-
perature of the fluid in the secousd tank is dependent on $he height and temperature of the
fluid in the first iank, the two tanks can be trented s separate subsystens. The bond graphk
of the two-tank system, shown in Figure 3,29, consists of two of the singie tank models in
Section 3.8.1, The two modulating lines in Figure 3.29 depict tiat:

1. The inflow to tank 2 is equal to the outilow from tank 1,

2. The tempsrature of the fluid entering tank 2 Is equal to the temperature of the t *¢
Ieaving tank 1. :
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Figuze 3.20: The bond graph of the cascadnd tank system.,

The constitutive relations of the elrments have the same form as those in Section 3.6,1, except
that the constitutive relations of the flow souree and effort source conner:+d to hond 7 are

ni-; =3 n'u;

Tr=T

3.6.5 Two parallel connected tanks
{Convider the paralie] connected tank system shown in Figure 3,30, The height and temper-

ature of the flxid ia the oue tank is dependent on the height and temperature of the fuid in
the ather, |
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Figure 3.30: Two parallel connected tanks,

‘T'he mass fow rate between the two tanks is u function of the pressure difference hetween
the two tanks snd the energy flow rate between the twe tanks is dependent on the direction
of fluid flow and the temperatare of the fluid leaving the tank.

Asswming that the pipe connecting the two tanks is sufficiently short to ignore incljtia,l effects,
lossee due to fifetion and the heat capacity of the fluid in the pipe, the bond giaph of the
sysvom s shown in Figure 3.31.
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Figrre 3.31: The bond graph of the parallel conticcied tank system.
The two Coflelds and the leftmost and vightmust R-ficlds have the same form as those in
Section 3.6,1, but an additional R-field is required to conucet the two tanks, The R-field

between the two tanks ealeulates the mass flow rate as o function of the pressure difference
and the heat flow rate as a fanction of the two temperatures and mass flow rate,

Dossible causal relations {or the middle R field are
wiy = 8gn(pr = po) K Y = pufs

1
iy = BEn (m e pa}R [p7 - paf®

e sgn{pr - prYek |pyp - Pﬁl (T + 1) r'k Ip;- pg!

" ‘! = I%)
By = sgn(py = 2:8):;5;' T Pl T 4 13) !nifn ln pq] )
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I the pipe connecting the two tanks is sufficiently long to necessitate including inertial and
. heat capacity effects, then the bond graph of the system may be drawn az in Figure 3.52,
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Figure 3.3% A bend graph of two parallel connected tanks with o long pipe connecting the
two systems. B

In Figure 3.32, it is assumed that the pipe can be representad using only one lump. The
C-ficlds and the R-fiells are as hefore, but the pipe segment discussed in Section 3.5.4 is
inclnded.

A posaibla set of causal relations for the system are;
The first R-ficld (leftmost)
=
fiia = 1y
1.':11 = t‘ﬁi]TI
By entydy
The first C-ficld (leftmost)

g
P2 = Senity
A

70



1
o= Gy 2
The output R-field (second from left)

g = Mg

s = Puz

By = 531?2(7‘11 + Ta) 5'-352’1(13 -T5)

fo = S0, 4 75) + A28 "’"“" el 1)

The inertic -

. A
iy = —-pp?

Wlere Pp is {he prossuro momertum, A is the cross sectional area and [ is the length
of the pipe,

The l-port capacitor

Where "y is the mass of the fluid in tke pipe and equal to the product of the volume
of the pipe V, and the density of th» fluid g

The output R-fleld (second from right)

™mip = filg

Py =P
By = i"ﬂlg {1y + Tie) + ~ c|mg| =Ty — Tip)
B enty

b
o= 50Ty + Too) + "'” el - Tu)
The secomd C-field (rightmost) 1‘1"-

M= %m:s
1
Ty = 'E;;";E-;

The forth R-field (rightrmost)

1
g = Kpg

L
Inlg = K p

R

By = cIi'pg Ts
L ] -;v
LEyg = cKpgTs
As in the previous cage, becanse the direction of flow ie unknown, the long form of the

equation to caleulate the enerpy flow rate has o be used. But because the wmass flow rate

is determined by the incrtiz and is not a function of the pressure difference, the problem of
combining the two eguations into one is not encouatered



3.6,6 A heated tank

In this examnple, & heater is added to the tank in Section 3.6.1. The heater consists of a pipe
carrying a hot liquid. Tt is assumed that the fluid in the pipe is at a uniform temperature
Ti. 11 the temperature is not uniform, a lumped model, similar to that of the heat exchanger
presented by Karnopp{17)], would have to be used.

The only addition to the system in Section 3.6.1 is the 1-juaction, resistor and effort source,
discussed in Section 3.5.8. The bond graph is shown in Figure 3.33.
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Figure 3.33: The bond graph model of a heated tank.

The constitutive relation for the 1-port resistor is
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Chapter 4
The bond graph program

The bond graph modelling program was written to: Allow the user to enter the hond graph
model, automatically assign the causality, cbtain the equations for each element from the user
and run ACSL. Since the bond graph is stored and can be accessed laler, rapid structural
modification and re-simulaiion is achieved, allowing the model 1o evolve progressively.

The computer program is divided into four parts:

1. Eatering and modifying the bond graph.
2, Automatic assignment of causality.

3. The creation of the ACSL input file,

4. The simnlation of the system using ACSL.

Bach of these parts will be discussed in detail in the following sections. A section diseussing
the limitations of the bond graph package will also be included in this chapter, Prior to these
sections, however, sections on the LISP programming language, ACSL, the numbering schetme
and the bond graph data structure will be included.

4.1 The Li1sPr programming language

One of the primary advantages of Lisp[28,36] is that it is a symbolic manipulation language,
This is particularly useful for the implementation of the causality assignment and ACSL
input file creation routines, where the manipulation of lists of clements and lists of lists is
fundamental to solving the problem, In addition, Lisr does not require the variables or the
size of the lists to be declared prio to use. Because of this, there is no theoretical mitation
to the size or complexity of the bond graph that can be handled {(the computer memory size
is the hmiting factor). Also, this allows large nested list structures to be constructed, which
are used extensively in the two routines mentioned above,

4.2 The choice of a simulation package

As shown jn Section 2.10, an equation or a number of equations can be written for each bond
graph eleinent. Initially, algebraic manipuloiion of these equations to form the state space
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equations was contemplated, but this idea was reojected becanse algebraic manipulaiion of
coiaplex non-linear equations is difficult to jmplement, and may be impossible, particvlarly
when algebraic loops and derivative causality exist. Also, if one only has the equations of
state, the calculation of cach internal variable (for example an effort or flow in the middle of
the bond graph) could be tedious,

It was found that ACSL (Advanced Continuous Simulation Language) [1] has the following
features: '

» It can simulate systems described by time dependent, non-linear diﬂ'ereﬁtial equations.
s Ii can sort the squations.
» It can calculate and graphically display the dynamic behaviour of each variable,

¢ It can coleulate the state #7: ve equations, the eigenvalues and the eigenvectors {lin-
earizing where necessary).” _ ¥

» It has an implicit integration routipe, needed to solve algebraic loops and derivative
causality.

» The discrete data points of & continuous function can be entered.

It was ducided therefore, to use ACSL as the simulation language.

4.3 Numbering the bond graph

To unambiguously specify all the variables and elementa, only the bonds have to be numbered.
In this program, however, it is necessary to distinguish between each occurrence of the same
element type. This iz achieved by rumbering all the elements. For simplicity, it was decided
that each element should be assigned a unique number. In addition te numbering each
element, all the bonds are mumbered so0 that the elements and variables can be referred to in
the usual manner,

Consider the fully numbered bond graph in 'Figu.re 4.1, Bond 1 is connected to clement ]

SF et Oy e 1y "N g L N Ry

Cg Rg Cy

Figure 4,1: A fully numbered bond graph.

which is of type SF and element 2 which is of type 0. Bond 2 is connected fo element 2,
which is of type 0 and efement 3, which is of type C and so on.

4.4 The bond graph data structure

Two types of data structure are used to store the bond graph. The ﬁrst:‘}s & LIsi* structure
and the second, a list of lists, The Lisp strncture is vsed in all the modules, but the list of
lists is onlv used in the causality assignment and ACSL input file creation routines.
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4.4,1 'The List structure

The bond graph is stored in two hash tables, *nodes* and *lines*, Each structure in the

hash table #nodes+ contains three entries: type, the element type (SE, 5F, C. I R, §, 1,
TF or GY), doc-styr, the documentation string for the element and equations, the causal
equations for the eloment. Each structure in the hash table ¥1ines* contains two entries:

node-pair, the numbers of the elements to whic’; the bend is connected and causality, the .

causality of the bond. The order of the elemenis in node-pair is important as this is the
direction of the power flow, The haif arrow is directed from the first clement in node-paixr
to the second. The causality can be either s, if the causal siroke is at the end of the power
half arrow or b, if the causal stroke is at the beginning of the power half arrow.

The two lists, *¥line~hash-keys¥ and *node~hash-keya*, are also required to implement
the structure. *1lina-hash-koye# is 3 list of the bond numbers, used to reference ¥lines¥
and *noda~hash-kops* is a list of the element numbers, used to reference ¥nodesk,

Consider the bond graph fragment shown in Figure 4.2, The list *1ine-hash-keys* would

15 '34 R
Figure 4.2: A bond graph segment,

be (3} and the list *node~hash-keys* would be (§ 8), The structure in *1ines*, corre-
sponding to bond 3 would be: node-pair (5 8) and causality b, The struciure in *nodegx
corresponding to element 5 would be: typse 1, dac-str would e some documentation siring,
posgibly nil and eguations would be a list of causal relations for the 1-junction also possibly
nil. The structure in *nodes* corresponding to element 8 would be: type r, doc-str would
be soms documentation string, possibly nil and equations would be 2 list of cansal relations
for the resistor also possibly nil. .

The module that automatically assigns causality to the bond graph ass ps a value to
causality in each structure in *lines+ and the module that creates the - CSL input file
assigns the equations to equations in each structure in *nodes+. Neither o! hese two slots
can be changed directly by the user. '

4.4.2 The list of lists data structure
This data structure consists of three lists:

1. A lst of the element numbers.
2. A list of the element types.

3. A list of the bonds connectod to each element. Included in this list are variables for the
power direction and causality,

As an example of this data structure consider the bond graph in Figure 4.2, In this case, the
list of element putubers wounld be {5 8), the list of element types would be (1 r) and the list
of connected bonds would be ({{3 out in})({3 in out))). The first clement in the list
of element nwmwbers is 6, which corresponds to the first element in the list of element types,
it being 1 and the first cloment in the list of connected bonds ({3 out in)). Fach element
in the list of connected bonds is a bund connected to the element, in this case there is only
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one bond connected to the 1-junction. The list of exch bond in the list of ¢epnected honds
is ronstructed as follows: The first elemeni is the bond number, in this case 3, the second ic
the power direction, in this rase out of the 1-junction and thke third element is the direction
of effort flow (the causality), in this case into the 1-junction.

- It is necessary o have this data stracture as the elements are reforenced not only by their
clement numbers, but also by their element types and the bonds connected to them.

4.5 Entering and modifying the bond graph structure

The band graph entering and modifying module allows the user to enter the bond graph,
either from the keyboard or from a data file containing a previously stored bond graph, It
is also possible to enter the bond graph nsing a combination of these two methods. {nce
the bond graph has been entered, the structure can be modified, either by adding new bonds
and elements, removing existing bonds '\nd p’,emonts or re-connectittg existing bends to other
existing elements,

If a bond graph fragment, stored in a file, is added to an existing bond graph structure, the
bonds and elements are renumbered so that they do not overlap with any of the existing bond
or element numbers. -

The program searches through the existing bond graph to find the greatest number assigned .

to any bond aad the greatest number assighed to any element. The program increments
each of these wumbers by one and assigns these numbers to the first bond and element, in
the included structure, respectively. Successive numbers are thea a.ss:gned to each bond and
element in the included structure.

. Pay example, assume that the band graph shown in Figure 4.3% has 2lveady been entered into
the data structure and the bond graph fragment in Figure 4.3b is to be connected to the first
bond graph, In Figure 4.3a, the largest bond number is 6 and the largest element number
is 7. The fitet bond number to be assigned to Fignre 4.3b will be 7 and the first element
number to be assigned to Figure 4,3b will be 8, The bonds will he assigned the numbers T
8, 9 and 10 and the elements will be assigned the numbers 8, 9, 16, 11 and 12. Figure 4. 3c
shows the bond graph in Figure 4.3b after it has been renumbered, It must be noted that it
is possible to renumber the bond graph in many ways. The numbers assigned to the bonds
and elements depend on the order in which the bond graph is stored in the data siructure.

It s not possible to enter modulating lines ioto the bond graph data base, but their inclusion
is not necessary as the signals they transmit can be included in the constitutive relations of
the raodulated element. Consider a portion of a conventionally drawn bond graph containing
a modulating line as shown in Figure 4.4a. In this example, the modulating line implies that
the output from the flow source is equal to f;, the flow through the tesistor.

Figtre 4.4b shows the bond graph in a form that can be ervered into the program. Te include
the effect of the modulatirg line, the user has to, when entering e equati ns (see Section 4.7)
enter that f3 = fu, where fy is the flow through the resistor and f3 is the ouiput from the
flow source,

In addition to allowing the user to enter and modify the bond graph strncture, the modula
also contains functions to clear the data base, undo the last delotion and view the hash table
in which the hond graph is stored.
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Figure 4.4: The conveutional repmsenta.tiori of o bond graph with a modatating line and the

required representation to be entered into the program.
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4.6 Automatic assignment of causality

The Sequentiol Causality Assigntnent Procedure, SCAP, has been implemented in the bord
graph program, An automatic causality assigement procedure was included for a number of
reasons:

v To reduce the time requized to model and simulate Be system,
¢ To eliminate the human element, which ¢an lead to mistahes.

» To romove the Idborious processes and therefore allow the aser to concentrate on the
parts of the modeailing process which require und-.;tanding and intuition.

This section will be dividid into two subsections, the first will cover the theoretical imple-
mentation of SCAP und the recond will eover the practical Lisp haplementation. In the
first subsection, reference will be'made to procedures, lists and variables. These may or may
not be implemenied as true Lisp functions, lists and variables in the bond graph program
discussed in the second subsection. For th - reason, the procadure, list and variable names
will be written in an emnhasized font in the firat subsection and the true function, list and
variahle names will be written in a typewriter font in the second subsection.

4.6.1 Theoretical implementation of SCAP

The causality assignioent proceduse chosen, is that devised by Hood, Palmer and Dantzigf10).
The procedure gses the state transition table method, commonly used in agynchronous digital
clectronies [34], to antoniaie the assignment of causality.

The state transition table, shown in Table 4.1, consistz of nine rows and five columns, Each
row correspouds to an elememt type (GE, 5T, 0, 1, 1, C, R, 1F and GY) and ¢ach colnmn
corresponds to a different causal conaition that con occur at the element. The colnmns are
labelled start-state, effort-state, flow-ctate, R-slate ani R-opposife, Multipors C, 1 and R-
fields are handled, but an ICield would have to be represented using gyrators and a multiport
I or Cufield,

Each eoll in the state transition lable contains the oetion asseciated with o particular cloment
and causal conditiun. For example, “Assign causal stroke next to SY, get-nezt, flow-state”,
In this case the flow source is assigned a partienlar causality, o procednre {get-nezt) is called
and the variable sfate is assigned flow-state,

Twa cells (row 1, column 3 and 4) in the state trausition table, presented in Table 4.1, differ
from those presented in {19}, Hood, Palmer and Dantzig have the cells corresponding to
state henp srurbstate and the element being either a 1 or a 0, giving an error message as
the ouiput. These two edlls are replaced with o procedure call (gef-next) and an assignment
(state is assigned R-sfafa)i The reasons for this are shown in Appendiv A,

In addition to the state trausition table, the procedures gri-first, gel-nezf, weak-8, week-1
aud reversal are also required, '

The procedure yed-first is called when stale is sturt-state. Thiz occurs ot the boginning
of the assignment, procedure and at the beginning of cach assigament path, The procedure
searches the bond graph for an eleamont with an unassigned bund attached to i, ‘The ioments
are chosen aeeording to the asual causality o signment priovities, that ig, fivst 88, then §F
followed by I, ¢, R, TT, &Y and fiually the 6 snd 1-junctions. If an element is found which
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Table 4.1 Cansality assignment state teansition sahlo,
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meets this eriterion, the lst, stack, is cleared and the e¢lement and unassigned bond ave
assigned tait. If there arc no unassigned bonds remaining, the procedure is complete,

The procedure get-next gets the element aud bond most recently placed in stack and searches
through the bend geaph te find the other element attached to this bond. The fuanction then
tries to find an unassigned bond attached to this element. If the element has an unassigned
bond attached to it, the clement and bond are added to sfack. If there ave no unassigned
bhoads atbuched to the element, reversal is called.

The procedure rerrrsal checks that there are ne causal confliets, that is:

1. An effort source may not have an effort entering,

2. A flow soupce may not have o flow entering,.
4 A 0-junction must have ouly one effost input.

4. A 1-junction must haﬁ;e onljf{ ona flow input,

5. A tronsformer mnst have one effort entering and one effort leaving,

6, A gyrator must have both efforts entering or leaving,

If there i & cauaal conflict, the causality assigned to the elements in stack is undone, All bat
the first two clements that were placed in sfack are removed aad state is set to R-opposite,
If there are no cansal conflicts, stack is searched for a 0 or 1-junction with sirong causality
and an unassigaed bond sttacked to it {a ctrong 1-junction is one with a flow entering it and
& strong O-junction iz one with an cffort input). If there is strong junction with at least one
unassigned bond attached to it, the junction and unassigned bond are are added to stack and
atate is set to woak-Bor wenk-l depending on whether the junction is a 0 or 1. If there are
no strong junctions with unassigned bonds attached to them, state is set to stari-stale.

The procedure, weak-1, checks the 1-junction for one of three casest
1. There is o flow into the 1-junction.
2. There is no flow into the 1.J - tion and one unassigned bond attached to it.

3. There is no flow into Vhe 1-junciion and there is more than one unagsigned bond attached
fo it.

Depending on which of these hold, one of three actions Is carried ont. The actions are shown
in Table 4.2.

The procedure, weak-9, checks the 0-junction for one of three cases;
1. There is an effort ioto the {-junction,
2. Thera is no effort inta the 0-junction and only one unassigned bond attached to it.

3. There is no effort inta the @junction and there is more than one wnassigned bond
attached to it.

Depending ou which of these hold, one of three actions is carried out. 'The actions are shown
in Fable 4.3. :

The meaning of eack cassal statoe is:
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Decision - Action

b o e i et o e At e A M. 1M o . § St st
flow in assign causal stroke next to 1, gct—nc:ct
Jlow-state
no fiow in asd only one unassigned bond | assign causal stroke away from 1, get-next,
“attached to the 1-junction effort-stute

no Tigw in.and more than one unassigned | reversal
bondiiconnected to the 1-_1ur-ct10n

rl.l

Table 4.2:. '].‘he provedure weak-1.

Decision | Action
—_— e . .c..0..c.. N |

effort in agsign causal siroke away from 0, geb-nezt,
_ effort.stale

no effort in and only one unasgigned bond | assign causal stroke next to 9, get—rw.'-:t,
attached to the 0-junction flow-state

{20 cffort in and more than one unassigned | reversal
bond connécted to the O-junction

Table 4.3: The procedure weak-0.

.\-.

start-stute The variable, stata is uet oqual to sfart-staic at the beginaing of cach ca.usa,hty
agsignment pati. e

effort-state The consality a~signod implies that the effort is the output from the current bond
graph element,

flow-state The cansality assigned huplies that the flow is the output from the current bond
graph cleinent,

R-state This oceurs when an arbitrary causality is assigned to an eloment.

R-opposite This occurs when the causality assigned while sfate was eﬁua] to R-state, causes
a causal conflict. The varinble, stale is set to R-cpposite and the other causality is
assizned.

‘To dexonstrale she causality assignment procedw -, consider the unaugmented boud graph
shown in Figure 4.5, The first step in the proceduie is to set sigte erqual to start-statc and

R &
! / /]

2 6
/ /

Figure 4.0 An unaugmented hond graph,

therefore call get-first. 'The procedure returns the effoet souree and unassigned bond 1, which

8l



are entered into stack. The etate transition table iz entered 2t the first row and the first
eolumn, corresponding to the curtent clement being an effort source and state being stori.
stete, The resulting action is to assign the causal stroke away from SE, call get-nezt, which
retrieves the 1-junction and bond 2 (although bond 3 or bond 4 may also be used as they too
are unassigned) and set state equal to effort-siate. The I-junction and bond 2 are added to
stack,

The transition table is now entercd at vow 4 and column 2 corresponiing to a 1-junction
and effort-stete, resulting in weak-1 bemp; called. The procedure week-1 enters at row three
{Table 4.2), the consequence being thai raversal is called. The procedure tries to find a
causal conflict. As there are none, the procedure searches throngh stack to see if there is a
strong 1 o ¢-junction with a2n unassigned bond attached to it. There are none and state is
therefore set equal to stert-staie.

Because state is equal to sfart-state, get-tirst is colled, The procedure returns the inertia
and unassigned bond 2 (although the capacitor and bond 5 coald also be the output). The
list, stack is reset and the inertia and bond 2 are assigned te it. The state transition table
is entered at columan 1 and row 5. The result is that a causal stroke s assigned next to
the incrtia and gef-next is called. The procedure get-next returns the 1-junction and the
unassigned bond 3 (bond 4 may 2lso be chosen), The variable state is set to flow-sicle and
the 1-junction and bond 3 are added to stack

The state transition table is entered at row 4 coluing 3, with the effect that the causal stroke
is assigned next to the 1-jsnction on bend 3 and petnext is called. The procedure getnexd
looks to see if there are any unassigned bonds attached to the resistor (attached to the 1-
junction), As there are no other unassigned bonds, reversal is called. There are no causal
conflicts, but the I-junction is strong (due to bond 2} and bonrd 4 is unassigned, these are
therefore added to stack, The variable, state set to weak-1, The procedure weak-1 is enteved
at the fivst row and the resulting 2ction is to assign the causal stroke next to the 1-jnnetion
on bond 4 and to call gebenezt. The provedure returns the 0-junction and unassigned Lond
5 (bond § may also be the ontput} and these are added to stack. The variable state is set to
flow-state,

The transition table is entored at row 8 column 3§, . >Nling weak-0. Becanse there §s no effort
input to the 0-junction and there are more than one unassigned bondd attached, reversal is
called. There are no causal conflicts and also no strong junctions with unassigned bonds in
stack. ‘Therefora stutc is set to stari-state,

The procedure gel-fivst is called, It refurns the capacitor and unassigned bond 5. The list
siaek is tesot and the capacitor end badhd 5 are assigned to it. The state transition tablo is
entered at row 6 coluinn 1, with the result that the causal stroke is assigned away from the
capacitor and gelenexrt in called. The procedure adda the 0-junetion and unassigned bond 6
to stack and state is set to cﬁ'ortv'state

The state transition table is entered at vow 3 column 2. The causal stroke is placed away from
the O—Junt.tmn on boad 6. The pocedure gel-nert iv uneble to find another unassigned bond
attached to the resistor and therefore calls reversal. Because there are no causal conflicts
and no stmng 0 or 1-junctions with unassigned bonds in stuck, state is set to start state. As
get-first is unable to find anothe: unassigned bond, the assignment procedore is complote.

The fully augmented bond graph is shown in Figure 4.6,

The causality assignment procedure described above is complete in that it attempts to resolve
all cansal conflicts, When a causal conflies is encountered which cannot he resolved the user
is told that there is an evror in the bord graph stracture, Hood, Palmer and Dantzig]1n]
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Figure 4.6: The fully augmented bevd graph.

state that this method is more efficient and requizes less code than conventional if-then-else
programming techniques.

4.6,2 Program implementation

The state transition table, shown in Table 4.1, has been simplified so that only a fow Lisp
routines are needed. The state transition table used in the program is shown in Table 4.4,

The Lisp function away-next-effort assigns a causal stroke away from: the element in the
firgt list in the global list *stacks*, sets the global variable *state*, equal to aftnrt-st:a.ta
and calls get-naxt.

The function next-noxt-flov assigns a causal stroke next to the element in the first list in
rptackes, sefs kstatex equal to flow-state and calls get-next.

The funetion exror-stop informs the vser that there is an error in the bond graph structure
stating where it occurred aid requests that the stracinre be altered before re-assigning the
causality.

The function away-previous-effort assigng a cavsal stroke away from the element in the
second list in *stack* and seis *state* cqual to effort-state. It must be noted that this
is equivalent to assigning the causal stroke next to the bond graph cleient in the first list
in *atacks, but the bond to which the causal stroke is being assigned muat be that in the
second list in #atack#*, This is what is implied in the state transition table, Table 4.1.

The function noxt-provious~flow assigns a causal stroke next to the element in the second
list in *stack+ and sets *stater equal to flow-state. As before, this is equivalent to
assigning the causal stroke wway from the bond graph element in the first list in *stacks,
but the bond to which the causal stroke is being assigned must be that in the second list in
sptack#. This is what is implied in the state tragsition table, Table 4.1.

The function next~r sets *ytato* equal to r-slata and calls grt-next.

The function roversal checks to see if there is a causal condict. If there ix, the causality
assigned to each of the clements in *stacks is undone, All but the last two clements in
*gtack#® are removed and *stave# is set to r-opposite, If there are no cansal conflicts, the
bond graph is searched for a 0-junction with strong causality, having oxe or more unassignod
bonds attached to it. Jf such an element is found, it and the unassigned bond are added to
*gtacks and weok=-0 is called. If not, the bond graph is searched for a 1-junstion with strong
causality, having one or more unassigned bonds attached to it, I such an eloment is found,
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|} start-state | eifort-stats | flov-state | R-state | R-opposite
Se || avay-next- | error~stop | Feversal | arror-stop | error-stop |
effort
sf || next-naxt~ | reversal errox-stop | error-stop | error-stop
flow '
0 || next-r away-next- veak-0 away- | next-
effort provious~ | previous-
| affoxt flow
1 | nexc-r waak~4i next-next> | next- avay~-
' flow previous- | previous-
o flow affort
i ! pext-next~ | raversal ravarsal error~stop | error-stop
flow . .
¢ i away-next- | revargal revarsal eryor-stop | erxor-step
eflort :
¥ [ next-x Taversal roversal error-gtop | error~stop
tf || next~r away-next next-noxt~ | away- next~
sffort flow previous- | previous-
- effort flow ’
gY || next-r next~neoit=- away-next- | avay- next-
. flow offort pravioun~ | previous-
effort flow

Table 4.4: The causality assignment state transition table, used in the computer implemen-

tation.
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it and the unassigned bond are added to *stacks and weak-1 is called, ¥f no such element
is found, *state* is set to start-state, :

The function waak-1 checks to sce whether there is a flow input to the 1-junction and counts
the number of unassigned bonds. If there is 2 flow input, next~next-flov is calied. If there
is only one unassigned bond and no flow input, away-next~effort is called. Finally, if there
is no flow input and more than one unassigned bond, reversal is called.

The function weak-0 checks to see whether there is an effort input to the (-junction and
counts the number of unassigned bonds. If there is an effort input, away-naxt-effort is
called. If there is only one unassigned bond and no effort inpnt, next~naxt~flow is called,
Finally, if there is no effort inpuf and more than one unassigned bond, reversal is called.

The function get-naxt finds the other element attached to the last bond in *stack* and
checks to see if there are any unassigned bonds connected o the clement, If there are, the
element and unassigned bond are added to #stack+. If not, reversal is called. '

The fuaction get-first resets xatackk, gets an element with an nnassigned hond attached
to it and places the element and bond in *stack*, The elements are chosen using the normal
SCAP priority, first SE, then §F foliowed by C, I, R, TF, GY, 0 and finally 1. If a resistor
is chosen, an algebraic loop will result and therefore in addition to placing the element and
Lond in *stucks, they are also added to the global list ¥r~algebraic-loopk. In the similar
manner, if get-first has, a3 the output, either a transformer, gyrator, 1 or 0-junction an
algebraic loop will result. In this case however, in addition to adding the element and bond
to *atacks, they are included in the glohal list xbond-algebraic-ioop, It is necessary to
kave both lists becanse the module that creates the ACSL input file differentiates between
the two causes of algebraie loop.

The state transition table is implemented as a forward chaining algorithm, with two an-
tecedents and one consequent in the rules. The antecedents are *state* and the type of the
clement in the first list in #stack*. The consequent is the function that has to be called,
The rule base used, is that presented hy Winston and Horn[36).

Once the causality has been assigned to the hond graph, the bond graph is searched for
storage clements with derivative causality, If such elements are found, the storage slements
and the bonds ssigned derivative causality are added to the list #deriv-caugality=,

The lists *r~algebraic-loop*, ¥bond-algebraic-loop# and *deriv-causality* are used
to form the ACST input file,

4.7 Creation of an ACSL input file

This module takes the bond graph stored in the data file and creates an ACSL input file from
it. The module uses the equations entered by the user, the equations in the data file (if there
are any) or a combination of both to form the input file,

4.7.1 Bond graph program varfables

By convention, the bond graph variables, are written with the bond number as the subscript.
For example, she effort on bond 5 would be referred to as ¢5. However, because the program
and ACSI are unable to accept subseiipis, the bond graph variable is followed by the hond
number, For example, the effort on hond 5, wonld be referred to as e§.
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The program is only able to handle the generalized bond graph variables, effort o, flow £,

- displacement ¢ and momentum p. The variables, natural o modelling systems in 2 particular
domain, therefore have to be converted tu the generalized variables, before the equations con
he entered, , :

4.7.2 ACSL data required by the equation formulaﬁim routine

‘The user is required to enter two variables needed by ACSL, the duration of the sirulation,
gintim and the integration step size, coale,

Thea following initializations are also made:

1. Each ACSL plot contains 1000 data points (polnts = 1000).

2. The communication interval, cint is set equal to the duration of the simulation divided
by the number of points (cint = gimtim / pointa)..

3. The number of integration steps in each communication interval nstp is caiculated
as the communication interval divided by the integration step size (nstp = cing F
ccalc). '

-4, On each iteratior through the darivative saction, ACSL checks to see if the simulation
should be terminated. The statement for this, as written by the computer program is
tormt(t .gt. simend), that is, when the time is greater thon sinend. To ensure that
the simulation ends at simtim, the end time, simend is calculated as the simulation
duration less the integration step size (gimend = pimtim - ccale),

4,7.3 Bond graph data required by the routine

As mentioned egrlier, madelling is an iterative process and » number of modifications might
have to be made, before the model is a satisfactory representation of the system, An iteration
could involve changing the form or the coeflicients of the equations. Because every equation
is not modified at each iteration, i is advantageous io store the equations so that they do not
bave to be re-entered each time, Inciuded in each stiucture in the the hash table *nodes*,
is an entry for the equations. If this variable does not have 2 value assigned to it, the user is
prompted to enter the equations, I it does have a value, the user is asked whether the stored
equations are still valid, I the cquations still hofd, they are nsed, if not, the user is prompted
ta re-enter the correct equations, Possible reasons for the equations being incorrect are:

s The magnitude of one of the coeflicients may need to be changed.

¢ The form of the equation may be not represent the behaviour of the element sufficiently
well.

s Another hond may have been connected to the element and another equation and
ancther torin are therefore aceded.

¢ The causality of the bonds attached to the element may have changed.

¢ The bond numbering may have changed.

When entering the equations, the user is given:
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1. The element for which the equations are to be entered. This information includes the
element type, the number assigned to the element as well as the nu- hers of the bonds
cenaected to the element, :

2. The documentation string for the element,

3, The causality assigned to the bonds attached to the eloment, For example if bond 6 is
connected 1o a resistor and bond 6 is assigned conductive causality, then the program
would inform the user that for the resistor, t.he causality assigned implies that £6 is a
function of a8.

When entering the data for a resistor, inertia or capacitor, the user may enter either a linear
or non-linear relation governing the behaviour of the element. If the relation is linear, it is
only necessary to cnter the linear caefficient. For example if one is entering the inear equation
for a capacitor attached to bond 7, then regardless whether the cansul relation is e7 = é;lﬂ'
ar g7 = Cqeq, only the value of the capacitance {C) must be entered. If an element has a
non-linear equation governing its behaviour, it is necessary {o enter the entire equation. For
example, if the causal relation for a resistor, assigned resistance causality, attached to bond 3
is €3 = 3.5f3/7.78 3, the user is required i0 enter o3 = 3.5 * £3 * sqrt(4.78 * £3),

I a resistor, capacitor or inertia has more than one bond attached to it, it jg not possible
to enter just the coefficients. Instead it is necessary to enter the equations in full. Consider
the resistor field in Figure 4.7, Bonds 1 and 2 have resistance caugality and bond 3 has
conductance causality. The user is required to enter three different equations, one with effort 1

- 1 3
>R

2

i Figure 4.7: A resistor field.
as the output, anotheqf’lwith effort 2 as the output and the last with flow 3 as the outp.t.
Assume that the relatfons governing the behaviour of the R-field are ¢; = 53 f1 f2 + 6.9¢3,
eg = 0.134/1/To ~ 6és and fa = 2.8ea + 7.9/, The user will be prompted to enter el as a
function of £1, £2 and o3 and must enter o1 = 8.3 % £1 * £2 + 6.9 * o3, The user will
then be prompted to enter o2 as a function of £1, £2 and e3 and :ust enter o2 = 0,134 *
£1 # gqre{f2) - 5 » 3, Finally the user will he prompted to cuser £3 as a function of
£1, £2 snd 23 and must enter £3 = 2,6 * e + 7.9 ¥ £1,

If a storage cloment has integral exusality assigned to it, in additior ‘o entering the causal
relations, the user is required to enter the initial value (at time ¢ = 0) of the energy variable.
For example, consider an inertia attached to boud 10, assigned integral causality. The user
is required to enter the momentum pyp at time £ == 0, This valve may either be a constant or
an expression.

If the output from cither of the two sources is anything but a step at time # = {0, it Is necossary
to enter the full form of the equation. For example, if an effort source attached to bond 25,
has the sinusoid 5sin 2¢ as its output, the the user must enter 026 = § * 5in(2 * ¢), I the
input to the system is a step at time ¢ = 0, the user is required to enter only the height of
the step. For example if the output from a flow source attached to bond 32 is fiy = 6.7a{2),
then the user must enter 6.7,
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When entering the data for either a transformer or gyrator, the user is required to enter only
the valve of the modulus. The user is given the equation forin so that the definition of the
modulus is clear, For example, consider 2 transformer connected to bonds 5 and 6. The user
will be told that the modulus, = is defined as 86 = m o5. The user may enter a number if

ihe modulus is tonstant or an equation stiing if the transformer or gyrator is modulated.

For example if a transformer modulus, m = 32, the user must; enter 32. If the modulas of a
modulated gyrator » = 6.7f2, the user must enter 6.7 * £2,

If the user enters only a number and not an equation (when entering a linear equation for a
resistor, capacitor or inertia, a constant for the initial value of en energy variable, the modulus
of a non-modulated transformer or gyrator or a step input at £ = 0) then this constant is
placed in the initial {1] section in ACSL, with the ACSL statement constant preceding
it. By doing this, it is possible to change these values at run-time without the use of the
bond graph program (although if these values are changed at run-time, they are not changad
in the bond graph data structure), Also the value is not re-initialized at each iteration of
the derivative cection. As an example, consider an iner a connected to bond 46, assigned
integrel causality and having the coustitutive relation fy = w5P6, that is, the inertance
is 78.9. When prompted to enter £46 as a function of p46, or just the inertance, if the
relation is linear, the user would enter 78,9, The program would then write two equaticns,
the first would be congtant i46 = 78.9 and the second £46 = (1.0 / i46) #* p48. The
first equation would be placed in the initial section.

In addition to cntering either a linear coeflicient or a non-lincar equation, the user is able to
describe the relation using a set of discrete data peirts, ACSL linearly interpolates between
the data peints and linearly extrapolates on either end to get the continuwous form of the
relation.

If the user chooses to enter only the data points, the program lists the dependent variables of
the element, assuming that it is not modulated. The user is then prompted to enter all the
dependent variables. If the element is not modulated, the dependent variables entered will
he those displayed. If the elerient is modulated, the modulating variables and the displayed
variables -aust be cntered, ACSL lmits the table to having three dependent variables, if
there are more than three dependent variables, the user has to fit an equation to the data.
Once the user hias entered the dependent variables, the user is prompted to enter the sumber
of data points for the first dependent variable, The data points for this variable are then
entered. The process is repeated for ¢ach of the remaining dependent variables. Finally
the user is prompted to enter the data for the independent variable for each combination of
dependent variable data. The program avtomaticolly puts the data entered in the requlretl_
ACSL format, breaking the lines and inserting an ellipsis where necessary,

The user is not required to enter any data for the { or 0-junctions as the standard equations
are written by the program.

4,7.4 Alpebraic loops

If an arbitrary causalily is assigned to a bond connected to a resistor or a hond between two
junction structure elements, an algebraic Joop will result,

If all the elements have linear relations, it is possible to algebraically manipulate the equations
to remove the algebraic loop, as shown in Section 2.10.2, However, there ars some non-
linear relations that can't be solved explicitly. Even if the relations are linear, excessive user
intervention may be required, which could lead to errors. It was therefore decided to teent
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linear and non-linear equations in the same way, The ACSL implicit operator (IMPL), which
consists of a Newton-Rapson integration, is used to'try to find the solution to the algebraic
loop [1]. The disadvuntage of the IMPL operator is that it can significantly increase the
computing time needed for the simulation.

The gencaal form of an ACSL impliat statement is

y = impl{yz, e, m, ofl, expr, ydl) e
L B
where y2 s the initial guess. BNV
e is the error bound (e can be real constant or an arithmetic expression),
- is the maximum aumber of iterations to try (m must be an integer congtant

or variable, not an expression).
ofl  is the error flag (a variable only) which is set non-zero if the ite - " does
not converge,
expr i the expression that containg or eventually leads back to y.
ydl  is the value used to increment the initial value to estimate the derivative,
The program prompis the user to enter the values for yz, &, m and ydl. Each of these
variables has a constant default value, which the user may use, if the values are satisfactory.
The default values assigned to the varizbles ure:

yz = 0.0 - P
a = 0.0001 o
m= 50 ‘
ydl = 0.001 '
Numerous tests were done on systems containing algebraic iorns and the defavlt constants

assigned, resulted in the majority of iterations converging. B

Every time the implicit operator is needed, the modelling package increments the ervor flag
counter by one, so that there is a unique error flag variabie for each implicit statement in the @
ACSL input file, That is, the first time the implicit statement is used the error flag variable :
will be ef1, on the second oceurrence it will be o£f2 and so an, The user is informed of the
variable names assigned to the error flags, so that, during the simulation, the urer can check
that all the implicit integrations converge.

It may occur, although infrequently, that the implicit integration does not converge and the
error flag is set non-zero by ACSL. The user is then be required to change, either the valies :
in the implicit statement, or the structure of the bond graph, -

4.7.5 An algebraic loop caused by assigning an arbitrary causality to a
resistor

Consider the bond graph in Figure 2.21¢, redrawn in Figure 4.8. The causality assignment
can be completed, once an arbitrarily causality is assigned to resistor 2 or resistor 5. For a
resistor, a relation exists, by definition, between the effort and the flow. Therefore if either
the effort or the flow is known, the other can be caleulated. In this example, once an arbitrary
causality is assigned o one of the resis ors, the causality on the other resistor is determined
(because of the junction structure constraints), Therefore if any one of effort 2, flow 2, effort 5
or flow 5 is knowr and assuming that all the other parameters of the cireuit are known, the
remaining three variables can be calculated. Therefore to solve the aigebraic loop, one is
required to calculate one of offort 2, fiow 2, effort 5 or flow § implicitly. For simplicity the
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Figure 4.8: A bond graph of a system with an algebraic laop. .
program always makes the cffort variable on the resistor, to which che ar arbitrary :ausality -
was assigned, implicit, .

: )
Consider the system in Figure 4.8. The linear causal equations, in the form suitnble as inpuis
to ACSL, prior to being altered to account %or the algebraic loop, are:

fi = Fl

3= (1.0 / 13) % p3

p3 = integ (a3, p3i)
= (1.0 / C6) * ¢&

a6 = integift. g8i) _

2 = (1.0 / R2) % a2 . : F:

o5 & BS % £5 T
4 = £1 - £2 ~ £3

el = of

a2 = ed

e3d = ad

ad = ab + af

8 = £4

£6 = £4

Where F1 s the input function to the system.
I3 is the inertance,
p3i s the value of momentum pa at tmm =0,
C6 s the capacitance.
- q63 s the value of displacement a€ af time t=0,
R2  is the resistance of resistor 2,
RS s t}e resistance of resistor &

The numericil valués of which would have been ensered by the user, 'Imt ate ieft in the general
form for clarity,

Becaunse there is an algebraie loop and the equations can therefore not be sorted by ACSL,
one of the variabies must be calculated implicitly. Assuming that the causslity was completed
after an arbitrary cousality was assigned to remstor 2, the program will colenlate the effort,
o2 implicitly. The equation e2 = o4, ig veplaced by o2 = impl(0.0, 0.0001, 5O, efi,
o4, 0.001) (assuming the constent default parameters are used).

The equations of the system, as contained in the ACSL inpui file, are therefire:
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£f1 = Fl
£3 = {1.0 / TD) * p8
p3 = integ (03, o31)

of = (1.0 f T6) # 46
gé = inveg(16, qGi})
£2 =2 (1.0 / R2) # o2
ob = R6 * £§

£f4 = ¥1 - £2 - 23

of = of

o2 = inpl(0.,0, 0.000:, B0, ofi, od, 0.001)
o3 = of

ad = b + i

£5 = f4

6 = £4

Whiclh ACSL can sort and simulate.,

4.7.6 An aig .braic loop causedt by aseigning an arbitrary causality to a
bond

When an alg :braje loop is the result of assigning on wrbitrary eaunality to a registor, only onz
AUSE implicit statement is reguired a3 discusded in the previous scetion. However, whoen
an algebraic foop ig the senult of wsig'ng an arbitrary eausulity to a bord, attuched to o
Junetion structura elpment, there is no immediate relation betwoen the effort and the flow
on that hord, as there is when o tesictor is involved. Tt is therofore necossary to include two
implicit statements, one for the effort and one for the ow on the hond to which au arbiteary
causality was assigned,

As an example of a system where the causality Is cefipleted by ausigning an arbiteary canaality
to a boad eynnected to a junetion stenctors olemer?, consider the unangmoented bond graph
in Figure 4.9a. Fignre 4.9b shows the hond graph erer the flow sonree has been assigned its
required causality and the inertia and enpacitur bave been assigaea their preferred causalities,
Noue of these causalities can be coutitwed through the graph. ax the roquirements for the
three junctivm stracture elements have not yet bera met.

As thepe are po vesistors, & hond attachad to & Janction structure element must be assigned an
arbitrary cansality, Dond 2 i assigned a eausality such that the effort ey, is the outpai from
the transformer (the fnput to the (-junction). The eamsality con nnw be continved through
the graph, completing the cansality assignment. The fully sugmented bond graph s shown
in Fignre 4.9¢. Figure 4.9 depiets the fully augimented bond graph of the system had offort
£, been the input o the transformer (She output from the 0-pmetion).

Assuming that all the relaiions are lincar, the cousal relations of the system in Figure 4.9¢,
in a form secopiable a« ACKL inputs ave;

¥l = Fi

f4 = (1.0 / 14) « pd
pé = integlol, pdi)

af = (1.0 7 C7) * qf
q7 = intop(£7, q7i)

3 eomx £2



§

SF' e ) e NP i ) e ]

LA 2 N PN 4
ot 1 e} T} mermrscommd ] wmemzenmn i
| o ~

&
W

Figure 4% A bond groph wheee the causality is completed ence an arbitzary ravsality is
amsioned to a bod.
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al = m ok 53

£2 = £f1 ~ §8

01 = o2

eb = o2

af = o8 -~ of

5 = 6

£7 = £6
£6 = «£3 + £4

03 = of

64 = off

Where F1 s the lnput funetion o the syitem.
14 s the inertance,
pdi  is the value of momentum, pd ot time =0,
07 is the capacitance,
7% is the value of displacemoent, q7 at thine €50,
m is the value of the transfurmer woduleg,

‘The numerical values of which would have beon entered by the user, but ~ee left in the general
form for clavity,

As au algebraie loop exists, due to one of the bonds being assigusd an arbitrery causality,
these equations eannot he sortod by AUSL, 1t s necessary to calealate two of the variables
fmplivitly,. As the causality was completed by assigning wn arbitrary cansality to bond 2,
the program will make effort o2, and How £2, implicit. The equaiions 62 = m * o3 and £2
= £1 = 6, will be roplaced by 02 = impl(0.0, 0.0001, 50, ofi, m * o8, 9.001) and
£2 = impl(0.0, 0.0001, 5O, or3, 1 - £5, 0.901) respectively {assnming the constant
default parametoers ave chosen),

The eqnations of the systens, as contained in the ACSL inpuat file, are therefore:

i = F1
£4 = (1.0 / 14) = pa

P4 = integ(od, pdi)

o7 = (1.0 7 ¢C7) » g7

q7 = integ(LT, qvi)

3 v » £2 : :
02 = impl(0.9, 0.000%, 50, ofi, m * o3, 0.001)
£2 = dwpl(0.0, 0.0001, 50, ef2, £1 - £5, 0.001)
ol = o

8d = o

of = of ~ a7

£5 = 16

£7 = £6 g

£6 © ~£3 + #4

a3 = off :

o & ol | i

Which AUSL ean sort and simulate, _
; \
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4.7.7 Derivative cansality

Whaen a storage eloment is not assigned its preferred cansality, it is said fo have derivative
causality, because the causal relationship Las to be written in the derivative form.

The methed used to form an ACSL input file of a system, with derivative causality, is hess,
illustrated using an example. Consider the system, in Fignre 2.23c, redrawn in Pigure 4.10.
Inertia 2 axd capacitor 5 have integral causality assigned to them, but capacitor 6 has deriva-

1 ¢

-
2 &
- .
1 4 T
SE—— 1 ]—2T N &
3 6
L/ Y
P ¢

Figure $.10: The bond graph of 2 systen displayire derivative congality
tive causality assigned to it. Capacitor 6 has detivwsive ~ausulity because capacitor § is
assigned intogral cansality and both capacitors -ae connected te the samo 0-junciion,
‘Fhe Huear eausal relations before siterction, in ACSL fornet are:

al = Bl
£2 = (1.0 7 12) = p2

p2 = intog(e2, p2ij
e = (1.0 7 CB) % ¢§
a5 = intog{f5, q8i)
g8 = 06 % af

£6 = dorivt{f6i, q8)
a2 = B3 » £3

£7 = (1,0 / R7) * of
a2 = ol « a3 -~ of
i1 = f2

3 = £2

td = I3

£8 = £4 - 6 - £7
0% = ob

off o b

a7 = af -
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Where Et s the input function to the system.

I2  is the inextance.
p2i is the value of momentnm, p2 at time £=0.

£8  is the capacitance of capaciter 5.

q5i is the value of displacement, g5 at time t=0,
€6 i3 the coparitance of capaciior 6,

f6i iy the initial value of flow, £6.

R3  is the resistance of resistor 3.
R7  is the resistance of rosistor 7.

The numerical valwes of which would have hoen entered by the user, but ave left in the general
form for clarity.

For each of the two storage elements with integral causality there is an integ (ACSL inte-
gration} statement, hut for the capacitor with dezivative causality there is a derive (ACSL
derivative} statement, honee the terms intezral and derivative cansality.

It is important to realize that the ACSL dexive aperator, shonld only be included if absolutely
necessary, as the derivative operator is a first order approgimation and can lead to instability if
used to represent a major loop [1]. Systems with derivative causality were sintulated using the
derivt operator, but the resulis seldom corresponded with those cxpected. It was therefore
decided to implement the derivative operator, using some other method. The technique used
is a8 follows,

‘The derivative ferin £8 = derive{£5i, g6) is rewdtten as £6 = a6d, where d represents
the dilferential aud it is read as either £8 fo equul to 48 dot, or £8 is equal fo the derivative
of g6, 'The program then searches through the list of equations to find an equation with q6
ot the left hand side of she equality. The equation returned is g6 = 6 * 06, The aim is
then {o differeatiate both sides of this equation., Differentiating qf gives g6d, as required
and differentiating €6 * o6, asguming that €8 is a constant, gives C8 * eofd. The equation
q6d = CC * ofd is included in the list of cqnations. The program then searches through
the right hand side of the latest equation, to find any bond graph variables (a, ¥, p or q).
The propraw finds o8d. The program then searches through all the equations to find an
equation with o6 on the left hand side. The eqaation returned js o6 = o8, Differentiating
hoth sides gives o6d = eBd. This equation is invJuded in the list of equations. The program
looks at the right hand side for suy hond geaph variables and finds eBd. The program vhen
searches through the list of equations to find an equation with o8 on the left band side. The
program returns the equation 8 = (1,0 / €8) » g5, Difforentiating both sides gives afd
w (1.0 / CB) * 45d, assuminy thot C8 i a cdnstant, This cquation is added to the Tist
of equations. When searching lirough the right hand side of the latest equation the bhund
graph variable q84 is fouml. The propram then cearches through ihe list of eqrations to find
an equation with q5 on the left hand side. The egnation roturned is 98 = integ(f5, q5i).
Differentiating both sides we gt g8d = £5. This equation is included in the list of equations.
As an oquation for £5 already exists, the procedure is halted, The equations of the system
are Row:

ol = Fi

£2 » (1.0 7 12) * p2
pa = jateg{ed, p2i)
e = (1.0 J C8) * o8
q5 = integlfs, qbi)
Q8 = 08 * of

B
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£8 = q6d

63 = R3 * £3

£7 = (1.6 / RT) * of
2% = af - a8 ~» a7
fi = £2

£3 = £2

1 = £2

£5 = f4 - £6 - £7
ad = ab

eff = ab

et = ab

qBd = C8 * efd

aBd = ebd

68d = (1.0 / ¢5) * gbd
q5d = £6

In this example flow 6 is related to flow § by the ratio of the capacitances, £6 = {C8 / CB)
s £8, but 15 = £4 - £6 ~ £7, therefore £6 = £4 - (C6 / CB) * £5 - £7, That is, £8 is
a nizetion of itself. Therefore, there is an algebraic loop. To remove the algebraic loop it is
necessary to include an implicit funetion, as discussed in the previoas section. The question
that arises is: Which new equation shounld be caleulated impiicitly?

The problam is solved by considering at another example. Consider the fully sugmenwed
bond graph in Figure 4,11

SE Y 0 ——Y ¢

3

R

Vigure 4.11¢ A system displaying derivative cousality, due to the constraints of the source
and junction structure elements,

The capacitor is assigned derivative causality kecause of the constrainta of the source and
O-junction. Asuming alt the reletions to be linear, the equations of the system (including
those equations contadning derjvative terms) in the ACSL format discussed above are,

el = B1

$3 = (1.0 / R3) % ol
g2 = 02 % o2

£2 = q2d

£1 = £2 + £3

a2 = ai

el = of

q2d = 02 * a2d

624 = old

eld = E1d

Becanse Bt iz not a fanction of any bond graph variables {there is no modulation), Bid i
known, Therefore in this exaneple there are no algebraic loops, This system can be simmlated

9%



a4 it is.

In the first uxample, the last equation added onto the list of equations was g5d = $8. There-
fore, for any of the artificial derivatives (g5d, o5d, o6d or q8d) to be calculated, £5 must
be known. But £6 = £4 ~ £6 - £7 and £6 is rolated to £8 through the artificial derivatives.
Therefore £5 is o Tanction of itself,

In the second example, the last equaiion added was eld = Eid, Because E1 is o known
function of time, it can be differentiated to give E4d, from which g2d can be caleulated. The
second systere therefore does not contain an slgebraic loap.

A storage elemont can be assigned desivative causality for two rcasons:

1. Dae to source and junction structure congtraints.

2. Due o another storage clement being assigned preferred causalisy and the junction
structure constraints,

The last equation to be differentiated will therefore always be an equation of a source or it
will contain an ACSL integration. Therefore if the equation io be differentiated contains an
integ operator, it should be made implicit.

Returning to the first example, the last term was q5 = intog(£5, gbi), differentiating
both sides and making the equation implicit gives q5d¢ = impl(0.0, 0.0001 50, efi, £5,
0.001), if the default consiants are chosen. This equation is added to the Hst of equations.

The list of equations for the first example are:

ol = Ei

2 % (1.0 / I2) = p2
p2 = integlel, p2i)
@8 = (1.0 / CB) * g6
g5 = intep(fs, gbi)
Q8 = C6 ¥ of

£6 » qbd

o3 = B3 % £3

Ft = (1.0 ] RTYy * o7
62 » gl - g3 « o7

£1 = £2

£33 = 2

4 = £2

8 = £4 - £6G - £7

ad = af

ab = af

al = of

q6d = C§ * eld

ofd = ofd

afd = (1.0 / C8) = g5d
g5d = impl{0.0t, 0.0004, 50, af1, £6, 0.001) W

Which ACSL can sort and simutlate,

a7
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4.8 Running ACSI;

The ACSL simulation package is run from the bond graph program using the ACSL file, (fife-
neme.csl), created by the equation formulation routine, as the input, The file filename.csl
is the DOS file obtained from the UNIX file filename.acsl,

The program does not creste a file of ACSL runtime commands {filename.cmd), Instead, the
runtime execution of ACSL is left to the user. It was decided not to include a file of runtime
commands as this weuld make ACSL less flexible. Because modelling and simulation are

iterative processes, the more the user can interact with the simnlation parkage the better.

For example, the user may want 1o simulate the system over a different time interval, view
other variables that were perhaps not considered to be important earlier or even change the
valnes of some of the constants assigned earlier,

The ACSL user manual {1}, can ke consulted for the use of the runtime commands,

When the user compietes the simulation, using the ACSL stop command the user will be
returned to the main menu of the bond graph pregram,

4.9 Program limitations
The limitations of the hond graph program are;

» 11 the systemn contains an algebraic loop or derivative causality, implicit integration is
used to solve the algebraic loop. There are occasions, especially when the systom is
kighly nonlinear, that the integration does not converge, The user is then required to
enter other bond graph olements (usually sonrce or energy storage elements), or combine
clements Logether to romove the ajgebraic loop or derivative causality, In addition, the
inclusion of the implicit operator can increase the simulation time drastically [1].

o As was seen in Section 4,7.7, some of the equations of a system with derivative cansality
are artificially differentiated, to form the ACSL inpui file. Beciuse the user is required
to differentiate some of the egnations, it is not possible to enter data in the form of o
table, If the system has derivative cansality.

s If a table is used to store the data of a particular fanction, there can be no more than
three dependent variables. This is a Hmitation of ACSL, not the modelling package. If
there are more than three dependent variables, an eguation has to be found to represent
ihe data.

s 1 -fields eannot be entered into the bond graph pmgm.m hecanse of the lhmitations of
the automatic causality assigninent procedure,
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Chapter 5

An application example

In this chapter, the development and simulation of a bond graph model of o coupled tank
systern will be presented. The entering of the bond griph structure, the assignment of
causality, the entering of the equations and the use of ACQSL will be shown. However, these
processe will not be shown in full as they are repetitive. This example, together with the
three complete examples presented in Apperdix B, illusirate the eapabilities of the bond
graph program.

The systeia to be modelled iz the parallel connected tank system, presented in Section 2.6.5.
The system is redrawn in Figore 5.1a, The bond groph stracture, developed in Section 3.6.5,
Is shown in Figure 5.1b, As yet, neither the system it Figure 5.]a nor the bond graph in
Figure 5.1b have been labelled.

When numbering ibe bend graph, it is necessary to uniquely number each element and each
bond, as discussed in Section 4.3, In Section 3.6.5, the hydraulic and thermal bonds are
assigned the same numbers. This is not possible for use with the bond graph program,
becsuse the program uses the generalized variables effort and flow and not the variables
specific to ench domain. In addition, entering the bond graph structure, from the keyboard
ig shuplified by numbering each bond uniquely.

The fully numbered bond graph, in the form required by the bond graph program, is shown
in Figure 82, Figure 5.3 shows the two tank system, labelled to correspond with the bond
evaph in Figure 5.2,

Bonds 3 and 5§ are entered into the bond graph program as follows. Two fonts are used to
distinguish between the program output and the uger inpat. The program output is written
using the typowritor foni and the user input is written using the Sans Senif font, It i
assumed that tonds 1, 2 and 4 have alreudy been entered,

Entor tha bond nusbhor
3 \

Entor the number of tho element at the start of the power half arrow
K|

This alemént. has been proviocusly defined

Enter the number of the olement st the ond of tho powor half arrow'
5

Enter the eloment type
0
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Figure 5.2: The fully numbered bond graph.
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Figure 5.3: Labelled two-tank system, .

S
o

Enter the documentation string for this alement L
C«junction representing the «onservation of mass in the left hand tank

Entor F to finish or any other key to continue
c .

Enter tho bond number
5

Enter the numbey of the slement at the start of the powar half arrow
5

Thin eleament has been previously definad

Entor the number of the clement at tha end of the power half arrow
4 _

Enter the slement type
c :

Enter the documentation string for this element
C-field representing the storage of mass and energy in the left hand tank

Bnter F te finisch or any othor key to continue
c

The remainivg bonds are entered in a similar manney,
g

Causality is automatically assigned to the bond graph. The cansal implications, as deduced

by the program, are

EFFORT SOURCE, (ELEMENT NUMBER 13) CLNJECTED TO
BOND 16

The causality assigned implies tha% el6 is the outpﬁt

EFFORT SOURCE (BLEMENT NUMBER 12) COENECIED TG
BOND 15 ' :

m
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The causality agsigned implies that a:n is the output

RESISTOR (ELEMENT NUMBER 11) CONNEGTED TO
DOND 13 BOND 14 BOND 15 BOND 16

The causality assigned implies that

£13 is a function of el3 el4d el olf
£14-is a function of el3 eld e1H el16
18 is a function of i3 ol4 olf elb
16 iz a function of 213 eld 5 olb

CAPACITOR (ELEMENT NUMBER 8) CO04ECTED TO
BOND 1f BORD 12

The causality eacigned implies chat

all ip a functivn of qil q12

@12 iz a function of qil g12 _
. -i"'r

RESISTOR (ELEMENT MUMBER T) GDHHECTED TO
BOKD 7 BOND & BOND & BOND 10

The causality assigned impliss that
£7 iz a function of o7 <8 e 10
8 is a function of of a8 of all
£9 is a function of e a8 o8 ol
£10 is & functiun of o7 98 ad a0

CAPACITOR (FELEMENT NUMBEx 4) CDHNECTED TO
BOND 5 BOND 6

Tha causality assigned implies that
86 is a function ox 45 ¢6
of 1s a function of g6 q6

EFFORY SODRCE (ELEMENT NUMBYR 2) CONNECTED TO
BOND 2 .

The causal&ty assigned implies that &2 ia tho output

RESISTOR (ELEMENT NUMBER 3) CONNECTED TO
BOND 1 BOND 2 BNND 3 BCND 4

The causality assigned implien tbax
el iz a function of f1 2 el e4
£2 1z a function of fi o2 o3 o4
3 iz a functicn of £1 o2 a3 ed
f4 is a function of £1 o2 a3 ad

FLOW SQURCE (ELEMENT NUMBER 1) CONNECTED 1D
BOND 1
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lhe causality azdigned implies that £1 is the output :

Based vn the causal implications or the boad graph structure, which can »lso bo obtaiacd _
from the pre vam, the fully augmented bond graph, shown in Figure 5.4, iz ebtained. '
L

_ C4q ' . ' Ca

8 5/'| j-l-l 12
s N LENT | T AN B 15 N
bF][ R [ Ds _L‘ .\;‘{ N ) iy _J_ 'R ["—"'L&LIE
5 - X 11
2 44N 8. 10 4\, 15\,
SEym e g —— s B i

Fignre 5.4: The fully angmented boad gr ph.

If the mass flow rate of the fluid flowing into the left hand tank is a known 1anction M(¢) and
the tenrperature of the Hnid {iowing into the left iand tank is a known function T'(2), then .
the equations for each boid graph element, using the information in Section 3.5 and noting
thp. c.msahty shown in Figure 5.4 are:

']I'hsz'.h ﬂow source cunnected %o hond 1
‘f_} - R
" ' Wy = M)

Tha efﬁirt source conunected to boud 2
Ty =T(1)
The R-field connected to bonds 1, 2, 3 and 4
=M
uig = 1y
By = enty Ty
By = ey 1y

It maust be notnd that'p pl is not new,ssanly equal to py, but dapands on the pasitlon of
the pipe through which the flnid enters the tank,

The C-Reld connected to bonds § and @

a .
LT “""'m" b
1 Al L]
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The R-field connected to bouds 7 + 8,9 a0d 10
wivy =5 sgulp = poYK |py ~ pol?

N - )
tby e sgnipr = pa) i {pr = pol¥

o T e mol
Py = SR pIK Iy = PolZ o |

el [py é
5 (75 + Tip) + — LA

~ Tiu)

1
1 sgul{py ~ pa)elk |pp - Ml ., o Jpy - mal¥
Fhy = 28 (7 3-’)2 lpg = g’ (T + Tio) + .MJ"{,,WJ‘.‘.L."( = T

The C-ficld connected to bonds 11 and 12

f
b IRt 11 3T
! Az

B oim o

e my
The R-fi *d connscted fo honds 13, 14, 15 and 16

,1, | le

: 1
Wity = I{j'jf;.]
L
s = Kpds
{ » X '
H T
Fhry = e Kpiaig
k] 1
H“; -] (?:\-glli‘;‘?‘l,l
The effort senrce connected 10 bond 15

M5 8 {atmnspheric pressure}

The flow source connecied o bond 16

rm e 7] L] . )
B = Tambient

whore ¢ Is the xpecific heat,
g s the soeeleration due to gravity,
A is the area of the left hand tank,
Az i the wrea of the right hoand taak,
K o constant fur the pipe, relating the zoass flow rate to the square rot of the
pressure difference. The reletion for & will be sivon later,

Ai the bumi graph madelling package can #uly aecept the genepalized hond p‘m.ph w.“ Hables,
namely ¢, f, ¢ wd p, 21 the vagiables ahgve must be replived with an e, if they are offort
voriables, an £ If they are flow variables, a g if they age dispiacoment varinddea o o p i they
are momentam variabho, .

The eguations for the sysions ik a form mm]mtibic with the bond graph modelling packaze
are therefore

The flow souree supneeted to bomi 1

HeM
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The effort source connected to bond 2

II'

[

0z
The R-ficld connectod to bonds 1, 2, 3 and 4
e = €3
Hh=h

f2=efie

Ja = chez

The Cafield cannect.ed to bonds 5 and 6

)
P @ sy
M

1gn

£y 2 emere

Cgs

The R-field connccied to bonds 7, §; 9 and 10
Jr = senler = va)& Jor — 69[%
. )
g : fo = sgn(eg = €9} joy = eg)?

I . L . )
sin{ey = ryleR {og - gyl el leg - egli
fﬂ Pl wwllF ( L ! v 3 I 9} (“8 '*s ‘\ln) I'_%\' m;wlqmz;zmx;.!:-u(f‘s - {‘10)

xaler = ea)el Jep = ol K Jez col
BENLET ~ g J0 0 J07 — Pg)e rHR e Opld
fll’ o] !“lw e s 4:2 a ;u:wMu—a("'ﬂ .{. ‘Plll) .ui. -.*w..‘..zm,_im((}s . {-10)

The Cufield conneetad to bonds 11 and 12

e e I
11 '“-',:i":(nl

"

1
flf‘! ot I['t'i’:;

1
fl-."! i3 I& f'i‘:;
: 1
S = e cfyen
1
Ji6 = el efyen
The offori anuree connected te band 15
ry5 =
The flow souree connactad to bond 16

gy e Y L] .
SUEEN ambisnt
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The values of the constants, required for the simulation are obtained by considering the
details of the system.

It ix agsumed that the fluid is water and the density p = 1000kg m™, The specific heat is
assumed eqnal to the apecific lieat ai constant pressure and independent of temperainze. The
specific hieat at constant pressure is ¢ = 4180J kg™ K~1 [12).

The area. of the left hand tank is known to be 4; = 6.8m? axd the area of the fank on the
right is known 1o be Az = 1L.8m%, :

The accoleration due to gravity is assumed constant and equal to g = 9.81m ™2

The flow rate of fluid from o small orifice into the atmosphere is defined {7}; as
i = Cadgr /351

where (g is the coefficient of discharge and approximately equal to 0.621 [7].

Ap s the aren of the orifice.
&L i the height of the fluid above the I"fﬁn‘i’

Multiplying both sides by the deusity, to get a relation for the mass flow rate

7 = pClydpv2gh

but the pressure p ot the orifice is pgh, therofore

gip == Cd.-"lp\/2pp

The constant, &', relating the mass flow rate to the square root o the pressure difference is

therofore
Rom (.-‘,p‘i,,ﬂz

It is assumed that the pipe is snfliciently short, so that the above relations apply, not ouly
for an arifice, bat for the pipa itaelf. The area of the pipe is kuown to be Ay, &= 707 X 10%w®,

vorresponding to a diawmeter of 30mm. The vonstant K is therefore & = 1.6 x 10“31{&%111‘:‘.
It is known that the initial height of the water in tank ] is 0.25m and the initial height of the
water In tank 2 is 0.5m. The temperature of the water in both tanks is the sume and equal
to the ambient temperature of 300K, Therefore

1. The initial mass of water in tank §is qq, = 260k,

2, The iaitial mass of water in tank 2 is gqq, = M0kg,

3. The juitial encrsy stored in tank 1 s gg, = 2508 » 108],

4. 'The inivial energy stured v tank ¥ is qup, = 1199 % 1097,
Al time ¢ = 0, the water flowing into tank L, fi = 1kgs=}. The water entering tank i is at a
temperature of J2K,

The equations of the How sonrce coaneeted to hond 1, the capaeitor counected to bouds 5§
and G and the resistor conneeted to bonds 7, &, 8 and 10 are entored as follows

FLOW SOURCE (ELEMENT NUMSER 1) CUNNECTED TO
BOND 1
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Tha documentation for this element is:
"Mass flow rate into left hand tank”

Enter the data for flow sonrco 3Fi.

If the flow input is a step at =0 then onter only the hoight of tha stop.
If the flow input is anything but a step at t=0 then ontor the ontire
equation, using the form fi=.....

If the data is in the form of a tabla, enter “table®

1.0

CAPACITGR (ELEMENT NUMBER 4) CONNECTER TG
BOND S BOND &

The documentation for thio olomonv is:
"O-finld roprosenting the stouage of mass and enorgy in tho left hand tank"

Enter o8 as o function of g5 qb
If the data ia in the form of a table, enter "tablo!
eh=20.8110.8%45

Enter the value of ¢5 at timo t=0
200.0

Enter a6 as a function of 98 46
If tho data i din the form of a table, enter "table"
€6==1.0/4180%q6/q5

Enter the valuo of g6 ot time =0
250,806 .

RESISTOR (ELEMENT NUMBER 7) CONMECTED TO
BOND 7 DORD 8 BAOND @ BOND 10

The documentation for this element is:
WR-Fisld usod to ecalculote the masg £flow rate dus to the pressure difmrance
and the energy flow rata duce to the tomperature and mass flow rote!

Bator 7 as a function of o7 o8 of el
If the data i in tho form of & table enter "tabla"
f==sign(1.0,67-e8)*19.6¢-3%sqrt(abs(e7-¢9))

Enter £8 as a function ol of o8 a9 eil

If the data is in the form of a table enter "table®

£8:20.5%4180%sign{1.0,27-¢8)* 10.6e-3*sqre{abs{e7-20) P*{e8-+-¢10) 1.0.5%4180*19.62-3* sqrt(obs(e?-
80))*(e8-213)

Enter £9 an a function of <7 o8 o9 oid

1£ thn datha 40 in tho form of a2 $oble enteyr "tabla®
8z=sign(1.0,e7-c9)*19.6e-Traqri(abs(e?-c8))

Enter £10 an o function of o7 off 09 o10

If the data is in the form of a cable antor "table!
f10=0.5%4180%sign(1.0,e7-20)*19.6e-3*sqrt(abs{e7-e0))* (e8¢ ¢10) + 0.5*4180%10.6e-3*squt {abs(e7-
e9))*(cl-e10)

‘The ACSL input fle [¢wo-tank.aesl) is erpated by the hond graph program from the bond
graph structure, stored in the file tvo~tank. data and the equations entered by the nser, The
UNIX file tao-tank.acal i ronverted o the DOS file two-tank.ealy The ACSE fnput jile
iss
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program Two parallel connacted tanks
initial

conotant points=1000

copatant, ceale=b.0

conotant simtin=5300

simend=sintim-cealc

cintegintin/points

ngtprcint/ocale

constant £1=4.0

constunt a2=323.0

conatant g8i=250.8e8

eonatant q61=200.0

conatant qi2i=1,129e8

conatant ql1i=800.0

congtart aib=0.0

constant e10=300.0

ond $'initial®

dynamic

darivative

f4=4180xf 1502

13=11

£2=4180%E 1502

ai=o3

aTmok

a3waf

£E=-$T+£3

08906

ud=ab

£om~23454

o=l . 0/4180xq0/q5

qb=integ(£8,q61)

8b=9.81/0.84q5

qS=integ(£5,q51)
£1020.5%4180%sign(1.0,07=09) %19, 60~3+aqri {aba{oT~cd) ) ¢ (0B4010)+
0, 5¢3180%19, So-Bsqre{obs (o7=00) )+ {ol-010)
£9=aign{i,G,a7-a9) 13, Co~3kaqrt (cbaleT-el))
L850 ,.6%4180*3ign (1.0,07~09)*19 . 60~3%aqrt{abo {oT=00) Y {oS+aln)+
0,5%4180#19 . 60~3+pqre(abo(oT-09) )4 (ad=010)
£Tmaign(l.0,07-00) %13, Ga~3+aqrt (aba (a7 ~69))
ald=all

ofcall

Flia=f13+Ff9

ald=ald

alf=e13

£12=ef14+310

0i2=1.0/4180%q13/911

ql2=intog(£12,q124)

011=9.81/1.8+q11

qiizincog(£11,q1148)

£16=4180»19. Gom34sres (013) *o14
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1519 . 6a~Bxgqrt{ail)
£14=4180%19 , Go-3+sqrt (e13) *a1d L
£13=19,60-3%aqrt(513)

tornt(t.gt, simend)

end $"dovivative

ond $"dynamic®

tarminal

ond $'torminal®

and $"program"

The eguations for £8 and £10 abaove, span two lines, This kas been done for clarity only, os
in the ACSL inpus file, pach equation is wiitten in a single line,

The coupled tank system is simulated using ACSL.

The pressure at the hattom of tank 1, varies with time as shown in Figure 5.5,

i
Ryl s s

<3y
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[ 1.380G 3.95 Y. o0

o680
T wind

Figure §5.5: The prossure al the bottom of tank 1, o8 as a fanction of time.

The pressure ab the botton: of tank 2, varies with time as shows in Figure 5.6.
8
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Figure 5.6: The pressure at the bottom of tank 2, o1t us a function of time,

The temperature of the water in tank I, varies with time as shown in Fipare 5.7,

The temperaturs of the water in tank 2, varies with time as shown in Figure 5.8,

1e faass fow yate qater leaving tank I, varies with tiowe as shown in Pieare 5.8,
The Laass flow rate of the water leaving tank 1, varies with thae ag shown in Figure 5.8,

The energy flow rate leaving tank 1, varies with time as shown in Figure 5,40,
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The mass flow rate of the woior leaving tank 2, varies with tinse as shown in Figare 5.11.

The energy flow rate leaving tank 2, varies with time as shown in Figare 5,12,
a .
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Figure 5.12: The energy flow rate leaving tank 2, £14 as o function of time.
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Chapter 6

Causality as a modelling tool

Together with the bond graph structure, the causality plays & major rule in describing the
qualitaiive behavicur of the elements of a system and the behaviour of the systom as a whole,
In this chapter, an example will be presented to show how 2 knowledge of the eausality, prior
to writing the equations, can assist in obtaining the bond graph model, Consider a system
consisting of a 4-way hydraulic valve connected to ram with an inertial load, as shown in
Figure 6.1,

Supply, P

1
[ Tank, Papm

Ay '
As M

Figare 6.7; A system consisting of a 4-way hydranlic valve, a ram and a mass.

1 bttt

The acausal bond graph, assuming the fluid to be incompressible, is shown in Figure 6.2a.
The bond graph is interpreted as follows, '

The effort source represents the finid being supplied to the valve at 2 known pressure, P,.
The tank pressure is not included in the bond graph, because it is assumed that the fluid
leaving the valve exits intn tha atmosphere {reference pressure).

The leftmost -junction constraing the pressures at entrance to orifices 2 and 3, to be equal to
the supply pressure. Resistors 1, 2, 3 aud 4 represent the fluid flow {the relationship hetween
the volumetrie flow rate and the presaure difference) at the positions labelled 1, 2, 3 and 4
in Figure 6.1 respectively, The moduiiting lives indieave that the flow rate is a function of
the displacement of the valve rod, ;.
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Figure 6.2t The bonrd graph of a system consisting of a d-way hydranlic valve, a ram and a
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The I-Junctlon conne +d to bond 2 conqtrmns ﬂnw rate 2 toBe a fnction of th . difference
batween the supply pressvee and the pressure in the eylinder. Likewise for the I-junction

connected to bond 3. The O-junwiion ctnnected to bond 4 constraing the flow rate between

the cylindér and the tank to be o function of the pressure in the cylinder only (the tank is
assumed-4o be at zero prossuvc). Likewise for the (-junction attached to hond 1.

The two transformers represent the conversion of the :duid energy to mechanical onergy on
either sitle of the piston. Beeause the piston is a solid body, the velocity of the one surface
is equal to the velocity of the other. This is the interpretation of the 1-junction attached to
bondsg 12, 13 and 14,

The 1-junction could have beau connecied directly to tha two 0-junctions and a single trans-
former connected between the O-junction and the inertin. The 1-junction would then constrain
the flow rate of the fluid entering the one side of the eylinder to be equal to the flow -ate of
the fuid leaving the other side, The cransformer would represent the conversion of the net
fluid energy to mechanire™™ rgy. Using.u.ds configuration, an assumption about the piston
area would have to be I, LA '

The inertia zepresents the mass attached to the rod.

The constitutive rv ations of the bund graph elements are:

Effort sourca

?5 = P, 3
Resistor 1

L -
Kl(ﬂ?o +mi)pf B > =y

1= .
e i othorwise

———,

Rasistor 2

L" .
q? .Kz(m‘-; — 2‘.‘.)}33 mi o Ty
] otherwise

i

Resistor 3 ' ' : i

3
o= Ka(2o + 2)p3 2 > =,
0 otherwise

Resistor 4°

. L :
= f Ka(mo —~xi)p] a5 < 2 L j
0 otherwise B

Transformer connoeted to bonds 10 and 12
Py = Ajpro

q10 = Aying
Transin mer q_osmented to bonds, 11 and 13

Iy = Aapny

L = Ayt



Rl et

A,
Fany

Inertia
"= --]'.-'p
M
Where P, is the supply pressure.

Ky to Ky are orifice flow constants [2].
Ty is the valve underlap, assumed equal fur all four orifices [2}.
P is the position of the ram. z; = J in central position.
AL is the area of che right side of the piston.
Ag is the area of the left side of the piston.

M ia the mass of the load.
«Consider the four resistors. if the constitutive relations ae writton with the pressure as a

function of the flow rate, the relations hold only when a fiow existe. When he fiow rate is

zero, the v sssure cannot be caleulated. Therefore, the flow st be the ousput from all the
resistors {copductance causalify).

Assigning caszality to the bond graph in Figure 6.2a gives the bond graph in Figure 6.2h.
Two gigebraic loops exist, if vesistor 3 is assigned conductanc:. causality, resistor 4 is fo zed
to take on resistance causality, Likewt.e for resistors 2 and 1. For rzsistors 1 and 4 fo be
assigned conductance causality, additional elements must be added to the bond graph.:

If the incompressibility assumption is removed, the system can be represented by the bond
graph in Figure ».3a. T  two capacitors represent the compressibility of the fluid on either
side of the piston. ' N =

The capacitors liove the relations

Capacitor 17
1
By = J;Vl?

Capacitor 18

b
3

1
M= E,;Vm

where (' and 3 are the ratio of the mean volumes to the bulk modalus, Instead of
using the mean volumes, the displacement of the rod could be taken
into account to get the actual volumes, thic would require modulating
the two capacitors by the derivative of the velovity of tho load,
Wiz is the volume of the fiuid to the left of the piston,

Vis is the volume of t  %uid to the right of the piston.

Figure 6.3b, shows the bond graph after assigning the causality. Taking the eompressibility
Into account, ensures that the four resistors are all assigned conductance causality, as required.

As can be seen from this example, had the modeller assumed that the fiuid was incompressible
and was not awosre of causal impl* tions, it wonld not be pessilile e obtain the cgnations
of state for all values of »y. Also, there would be no clear indication of the reasons for this
madelling error.
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The causality displayed by the bond graph, which is obtained from the structure, gives
the reasons for a svstem’ b "aviour. As an example of this, consider the bond graph in
Figure 6.4%, The cx usality on bond 14 shows that a force is applied {o the mass and the mass
therefore moves at 4 ccitair Jejotity. The foree is due to the pressure on the piston, which
arises becouse of - iy o apr o5 Hiy of the fluid, This is shown by the causality on bonds 17,
10, 12, 18, 11 anr? "2 ana (b <und graph elements to which these bonds are attached. The
wount of fluid m *te 2o . depends on the differsnce hetween the mass flow rate of the
fluid next to the pistor sne the mass flow rato of the fivid leaving or entering the valve. This
is shown by the czusality on bonds 15, 17, 10, 16, 18 aad 11 and the 0-junctions to which
the bonds are attaiod, The fluid leaving the piston is 2 function of the piessure {due to
compressibility) a3 showr by the causality on bonds 15 and 16. The finid entering the piston
is & funetion of the difference betweon the supply pressure and ihe pressure on the piston
side of the valve (due to the compressibility ). This is shown by the causality on bord 5, 6,
3, 8, 7, 2and J amd the 0 and I-junctious te which theve bonds are connested,

Because the bond graph consists of & nuber of clements, sach having a partionlar meaning
and bee. use the bond graph displays the gause-cffect relationships, # constitutes a powerful
modelting to4l, ©
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Chapter 7

Conclusions

"Chis dissertation has shown that the bond graph is a powerful multidomain model represen-
tation. In addition to being able {o obtain the state-space equations from the hond graph,
the reasons for o system’s behaviour can be obtoined from the causality and the implication
of cach bond graph elsnent.

It has also heen shown that the bond graph is particularly well snited as a model representa-
tion for a computer sided modelling package. Such o package allows racid model construction,
validation and modification.

7.1 Boud graph theory

The bhond graph is 2 nmltidomain modelling technique, which uses symbols to characterize the
behaviour of & system. Decause the boud graph is o multidomain representation, analogical
reasoning play: an important role i deriving and understanding the model, That is, two
systems in different domaias ean have identical bond graphs and will therefore behove iw the
same wiy. If the behaviour of one of che systems is well undersisod, the behaviour of the
other system can he explained in terms of it. This allows the modellor to construet dynamic
models of systems in domains whick are not familiar,

Because there are a limited munber of different bond graph elements, the implication of cach
element is woll understood. If a number of bend graph elements are connected together, to
form a boud graph fragment, itz behuviour can be explained from aa understanding of eact
of the alements making up the fragment. If all the fragments are combined to form the bond
graph model of the system, the behaviour can be explaived in terms of the fragments for
which the Lehaviour is understood. Therefore, the bond graph is a toanl used to understand
the reasons for a system’s behaviour.,

Whoen maodelling a systom using 2 bond graph, the bond graph clements represent the bee
haviaur of a particular part of o system. A combination of thesc elements, foring the bond
graph, represents the behaviour of the system as a whole, Ax 2 bond graph is constructed
from the behaviour of the individual parts of o system, one may be inclined to think that
the bond graph modelling technique is incompatible with modelling for the purposes of con-
troller design (where the model is not usually very complex and is not necessarily related to
the structare of the plant). It must be uoted, however, that the individual part, referred to,
does noi have to be the smallect part of the system, but can be one of the major subsystems,
or for that matter, the entire system. This implies that a large subsystem can sowetimes he
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represented by a single bond graph clement or a few bond graph elements connected together,
deperding on the accuracy required. Therefore, a bond graph model can be made as simple
or as complex as desired,

To the author’s knowledge, the hond graph, is the only modelling technique to display the
causality prior to writing the equations. As shown in Section §, a knowledge of the causality
constitutes a powerful tool. Together with the structure, the causality is used to understand
the qualitative behaviour of the system,

Th: bond graph can be converted to a block diagrara (which is the most common repre-
sentation of a control gystem) or to a signal flow graph (which is primarily a technique for
representing linvar systems). Bat, because each bond has associated with it two variables,
an effort and o flow, the bond graph is the most compact of the three representations. The
block disgram and the signal flow graph are both cansal, but unless shey have been formed
from a bond gragh, the cansality is due to the arder of the blocks or nodes ond does not
depend on the structure of the system., Which is the case for the bond graph.

Unlike block diagramns and signal flow graphs, bond graphs do not display the feedback presont
in many systems. A tank with fluid entering at the top and leaving through the bottom iz
an example of a self-regulating system. That is, it is a system containing negative feedback,
The fluid flow rate into the atmosphere is a function of the height of the finid in the tank,
which is a function of the difference between the inflow and outflow rates. Feedback is shown
by block diagrams and signal flow graphs because they depict only signal flow, whereas the
hond grapha shows the energy interactions., The feedback in the bond graph is modelled by
0 and I-junctions and in some cases R-fields, togethet with the divection of power fiow. If a
bond graph is converted into a block diagram, the signal feedback will be evident,

7.1.1 The use of pseudo hond graphs for modelling compressible ther-
mofluid systems

The pseudo bond graph repregentation of a compressible thermofiuid system is valuable,
because, although the consltutive relations of many of the elements, particulacly the resis.
tors connecting the fluid lumps, are extr mely complex, the bond graph representation iz
uncluttered and clearly depicts the systexr componenss and their interactions,

Although the pseudo bond graph model does not represent the flow of power, the variables
used, are those traditionally used for modelling control volume i.ad heat transfer systems,
However, by not making the «fort and flow variables complimentary power varinbles, new
types of clements, often containing modulating lines and block diagram segments, are required
to tonnected the pseudo bond graph to a true bond groph. This is necessary to ensure that
the energy is conserved. Although these additional elements are required, they are wsnaly
vory similar. Apart from making the bond graph more complex, the elements do not norinally
posc miuch of a problem. Also, by not uging cnmplimontary power variables, the Maxwell
symmetry check for true C-flelds is not availuble ond jt is easier to assume constitutive laws
which may not he physically valid,

Because the pseudo hond graph uses standard bond graph elements, bonds and modulating
linea, the structure of the system is cleasly shown and the modelling process is unchanged.

Karnopp[17] states that despite some potentisl or actual disadvantages of the compressible
thermofluid pseudo bond graphs when compared to irue hond graphs, the importance of
contrel volume analysis of corpressible tliermofluid systems warrants their nse in combination
with true bond graphs.
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7.2 Computer aided modelling using bond graphs

The bond graph is an ideal model representation for a Computer Aided Modelling (CAM)
package becanse:

» 'The boad graph is a multidomain modellir , technigne.

» The bond graph ls a graphice! representution of the behavious of a system and the/
structure is therefore easily rep - *od aud manipulated.

* The cause-effect relationships, chiniren *zm the structure, arn shown. Alse, the as-
signment of cansality iz a sequential proc lure, governed by » well defined set of rules,
Such an algorithm is easily implemented on & conmputer,

o Most of the state-space equations are obtained from systematic equation substitutions.
‘Fhis algorithm i3 also casily Lnvlemented,

1t is possible to construct a bond graph model of a system by connecting together the bond
graph models of the paris which make up the system. This is because the bond graph models
of the parts have the same forua as the bord graph medel of the system. Because a computer
has the ability to stoce and retrieve large amounts of data, the consiruction of a bond graph
model from & number of existing stored bond graph fragments is easily accomplished,

7.2.1 ‘The bond graph program

The bond graph progran: allows the user to enter ench element separately from the keyboard
and include a previously stored hond graph fragment. The program also includes numerous
routines to manipulate the boud graph structure,

The cangality is assigned by she program and is complete in that it attempts to rezolve all
cansal conflicts. If the causality assignment procednre cannot be comploted, the bond graph
v system is structurally incorrect. The causality assignment routine uses a state transition
table to antomate tke procedure, Hood, Palmer and Dantzig[10] state that this algorithm is
more efficient and requires less code than conventional if-then.clsc programming.

The user is given the causal imnlications and is required to enter the cousal relations ior each
element, If the equations are linear, only the Iinear cocflicients need be entered. Also if the
user has only o number of data voints deseribing the relation, these can be entered and the
program creates an A('SL table from them. The equations entered by the user are stored so
that they do not have to re-entored each time the routine is called.

It has been stated, that there are occasions when the implicit integration fails to converge
and the algebraie loop cannot be solved without algebraic manipulation. It is then necessary
to include in other hond giaph clements (normally souree and storage elements) to remove
the slgebraic loop or derivative ransality. Thoma[30] states that the inclusion of these storage
clements, which are usually small in comparison to the major storage elements of the system,
ean lead to inaccuracies i computation., This is because the dynamics of these elemenis
are usually significantly faster than the dynamies of the system as a whole and henee, the
integration step length has to he made sufficiently small so that these transients are ealenlated
accurately. Such a system is termed a stiff system.

The bond graph program allows rapid stevetural modification, eausality assignment, equation
modification and re-simulation. For these reasons and beeause the model ¢as be construs* «(
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from a manber of stored “building blocks”, computer aided bord graph modcllmg is supesior -
to conventional pen and paper methods.
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Chapter 8 | }

Recommendations for further work

This ¢u _Aer will be divided into two sections, the first section will discuss topics for further
research in hond graph theory and the sccond will deal with possible unprovemeuts and
additions to the hond graph program. -

8.1 Bond graph theory

In this dissertation, psendo bond graphs are used to model compressible thermofluid systoms.
Ag shown in Saction 3.5.7, the compressible thermoiluid pseudo bond graph cannot be directly
connected to a conventional bond graph, where the product of the effort and theflow variables
is the instantancous power. It would therefore be advantageous to combine the apuhle bord
of the psewdo hond graph into the single boad of a true bond graph.

Le Suenr{19] uses true bond graphs to model compressible thermofluid systems, by defining
the effort variable to be the specific enthalpy and the flow variable to be the mass flow rate.
Because the enthalpy is a function of the pressure and temperature, all the elements in the
bond graph must be modvlated by either the pressure or the temiperature so that the other
can be calcaloted, Le Suenr modulates all the elements by the pressure. it is the awthor’s
opinion that althoush the product of specific enthalpy and mass flow rate is power, it iy as
inconvenicnt to “carry around” the pressure as it is to use a pseudo bond graph, In addition,
the enthalpy is not & natural modelling variable as it cannot be directly measured, merely
caleulated. The pressure, tempersture and mass flow rates of the compressible thermoftuid
psetdo bond graph, however, are the variables normally used to model such systems,

Other research has been 1onducted on modelling vpen systems [3,5,27], but the bond graph
models derived are complex and offer little or no insight into the systom structure or be-
haviour. The problem that arises, is that three variables are needed to model compressible
thermofluid systems, as opposed to the two used in true bond graph models. More research,
into the modelling of compressible thermofluid systema using bond graphs is required.

In order to model chemical process systems, chemical bonds must be added to the existing
bonds used to model compressible thermofluids. Research into this area is required,

Karnopp[18], states that it is easy enough to include an inertia in a compressible thermofluid
pseudo bond graph, but its properties are difficult to justify with any precision. More research
is required to fully understand the implication of using such an clement,
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i+ carried by the line.

8.2 The bend graph program -

8.2.1 The gr phical interface

In the author’s opinion, a graphical interface is the most imporfant unit that needs to be
included in the bond graph program, What is envisaged, is a graphical editor, where the user

can position the cursor, using a “mouse™; on an element or bond in a side window and place '

it where it is required in the bond graph. The user should, in & similar manuer, be able to
move and delete bonds and elements.

The accessibility of information, abont the elements, bonds or the system a» a whola, can be
improved by including a graphical editor. For example, the wser should be able w0 position
the cursor on an element and request all the information on that element. The user should
be given the element number, the numbers of the bonds attached o the element, the causal-
ity and the eausal implications (if the causality has already been assigned), the equations
governing the elements behaviour (if the aquations have been entered by the user) and the
documentation for the clement.

At present, modulating Enes cannot be included in the bond graph data base, but the signals

carried can be included in the equations of the modulated element. With a graphical intetface,
however, ihe user should be able o enter a modulating line. When entering the equations of
an element connected to a modulating line, the dependent variables should include the signal

Ouce all of the elements have. been entered, the causality assignment procedure éhould be
involied from the graphical Biterface, The causal strokes assigned must be displayed.

The user should have continual access to the graphical editor so that in prma.tmn about the
individual elements can be retrieved and the bond graph structure cak. be seen. This is
necessary, so that a part:cular clement can be visualized within the cont\‘xt of the entire
system. Having the structure in front of the user, when simulating the systent, aids the user
in choosing the correct variables for a particular task, The “windows” concept ton be ueed
to implement this, with the simulation or equation input ronline in one window aud the
graphical interf--e in another.

It is envisaged that the graphical editor will have the formn shown in Figure 8.1.
A graphical interface, clearly displays and simplifies tite modification of the bond graph.

8.2.2 Miscellaneous additions

A{ present, the bond graph program cun only use the generalized variat . effort, flow, dis-
placement and mome=inm. it is envisa: 1 that the user should be able to enter the equations
using variahles natural to the particular domain, For example, when modelling mechanical
gystems, the user should be able to use the variables; force #, velocity », displacement &
and momentum p. For example, cousider a 2-port C-field, whem the one port (bond 4) is an
electrical port and the other (bond 5) is a mechanical port, The user should be able to define
the effort, flow and displacement on bond 4 to be the voltage, Vi, current, ¢y and charge,
qa respectively. In a similar manner, the user should be able to define the effort, flow and
displacement on hond 5 to be the force, F, velocity, vs and displacement, 25 respectively.

As mentioned previonsly, the hond graph structure is compatible with the the “building
block” concept. That is, o large sysiem can be constructed by connecting together previousiy
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stored bond graphs of smaller systems and subsy tems. Because the hond graph of a large
system can be extremely complex and so big that it becomes difficult to interpret, it is possible
to represent the systum using a word bond graph. Each word, wili represent a smaller Bystem
or subsystem and will have a bohd graph associated with it.

The word bond graph clearly represents the systera structure, but the wnderlying and possibly
complicating detail is hidden from the user. Normally the word bond graph is a tool used

by the modeller to focus on the interconnections between the various subsystems [30] and is
therefore used at iffie beginning of the madelling stage. In this context, the word bond grapk

is used 1o removd the detail, so that the bond graphs of the subsystems are not shown all
the time. That is, the word bond graph shows the process from a systems viewpoint and

is nsed throughout the modelling stage. The bond graph model of each subsystem sh?nid
however, still be visible to the user if desired, perhaps the user conid position the cursoi on
one of the words and the subsystem model could be displayed in one of the windows. This
type of modelling would be extremely powerful, as the user can get an overview of the system

or concentrate on the details if desired. In addition, because of the bond graph structure,

it iz still casy to modify the models of the subsystems, making them as complex or simple

as the specifications require. The causality would be assigned as before, bacause the bonds
connecting the subsystems in the word bond graph are the same bonds as those that would
“connect the bond grapk fragments. This representation could therefore form the major plant
"7 data base, as all the individual elements are duocnmented as well as each word rev -osenting a

- systém,

Thoma{30], desézibes a procedure for estimating the eigenvalues of a linear system, prior to
formaulating the equations for the system. The use of this technique, within the modelling
program, should be investigated as it would then be possible to estimate the integration step
length required to simulate the system accurately.

Tecl....ques exist [6], for separating the bond graph into two distinct parts, one part containing
the fast transients and the other containing the slower transients. This would be beneficial
in that ¢he two bond graphs couid be studied separately, depending on where the emphasis
of the problem lies. In addition, by separating the system into two bond graphs, stmulation,
particularly of stilf systems wonld be more accurate. Such techuiquas could be included in
the modeling package. : '

A state fransition table is used to automate the assighment of causality, Hood, Palmer
and Dantzig[10], state that this method is more officient, reguires Jess code and is mora -
casily maintained than conventional {f-then-else programming., Qther methods may prove
‘to be morefficient. Research into other algorithms, possibly using constraint propagation
techuiques {35], is required. _

At present, ACSL is only able to constract aumetical, linear state-space equations from the
data entered by the user. It is envisaged that symbalic eqnations, entered by the user, could
be manipulated to obtain the symbaolic state-space equations. Typical packages that could
be used include Mathematica and MACSYMA. L
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Appendix A

Alteration of the causality“
assignment state transition table

In the state transition table presented by Hood, Palmer and Dantzig{14], when stale is equal
to stari-slate and the cloment being considered is cither a 0 or 2 1, an error results.

" As an example of why this should not be so, consider the boad graph in Fignre A.la. The
causality assigument proceeds as follows.

The required causality is assigned to the flow soures, but becavse the D-junction enly has
onc effort output the causality can not be propagated wuy farther, The preferred cansality
is nssigned to the capacitor, again <he causality can not be continued any further as the
1-junction only has cne effort input. The preforred causality is then assigned to thoe in-rtia,
but as in the two previons steps, the cansality can not he extended further as the O-juuetion
vnly has one effort output, The assignment of these three dausalities is shown in Figure A.1b.
It is now neces 1y to wesign an arbiteary causality to one of the three honds 2, 4 or 5, Had
the state tran:  jon table, devised by Hood, Palmer and Dantzig, been used aw error woulsl
now result, because all the unassigued honds are connected only 1o 0 or l-junctions,

Continuing with the causality assignient procedure,

Bond 2 is assipned a causality such that the effort is the input to the left hand O-junction
{the output from the right band 0-junction) and the causality of the remaining two bouds
follows automatically, The causally oriented bond graph is shown in Figure A.le, Note that
bond 2 eould also have heen assigned a causality 80 that the effort is the output from the lefi
hand ¢-junction {the input to the right hand 0-junction}. Had this been the ease the cansally
oriented bond graph would have been that shown in Figure Alld.

Thercfore if s bond has to have an arbitrary causality assigned to it and it is attached only to
0 ur 1-junctions, it should he $~-ated in the swme way ag if it w.re connected to a transforuer,
a gyrator or a registor, The cells correspouding to stale being staet-state and the element
Leing either a 0 o a 1, are therefure changed to getenext, H-siate.

The ascignment of cansality to a bond graph, such as that presented in Figure A.fa, ueing
the corrected state transitior table has been found to be correct,
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Appendix B

Further examples using the bond
graph program

In thiz appendix, further examples using the bond graph program will be shown, Threo
systems will be simulated amd the equations found. The'examples do not correspend to any
particular systems but are nsefu! to demongtrate the operation of the program.

B.1 A system with all the starage elements assigned pre-
ferred causality and no algebraic loops

Tho aim f this example is to demonstrate the noe of the aodelling program to enter the
bond graph from the keyboard, assign the canseli.y, entor the equations and run ACSL.

The system considersd in this example, will be that presenied in Seeticn 2,10.1, redrawn in
Figure B.1. The difference beiween Figure B.1 and Figore 2,43 in Scotion 2,10.1, is that

BT e o 1y sy somei R

l/z b
15 Cs

Figure B.1: The bond graph of a system without derivative causality and algebraic loops,

in 1’1@11.9 B.1, ali tlw lemients are numbered so that the system can be entered into the
prograim,

It is assumed, that all the elements have the same eqmtmur, as those presented in Sec
tiowt 2.10.1 and the values of the constants are: :

buy o= E(i}
Iy =
f4m4u
Er = 4. o
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Because the boad graph in Figure B.1 does not correspond te any particular system, 1o
documentation strings are entered. The examples in .‘:ectmn 5 and Appendix C clearly show
the use of the dotumentation string.

The execution of the bond graph program iz as follows.
> (load “bond.fisp” )

Loading the neceasary progiams, won’t be a socond

Do you want to

A Enter cr modify tha bond graph stzucture
B Acsign or view tho cemwsality

C Croatc an ACSL input file

b Run ACSL

E Quit the program

Prags the i:ay corresponding o your cheice and hit ontera

Do you want to

A Enter the bond graph, either by entering oach element separately from
the keyboard, by roading the bond praph 2r bond graph fragment from a
data file or by connecting existing bond graphe eloments or frapments.

B Display all tho bonds currently connected.

C Delote all the bonds in the bond list,

D Modify the variables of a bond,

E Dolets a bond from the bond list.

F Undo the most recent bond deletion.

G Leave the bond graph em;ering routine,

Fre.as the key correspending te your cheice and hit enter a

Do you want to

A Entor the bonds ond oloments separately £rcm the heyboard
B Include an existing bond graph

Pross the dos’rod key and hit returna

Entor the bhond number
1

Entor the number of tho element at the start of the powar half arrow
1 ;l .

Enter the oloment type ':

se
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Enter the documentation string for this element

Entcr the number of the element at the end of the power half arrow
2 : '

Enter the alament typa
1 .

BEntar the documentation string for this element

Entor F to finish or any other keoy to continuo
c

BEntar the bond number
2

Entor the number of tho clement at the stéry of the power half arrow
2

Thie nlement has deen pravicusly defined

Enter tha numbar of tbe element at the end of the power half arrow
3

Enter the element type
=

Enter ﬁha documeveation string for this eloment
Entor F 42 finish or any other key to continue

e

Fnter the bond number
3

Enter the number of the element at the start of the power half arrow
2

This olement has bewn previously dofined

Enter tho number of the clement at the end of the power half arrow
4

Entor tho alemont typo
0

Enter tho documentation string for this oloment

Enter F to finish or any other key to continue
¢

Entor ¢he bond number
4

Enter the number of the olement at the start of the power half arrow
4

This olement has boen provieusly defined

Enter the numbar of tho olemont at the end of the power half arrow
5
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Enter the slement type
C

Enter the documentation string for this element

Enter F to finish or any other key to continue
¢

Enter the bond number
5

Enter the numbor of the clement at the start of the power half arrow
4

This element has becn previonsly defined

Enter vhe number of the element of the ond of the powar half arrow
&

Enter the eloment typa
r

Enter tha documentation string fox thle element

Enter F to finich or any other key to contimue
f .

FINISHED

Do you womb to

A Enter tho boad graph, either by entaering each slement separately from
the keyboard, by roading the bond graph or bond graph fragment from a
data file or by cohnecting existing bond graphs elements or fragments,

B Display all the bonds currently coanected.

C Deleta nll the bonds in tha bend list,

D Modify the variables of a bond.

E Dolete a bond from the bond list.

F Unde the most recont bond deleticn.

G Loave the bond groph entering routing,

Prens tha koy corrogponding to your cholce and hit ontor g

Enter the filenamo in which o store the hash tables,
do not include an extension, 1% will be sot to f.data?
egl

Data written to file /usr/bohdgraph/datafegi.data

Do you ant to
A Entor or modify the bond graph struciure
B Assign or view the causality



TR

C Create an ACSL input file
D Run ACSL
E uit the program

Pross the koy corresponding to your choice and hit enterb

Do you want %o

A Assign causality to & bond graph.
B View the causal implicationz.

C View the bond graph date structure

D Leave the cavcsality assignment routine.

Proos tho key corresponding to your choice and hit enter a

Do you want %o amsipgn or view the causality for the bond graph storsd in
the Ffile EGi.data (Yor N) y

Getﬁing the first slement

Assigning causality

Gatﬁing the next slement in the stack
Gatting the first element

Assigning causality

Gotting the next olement in the stack
Asoigning ceausalivy

Gotting the nexﬁ element in the gtack
&ssigniné cansality

Getting the next eleoment in the stack
Asaigning causality

Gotting tha next oloment in the stack
DONE

Data written to file Jusx/bondgraph/dataegi.data

Do you want to

A Assign causallity to a bond gruph.

B View the causal implications.

C View the bond graph data structurs

D Loave the causality assighmont routine,

Prass the koy correspending to your choice and hit enter b

136



Do you want to assign or view the causality for the bend graph stored in the
£ile EGl.data (Y or N} y

RESISTOR (ELEMENT NUMBER 6) CONHECTED TO
BOND 6

The causality assigned implies that
£8 iz a function of o5

CAPACITOR (ELEMENT NUMBER 5) CONNECTED 10
BOND 4

The caugality asgignad implies that
a4 is a function of 44 :

INERTIA (ELEMENT NUMBER 3) GL FECTED TO
BOND 2

The causality assigned implies that
2 iz a function of p2

EFFORT SOURCE (ELEMENT NUMBER i) CONNECTED TO
BOND 3

The causality assigned implies that ol 1s the output
Pross ENTER to continue

Do you want to -

A Ascign causality to a bond graph.

B View the causal implications.

C View the bond graph data structure

D Leave the causality agsignment routine.

Press the key corrsspending to your choice and hit enter ¢

Do you want te assign or view the causality for the bend graph stored in the
file EGl.data (Y or M) y

Bond & is #3(LINE NODE-PAIR (4 6) CAUSALITY E)
Element 4 is #S(NODE TYPE O DOC~STR EQUATIONS NIL)
Element 8 is #S(NODE TYPE R DOC-STR EQUATIONS NIL)

Bond 4 is #3(LINE NODE-PAIR (4 5} CAUSALITY B}
Element 4 ls #S(NODE TYPE O DOC-STR EQUATIONS NIL)
Element 5 is #3(NODE TYPE ¢ DOC-STR EQUATIONS NIL)

Bond 3 is #S(LINE NODE-PAIR (2 4) CAUSALITY B)

Floment 2 iz #S(NODE TYPE 1 DOC~STR EQUATIONS NIL)
Elemont 4 is #3(NODE TYPE 0 DOC-STR EQUATIONS NIL)
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Bond 2 is #S(LINE NODE-PAIR (2 3) CAUSALITY E)
Element 2 is #S(NGDE TYPE { DOC-STR EQUATINNS NIL)
Element 3 is #S(NODE TYPE I DOC-STH EQUATIONS NIL)

Bond 1 is #S(LINE NODE~PAIR (1 2) CAUSALITY E)
Element 1 iz #S(NODE TYPE SPE . DOC-STR EQUATIONS WIL)
Element 2 iz #S(NODE TYPE 1 DOC~STR EQUATIONS NIL)

Press ENTER to contii&ua.

Do you want to

4 Assign cousality to a bond graph,

B View .tha causal implicetions,

C View the bond graph data structurs

P Leave the causality assignment routina,

Fress the key corresponding to your choice 1'% duter d

Do you want to _

A Enter or modify the bond graph structure

B Assign or view the causality

¢ Create an ACSL input file

b Hun ACSL

E fuit the p:cogram

Pregs the keoy corresponding to your choice and hit enter c

Do you want to get the acsl equations of the bond graph stored in the file
EGl.data (Yor M)y '

Enter the acal program name.
A system without algebraic loops and derivative causality

Entsr the integration step size. ccalc
0.01

Enter the -duratiun of the gimulation, simtinm.
200

RESISTOR (ELEMENT NUMBER 6) CORNECIED TO
BOND &

The documentation for this olemant is:
it

Enter the data for resistor RE.
If the equation is linsar, enter only the resistanca.
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I£ tha eguation is non~linear enter the entire equation with
£5 as a function of e

If tha data is in the form of a table enter “table"

5.0

CAPACITOR (ELEMENT NUMBER 5) CONNECTED 10
BOND 4

The documentatlon for this element is:
ni

Enter the data for capacitor C4.

If the egquatigr is linear, enter only the capacitance.

If the equabiui iZ non-linear enter the entire equation with
o4 as a function of q4

If the data is in the form of =z tabls, enter "table"

4.0

ter the valus of g4 at tima t=0
0.0

INERTIA (ELEMENT NUMBER 3) CONNECIED TO
BOND 2 :

Tha documentation for this element is:
un

Enter the data for inertia IR2.

If tha equation is linear, entsr only the inertance.

if the oguatien is non-linear enter the entire equation with
£2 as a fungtion of p2

If the data is in the form of a tabls, enter Y“table”

2.0

Entar the walue of p2 at time t=0
0‘0

EFFORT SOURCE (ELEMENT NUMBSR 1) CONNECTED 10
BOND i

Tha documentation for this element is:

Enter the data for effort soyrce SEi,

If the effort input is a step at t=0 then enter only the height of the step.
If tha effort input is anything but a step at t=( then enter the antirae
aquation, using the form ei=,....

If the data la in the form of a table enter “tahle!

1.0 '

Acsl input file dumped to the file /usx/bondgraph! .ezifils/egl.acsl
Hagh table written to file fusr/bondgraph/data/egl.data

Do you want to
A Enter or modify tho bond graph structure
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O

B Assign or view the causality
¢ Create an ACSL input f£ile

D Run ACSL

E Quit tha program

Press tha key corresponding to your choice and hit onter d

Do you want to simulats the system storad in the file
EGl.acsl (Yor M)y

The ACSL input file creaied by the program is;

program A system without algebraic loops and derivative causality
initial -
constant points=1000
canstant ceale=0.01
constant simtim=200
simend=simtim~ccalc
cint=zimtin/points
nstp=cint/ecale
congtant ei=1.0
congstant 1%=2.0
congtant p2i=0.0
conatant c4=4.0
constant q4i=0,0
conatant r5=5.0
end $"initial"
dynamic

derivative

£3=£2

fimf2

gl=~p3+al
£2=(1.0/12)%p2
p2=integ(e2,p21)
ab=gd

ad=e4

f4w-£5+£3
e4=(1.0/cd)*qd
gd»integ(f4,qdi)
£E=(1.0/rB)*%ab
termt(t.gt.simend)
ond $'dorivative”
ond $"dynamic"
torminal

and $'terminal"

and $|1Progrmu

The system is then simulated wsing ACSL. The momenium p2 varies with tinte as shown in
Figure B.2 and the displacement g4 varies with time as shown in Figure B.3.
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The lmexu- state space eqaa.tmns, munded {o three decimal p'laces, as caleulated by ACSu are

Pz { 0.000 0250 1000
-] -+ [ £1
da 0.500 —~0.050 | | @ | | 0.000

B2 A system with 2ll integral causality, but exh:b;tmg an
algebraic loop :

The aim of this example is to show the inclusion of a bond graph from a data file, the
assignment of causality, the ertering of the equations, including a ta.‘f:sle of valups :md the

ACSL output,

The systein considered in chis example, is that presented in Section 2.10.2. In this exmnple,
the bond graph is read in from a data file called algeloop.data, The bnnd and olement
numbers are assigned by the modelling package.

The numbered bowd graph, previously stored, is shown in Figure B.d.

Rs Rs
e /!
2 s
SF s Oy e 1
.. 3 i ] 6 '-I
/ -V
14 o C-r

Figere B4: The bom'_f' graph read in by the modelling package.

The causality is assigned as in Section B.1.

Tt is assumed, that all the elements, with the exception of capacitor 6, have the same equa.tmns
as those prosented in Section 2,10.1. The values of the cons ants are: ;

By = £8.0u(t) : :

L=3.0 B R
Re =20 B
By =54

Capacitor 6 has the relation shown in Figure B.5. Table B !, showa the dnscretc values {‘hﬁsbh._l

from Figure B.5, to be entered as data for capacitor 6,

The execution of the bond graph program is as follows:
> (load "bond.lisp")
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Table B.1: Bata fir vapacitor 6,

145

w




O

a

Loading tWe nacessary programs, won’t be 2 second

Do you want to

A Entor or medify tho bond graph structura
B Anmign or viow the causality

¢ Croate an ACSL input filo

b Run ACSL

E Quit the program

breas the key corrosponding to your choice and kit entor a

D you wont to

& Enter tho bond groph, either by entering each olcomont separately from
the keyboard, by roading the bond graph or bond grapk fragmant frowm a
data file ot by conhecting oxisting bond graphs eloments or fragunents.

B Display 2ll the bonds currently connected.

¢ Dolets all the bends in the bund list.

B Modify the variables of a bond.

E Dolete a bond from the bond list.

F Undo the mest recent bond deletion.

G Loave the bond graph entering routine.

Pross the key corregponding to your cheice smd hit enter o

Do you want to

A Entar the bonds and elements separately from the keyboard
B Include an existing bond graph

Prezs the desirad keoy and hit roturnb

Entor the filenams of thae bond graph you went to *neluda
algeloap.data

Do ycu want to

A Entor the bond graph, oither by entering ouch olemant separatoly from
tho Leyboard, by reading the bond greph or bond graph fiagment from a
dasa fila or by conuecting existing bond graphs elomenta or frogments.

B Display all tho honda currently connected.
¢ DoLatn all the bonds in the bond list.

I Modify tho variables of a bond.

E Dolote o> bond from the bond list.
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F Undo the wopt recent bond deletien,
4 Leave the bend graph entering routine,

Pross the koy corresponding to your cheice and hiu enterg

Entoer the filonomo in vhizh to store the hash tablasz,
do not include an extension, it will be set to ‘.daty’

egd
Data writtes to file /usr/bvondgraph/data/eg2.data

Do you want to

A Entor or modify the bond graph structure

B Assign or viaw the causalivy

€ Creato am ACSL input file

P Run ACEL

E Quit the program

Press the key correspending to yuur chojce and hit enter b

Do you want ﬁa

A Assign'éguaality to a bond graph.

B View the causal implications.

C View tls bond graph data structucs

D Leave the causality assignment routine.

Prass the koy corrag~onding to your choics and hit enter a

Do you want to assign ox view tho cansality for tha bond graph stored in the
file EG2.data (Y ox N}y

Gotting the first oloment

Acaigning cousality

Getting the next olement in tho stack
Gotting the first clement

Asgigning cousality

Gotting the naxt eloment in the stack
Gotting the first olement

Agsigning cousality

Gotting the nuxt element in the siack
Gotting tho first <loment



Gotting the next slement in the stack

Assigning causality

Assigning cauzality

Gatting tha next element in the stack

Asgigning couwzality

Gotting the noxt element in tho stack

DONE

Data written to f£ile /usr/bondgraph/data/eg2.data

Do you want to

A Aseign cansality to a bond graph.

B View tha causal implications.

¢ View the bond graph data structure

D Leava the causality aﬁslgnment routine,

Press the kay correspond:ng to your choice and hit entarl)

Do you want to apaign or view the causality for the bond graph stored in the
file EG2.4ata (Yor M) v

CAPACITOR (ELEMENT NUMBER 7) CONNESTED TO
BOND ©

The cavsality assigned implies that
o8 is a function of qf

RESISTOR (ELEMENT NUMEER §) CONNECTED TO
BORD &

The cuurality assigned implies thes
£5 is a function of eb

INERTIA (ELEMENT NUMBER 4) CONNECTED TO
BOND 3

The causality assigned implies that
£3 iz a function of p3

RESISTOR (ELEMENT NUMBER 2) CONNECTED TO
BOND 2

The causality assigned implies that
o2 is a function of £2

FLOW SOURCE (ELEMENT NUMBER 1) CONNEGCTED TO
BOND 1

The cauzalivy aasignad'implins that £1 is tho output
Prose ENTER to continue
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Do you want to

& Aszign causality to a bond graph,

B View the causal implications.

C View tho vond graph data structure

D Leave the causali;y agsignment routine.

Prass the key corresponding to your choice and hit entarc

Do you want to assign or viaw the causality for the bond graph stored in the
file EG2.data (Y oxr M) v

Bond 6 is #S(LINE NODE-PAIR (6 7) CAUSALITY B)
Element 6 is #5(NODE TYPE 1 DCC~STR EQUATIONS NIL)
Element 7 is #3(NODE TYPE ¢ DDC-STR EQUATIONS NIL)

Bond & is #S(LINE NODE-PATIR (6 &) CAUSALITY E)
Element 6 is #S(NODE TYPE 1 DDC~STR EQUATIONS NIL)
Element 5 is #S(NODE TYPE R DOC-STR EQUATIONS NIL)

Bond 4 is #S{LINE NODE-PAIR (3 6) CAUSALITY E)
Elemont 3 is #S(NODE TYPE O DOC-STR EQUATIONS NIL)
Element 6 ig #S(NODE TYPE 1 DDC-STR EQUATIONS NIL)

Bond 3 is #S(LINE NODE-PAIR (3 4) CAUSALITY E)
Element 3 is #S(NODE TYPE O DOC-STR EQUATIONS NIL)
Elsment 4 is #S(NODE TYPE I DOC~STR EQUATIONZ NIL)

Bond 2 is #S(LINE NODE-PAIR (3 2) CAUSALITY B) -
Element 3 is #3(NODE TYPE 0 DDC-STR EQUATIONS NIL)
Element 2 is #3(NODE TYPE R DOC-STR EQUATIONS NIL)

Bond 1 is #S(LINE NODE-PAIR (i 3) CAUSALITY B)
Elemont 1 is $S(NODE TYPE SF DOC-STR EQUATIONS NIL)
Elomont 3 is #S(NODE TYPE O DOC-STR EQUATIONS NIL)

Prags ENTER to rontinua

Do you wani to

4 Avsipgn causality te a bond graph.

B View the causal implicat asns.

C View the bund graph data structura

D Loave the cougality assignment routina.

Pross the key corresponding to your choieo and hit enter d
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Po you want to

4 Enter or modify the bond graph structurs
B Angign or view the causality

¢ Create an ACSL input file

D Run ACSL

E Quit the program

Prass the key corresponding te your choico #nd hit enterc

Do you want to got the acsl squations of the bend graph stored in the file
EG2.data (Y or N} y

Enter the acsl program name.
A system with an algebraic loop

Enter the integration step size, cecale

0.01

Enter the duration of the smimulation, simtim.
25

CAPACITOR (ELEMENT NUMBER 7) CONNECTED TO
BOND &

The documentation for this alemant is:
1

Ent2r she data for capacitor C6.

If the esquation is linear, enter only the capacitance.

If the equation is non-linear enter the entire equatinn with

66 as a function of gb :

If the data is in the form of a table, snter "tabhla® Lo e
The table will ba named tabl “

If the capacitor is not modulated the independent variables are normally gé

Enter the independent variables in tho form of a list og {f3 ob £7)
(u6)

Entexr the number of data polnta for qé

21

Entear valus 1 for-q6
«10.0

Enter value 2 for 4o
'Q.D -

Enter value 3 for q6
“B-o

Enter value 4 for g6
'7.0
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value
value
ralue
valua
value
value
value
value
valug
value
value
value
value
value
value
value

valua

the value of o6 whon g€ ia
the velue of e vhen'qe ig

tha value vf &b whon g6 is

B for g6
6 for ab
¥ for g6
g fox qb
9 for q8
10 for 44

ji for qb

13 for o8

13 foxr qb
14 for g6
15 for qfi
i6 forlqﬁ
17 for qf
18 for ob
18 for gb
20 for q6

21 for qi

the value of o6 whon g6 is

~1Q.0¢

)
o
.
o
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Enter the value of e8 when ¢S is ~6.0
5.9 '

Enter the value of of when g6 is -&.0
'405

Enter thae value ¢f of when g8 is -4.0
-3.7

Enter tha value of o6 when g8 is -3.0
‘3.3

Entor the value of o6 vhen g6 is ~2.0
-3.0

Enter the value of &6 whom g8 is ~1.0
2.4

Enter the value of e€ whan g6 is 0.0
0.0

Enter the value of o6 when 98 is 1.0
2.4

Enter the value of o6 when q6 is 2.0
3.0

Entor the valua of of when g6 ig 3.0
3.3

Enter the value of a6 whén g6 is 4.0
3.7

Enter the value of 8 when g is 5.0
4.8

Enter tha value of ef when g6 is 6.0
5.9

Enter the value of o6 when g6 is T.0
7.2 )

Enter the value of e8 when 98 is 8.0 -
708 .

Enter the value of ¢6 when q& is 9.0
alo

Enter the value of o6 when ¢6 is 10.Q
8.0

Enter the value of q6 at time t=0
0.0

RESISTOR (ELEMENT NUMBER S) CONNECIED TO
BOND B

The documehtation for this eleoment iu:
HH

Enter the datn for rosistor RS.
If tho oquation is linoar, euter only the resistance,
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w

If the aquation is non~linear entaer the entire equation with
£5 ag a function of of

If the data iz in the form of a cabla epter “tabla”

8.0

INERTIA (ELEMENT NUMBER 4) CONNECTED TO
BOND 3

Tha documentation for this element ig:
[1§1]

Enter the data for inertia IS3.

I1f the equation is linear, onter only the inertancs.

If the equation is ron-linear enter tha entire equation with
#3 as a function of p3

If the data is in the form of a table, enter "table"

3.0 '

Enter the value of p3 at time t=0
0‘0

BESISTOR (ELEMENT NUMBER 2} CONNECTED T9
BOND 2

Tha documentation for this element is:
nn

Enter the data for resistor R2.

If the ¢quation im linear, enter only the resistance.

If the equation is mon-linsar enter the entire equation with
s2 ag a Tunction of 2

If the data is in the form of a toble enter "tablo!

2.0

FLDW SOURCE (ELEMENT NUMBER 1) CONNECTED TO
ROND 1

The doctmentatiga For this element is:
"ne :

Enter the data for flow source 3Fi.

If the flow input iz a stop at %=0 then enter only tho height of the step.
If the flow input is anything but n otep at ¥=D then enter the entire
equation, using the form f£i=.....

If the data i in the form of a tablo, enter "table"

28.0

The aequation eb=-eb+ed has to be calculated implicitly
That is it will be written in tho form
e85 = impl(yz, e, m, efl, -a6+od, ydl)

where yz in the imitial guess
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e is the error bound

m is the maximum number of iterations to try

ofl is the error flag variable

ydl is the value used to increment the initial value to estimate the
derivative

Please antar yz {a constant or expraession) default 0.0

Ploase enter o (a constant or expression) default 0.000%1

Please enter m (an intoger constant) default 50

Please onter ydl (a constant or axpression) default 0,001

Aczl input. fils dumped to the file /usrfbandgraph/acaifilafeg?.acsl

Hash table written to file /usr/bondgraph/data/og2.data

Do you want to

A Enter or modify the bond graph structura
B Agsign or view the causality

€ Create an ACSL input file

D Run ACSL |

B Quit the program

Press the key corresponding to your choice and hit entar d

Po you want to simulate the system stored in the file
EG2.acsl (Y ox N}y

The ACSL input file, exeaied by the modelling package from the bond graph structure stored
in the file eg2,data and the equations entersd by the user above is:

program A gysteom with an algebraic loop
initial '
constant polinta=iQ00

conptant cealce=0.01

congtant simtin=25
gimend=gimtim-cecale
cint=gintim/points
netp=cint/ccals

congtant £1=28.0

sonstant r2=2.0

constant i3=3.0

gsonatant p3i=0.0

conatant rbs=6,0
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constant q6i=0.0

end $*initial"

dynamic ‘ 0
derivative '
e5=imp1{0.0 ,0.0001 ,50 ,ofl,-ab+e4,0.001)

ad=a2

a3=a2

ail=a2

f2=ufq~-£3+£1

e2=p2+f3

£3=(1.0/i3)#p3

p3=integ(a3,pai)

fé=£fhb

fd=185

£5=(1,0/r5)%ab

table tabl,i,21/~16,0,-9.0,~8.0,~7.0,~56,0,~6.0,-4.0,-3.0.,.
+~2.0,+1.0,0.0,1.0,2.0,3,0,4,u,5.0,6,0...
,7.0,8.0,9.0,10.9,~8.0,-8.0,-7.8,~7.2,-6.9..,
~4.5,-3.7,-3.3,-3,0,-2.4,0.0,2.4,3.0,3.3...
33.7,4.5,5.9,7.2,/.8,8.0,8.0/

aB=tabi (q6)

g6=integ(f6,qei)

termt(t.gt.vimend)

ond $"derivativa"

and $"dynamic®

terminal

and $"torminal"

erd $"program"

The system is then simulated using ACSL. The momentumn, p3 varies with time as shown in
Figure B.6 and the displacement, 48 varles with time az shown in Figure B.7.

2
L
| ] ,/
ws /
T emprfrronrd
&
) |
L
o4 ca d. %5 2.6 10.7 8.0

Figure B.6: Momentum, p3 as a function of time.

The linear state space equations, rounded to three decimal places, as calenlated by ACSL are

s

va ~0476  0.686 ] [ py 1429
= + [ h ] i
o ~{,006 --0.543 % 0.286 i
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Figure B.7: Displacement, g6 as a function of tim
B.3 A system with derivative causality

The aim of this example is to demonstrate entering the equations, simulation of the system,
re-entering one of the equations and obtaining an ACSL outpuf.

The system cousidered in this example, is that presented in Section 2.10.3, redrawn in Fig-
ure B.€ for convienience,

Iz Cs
/ /
2 5
QBN 1, —2 N g, T\M
3 16
Rg Cq i

. T .
Figure B.8: The bond graph of a system displaying derivative causality

The bond graph is read in from the keyboard and the causality assigned automatically. This
will not be shown here as the procedure is the same as that shown in Section B.1

It is assumed, thai all the elements have the same equations as those presented in Sec
tion 2.10.3. The values of the constants are chosen fo be:

Ey = u(t)

Ig =2 2.0

(:'s = 5-0

(s =60

R3 = 3-0

Do you want to

& Assign causality to a bond graph.
B View the causal implications.

C Viev the bond graph data struciure



D Leave the causality assiznment routine.

" “Press the key corresponding to youmr choice and hit entax'b

Do you want To assign or view the causality dor the bond grnph stored in the
tile EG3.data (Yor My

. A (r ’
RESISTOR (ELEMENT NUMBER 8) CDNNECTED TO
BOND 7

The causality assigned implies that
£7 is a function of e7

CAPACITOR (ELEMENT NUMBER 7) CONNECTED 79 y )
BOND &

The causalxty agsigned implies that
o6 is a function of g6

CAPACITOR (ELEMENT NUMBER &) CONWECTR Tt
BOND B -~

The cauaalitj assigned'implies that
g5 is a function of 85

RESIZTOR (ELEMENT NUMBER 4) CONNECTED TO S >
BOND 3

The causality aseigned impiias that
a3 is a function of I3

INERTIA (ELEMENT NUMBER 2) CONNECTED T%
BOND 2

The uausality agsigoed implies that
2 ig a function of p2

EFFORT SOURCE (ELEMENT NUMBER 1) CONNECTED TO
POND 1

The causality assigned implies that el is the cutput
Press ENTER to continua

i

Do you want to \\ .
A Assign csusality to a bond graph. kN
B View the causal implications, o
C View the bond graph data structure

D %eave the caugality assigmment reutine.

Presg the koy corresponding to your choice and hit entar c

Do you want to assign or wview the ¢nvanlirr for th@ bond graph stored in tha
file EG3.data (Y or B} ¥
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Bond 7 ip
Elomoent 6
Eloment 8

Bond & is
Eletiont 8
Flemant 7

Bond 5 io
Elemon: &
Eiomont &

Dond 4 is
Elemont 3
Blomont 6

Bend 2 is
Elemont 3
E" omont 4

Bond 2 in
Eloment 3
Eloment 2

Bond 1 is
Eloamant 1
Eloment 3

#S(LINE NODE-PAIR (6 8) CAUBALITY E)
‘is #3(NODE TYPE O DOC~STR EQUATIONS
ig 43(NODE TYPE R DOC-STR EQUATIONS

#5(LINE NODE-PAIR {6 7) CAUSALITY B)
ic #3(NPDE TYPE O DDC-SIR  EQUATIONS
iz #S(RODE TYPE C DOC-STR EQUATIONS

#3(LINE NOR2Z-PAIR (6 8) CAUSALITY E)
iz 4S(NODE TYPE O DOC-STR EQUATIONS
ic #5(NODE TYPE € DOC-SIR LEQUATIONS

#3(LINE NODE-PATIR (3 6) CAUBALITY B)
ig #SCNODE TYPE 1 DOC-STR BQUATIONS
ig IB(NODE TYPE O DOC-STR EQUATIONS

#S(LINE NODE-PAIR (3 4) CAUSALITY B)
ig #S{NODE TYPE 1 DDC-STR EQUATIONS
is #5(NODE TYPE R POS-NTR  DGMATIONS

#5(LINE NODE-PAIR (3 2) CAUSALITY E)
is #S(NODE TYPE 1 DOC-STR EQUATIONS
ip #S(NODE TYPE I DOC-STR EQUATIONS

#8(LINE NODE~-PAIR (i 3) CAUSALITY E)

NIL)
NIL)

KIL)
NIL)

HYL)
wiL)

NIL)
NIL)

RIL)
NIL)

WIL)
NIL)

io #S(NODE TYPE SE DOC-STR RQUATIONS NIL)

iz #S(NODE TYPE 1 DOC-STR RGUATIONS

Preos BNTER to continuo

De you wvant to

A Assign causality t¢ a bend graph.

B View tho caugal ir lications.

C View tho bond graph data ghructuve

b Loave the causality acgignmont routine.

Prags the koy corresponding te your choice and hit onter d

Do you wont to

A Entor or modify tho bond graph atrueture

B Asgign or view the causalley

C Croate am ACSL irput file
D Run ACSL
E Quit the program

Pross the koy corresponding to your choizo and hits onterc
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Do you want to got the acsl equations of the bond graph stored in the file

EG3.data (Y ox N}y

Fntar the acsl progrom name.
A systenn with derivative causality

Entor the integration stop size, mealc
0.01

Enter the duration of the simwlation, simtim. 100

RESISTOR {(ELEMENT NUMBER 8) CONRECTED 10
BOWD 7

Tho documontasion for thioc slomont im:
nu

Entor the data for resister RTY.

Tf ¢he oquatien is Lineayr, ontor only the rosigtanso.

If the ogquation is non-1inear onter the ontire oguation with
£7 ao o functieon of of

If the data is In the form of a table entor "table"

7.9 '
CAPACITOR (ELEMENT NUMBER 7) COSNECTED TO

BOND 6

Tho documenvation Tor thic eloment in:

n

Entor the data for capacitor C8.

1f£ the oguation is linear, onter omnly the capacitanze,

Tf the equation is non-linear enter the entire syuation with
af as a function of q6

if the data is in the form of a tablo, entex “table"

6.0

Eater the vaiua of g6 ah tiue t=0
0.0

CAPACITOR (FLEMENT NUMBER 5) CONRECTED TO
BOND &

Tho decumontation for thisg olomont io:
mn

Fntor the data for capacitor C5.

If the oquation is lincar, entor only the capacitanca.

If tha oguation is nen-lincar entar the entire equation with
48 ag a function of eb

If tho data ig in the form of a table, oncnr "tablo”

5.0

RESISTOR (ELEMENT NUMBER 4) CONNECTED TC
BOND 8 '

The decumontation for thic olement is:
F12]]
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Enter cha data for resistor R3,

If the equation iz lineoar, enter only the resistanca.

If the equation is non-linear enter the ontire eguakion with
a3 ag a function of £3 o -

If the data lg in the form of a table ontor "table"

3.0

INERTIA (ELEMENT NUMBER 2) CONNECTED 70
BOND 2

The documontation for this olement is:
un

Enteor the data for inertia I2,
If the equation is limear, enter orly tho inertancae.
If the equation is non-linear entor the outirc oguation with
f2 as a function of p2
1f tho data is in the form of a tnble, ghter "talkle"
2.0

Entor the valus of pR at time t=0
0.9

EFFORT SOURCE (ELEMENT NUMBER 1) CONNECTED TO
BOND 1

The documantation for thisn olement is:
Hn

Entor the data for offort source SE1.

1¥ whe effort input is a stop at t=0 then enter only tho hoight of the step.
iIf the effort input is anything but a sptep at t=0 thon ontor the ankire
equation, using tha fomm ef=..... :

If tho data is in the form of a table enter "table"

10

Entar tho $ime Jdorivative of the function cbxaeb
c5*efd

Entor thoe tima derivadivo of tha function of
efjd

Entor the tima derivative of the funetiun (1.0/c8)*qd
{(1.0/<tY*q6d

The aquatlen q6d = £8 hos te be caleulated lmplieitly
That is it will be writtenm in tho form
q6d = impil(yz, o, m, of1, £6, ydl)

wvhore yz is the initial guess
¢ ig the error bound



m is the maximum number of iterations to try

afl is the orror flag variable

ydl iz the value used to incremont the initial valua to estimate the
darivativo

Plaase enter yz {a constant or expression) default 0.0

Ploass anter é {a constant or expression) default 0.0001

Pilonse enter m {an intoger constant) default 50

Plaose enter ydl {a congtant or oxpracsien) default 0.001

Acsl input file dumped o the Fils /usxr/bondgraph/acslfile/eg3.oesl

Hagh table written to file /usr/bondgraph/data/egd.data

Do yon wan® to

A Enter or modify tho bond graph structare
B Asnign or view the caunsality

¢ Croeate wn ACSL input file

D Bun ACSL

E Quit tho program

Press the key corrosponding to your cheica and hit enterd

Do you want to zimulata tho system stored in the file
EG3.acsl (Y or N) y

The ACSL input file, created by the modelling packoge from the bond graph strueture stored
in the file og3.data and the equations entered by the user above is:

progrom A systeom with derivative causality
initial

copstant points=1000
constant coale=0,01
constant, sintin=100
simondsgimtine-ccale
cint=gimtim/pointa
natp=eint/eeale
constant el=1.0
constant 12=2.0
conotant p2i=0.0
songiant r3=3.0
constant ¢b=B,0
constant cf=8.0
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congtant q8i=0.0
gongtant ¥7=T.0
end $“initial®
dynamic
derivativo y
q§d=impl(0.0,0.0001.50.ef1,fG,0.00i)
06d=(1.0/cG)*qid
afd=asd
ghd=cEeaid

£4=£2

£3=p2

fi=f2
g2=~ghead+nl
£2=(1.0/i2)wp2
pR=integ(el,p2i)
a3=xy3¢L3

af=ab

ab=ab

ad=06
fEu-f7~-1E+14
q5=ch*nd

£5=q8d
06=(1.0/c6)*qB
g6=intag(£6,q61)
£7201.0/cT)xa’
tormt{t.gh.aimend)
end $"derivative”
end $"dynamic*
terminal

end $"torminalh
end $*program"

The gystem is then simulated using ACSL. The momentnm, p2 varies with time as shown i
Figure B.8, the displacement, g6 varies with time as shown ju Mgure B.10 and the displace-
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Fignre B.%: Momentum, p2 as a function of time,

ment, qb varies with time as shown in Figure B.11,

Retuening to the entering of the aquations aud making & - 100
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Figure B.11: Displacement, 95 as & function of time,
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Be vou want to

A Entor or modify the bond graph structure
B Aassign or view the causality

C Create an ACSL input file

D Run ACSL

E Quit the program

Pross the key corresponding to your choice and kit enterc

Do you want to geot the acsl equations of tho bond graph stored in the file
BEG3.data (Y or W) ¥

Enter the acsl progrem name. A system with derivative causality
Enter the integration step size, ccalc 0.01
Enter the duration of the gimulation, simtim. 100

RESISTOR (ELEHENT NUMBER 8) CONNECTED TO
ROND 7

Tha documantation for this elament is:

1131

The causality agsigned implias vhat
£7 is a function of oY

The last equations stored wera
£1=(1,0/27)%e?
gonstant r7=7.0

Do these eguations 5%ill hold (Y oxr N) y

CAPACITOR (ELEMENT NUMBER 77 CONNECTED TO
BOND 6

Tho documontation for thig element is:
iun

The causality assigned implies that
of is a function of q8

The lagt equations stored wors
a6=(1.0/c6)*qb

constant ¢6=6,0
q6=intog(16,q63)

constant q6i=0.0

Do thesa eguatigns still hold (Y or M)y

CAPACITOR (ELEMENT NUMBER 5) CONNECYED TO
BOND &

The documeontation for this olement is:
Hi
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The causality assignod implies that
q& is a function of o5

The last cquations stored uara
gBoch*al

copatant ¢fB=5.0

£5=q5d

Do these eguations still hold (Y or B) y

RESISTOR (ELEMENT NUMBER 4} CONNECTED TO
BOUD 3

The documontation fo: this elament is:
i

The causality aaaigna& implies that
e3 is a function of £3

Tha last eguations stored were
a3=c3%{3
constant r3=3.0

Do these equations still hold (Y or N) y

INERTIA (ELEMENT NUMBER 2) CONNECTED TD
BOLD 2

The documentation for this element if:
it

The causality assigned implies that
2 is a function of p2

The lass squations stored were
£20(1,0/i2)*p2

congtant i2=2.0
p2=integ(e2,p2i)

congtant p2i0.0

Do these sguations still hold (Y or N) n.

Enter the data for lneortia I2,

If the equation is linear, entex only the inertance.

If the equation iz non-linear enter the entire equation with
2 as a function of p2

If the data &s in the form of a table, ontor "tahle“

10,6

Enter the value of p2 at time t=0
0'0

EFFORT SOURCE (ELEMENT NUMBER 1) CONNECTED TU
BOND 1

Tha documontation for this oloment im:

un

The caugality assigned implies that el is the output
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The last egquations stored were
congtant a1=1.0 ‘

Do these equations still bold (Y ur W) y

Enter the time derivative of the function cbkab
cB*eSd

Enter the time derivative of the function ed
efid

Enter the time derivative of the funciion (1.0/c8)%q6
{1.0/c6)*g6d

The squation qéd = £6 has to be calculated implicitly
That ig it will be written in tho form
q6d = impl(ys, e, m, efl, £6, ydl)
whare yz in the initial guess

e iz the erroxr bound

m is the maximum nweber of ilterations o try

aft is the error fliag variable

ydl iz the value used to increment the initial value to sstimate the

derivative '

Please enter yz {a constant or expression) default 0.0
Please enter e (4 constant or expression) default 0.0001
Please anter m (an integer conztant) default 50
Ploase anter ydl {a constant or expiession) default (0,001

Acol input file Jumpel to the file /usr/bondgraph/acsifile/eg3.acsl

Hagh table written to file /usr/bondgraph/data/eg3.data

Do you want to

A Enter or modify the bond graph structure
B Assign or view the cansality

¢ Crease an ACHL input file

D Run ACSL

E Quit the program -
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Prass tha key corresponding to your choice and hit eaterd

Do you want to simulate the system stored in the file
EG3.acsl (Y or M) y

The system is again simulated using ACSL. The momentum, p2 now varies with time as
shown in Figure B.12, the displacement, g6 now varies with time as shown in Figure B.13
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Figuze B.12: Momenium, p2 as a function of time.

and the displacement, 95 now varies with time as shown in Figure B.24..
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Figure B.13: Displacement, q6 as a function of time,

The linear state space equations of the system, rounded to three decimal placas, as ealenlated
by ACSL are i

Pa ~(3.300 --3.167 i3] 1.000
Aits
s 655 0,013 i 0.000

i

and [o])={083]) 0]
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Appendix C

User manual

Fhe bond greph modelling program is desngned to allow the user to rapidly construct a bond

graph model of a system. The system representqnd by the bond graph can be simulated and
the linear squations of state obtoined using ACSL.

The program is divided into four parts:

1. A module to enter and modify the structure of the bond graph.
2. An automatic sequential causality assignment procedure,

3. A module that creates an ACSL inpu. fiie from the bond graph structure and the
equations cither entered by the uscr or stored in » dats file,

4. A module to automatically run ACSL from the program.

C.1 Getting started

Tk bond graph pre, - 1 is contained in the directory /usr/bondgraph. The user is required
to move to this qirectory, or to have this directory in the path., In addition, the user is
required to encure that the directory containing Lise is in the path. Lise ic invoked by
typing 1isp. The user should now see the Lisp prompt, >. The modelling package is started
by typing (load “bond"}. This function loads all the required modules and presents the user
with the main menu:

Do you want to

A Enter or modify the bond graph structure -

B Assign or view the causality

¢ Create an ACSL input f£ile

D Run ACSL

E Quit the prugram

Progs the key corrosponding to your cholco and hit enter
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The directory /usr/bondgraph contains both the Lisp code and the compiled code of all mod-
ules in the bond gr.ph modelling package, There are two subdirectorics within /use/bondgraph,
these are fusr/bodgraph/data and fusr/vondgrapn/acslfile, The first subdirectory con-

; tains all the bond graph data files (bon(f':graph structures) and the second, all the ACSL input

files (.acal files which are converted to .csl files by the module which runs ACSL).

C.2 Entering, modifying aud viewing the bond graph struc-

ture

The user is able to move from the main menu to the entering and modifying menu by typing
the letter a and proessing return. The menu, controlling the entering and modifying module
is then displayed on the screen:

Do you want to

A Entaer the bond grapl.l., either by entering each sle¢mens separately from
the keyboard, by reading tha boend graph or bend éraph fragment Izom » data
file or by connecting existing bond graphs eleménts or fragments,

B Dieplay al: the bonds currently comnected.

C Delste ail the bonds in the bond list,

D Modify the variables of a bond.

E Delaete a bond :Efom the bond list,

F Undo the most.racent bond deletion,

G Leave the bond graph entering routine.

Pregs the key correspending to your cheice and hit enter

Assuming chat the bond graph in Figure C.1 is to be entered from keyboard, the user would

By e 1

Cs
Figure C.1; A bond gﬁph fragment.

proceed as follows,

The user would type the letter a followed by retur. <o . sdicate that a hond graph is to be
entered. The menu with the choice of whether the bond graph is te be entered from the
keyboard or from & file is then displayed.
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Do you want to
A Enter the bends and elemonts separately from the keybheard
B Includo an existing bond groph

Progec tho desired key and hit return

Because the bond sraph is to be entered from the keyboarsd, the user wauld type a followed
Ly return, '

The user is prompted to enter 2 hoid munber
Entoxr the bond anwbor |

The user can enter either bond fiest. Considering hond | first, the user enters 1 and presses
return,

The user is then prompded to enter the number of the clemer® from which the power leaves,
Enter the numker of tho clemont at the atort of the pewer half arrow

‘The user must enter 1 and press return. ‘The user is now asked to enter the type of clement 1
Entor the elomont type |

The user enters se and presses retuen. Next the usor is prompied to enter the documentation
siving corresponding to element 1, '

Enter the documentation string for this element

‘The user entors Effort souree attact od to bond 1. Note that any docwmentativn string could
have heen ontesvd, in this exmaple, aw arhitrary string was chosen to dempnsirate the pro-
cedure, '

Noext the user is prompted to enter the nlumhar of the elenwent into which the power flows,
Enter the numbor of the elemont at the ond of the power hall arrow

The user enters 2, The user is now a;*\sl:ed to enter the type of elenient 2

Entor tho olcmont type

"The user enters 1. Noxt the user is prompted to enter the docnmentation string corresponding
o eloment 2,

Entor the documenvation string for this clowont
The user enters 1-junction attached to bonds 1 and 2.
The nser is then asked if all the hoands have been entered
Enter F to i.nish or oay othor key to sontinue

Becavse hond 2 must +2ill be enf »ad, the ust v must type sny lotter, other than f and press
return,

Tha process is repeated for bond 2

Entor the bond numbor
5

wn
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Enter the number of the elament at the start of the power half arrew
2 .

This ¢loment has haen previously defined

Because the nsor has entered the type and documentation string for element 2, it is not
necessary to enter them again

Enter tho numbor of the elemont at the end of the power half arrow
3

Entor the wlement type
A

Enter the decumentation string for this eloment
Capacitor connected to bond 2

¥nter F to finich or auy othexr key. to continue

The ucer must now entor f, because the entering of the bond graph is completa, The user
will be returned to the menu controlling the entering and modifying module,

Assume now that the bond graph, shown in Figure (.2, is stored in the file inc.dats in

Iz
Figure C,2: The bond graph feagment stored in ine.data.

the directory fusr/bondgraph/data. To add the bond graph fragment to the hond graph
already entered, the nser proceeds as follows.

The user must uew enter 3. As before, the user is given the choice of entering the Load
graph from the keyboard or from a file. Now the user is required to enter b, The user is then
prempied ta enter the filenante of the file where the hond graph is stored

Enter the filoname of the bond graph you want to include

The user mugt enter inc.data, Control is then returned to the main entering and modifying
ment, As diseussed in previouslv, when a bond graph, contained in o file is included in au

? existing hoad graph structure, the bend and element nambers of the bond graph in the file
sre changed so as not to overlap with existing bond and element numbers. Because of this it
is necessary to view  en entire strneture, this is achieved by entoring the letter b.

5
a C The bond graph entered thus fav is:
Bond 4 ie #S{LINE NODE-PAIR {4 6) CAUSALITY NIL)
Element 4 ic #S(NODE TYPE © DOC-STR & O=junction EQUATIONS NIL)
Blomont 6 is $S(NODE TYPE I DOC~STR An inortia EQUATIONS NIL)
¢ Bond 3 io #S(LINE NODE-PAIR (4 6) CAUSALITY NIL)
Elomont 4 is #S(NODE TYPE O DOC-3TR A& O-junction EQUATIONS WIL)
o Blemont 5 is #S(NODE TYPR € DOC-BTIR A copasitor EQUATIONS KYK)

Ty
=3
=
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-Bond 2 is #S(LINE NODE-PATR (2 3) CAUSALITY NIL)
. Element 2 /s #3(NODE TYPE { DUC~STR 1-junction attached to bonds 1 and 2

EAVATIONS fgn.)
Elemont 3i/iz #S(NODE TYPE C DOC-STR Capacitor connected to bond 2
EQUATIONS NIL)

Bond 1 1s #S(LINE NODE-PAIR {1 2) CAUSALITY NIL)

Eloment 1 is #S(NGDE TYPE SE DOC-STR Effort source attached to bend 1
EQUATIONS NIL)

Element 2 iz #S(NODE TYPE 1 DOC~STR i~junction attached to bends 1 and 2
EQUATIORS NIL)

The structure iz viewed using the UNIX “more” commund [26], The screen can be serolled
line by line, by pressing the return kay, or van be scrolled page by page by pressing the space
bar. When the user kas completed viewing the entire structure, the user is required to press
enter to ac;mowledge this, Control is then transferred te the main menu,

Assuming that the l-junction {eleient 2) and O-junction {element 4} are to be connected,
the user follows the same procedure for entering the bond graph from the keyboard:

Do you want to

A Entaxr the band graph, elthar by entering each element separately from
the kayboard, by reading the boud graph or bond graph fragment froam a
data file or by contecting existing bond graphs elements or fragmenta,

B Display all the bonds currantly connocted.

€ Dolete all the bends in the bound list.

D Modify the variables of a bond.

E Delete a bond from the bond list,

¥ Undo the most recent band delation

G Laave the bond graph entering routine.

Prosa the kay cervesponding to your cholce and hit enter a

Do you wan't o

A Eator the binds ond c¢loments separatsly from the kayboard
B Includs on existing bond graph

Proos the dopired key ond hit raeturn a

Entoxr the bond number
5 .

Enter the pumber of the element ut the start of the power half arrow
2

This olement has been pravisusly defined

Enter the aumboy of tho elcmont at the ond of the power half arrow
4
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This element has beon previm;sly defined
Enter F to finish or any other keoy to continue

Viewing the structure again

Bond B 18 #S{LINE NODE-PAIR (2 4) CAUSALITY NIL)

Eleient 2 iz #S(NODE TYPE i DOC-STR 1-junction attached to bonds 1 and 2
EQUATIONS NIL)

Element 4 is #S(NDDE TYPE 0 DOC-STR A O-junction EGUATIONS NIL) -

Bond 4 iz #5(LINE HODE-PAIR (4 &) CAUSALITY _NIL}
Element 4 is #S{NODE TYPE O DOC-STR A O~junction EQUATIONS NILY
Elemopt 6 is #S(NODE TYPE I DOC-STR An inertia EQUATIONS NIL)

Bond 3 iz #S(LINE RODE-FAIR (4 S) CAUSALITY NIL)
Elonment 4 is #S(NODE TYPE 0 DOC-STR A O-junction EQUATIONS NIL)
Eloment & is #S{NODE TYPE € DOC~STR & capacitor EQUATIONS NIL)

Bond 2 is #S(LINE NODE-PAIR (2 3) CAUSALITY NIL) ,
Element 2 is #S(NADE TYPE { DOC-STR {~junction attached to bondd { and 2
EQUATIONS NIL)

Elemont 3 iz #S(HODE TYPE C DRC-SIR Capacitor connagted to bond 2
EQUATIONS NIL) '

Bond i is #S(LINE NODE~PAIR (1 2) CAUSALITY NIL)

Element 1 is #S(MJDE TYPE SE DOC-STR Effort source attached %o bond 1
EQUATIONS NIL) °

Blement 2 is #S(NODE TYPE { DOC-STR i~junction attached te bends 1 and 2
EQUATIONS NIL)

The bond graph is therefore that shown in Figure C.3,
1 5§ 3
e T LA O

5 Is

Figure C.3: The complete boud graph,

Assume that for some or other reason, the capacitor attached to bon? 2, should have been
a resistor. Bond 2 must be removed (which will remove the capacitor as well} and replaced
with a bond attached to a resistor {the hond can also be numbered 2) as shown.

Do you want to

4 Enter the bond graph, either by entering each element separacely from
the keyboard, by ronding the bond graph or bond graph fragment from a
data file or by connocting exipting bond graphs olomonts or fragmonts,

B Nisplay all the bonds currently sonnactod.

172



LY

’.
.ﬂ“!/l

C Delate all the bonds in ‘the bond list.

b Modify the variables of a bond.

E Delete a bond frem the bond list;

F Undo the most recent bond doletion.

G Leave the bond graph entoring routine.

Presa the koy torresponding to your choico and hit entere

Entar the band you want to delete [a.g. (€ 13)]
(239)

Ava you sure 7?7

y

used-elements (2 4 & 8 {) start-node 2 end-node 3

Do you want to

A Enter the bond graph, either by entering each alement separately from
vhe keyboard, by reading the bond grapl or bond graph fragment frem a
data file or by connecting existing bond graphs olements or fragments,

B Display -all tha bonds currently ¢onnected.

¢ Delote all tho bonda in the bond list.

D Medify the variables of a bond,

E Doleta a bond fxom the bond lios,

F Undo the most vocent bond dolotion,

G Leave the bund graph entoring routine.

Prass the kay corresponding to your cholce and hit antd 3

Do you want to i

A Enter the bonds and slements soparataly from the keyboard
B Include an oxisting bond grapk

Progs tho desired koy and hit returna

Enter the bond number
2

Enter tho number of tho element at the start ¢f the power half avrow
2

This elewent has been proviously defined

Entar the nunber of the element at the end of the power half arrow
3

Entor tho element type
¢
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Enter the documentation string for this alngnt
A resistor, which replaces the capacitor

Enter F to finish or any other key to continue f

Do you want to

A Fnter the bond graph, either by entering sach element separately from
the keyboard, by reading the bond graph or bond graph fragment from a
data file or by connecting existing bend graphs elements oy fragments,

B Display ail the bonds ciurrently connected.

C Dolate all the bonds in the bLond list.

D Modify the varisbles of a bond.

E Delate a bond from the bond list.

F Undo the mopt recent bond deletion.

G Leave the bond graph entaring routine.

Pross the key corresponding to your choice and hit enter b

Bond 2 is #S(LINE NODE-PAIR (2 3) CAUSALITY NIL)

Element 2 is #S(NODE TYPE 1 DOC-' .} i-junction attached to bonds i and 2
FQUATIONS NIL)

Blament 3 iz #S(HODE TYPE R DOC~5TR A rasiatur, which replaces the capacitor
EQUATIONS RIL)

Bond 5 is ¥5(LINE NODE-PAIR (2 4) CAUSALITY NIL)

Eloment 2 is #S(NODE TYPE 1 DOC~STR 1-junction attachod to bonds 1 and 2
EQUATIONS NiL) ' _

Elemont 4 is #SCNODE TYPE 0 DOC-STR A O-junction EQUATIONS NIL}

Bond 4 is #S(LINE NODE-PAIR (4 6) CAUSALITY RIL)
Elemont 4 is #S(NODE TYPE O DOC-STR A O-~junction EQUATIONS NIL)
Element 6 is #BCHOD_E TYPE I DOC-STR An inertia EQUATIONS NIL)

Bond 8 ip #S3({LINE NORE-PAIR (4 B) CAUSALITY NIL}
Element 4 ip #3(NODE TYPE O DOC-STR A O-junction EQUATIONS NIL)
Flement § is #S(NODE TYPE € DOC-STR A capacitor EQUATTONS NIL)

Bond { is ¥#S(LINE NODE-PAIR (1 2) CAUSALITY NIL)

Eloment 1 io #S(NUDE TYPE SE DDC-STR Effort source artsched to bond 1
EQUATIONS RIL)

Elemant 2 is #S{NODE TYPE 1 POC-STR i-junction attached to bonda 1 and 2
EQUATIONS NIL)

Prass ENTER to continue

Control is then ﬂ\turned to the main entering aed modifying menn. The hond graph contained
in the daia structure §s shown in Figaie O,
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Assuming thot the bond graph is now correct, the entermg and ntodifying module can be
exited, This is Jdone by eatering the letter g. The user is then prompted to enter the filiname
in which to store the bond graph structure.

Entexr the filenams in which fo store the hash tablez, do not Include an extansion,

it will bhe sat to f.data’

The user sho. .. enter an extension, as this will automatically be set to .data, The
file will be store. .n the directory fusr/bondgraph/data. To store the structure in the file
fusr/bondgraph/data/bgl .data the user must enter bgl. The user will now be returned o
the main menu,

Notes There are a few ofher options available in the entering an modifying module, which

will not be demonstraied here as they ave relatively obvious, they are:

1. The user can change the stort and end element numbers-. This is necessary 1f a bond is
accidenta” *nected to the incorrevt element,

2. The use clete alt the bonds and elements from the bond graph structure,

3. If a bond is accidentally deleted, the most recently deleted bond can be re-inserted in
the siructure, '

C.3 Assigning causa.lity and viewing the causal impiications

The uger is a.ble to ontmf' the cansality assignmerd routine by cntering b from the niain menu,

“The user is now given three options, to assign the causa.ht_y, to view the hash tables in which.

the bond graph structure is stored or to view the causal implications:
Do ”.vou want to

A Asnign causalisy to a bond graph.

B View the causal implicationa.

¢ View thc; bond graph datd structure

D Leava tha causality a_»ssiénment routing.

Press tho key corrmpﬁhding to your choice and hit anter

Assuming that the user wants to acsign the cansality to the hond graph stored in the file
Sace s nderanh/datafbgl ~data, the user proceeds as follows:

The ugor enters a from the cag=ality menv gmll is dwn ashed if the file bgi.data contains the
hond graph structure. -
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Do you want to assign or view the causality for the bond graph stored in tha file
BG1.data (Y or N)

The user is required to enter y. If the cansality is to be assigned to any file other than the
one displayed, the user is required to enter n and will then be prompted to enter the filename
(again an extension must not be entered, it will be assumed to be .data).

The causality is assigned automatically:

Gatting the first element

Assigning causality |

Getting the next eloment in the stack

Getting the first element ”

Apsigning causalltf

Gotting the next alamént in the stack

Assigning | caugality

Gotting the next element in the stack

Assigning causality

Getting the next elament in tha stack

Agslgning causality

Getting the naxt eloment in the otack

DONE -

Data written to file fusr/bondgraph/data/bgl.data

Control is then retwmed to the causality menu. To view the implications of the eausality
assigned to the bond graph the user must eater b, The causal implications are viewed using
the UNIX “more” command {26]. The screen can be scrolled line by line, by pressing the
return key, or can be vcrolled page by page by pressing the space bar, When the user has

completed viewing the implications, the user is required $o press enter tn acknowledge this.

RESISTOR (ELEMENT NUMBER 3) CONNECTED TO
BOND 2

The causality assignad implies that
£2 is a function of &2

EFFORT SOURCE (ELEMENT NUMBER 1} CONNECTED TO
BOND 1 '
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The causality assigned implies that el is the output

CAPACITOR (ELEMENT NUMBEDQ 5) CONNECTED T{l
BOND 3

The causality assigned impliesc that
83 is a function of g3

INERTIA (ELEMENT NUMBER &) -CONNECTED 10
ROND 4

The causality assigned implies that
£4 is a function of pd

Once the user has pressed enter when prompied to do so, the user is returned to the causality
menu, If the user wisher to view the bond graph hash tables, the user must enter ¢. This
function is the same as that provided in the entering and modifying module and its output
will not be shown here, To leave the causality assignment module, the user must enter d.
Control is then returned to the main menu.

C.4 Creating the ACSL input file

The modale used to construct the ACSL input file can be invoked from the main menu by
entering ¢,

This module asks the user to enter whether or not the data file enrrently being used is the
one for which the ACSL input file must be formed.

Do you want to get the acsl equatinns of the bond gruph stored in the file
BG1l.data (Y or N}

Assuming that the file /usr/hondgraph/data/bgi data contains the bond graph structure
to be simulated, the user must erter y. If an ACSL input file is to be formed from any file
other than the one displayed, the user is required to enter n and will then be prompted to
enter the filename (again an extension must not be entered, it will be assurced to be .data).

The user is required to enter the ACSL program name
Entor the acs] program name,

In this example, the ACSI program can be given any arbitrary name for example, A bond
graph modsl,

The user is then required to enter the Integration step size
Enter tha intogration step size, ccalc

It is assumad that an integeation step length equal to 0.01 seconds is known to be sufficiently
accurate. This is then entered, The wser is then required to enter the duration of the
stmulation, :

Enter the duration of the simwlation, simtim.

it is assumed that the user is only interested in tha behaviour for the first 75 seconda. The

nser then enters 75,
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'The user is then required to enter the data for resistor 2.

RESISTOR (ELEMENT NUMBER 3) CONNECTED TO
BOND 2

The documestation for this element is:
"A resistor, which replaces the capacitor”

Enter tha data for resistor RZ.

If the equation is linear, enter only the resistance.

If the equation is non-linear citer the entire equation with
£2 am a functiva of o2

If ‘the data is in the form of a tabla enter "table"

Assuming resistor 2 is poverned by a linear relation of the form e = 2,073, it is only necessary
to enter the resistance, 2.0.

The user is then required to enter the data for capacitor 3.

CAPACITOR (ELEMENT NUMBER 6) CONKECTED TO
HOND 3 '

The doc¢umentation for this element ig:
"4 capacitor”

Entor the data for capacitor €3.

1f the equation is linear, enter only the capacitance.

If the equation is non-linear enter the entire equation with
03 as a function of ¢3

If the data is in the form of a table, antor “table"

Assuming capacitor 3 is governed by a nou-linear relation of the form g = %‘:%qg, it is
necessary to enter the entire relation, €3=1.0/3.0%q3*q3.

The user is required to enter the initial value of the energy variable for each storage clement
with integral cansality. For the capacitor:

Enger the value of g3 at time t=0
Assuming the the initial value of g3, 931 to be zevo, the vser enters 0.0,
The remaining elerments are enfered in the same way,

EFFORT SOURCE (ELEMENT NUMBER 1) CONNECTED TO
BOND 1

Tha documentation for this element is:
"Effort source®

Enter the data for offuxrt aocurca SEi.

If the effort input is a s*ep at ©=0 then enter only the height of the atep,
If tho offort inpit is .nythirs but a step at ¥=0 then enter the entire
squation, using the furm ei=.....

If the data iz in thé form of a toble eiter "table"

1.0
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INERTIA (ELEMENT NUMBER 6) CONNECTED TO
BOXD 4 :

Tha documentation for this element is:
"An inertia"

Enter the data for inertia I4.

If the equation iz linear, enter only the inertance.

If the equation is non-linear enter the antire equation with
£4 as a function of pé

If the data is in the form of a table, entesr "table"

4.0

Enter the value of pd at time =0
0.0

Acsl inﬁut file dumpad to the f£ile /usr/hondgraph/acelfile/bgl.acsl
Hash table written to file lusrfbondgraphfdﬁtafbgi.data
The ACSL input file created is:

program & bond graph model
initial
_congtant pointa=1000
constant cgale=0,01
constant sir. "ns7S
simend=gimtin~scale
cint=gimtin/points
nstp=cint/ccale
constant i4=4.0
congtant p4i=0.0
congtant q31=0.0
constant al=1.0
conatant 22,0
ond $M'initial"
dynamic '
darivative
£4=(1.0/i4)*pd

_ pé4=intog(egd,pdi)

8 0321 .0/3.0%q3%g3
gq3=integ(f3,q31)
o5-g3

o o4=03
fam+f8-14
FE=£2
£1=t2
n2=-gb+al
£2=(1.0/r2)*a2

¢ terns(t.gt.simend)
ond $"derivative“
end $“dynamic"
i terminal
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end $"terminal"
and $"prngram"

Notes ﬂ '

if the tequa.f’ione of the system had heen ontered previously, the user would be given the option
of specnfymg whether the equations are still valid, if they are, it is not necesgsary to re-enter
them. The user also has the option of entering the data for each element in the form of
a fable, Neither of these two «fptmns are demonstrated here as they ave clearly shown in
Appendix B.

e

C.5 Running ACSL

The module nsed to run [“‘" "7 from the medelling package, can be iuvoked from the main
meny by entering d. L

This module prompts the user to enter whcthvr the ACSL inpui file, just created, must be
used as the input t¢ ACSL.

Do you want *+ y simt l.a‘ 1 ‘l‘.‘a"' gystom stored in the file
BGi.aecsl (Y or K) -

The input file is compiled and then executed. The modalling package does not construct
a ACSL command file, but instead the user is required to enter the commands fzom the
command line. This is clearly shown in the ACSL manual {1}

The ACSL plot of effort 2 as a function of time is shown in Figure C.5.
2

o

1)

To.00 10,7 ,‘g?.a ) 3.8 5.4

Figure '.6: Effort 2 as a function of time, o
The ACSL plot of displacement & as a function of time is shown in Figure C.6.
The ACSL plot of momentum 4 as a function of time is showu in Firnre L7,

i
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Appendix D

Bond graph program Lisp code

D.1  The bond graph program controlling module (bond. lisp)

(defun xan-bond~graph-prograss {)
(lvad-bond-sraph~prograns)
(Toop . _
{format t **|Do you want to"%"%A Enter or modify the btond exaph structure”
*4"Y%B Kssign or view the cauwsality™}“%C Create an ACSL input file™
CO"ErYD Run ACBLUYCUE  Quit the program”%UF-ess the key *
corresponding to your cholee and hit eater ")
{aat$ ans (road))
(cond ({equal ans ‘'a)
{enter-bond~graph))
({equal ang V)
{eausality-main-fangtion))
({equal ans ‘*c)
{dump~acs)-eqnations)
{(sgual ans d)
(run-acsl))
{t (foxmot t ""%"%Thanks for waing tha program')
(roturn)}}))

{defon load-bond-groph-programs {)
{Zoxmat t "~|Loading the necessary programs, won’t he a ancond*¥%")
(1iad "onter,lisp*)
(load "skell.lisp")
(1oad *g¢uusal.lisp™)
{load "bondacsl.liop")
(load “cun~xcal.lisp”))

(run-bond-graph~programs}



|

D.2 The entering and moﬁifying module (enter.lisp)

Written by: 4L, 3%
Moditied nnd added nu
ModiZied and added te Ly G.B. Grobbelaar
Laot weditied on: OT/0£/91

Bond Graph Imteving b .ote ¥

ong

-

#; 4 J. Bartmann

WA Wa Wa mA ome e s ma wr ma e

= amg wa W NI Me W e
- s wa we me My we =
wWaa s Wp ws s owme B

-

-y Wy W WE A
Ay WE wE MR w4 e wa Ry oma wa
e WA BEF WA Ws EE s s g e

- wma wE

(defvar +filonano® nil)

{defvar *linos* nil)

(dofvar *line-hnoh-keya* nil)

(Gafvar snodosk nil)

(defvax snodo-hach-keys# nil)

{defvar *temp-line-hash-keys nil}

e M wE WE R M me e WY We WE W R mE Wr Rl s mE R AR

wo e

The aim of this modyle iz o allow Lhe user te enter or modify the bond
graph structure. The user is ablo tc enter the bond graph either from the
kayboord ¢x the bond graph can “e vead in from a filo. It iz alse poszible
to use a combination of both metkeds, this is particularly useful and
noecopsazry if the system iwdel 13 constructed of numercus bond graph
building blocks. The usdr alzo has the ability to move lionds around and
to dslete bonds and elemonts. & function also exists which allows the
user to view the two hash tables,

The dasa file thot i written by this module is of the feorwm:

The first line contains the stotement ’savsulity-not-ansigned, stating
the the causality iz not asgigned by this module, avd the cawsality that
s#as asgigned provicusly is probably net corract snymere. : -
The socond line containa the global variablae #line+hanh-keys*

The next couplé of sines contain the hash table ¥lines*, +linag* takes
up one line for sach bond in the liashk tablae,

Following the hagh table *lincs+ is tha global variable snode-hash-~kayas,
The naxt couple of linos contain the hash toble #nodes+. *nodes* takes
v one line for sach bomd graph element in the hash table,

-4 ginbal variable containing the
¥iloname, without the path, of the
most recantly read bond graph data
file.

The hanh table of the bonds, contains
tha elament numbers at either end of
the bond and the causality assigaod
to the bond.

The liut of bond numbers by which the
hosh table ia raforenced.

The hash table contuining all the
bond graph elements, contains the
element type, the documentation
string and the equations for that
element.

A list of elemont numbers, used to
reference the hash table *nodess,
This global ‘axiable iz the same as

wline~hask-keys+, but is used when

the data is read In from a file,
once the elemanty and bonde hava
baen renumberad, this iz addad on
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to ¥line-hash-keys*,

This globul vuriable is the aame us
snode~hash-keyo*, bet is used when *
ths data is yread in from g file,
once the elaments and bonds have
been remumberad, this iz added on
to #node-hash-Reys*,

This hash table is the aams as
*lipes®, but is used when

the data is read in from a file,
once the sludants and bonds have
beent xenunbered, thia iz ndded on
o *lines*.

This bash table is the same as
*nodesy, but i3 used vhen

the dasa is read in from a filae,
onca the slements and bonrds have
heen renuxbered, this is added on
to nodess. '

{defvar *temp-node~hash-keys* nil)

(defvar *temp-lines* nil)

(defvor stemp-nadeg® nil)

e e Gd W W WA W my Wl WE dwn e ME WA W W

- me W

{defstruet line

,
This lisp structurs is refarenced by the list *line-hash-keys#. The hash
trbls contaizs the twe eloments that the bond joeins in node-poir. The
Zirst element in node-pair is the element at the end of the bond without
the power half arrow and the second slement in fede-pair is the element
that the power ig entering. The caveality can either be nil, e or b, It ig
14l iz no causality has been assigned, s is the causal stroke is at the
sama end as the power half arrew or b if the causal stroke ia at the
cpposite end to the powar half azrow.

ME dmA ek Wy my A We W

- wA we ma wa me my e
Wed Ak WA ME W WA W W

(noda~pair {0 0})
(eansnlity nil))

{dotstruct sinda o i1

31 This list structure coptains the data for each bond graph alement and is
133 veferended by *pode~hach-keys*. The hash Gable contains threm entiies,
11: the element type, the documentation string for thw bond groph element and
;13 the equations for the element. Tha equatiena slot is nil if no equabions
:1+ have yet been obtainod.

{typa nil})

 {dog=str iil)
(oquations nil))

{defun resat-~enter ()
{elrhnsh #lineg+)
{clrhash snodest))

(defun init-entexr ()

1;s Both tha hagh tablels will be clenred and a new one crented
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{petq *lines* (make-hash~table})

(petq *nodes* (make-hash~tablae))

{reset-enter)

{setq $line-hash~keys# nil
#npde~Lash-keys* nil
*dirscted-lines® wil)}

(defun read-a-line ()

Thig funetion is ¢alled by add~new-line and prompts the user to enter the
bond nomber, and the tyo elements to which the bond is connected. The
elemenia are saxoroa in the oxder of the diresticn of power ilow, i,e. the
first elemont number entered corresponds to the element that the power is
leaving and the second element corresponds to the element the power iz
entoring. '

. mE WE W s R

wp mw mm g me R
ey Mk WE WE R W

(Qet ({line-pumbex nil}
{this~line-gtruc nil}
(s~n~n nil)

{e=p-n nil})
{ ¢

. ormat & "*}*%Enter the bond nuuber ¥}

(2otq Lline-number (read))

(if (member lins~number *line~hash~keys*)

(format t ""%This bond already exists, please ze-entor™%")
(return)))

{setq thiv-line-struc line~number)

(saty thig~lina~strue (make-line))

(format + “*YEater the yumber of the element ab-the start of the power °

_ half axrow'%")

(sety s-n-n {read})

(node-informution~read s-n-n)

(format t "“}Enter the nuxboer of the element at the end of the power *

hale axxow %"} o

(setq e-n-n {read)) ,

(nodc*informntion-rfhd a~n-n}

(=stf (line-node-pax this-line-struc)

{list a—n~-n e*y-n))
(values lime-numbor this-linco-strac)))

{defun node-~information-read (nvde)

i3 Thiz function is ecolled by mead-n-line and prompts the user to enter
733 the elemont type and the documentation string for the elemert. The
it funchien writes this informotion to the hash table #nodesk. If the elemont
;15 has been defined previcusly, it is not necespary to re~enter the duata.
(Lot ((allowed-neda-types *{se sf i ¢ r st gy 1 0)))
(if (member nede *ncde~hash-keyas)
(format t "~YThic elemeut has been praviously defined~%v)
{let {(thia~-ncde-oiruct (make~noda)))
(sett #node-hash-keys* {cons node *node~hash-keysk))
(laop
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{format & ""%Enter the element type~4")
{setf (nodo~type this~node~mtyuct) (read)}
(it (not {member (node-typs this-node~struct) allewed-node-types))
" (foxmat ¢ ™“%This is not a valid bond groph elerent, pleass ~
ro~angeri”)
{resurn))) -
(Tormat t "~YEnter ths documentation string for this slement%")
(set? (node-doc~str this-node-struct) {zead-line))
{sot? {gethash nude #nodess) this-node-strucu)d)
(values)))

{defun add-ner Line ()

t; This function adds 2 new bond to the hash takle *linea* and ndds the bond
:} to the varinble *1line-hash-keya#

(sultiple~value-bind (lina-number new-line) (read-a-~line)
{sett #¥line-hash-kuys* {rons lino-nember *line-hash-keys*}) ;a LIFD liat.
(set¥ (gethash line-number %lines*) new-lina})

{values))

[

{defun view-nodes ()
113 Thia function prints each entry in the hash tuble #nodes* to the gcreen

{dolis% (huda-numbar *node~hash-keya+}
(format t "“%Blement "x is “a"%" node-number (getkash ncde-number *nodes*)))
{velues))

{defun view~linea (}
i3+ This function prints asack entry in the Lash tabls »linezs to the escreen

{dolist {line-number *line-hash-keyss)
" (format t “%Bond “a is “a" line-number (gethash linahnumbar *1ines*)))
{valuaa))

{detan view ()

173 This function prints the contents of the hash tables #nodas+ and

113 *lines* to the scresn. The contents of both hush tables is written to a
i1; file, then the contents of the file is diaplayed on the scxden using the
3 unix cemmand "more®. "more" is nsed to cortrol the scrolling of the file
it contents. '

{with~open~file (a~stream "/usr/bondgraph/data/view,output"”
1dirachion ioutput rif-exizts -aupersede}
(delist {ling-numbex &line~hnsh-keys+)
(Yot* ({node-pair (line-nede-pair
{gethash line-number fd:naa*)))
{start-node (first node~pair})
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{end-nods (sacend node-pair)))
(tormat a~ptreanm "} V%Bond "a is "o
line-number {gethash lLine~number *linen%)}}
(format a-gtream “~¥Element "a iz “a"
start-nods (gethash start-nods #nodesk})
(if {oq start-nede end-node)
{(format n-stream “~¥End element is the same ag ~
atart element')
(format a-stream ““%Blement “a is “a" end-nade
{gethash end-node *nodest}))))}
{rvun-unix~program "mere" ‘imput "/usr/bondgraph/data/viow.output")
(format t "% “¥Press ENTER to continue™){"}
(read-chax)
(values))

(dofun write-hash-tabla~to~file~enter {filenams)

313 This function writes the hash tables 2lines* dnd *nodss¥ to a file

33 *Filename*,datn, In addition to the hash tables, *)lins-hash-keyns and

;31 *node-hash-keys*, which reference the hash tables ars alse written to the
733 Zile, as is a statement, infoxming the modules that the causality has anot
i11 been assigned,

(sotq filename (concotennte 'string “/usr/bordgraph/data/!
(string-downcase filenmme) *.data"))
(format t (concatenats ’'sitwring "“YData written to file " filenama "“}")}
(with-opon=~fils {line-stream filenama
ydirectien :output)
(print ?causality-not-assigned line-straam)
{print #line-hash~keys* line~stzeam)
{dolist (line-number #line~hash~keya*}
(print {gathash line-mumber *lines#) line-streom))
{print *node-hash-keys* line-stresm)
{dolist (node *node-hash-keys+)
(print {gethash node *nodess) line-stream))))

(defun xead~-in-bond-graph ()

This function is called when the user wants to include a bond graph that
has previocusly been written to a file, The bond graph structure iz rend
in by the functior read-data~from-file-snter, which sets the two global
lists *temp-line-hash-keys+ and *temp-node-hash-keys* and reads the two hasl
tables into *temp-liney* and #temp-nodes*. If *line-haeh-keyo* iz net nil
i.e, part of a bond graph has alrendy heen satered them the #unctions
groatest-line and greatest-wods are szlled, which 2ind the greatest bond
number in *lins-hash~keys* amd the grestest element number in
#node-hash-koys* respectivaly. These two asumber are both incremsnted by
one 50 that none of the new bond and element numbers will overlap with the
axisting bond ond element mumbers. ALl the new bonis and elements ara now
ronumbersd soguentially d.s. if there are four new bonds nmd the lavpest
nuiber in *line-hash-keys* is 7, then the new bonds will be numbered 8, 9,
10 and 11. The nev hash tables are then dnclnded in the existing hash
tables and the newly renumbersd bLond and slement numbers are insluded in
¥line-~hagh-keys+ and *bond-hash-keya® respectively. The variable neds-pair

AP wE WE EmE ma My my wa We WE WE WS e s WA W
dmw tad Sk dmd Ak Wa e Wl wd W dmw abe e WE W mE

W mE S RS WE WY wE WE W my md ms NE e ma e
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in the structure *lines* i1 than changed to take into account the new

; element numbers, If eripinaliy #lins-hash-keya* had the value nil, i.s.
; nona of the bend graph had already beenm entexsd, then *lzna-hash—keys*
snode-hash-keysr, *lines* and +nodea* toke on the values of

i stemp-line-hashi-keys*, stemp-node~hash-Xeys*, *ie.p-lines* and
;i *tomp-nodost respectively,

N We ma bk WE e
M mp MR W ww

M dmr W WY Wy

{1et ({greatast-line 1) -
{gregtest-node i)
(replace-temp-noda nil)
(replace-temp~line nil)}
[format t "~|Enter the Tilename ¢f the bond graph you want to inclvde®¥%")
(read~data~frem-filo-enter (raad}}
“(if *line~hash-keya*
(progn (saetf greatest-line (« 1 (Zind-greatest-number-in-list
*1line-hash~keys#*)))
- (gott greatest-nede {+ 1 (find-greatest-number~in-~list
snode-hagh-keyss) )}
(dolird (amwn ‘bemp-line-hash-keys+}
{setf replace-temp-line (cons greatast<line replace-temp-line))
(setf greatept-lino {+ 1 greatesat-line}))
(dolist (amm *tamp-node-hash-keys+)
{setf replace~tenp-node (cons greatest-node replace-temp-node))
{sat! greateat-node (+ 1 greatest-node)))
(dotimss (pos (lenpth *toup~line-hash-keys+})
{aetf (gethash (nth pos replace~trmp-line} *Llinesk) o
(gethash (nth pos *tesp-liie-liash-keys+} ¥temp-linaat)))
(dotimes {pos {length *temp-node-hash-keys#))}
{getf (gathash (nth pos replace-temp-nodae} *nodasx)
(gethash (nth pos *tamp-node~hagh~keya*} *temp-nodesk))}
(sett *1ine-hash-keys* (append raplace-temp~line
*line~hash-keya%))
(aetf *node~hash-keys* (appssd replace-temp-node
snode~hash~kays*)}
{dolint (a~key replaca~temp-iine)
{get! s-n-n {nth (position (first (line-node-pair )
(gethash a-key ¥lines#))) Ty
*temp-node-hash-keys+)
replaca-temp-node})
(setf o~n-n (nth (pesition {secend {line—node-pair
(gethash a~key *lines+)})
*tenpnode-hash-keys+)
replace-tanp-nude))
3 These last two etntements Find the position of #ne old node mumber in
;5 the old list of node numbers. Tha funchtion then replaces the old node numbex with
: the nen node numbar from the new list of nodes (they eccur in the zame
]

;3 and bond numbars do not coincide, but the hash toble *lines* containa
; the mode pair. This node pair has te be renumbersd. s~n-n is the new
i start-node-hnumber, e-n~n is the new end-nnda*number
{aet? a-struc a~key) - £
{set? a~struc {make-iine))
{set? (line~node~pair a-struc)
(1ist swn~p e~n-n))
{set? (gathosh a~key *liness) a-gtruc)))

?
;7 If one entors a bond grapk it completely ronmwmbers it so that the node
(R}
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(propn (setf *line-hash-keys* ¥ 'mp-line-hush-keys*) -
(zett *node-hash-keys* #temp-noda-hash-keyas}
{dolist (a~iine-tiu. e sline-hash-keyas) .
{natf {gothash a~lina-pumber #linea®)
{gathash a~li- r-number *temp-lines+)})
(dolist {a-node-~wubber ¥nude-hash~keyss)

(sat? {gethash a~node-number *nodesk) _7/»f:-¥
(gethooh a~node-tunber *temp-nodes*))))})) A/
. g
| | | /
(defun find-groatest-number-in~liss (a-list} j¢
/

This function meaxches through a list and finds the largest number 4
gontained in it.

HHH
(Lot ({grentest~numbezr (firet a-lisn)))
{dolist {a-numlber a-list)

{if {> a-mmbex greatest-number)

{set? grestest-number a-number)))
(valuns greatest-numbor)))

{defun vecat-temp~kash-tablas (}
i1: This function resets the hash tables stemp-lines* and *temp-nodes# _ |

{astyq *tamp~lines* (meke-hash-table))
{setq *temp-nodes+ (make~hash~table)}
(clzhash *temp-linos#)
(cirhash stemp-nodess))

{defun zead-data~from-file-anter (filenume)

|
|
|
|
;3: Thia function reads in a bond graph »tored in a file. The two hash tables {
134 read in sre assigned to *temp-lines* and stemp-nodes®, the bond and

11 olement numbers which referenco she two hash tables are also read in, they

311 ora assipgned to stemp-line-hash-keys* anil *temp-node-hash-keys*

LN

respactivelf.

{regot~temp-hash-tables) 3
{setyq Pilonmme (congcatenate ’string “/usr/bondgraph/dutas/*
{string-downcose filaname)))
(with~ppon-2ile (line-stream filename :direction iinput)
. (set? causality-assigned? (read line-stream))
* {ae3? stemp~line~hash-ksys* (read lise- weam))
' {set? line-keys *temp-line-hosh-keyns)
{dolist (a-line-nusber line-keys)
(sstf (gethash a~line-number *temp~linssy)
(read lins-strean))) '
(setf *temp-node-hash-keys» (reud line-atrenm))
(setd noda-kays stemp-node-hagh-kayox) N
{dolist (a-node-number nmode-keys) i
(sat? (gothash a-node-number *temp-nodest)
{read lino-stream}))) :

18 }



(values)) ;

(defun delete-line ()

;37 This function allows the user to remove a hend from the hash tuble

i3 *lines#, The bond Is then written to a file line-del.data so thay it can o
ii: be "undone” if mecesaary. If thers are elementa, which are mo longsr

:;; connected to other bonds, then thess too ars removed and placad in a file

33; node-del.datsa,

(toymat t "~% Enter the bond you want te dslete fe.g. (8 13)]~%")
(let ({linc ‘s~be-delaeted (rend})}
(format © “"% Arve you sure 7°%"})
(when (eq {read) ’y)
(multiple-value~bind (line~hash-key position)
(5at—11ne~hash—kay—tron—noae~pair lino-to-he~deletod)
{(Lambda ()
33; Write the bond to a file for later ™undeing".
{with—open-fila (del~etrean "{uar/hondgranh/data/llne~d91 data"
sdirection :output)
(print line-hash-key del-stream)
(print (gethash line-hash-key *lines+) dul-stream))
(reghash line-hash-kay *1inese}
{agtf *lins-hash-keyak _ _
{daleta {gat-nth-element position ¥line-hash-keys*})
. *Line-hanh -keys* :test #’equal))))))
{get-directad-lines)
¥ow we must test il the nodes are still used by other lines. If both the
nodes are not used by other lines then the information for both nodes is
written into on file, preceded by the number two, while if only cne of the
nodes is not used it is written into the #ile the first entry w111 oo 1.
(let {(used-nodes {get-nunber-list *dirscted~linss»}}
' (start-nods (first line~to-bes—delated))
{end~iode (sscond lins-to-be-deleted)))
{tormat t "used-elements “a start-node “a end-ncde “4¥ usadrnodss
E start-node snd-node)
(if (subsetp lina-to-be-deleted uuod-nodes)
The file containing the a previous node information must be deleted to
; prevent the reading of spurious node dats with the next tunatinn call of
3 undo. .

we wn we wma
e my s e

- e W W

P
- W mw
ST T

C(lambda O
. (11 (probe-file “/usrlhondgraph/dazafnadu~dal data™)
«  {delete-file ¥ fuer/bondgraph/data/wode—~del,.data”})))
otherwise data must be written to the file nods-del.data
(with-open-file (del-stream "/usr/bondgraph/data/noda~del.data"
tdirection :output)

-
-
-

.

{cond
{{not (intersection line-to-be-deleted used-npdes))
(print 72 gel~strean)
{print-delebms-nods star* node del-~stream)
(print-delete-node end-node del~gtream))
({not (mambar start-pode used-nodes))
{print 1 del~stream)
{print-delete-node start-node del-stream})
({not {member end-node nzed-nodea})

ih
N

- i
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(print ‘1 del-ptream)
\ (p:l.' int~delete-node end--node Ao l-atre.m) NN )
(values))

{dofun print-delete-ncda (node del-stream)

173 This Pumetion prints the nods information to the stream del-stream and
$3; renoves the infermation from the hash table *nodes* and emoves the node
145 number from the snoda-hash-keys#.

(print node del-stream)

(print (gsthash nods *nodect) del-stream)

{remhash node *uodask)

(setq *node-hash-keys+ {set-difference *noda-hash-keys« (List node))))

. [defun wndo ()

+tr This function urdoes the most recent bond deletion. I* there is
11} information about the nodeg that wers deleted, them this iz alec read into
i4: tha hush table.

(let {{del-stream nil))
(w;th-apenwfile {(del-stiean “!usr/honﬂg:aph/dataflinaudal data"
% :direction :input}
(lﬂu ((Lino-kuy (read del-stream))
(tha-line (read del-stream)})
(format t ""%line-Xey is "a* line-key)
(format t ""Ythe-bond ir "a% the~lina)
(setn *line-hash-keoys* {cons Line-key *lina-hash-kays+))
(o st t *"Yeline~hash-kXeys* is "a” ¢line~hash-keya#)
(setf (gethash line~key #lines+) the-line)
t1; Puts the line back in the table.
(get~directed-lines)))
It thore is nocae informufion to be entered then we will hava £ :aad tha
jutormation,
{(with~apen~file
{del-stream “/usr/bondgraph/data/node-del. da.ta" _
tdiraction input :
1it-does-not-exiat nil)
(Lot ((nodes f[read del-stream))
(nedei-key (read del-ityemm})
(nodel-info (read del-stream)))
(format © "% elements 3" nodes)
(sety *mode-hash-keys* {cons modoi-key suode-hash-Xeys¥))
{format ¢ "~ elementi-key “a hash "a* nodel~kay node-hash-koya#)
{oetf (gethash nodoi-key #nodes¥) modei~info)
; If there is the node information of twa nodez the secend nsde information
: 58 read,
(it (eq *2 nodes)
(let {(node?~key {read del-stream))
(node2-info (rend del-stream}))
(sotq *node-hash~key .* {cons node2-key *node~hash-keys*))
{setf {gothash nodeZ~key *nodes*) nodel-info)
(format ¢ ""% hello"))
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€13

{valuag))

{defun modify-line {)
113 This function allows the user to cemmect the bond to anothor element or
{31 elsmants.

{foxrmai t “~YEnter the bond you wish to medity Te.g. (8 13)1°%¢)
(lot+ ((line-number (get-line-hash-key-from-node-pair (read)))
(print line-number)
{the-1ine-being-~changed {gethash line-number *linesw}}
. {print line-vumber) ' .
{dasired-change nil)
(used~nodes (get-nuuber-list *directed-ljines+))
{node-pair (line~node-pair the~line~baing-changad))
{g-n~n (tirst node-pair))
(e-n-a {secomd node-pair)})
(format t "“¥What do you want to chauge? ")
{format % ""YEnter s-n, e-u, for sta:t—alomant. and~element respectively i"}
{setq desired-change (read))
(case desired-change
(s-n {format ¢ "“YEnter tha naw start-alunent "m%er‘ﬂ“}
{gatq s-n-n {read))
{if (member s-n-n used-nodes)
0O
{node~information-read s-n-n)))
(e~n (format t "~YEnter the new end—-element-number™%")
{satq e-n-n (read))
{(i? (member e-n-n used-nodes)
QO _ .
{noda-intormotion~read a~n-n))) |
(otherwise (format t "~YOption not underateed, tzy again!*%")))
{sat? (line-mode-pair the-line-being-changed)
{list s-n-n e-n-n})
(valuss)}}

.
|
i
;
!

{defun enter-bond-graph ()

i; Thia function gtoyts ond controls the entering and medifying of the bond
i; groph structure,

(init-entor)

(loop . ;
{options) ' |
{zsatf ans (raad)) |
(cond ({eqmal ens *a) E

(connect))
({equnl ans *b)
{view))
{{equal ans ¢)
(reset-enter))
(Caqual ans 'd)
{modity~line))
{{equal ans ‘e)

.
2
.
L}
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{delste~line)) . Co ' :
((equal ana ') - .
(unde)) . _ A
{t {goodbya) ' :
_ (zeturn})))
{val 's}) ’

{defur grndbye ()
{for* % "“"{Enter the filename in which to stoxe the hash tablas,‘xdo not
include am extension, it will be zet to ‘.d&ta"%“)
(setf *iilename+ (string (read)})

(write~hagh-table-to-file-sonter *Rilenames)) ' .

(detun connect ()

i3: This function gives the user the option of entering the bond graph from
:3; the keyboard or from a file that already exists.
(format + " |Do you want to
. "%*%A FEntexr the bonds and elements saparate y Trom the keyboard
“%"%8 Toclude un existing bo.ad graph
~%"4Press the desired key and hit retoxra ")
{if Cequa) (xead) *b)
{xaad~in-bond-gxaph)
{loop (add-naw-line}
(format t “"Y%Enter ¥ to fimish or any other key to continue"¥")
(vhen (eq *% (xead))
(return (print ‘finished})}))
(get-directed-lines)
{values))

-

{defun get-directed-lines ()

;;;:?hiu function forms a list of all the node pairs in the hash table
11 ¥linagk,

(setq *divected-lines¥ nil) ' '
rperhaps we could do this better using WAPHASH! (nee pajge 285)
(dolist (line-key #line-hash~keyss
(netf sdireited-lines* (reverse *directed-lines*)))
(aetq *directed~lines* (cons (line-node-pair (gethash ‘ine~key #1inent))
*di“actedrlznas*))}} L

{defun getﬂlina—hash—kéy-trun-n&de—pair {node-pair)

i1; Given the nou~ pair (e.g. (2 8)), this function raturns the cerresponding
{i: bond’s hash table key from *lina—haah—keys*.

(let# {(posi (first (get-positions-of-occurrence pode-pair .

*directed-linest)))
{line-hash-key (get-nth~element posi *line-hash-kuys+))})
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; 'rha opriey of valuss was choRen 4o avoid uaing m~y~b’s when caly the
; line-hagh~koy is required. )
~ {valuss line bash-key posi)))

(defun get-positions-of~cccurrence {chosen-element L)

t:y This function returms u list, positicns-~of-occurrence, containing the
;n positions of chosen-slement in the liat L.

(let ((pos;hions“of-nccmence nil)
(n 0))
{dolist (tamp I (rveverse positicns-of-occurrence))
(sets n (+ n 1))
{vhen (equal temp chossn—eloment)
(satf positicns-of-occurrence
(coaiﬁ 1 positions-of-oocurrencs)))}))

(defun gat—nthwaleﬁa@n‘:: {n L)
;+3 This function gets the ath. elamem: of a list. Whers n=1 corresponﬂs to the
i3 first element. :

atn (~a L) -

{defun get-numbe:: et (I‘.. &aux nuwber~1ist)
{dolist (temp L (reverse number~list)}
{setq pumhor-list

(remove-duplicates (append (reverse %aip) mumber-list) :test “$e))))

{defun optioms ()

; This function displays the options available in thia module. The ontput is
17 formatted for the 80 col vga screen.

{format & "*{ Do you want to™")}

(formas & "% & Enter ths bond graph, sither bf entering each * - _
element separately from™}  the keyboard, by reading the bond -
graph or bond graph fragment frem a data}  file oxr by
connecting sxisting bond graphs elements or fragments,” %)

(tormat t "“¥ B Display all the bonds currently comnected. %")

(tormat £ "% € Delete al¥ the bonds in the bond list."%")
(foxmat t "% D Medify the variables of a bond.*%"™)
(format £ "% E Delate a bond from the bond list. %"}
(forpst t "% F Undo the most recent bond deletion.“%")

(foxbat 3 "% @ Leave the hind graph eniering xoutine.“%")
(format t _::“% Press the key corresponding to your choice and hit enter ~™¥)

il

e e SR




"The automatic causality assignment module (caunsal.lisp)

&
o

Bond fraph Causality Aasigomont Module

Mritten by: Grant Grodbelaar
Lost medified on: 07/08/891

ML M M We WM %A B WA

This program assigns the causality te an unangmented bond graph. The
nodula uses the seguential caugalisy procediure proposc.i by Hood, Palmer
and Doateiy, with alterations and variations making it more suitabla for
lisp foand computex) implerentation by Grobbelaar. The state trwoition
table is implemonted using Winaton's forward ehaining rule=bos. .

e ey mm s wa
— s

e ke W WE A

- mp

The data file that is written by thio moduls is of ths form:

Tha Tirst line contains the statement 'causality-assigned, stating

the the cangulity is assigned by this module and iz sorrect. The second
line contains the globnl variable *line-hash-keys®. The noxt couple of
lines contoin tha hazh fable *ljines*. slines* takes up one line for weach
bond in the hash table. Following the bashk table *lines* im tha global
variabls snode~hasi-keyss. The next couple of linas contain tha hash .
table #ncdes«. *nodes« takas up ons 1line for each bowd graph slament ia the
hash tabla, Follewing this, three )liasts are written, ¥r-algebraic-ltoop*,
rbond~algatraic~loopr and *deriv-causality,

ey s dw wme ma Wr wE owmE

WE mY e Wy wE R W wa W W
. e MR ek me WS ms e wa Sy

- wa

1top

A global list wish informabion

about which bonds attached to
resistors lad the causality asaipgned
arbitrarily, it is nil if thers are
e algsbraic loopa.

A global list with infoermation
about which bonds attached junetion
structive slomencs had the camsality
agsigned axrbitrarily, it is nil if
thers axs uo algebraic Yoops.

4 Zlobal list with information abont
boads attoched to atorage alements
that have derivative cousality
aspigned Lo them.

This global variable ia not nil "2
the cwusality has already hoen
agnigned to the bond graph

It there iz an algebraic loop or
derivative cangality, them an ACSH
implicit statement (IMPL) is
roquired. Within this statement ias
an erxor dlag, so that the flog
voriable is not repeated, it is
indexed. The voxiable is ef and
¥orror-flag-mun* is the

(defvar sy-algerbraic-loops nil)
(defvey *vond-algerbraic-loop* nil)

{dotvar sdeyiv-causality nil)

(defvay rcansaliby-aseigned?™ nil)

A mig my WA W W mE e My WA TA g e WP We Wy s me

(dotvar kervor-flag-nume 1)

-y wa NY Wy me Wy w3
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(detvar

{dotvar

(detvar

(defvar

{defvaxr
(defvaxr

(dofvor

{dotvar

(defvar

{detvar

(dofvaz

*tokle~vaxe 1)

#1ing-of-nodes+ nil)

#ligt~of-n da-types* nil)

AN

#1izt-of~connnctod-litaa® nil)

*filanamoes pil)
*1ines# nil)

*lina~hach-kays* nil)
I

*podesd nil)

snode-hash-koyot nil)

sarror~Flags nil)

*gtacks nil)

- WA EF OWE WA WE WE OWE Mé ks W W G WY Ma M WS Wr Es W

WA A W WM WA WA WS e wh B ey W WS M WS WY WY W W WP e e W W Wl Md Wa W W NE WE WE BE W WA W

index. - . 7T

&s for the srvor fibg, 7 the data.
is in ths form of a tabls, ths takle
is nawed tab and indexed with the
variable *table-vars.

This is a global list, whish is
isitially created and remains
uwnaltered., It contains this numbers of
ench bond graph elemant. Hora
intoymation on *listwsf~podes® can
be foand in the introduction to the
function pet-iode~data~causad,
Correspending to each sloment number
in ligt-of-nodas*, iz the elemont
type in *list-of-noda-typess,
corrsaponding to the number. Mors
informution on »list-of-nade-types«
car be foond in the intreduction

to the function
got-node—dota~congal, -
Corxesponding to each oloment nuumber
in *list—of-noden# are all thn bonds
connectud to that element and are
gtored in #list-of-connectad-linese.
Nore informabion en

*] igt-of~connected-)ineat can

ba found in the intrxoduction to the
function gat-node~data~cousal.

A global variable containing the
filename, without the path, of the
most rocently xead bond graph data
tile,

The hash tabla 6. the bonds, coniaing
the slement nuabers at sither and of
the bond and the causality designed
to the bond.

The list of bond numbers by which the
hash table is roferenced,

The hash table containing all the
bond graph elements, contaius the
aloment type, the documentation
etring and the cyquations for that
4lomant,

K list of elemont mumberg, uzad to
referencs the hash table #nodess,
*errox-2lage is set equal to *exror
it thers is an srrox in the bopd
graph structurs. Tho asmignment
progedure ie halted and the user

is cequired to corract the bond
graph.,

The glsbal variable #stack* is a
1list of all the bonda to which
cauzality bas besn assigned, ox is
in the process of beirgz asoigned to
siznce the last vime *atabed wan.

198



igtart~stata. The sxact form of
#gtackk will be shown later,

This list hos the sama format as
wlist-of-nodes%, sxcept that
+*unugad-nodess is a lisc of 211 the
bord graph elemento that have net
yot had a canmality assigned to all
tha bonds connected thewm,

This list has the same format as
slistwof-node-types®, excopt that
sunussd-nodo~typont in a List of
the slement types corzesponding to
the bond graph elements in
sunugsed-nodest,

This 1list haz the same format am
*¥list~of-connscted-iines*, except
that *unused-connected~lines*
containe & list of all the bondu
attached to an element that have
net hod a causality agsigned to
them yot.

The global variable *atake+ is the
carzent state as defined by Hood,
Palmex and Dantzig.

fdofvaxr *unnsed-nodes* nil)

{dofvar snnusod-nodo~typest nil)

{defvay *unussd-connectad-lines* ail)

(dofvar *states 'start-stats)

WA s Wa WE Wk WY WME M wy fr wr dmd bk WA W WE WY ded e wmy We EE M We

(defasrncs line

This lisp structurs iz referenced by the list *line-hash-kKeys*, The han':
table containg the two lements that the bond joing in node-prir. The
firct element in nedewpuix is the eleément at the and of the bond without
the power half orrow and the gecond olowent in node-pair is The element
thot the power is entering, Tha caansality can edther he uil, & or b, Yt is
nil iz no causality hos bean assigned, e i “he causal atroke is at tha
same end a8 the power half arrow ¢r b iR th causal stroke is At the
opponite epd to the power half arrew.

-

L P T L L 11
- ma WE mw W ma ma e
A e ma mr omew e

{node-pair {0 0}
{causality nil))

fdofotruct nodo

11 This liat strueturs uontains the datn foxr ench bond graph element and ir
13} referaenced hy tnoda“hnsh—keya* Thers hash table contain thresa entyias,
31 the oloment type, the documentation string for the bond graph element and
t31 the equations for the element. The equations slot is nil if no eguations
113 have yet been obtained,

(type nil)
{doc=ntr nil)
{equations nil))

(dofun revet=sausal ()
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(clrhash *linea*)
(clrhash *apodea%)}

{defun init-cansal {)
11; Both hash tablez are cleared and now ones created

{satq xlineax {make-hash-table))
{satq #nodes* {make-hash-tnble))
{xooet~cansal)

{sety *line-hash-keys* nil
#ode-hash-keys* nil
*directied~lineg* nil
sr-algerbraic~loop* nil
sbond-algerbraic-loops nil
sorgor~flagk nil})

{defun get-first ()

This function is callsd whenever *states is ‘stavt-astatie. The Iunction
ragets #gtacke, and calls the funchion update-unused-lists, which
updatas tha lists *unused-nodss+, *unused-hodea-typesw amd
sununed-connacted-lines¥, so that the mesl rwucent consal assigaments ara
exciuded. The funation then gots an wmasaigned bond and the bond graph
alement to which it is connected. The elements have the wanal prioritien
{fixat so, then s?, c, i, t¥f, gy, 0 and finally 1}, If a vesistor is
roturned by the function, o 1ist of the Lorm

{element-typo elemant-number boud-number) i3 consed onto the liat

e e e W W

my WA ws s mE iR WE WE M W

ek mA AR A A W W e wE

elemerts (tf, gy, 0, 1), a list of the form

(element~type vlament-nurber bond-pumbar) is consed onto the liss
shond-algebraic-loopk. Finally *stacks is sat squal to
{{elommt-nunbar element-typs Lord-number)}.

My Wi mE e me Wm mA wmE mp o Wl wE WA

e wr ma ww

{foxmat t "“%Getsing the fizot element”y")
{oetf *atacks {1ist nil))
3; vpdate-unused-lists dees not work if sstack® is () as *stacks must be of
;1 the form ({))}
{update-unused-lista)
; eond wag chosen as it only evaluates the firat form found that matches,
;i Therefore we can implement the correct pricrities
{cond {(member ’se *unused-node-typas#}

{sot? element-type ?se)

{aetf mlement-number (get-node~nuwber-from-type ’se))

{sett bond-nuwber {get-unassigned-bond ’se))})

{(mexbar 75f sunused-node-.ypos+)

(sot? clement~typo *sf)

(sett elément~aumber (get-node~number-from-type ’st))

{setf bond~number (get-unassigned-bond ’st)))

((member ’‘c *unused-pode~typess)

(setf elamont-type ‘c)

(set? elament-nunbox (eetwnodawnumhervfron~typa 163}

(satt bond-number (get-unassigned-bond ¢}))

({member 'i *unused-noda-typesk}

.
L}
.
L}
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{sutt element-type ’i)
(setf element-numbexr (get-is’ wuumber-from-type i)}
(setf bond-number (gat-unassigrad-bond ’i))) K
{{membar 'r *unused-node-types¥)
{sett slement~typs ’r)
(setf eolement-number (get-node-mimber-trem-type °r))
{ue%? bond-number {get-unassigned-boand *r))
{aetf wr-algerbraic-.oop* (cons (list element-type element-nunbexr
bond-number)
sy-nlgerbraic-loop*}))
({menber ‘tf *unused~node-types*)
(setf slemant—type *4f)
{get? element-number (get-node~nmpbher-from-type ’t1))
(metf bond-number {geot-unossigned-bond ‘tI})
{satf sbond-algerhraic-loop* {conz (list alemont~type element-number
bond-numbax)
shond~alposhraic=Loop*);)
((megbexr °gy *unused-node-typrs*)
(satd slement-type ’'zy)
(astt olemont~numbex (get—node-number—from-typs 'gy))
{sett bond-numbor (get-unassigned-bond ‘gy))
(setf *bond~algertiraic~loop* (cons (list eilement-type alameat-number
. bond~number)
shond-algesbraic~loop}})
{ (membar *0 *unused-node~typesv)
(aet? eloment~type '0) _
(setf olement-number {get-node aumber-from-type '0})
{sett bhond-number {get-uvnassigned-bond '9})
{sett ¥bond-algarbilaic-loops {cons (List element~type slemont-number
_ bond-number}
shond-slgexbraic-loops)))
{(uewber '3 *unused-node—typoa™)
(zett alement-typs '1)
(ostt olement=-numbexr {get-node~mumbex-from-typs ’1))
(set? band-nunber (get-unassigned-bond 1))
{aetf *bong-algerbraic-loop* (coms (list slement-type elsmsnt~number
hond-punber)
*bond-algerbraic-leop+)}))
{set? *stock* {list (list slement-nuwber slement-type bond-number}})
{values)) '

{defun goet-node-number~from-type (typel

33 This functien, given the elament type geta thyu element number of the fixst
; oscurrence of type in »unused-node-typesk,

(nth (position type *unurod-node~typess) *untsed-nodes+))

(defun get-unassigned-bond (type)

;33 Given the elemont typs, 3his function gets an unassigned bond attached
}1i to the elemant tho correspomds teo the flrst occourrence of typu in
{11 *unused-node~typeats,
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(setf unasgighed-bond (first (First -
{nth {positiocn type *unused-node-typens)
sunused-connectad~Lines*)))))

(defun ~pdate-mnsed-1ists ()

This function forms a list *unused-connected~lines®, which has ths same
form ay Alist-of~connected-lines* except that all tihe bonds that have

a camsality nasigned to them or are centained in #stack: are vemoved. If
all the bondo attached to a bord graph element have causalizy aszigned
to tham or if they are contained in *stacks, then this element uumbsr and
alement type are removed from *lizt~of-ncdes* and *lisg-of-node-types+ to
form syunced-nodes¥ and *unussd-nede=-types+ respectivoly.
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(Qot ({temp-connected-lines nil}
{countelist nil)
{counter 0))
(dolist (pede~bonds ¥list-ofwconnected~linea)
{dolist (a-bond node~bonds)
{dolist {stack-var ¥stacke)
{i2 {oxr (not {equal (third a~bond) *noxe))
s _ {equal (third atack=var) (tirsﬁ\a—band)})
K (sott node-bonds (remove a-bond podi-bonds :test #'equal)})})
(natf temp-conpected-lines (cons node-bondas!temp~comnectod-lines)))
(setf *unused-connscted-linsse (reverse temp-cémnocted-ilines))
{dolist {node-bonds *unuredrcannactadvlinaa*)
{if (aqual node~bonds mil)
(getd count-iist (Sons counter count-list)))
{satf covntexr {+ { countexr}))
(remove-el amenta-from-sunused-nodest—and-+unussd-node~types* count~list)
; Nota that hore the lisp function position cannot be used, becauvse i thers
: are miltiple oconrrences of nil, position enly linds the fixrst onae.
(set? sumused-connected-lines+
(removs nil *unused~connected-liness :test #'sgqual’)
{valnes)))

{dofun ramove-e¢lomenta~from-*unured-nodens-and-*unuood~node~typos* (comnt~list)

3 This function is colled by updata-nnused-lists and is sent a list of
; positicnas of elomonts to remova. The elements correnponding to avery
i position in eount-list are removed from *list-pi-nodest and

i *ligt-of-noda-typest to form *unuged-nodag* nnd snnused-node-typon*
; reapectively,

(Lot {(temp-list-nodes nil)}
(temp~list-typea nil)
{count 0))
{dolist (node *1iat~of-nodes+)
(i? {aot {mewbsr count count-list))
(proga {setf temp~list-uodes {cons nods temp-list-podes))
(set? temp-lint-types (cous unth {position node
flist=gE-nodagt)
*list-of-node~typest)
temp-list-types))))
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‘get? count (+ 1 count)))
{setf *unused-nodes® (reverse femp~list-nodes})
{set? sunused-node-typos* (reverss temp-list-typesl))
(valzes)))

{defun get-next ()

- s W e
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The function get~naxt looks at the first list ja *stack+ and gets the moest
racently cousidersd bond number (last-bond-number} and slement numbex
{lagt—element-nuzber). The funchion then searches through
siigt-of-connectod~lines®, to find thoe two ocgurrentes of last-bond-number.
the-pomition is the position ¢f the bond graph elememt, attached to
last-hond-namber where this elewent numbey is not equal to
lost-alement~number, in *list-of-nodas+,

That is the functiocn gets the element attoched to the other end of the
bond presently being considexed. The fun~tion then goes thyough all the
bonds nonnected to this element. If the causality on any bond is
unissigned and the bond ia not the samé one being considwred at present,
then this bond is chesen. A list of ths form

{element-number element-typs bond-number) is consed onto *stack*. If o
bond iz ci:omen the function reversal is callad.

(let (({lant-bond-nusber (third (first estack+)))
{last-elsment~number {first (First sstacke)))
{function-call ‘reversal))
(2ozmat ¢ ““JGetning the next slsment in the stack™¥")
(dolise (node-bond ¥list-cf~connectad~liness)
{dolist {o~bond medo-bond)
(it (and (membay last~bond-number a~bond)
{not (equal {ath {position node-bond *list-of-comnected-linas+)
wligt-of-nodes*) lagt-elament-numboz)))
(set? the-position (pesition node-bomd
¥ligt~of-connactad-lines*}})))
(dolist (a-bond (nth the-pogitilop. *¥list-of-comnectod-lines*))
(i? (and (not (wewbar lust-bond-pupber a-bond}) (mamber ‘nons n-btond))
(progn (set? fancklon-call nili) :
(sefi alement-number (ath the-position ¥list~of-nodes+))
{sellf olement~type (rth the-pomition *list~of-node-types*))
(satt bond-number (firnt a-bond)}
(sat? *stack
{cons (list element~number slement-type band~number)
*atackd))
. {return))))
(i2 (not (wull function-call))
{veversal))
{values)}}

(defun away-next-sifort ()

; This function assigne the causal stroks away from tha eurrent bond graph

i1 element (last~eloment-pumber) on the current bond (last-bond-number). It

; sets ¥statad aqual to effort-state and calls the Tawvdtion get-next.

(lot {(last-bond-number {(third {first =stacke}))
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{last-element-number {(firat (first vstack+))))
(tormat t ""¥%iszigning causality™%")
(dolist (node-bond ¢list~of-connectad-lines+)
(senf list-a-hond nil)
(dolist (a~-bond mode-bond)
(if (member last~bond-number a-bond)
(it (equal (nth {positien node~bond *list—of-connected~lines+)
#*1ist rof-nodest) last-elenent-nuwher)
{gatf a-bopd (Iist (first a-bond) (mecond a~bond) ’out))
{getf a-bond (List (Ffirst a-bond) (sccond a-bond) ’im})))
{zot? list-a~bond (eons a~bond list-a-bord))}
{set¥ »*lict~of-connected-lines* (substitute
{reverss list-a-bond)} pode-bond
#list-ol-connected-lines®}))
(sotf *state* ’effort-state) .
(apdoto-unused~lists)
{get-next)
{valuez)))

{dofun next-paxt-flow (}

This function assipgns the causal stroke next to the. current bond graph
element (last—element-number) on the currsnt bomd {iast-bond-number), It
sats *state* equul ta flow-state and calls the function get-next.

(Lot {{last-bond-number (third {first sstack+)))
{last-element-mumber (first (first sstack+})))
{tormat t "“YAssigning causality~%")
{delist (node-bond *ligt~of-connected-lineas)
© {getf list-a=bond nil)
(dolist (a~bond node~hond)
(it (member lagt-bond-number a-bond)
{it Cequal (nth ({positicn node-bend *list-of-connscied-Llines+)
+1ist~of~nodegs) iagi-alemant-number)
{ootf a~bond (list (first a-bond) {mecond a~hond) ?ixn})
(aet? a-boud (List (fivst a~bond) (mecond a-band) *out))))
(vetf 1lint-a~bond (cons a-bond iist-a-bond)))
(satf *list-of-connected-lines* (substitute (reverse list-o-bond}
node~bond
*List-of~connectad=1lineg*)))
(rotf eatates ’2low~sinte)
(updase-unused-iists)
(get-next) \
(values)))

{detun errox-step ()

If thaers is an sxror in the bond graph structure, this function is ecallad.
The function setn *eryvor-flag to 'arxver

(format t ""[There is an ERROR in tha bond groph etructure.-y”

The error occuzred whon dealing with bond ~a,"%"

connected to element “a, of type ~"a i (third (first wstncks))
(first (Tiret *gtnck+)) (second {first *stacks)}))
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(format ¢ "“YPlesse rectify this ervor-¥*)

(Loep

(i? (y-or-n-p “"%Praess ¥ to continue")
{return)))

{zatf *error-flag+ ’error))

(defun away-previous-effort ()

ii; This function assigns the causal stroke away Irom the previous bond graph
i:; element {previcus~element-number) on the previous bond
333 (previodo~bond-number}., The function then sets *state equal to
it effoxi-stats.
(et {(previous-bond-number (third (secend ¥stack+)))
{previcus—element-number {(Zivst (second *stack+))))}
{format ¢ ""YAssigning causality~%")
(dolist {node-bond *list-cf-connacted-Llinaesx)
(et list~a-bond nil)
{dolist (a~bond node«bond) '
{if (membexr previous-bond-mumber arbond)
{iZ (equal (ath {poxitionr node-bond *list-or-conaected 1ines*]
™ slist-of-nodes*) pravious-element-numbe
{setf a-bond (list (Pirst a-bond) (zecond a~bond) ~.. .j)
{setI a~bond (list (tirst a-bond) (second a-bond) *in))))
(set¥ list-a-bond {cons a-bond list~a=bond)))
(setf #list-cf-comnacted-linea* (aubstitute (reverse listwa-bond)
node-hond
*1list-of~ronnected-linas*})))
{satf #state* ’effort-state)
{update-unused-1ists)
{values)))

(detun next-pravious-flow ()

i1 This function assigns the causal stroke next to the prarious bond graph
i1 element (previous-element-number) on the previons hond
t; ¥ (previous-bond-pumber). The function then sets #states equul to

L}
-
1

H flow-stata.
(Lot ((previonecibend-mumber (third (seconé *atack+¥}))
(previcus-element~mmber {first (second #atack+))))
(format & "“HAagigning couvsality“%") '
(dotist (node-bond *list-of-connectsd-linesx)
{set¥ list-a-bond nil)
(dolist (a~bend mode~bond)
(it (mesher previous-bond-aumber a-bond)
(i? (egual (nth (position mode-bond ¥list—-oZ-connected-liness)
*lipt—of-nodes+) pravisus-aloment-nunber)
{net? a-bomd (list (first a-~bond) {estumnd a~hond) *in))
(set? a~bond (list (first a-bond) {secord a-bond) ‘out))})
(set? list~a~hond {(cons a-bond 1ist-a~bond)))
(2ot ®list-of-connected-lines* {substitute (reverze list-a-bond)
" nade~bond
¥list~of-connevted-lineas)))



(aatf wetate+ °flow-stats)
(update~unvsed-liste)
(valuea)))

{dofun next-r ()

Thiz function sets *state* equal to ‘r-stata and calls the function
pgot-next

Pi
343
(sotf *stuves ‘x-gtate)
- {get—next}

{valaes))

{defun wsak~1i ()

This function counts how many unasaigned bonds are attached to e current
e¢lement and checks to ses whather there is a f£iow flowing into the element
on any of the bonds. If there iz a flow, flowing into the slement the
function next-naxt~flow is called. If there is no flow into the element,
bat there is one unascigred bond attached than the fumction
away-next-affort iz called, otherwisze the function reversal is called.

- we s We wr me
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{let* ((last-slemsnt-number {first (firat *otack+*)))
{the-position {position leost~element-number *list-of-nodesk))
($1ow-in? no-flow-in}

(number-unassigned 0)) :
(dolist (a~bond (nth the-position *1:st»of—connected»l;nest))
(if (egual (third a-bomd) ‘out) '
(setf flow-in? ?flow-in)
(it {member nons m—bond)
{set! number-unassigned (+ 1 awmber-unaseigned)))})
(if (equal flow-im? 'flow-in)
{naxt-next-flow)
(i2 (equal number-unassigned 1)
{away~next~effort)
{reversal})))))}

(dofun wenk-0 ()

This function countz hov many uncsaigned bomds are attached to the current
elemont and checks to gae uwhether thexs is an effort flowing into the

; element on any hond, If there is an effort flowing into the olement the

; fenction away-noxt-effort iz called. If thers is no effort flowing intw

; the junction but there is ona unasgigned bond attached to the elemont,
L}
L}

- -

then the functien next-next-flow is called, otherwiss the
function reversal is called.

NE mE Sk we we my mE
- ed mA ma we W W

(let* ({last-slement-number (First (first ¥atack+}))
(the-position {poaition last-sloment-pumber *Llist-of-nodes#))
{extort—-in? ’no-effort-in)
{aumber~unassigned 0})
{doLlist (a~bond {nih the-position *iist-of-connocted-linags))
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{if (equal (thixd a~bound) ’iu)
(gatt sffort-in? ‘effort—in)
(if (menbor ‘nons a~bond)
(setf numbar-unassigned (+ i numbsr-unassigned}))))
(it (equel effort~in? ?effort-in}
" {away-noxt-effort) o
{if (oqual pumber-unassigned 1)
(naxt-next~tlow)
(xrgersal) }) )}

(dafun reversal (3
(if (camsal-confiict)

{progn (unéo-cansality)
{remove-all-but-last-two-slementa-from—katack«)
(update-anused-lists)

(set? “state* 'y~oppumite))

{progn (find-0-with-strong-cansality)

{12 (equal *state* start-state)
(tind-1-with~strong~caunsality))))
(valves))

{defun causal-gonflict ()

This function is ¢alled by reversal to sas whethar there is a causal
contlict. Ths function counta the number of efforts sntaring and lsaving -
each bond. If the elemant is a i-junction and there iz more thoan cne
effort Joaving, then conflict is met txue., 1Y the alement is a ¢-junction
and thare iz wmore than one effort entering, then confiict is set tru, It
; the element is & tranaformer and thers is more than one effort enter ug ar
moro than one effort leaving, then conflict As set true. YIf the eler nt is
a gyrator and the mmber of efforts entering is equal to the numba: 2

; efforta leaving, then conflict is set <¢rue.

e we mE s MA M Ea We W
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(Lot {({confiict nil)
{nunmber-in 0)
(numbsr~out 0))
{dolist (node-bond slist-of-connected—-linest)
{#etf nwaber-in 0)
(set? numbax-out 0)
{dolist (a-bond noda-bond)
(it (equal (third a~bond) 'im)
{satf numbor-in (+ number-in 1)))
{if (equal (third a=-bond) ’out)
(setf number-~out {+ sumber-ocut i))))
{if (and (equal (nth (position nede-bond list-of~connected-lineg)
*list-of-node~typess) '1)
{> number-out 1))
{set? conflict ’t))
{i2 (and (egqual {(nth (position node-bond $list~of-comnected-Iinegx)
*list-of=-node—typeat) *0)
{> nunber~in 1})
{set? conflict £))
(it {ond (equal (uth (position mode-bond *List-of-conneccted-linass)
*ligt-of-node~typess} '%i}
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{or (> aumber-out i) o
(> munbazr-~in 1}))
{aaetf contlict *¢))
(i (and (equal (nth (position node-bond ¥list-of-connected-liness)
*List-oZ-node-typess) ’gy)
(# namber-out pumbor=-in))
{setd conflict *t)))}
(valuss conflict)))

(dofan undo-catsality ()

+1: This function is callsd by reversal, it takes sach List in +stack+ and
117 setg the causality on that bond in *ligt-of-connected-lines* to 'nons.

(tormat t "“~YUndoing conflicting cauaal:ty“%“)
(delist (stack-var *stacke)
{dolist (node-bond *1ist-o£-connected~11nas*)
{setf listwa-bond nil)
fdolist {a~hond node-bond)
(it (momber (third stack-var) a-bond)
(progn {setf a~bond (list (first a-bond) (second a~bond} ‘none})
(set? a~bond (limt (Lirst a-hond} {aecond a—bond) tnane)}l))
{sest list~a~bond (cons a-bond list-a-bond)))}
(setf :dirt-vf-connected-linea+ {substitute (veverse list~a-bond)
nede~bond
#list~of-connected-ines*})))
{values))

{defun remove~all-but~last-two-eloments-from-+atacks ()
(dotimes (count (- (length *stacks) 2)}
(pop *atack¥))
{values))

(defun Tind-O-with-strong-czusality ()

This tunction is ¢nlled by reversal, it checks to see whether any
O~junctions in *stack* have a strong causality assigned to them and have
at least ons unassigned bond attached {calls the function
strong-O-and~unassignad) . If thers are such O-junctions, the function
goet-the-bond consos that bond onto #stacks and *stater im set to

woeak~0. II there are no such O-juncvions *atote* iy set to atart-stata.

e mE we We s
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{dolist {atack~var *stack®)
(if Comd (equal (zecond astack-var) *0)
(strong~O~and~unassigned? (first stack-var)}))
;13 I in an “and” clause such as that abeve if the first thing doea not
;1: succeed then tha others ars never trisd i.e. #f the elemant is not a
313 O=junction it will net eall the function atrong~0~and~unass;gned?
{progn (get-the-Lond (firat stack-vax))
(sat? sutater ‘weak-0)
(return))
(sstl *stater ’start-state)})))
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53

(defyn find-1-with-strong-causality ()

This function io called by reversal, it c¢hecka ¢n see whether any

; i-junctions in ¢atacks have a strong causality nsi® =ed to them and have
; at least one usassigned boad attached {calls che funciion

; strong-i-and-unnosigned). If there are such i-junctions, tha function
got—tha-boud gonses that bond onto *ctack* and *piate* is set to

weak~1, If thore . & no such 0-junctions *atatex is set %o start-stata.

ey dmr wE wy ms oW
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{dolist (stackﬂva: *gtacke)
(if (and (egual {cecond stack-var) *1)
{atrong-i-pnd-nnassigned? {first stack-var}})
ii: Sea comment in previous funstion for discussiom or. “and“
‘gn (get-the-bord (first stack-var))

(aotf *states ‘weak-1)
(return))

{get? watater 'piart-state))))

{defun strong-l-and-unassighed? (element-number)

$13 This function is called Ly find~f-with-strong-cansality, it checks to seo
133 whother there is a flow enteying the junction; if go, strong? is set egual
i) Yo stz~ng, The numbar of unassigned bonds attached to the junction are
;73 then counted. If strong? is strong and there are more than i mnassigned
P bonds then strong-nud-unassigned is set true.
(et ({number-unassizmed 0)
(strong? ‘waak)
(strong~and-unasaigned nil))
(dolist (a~bond (nth (position element-number *1ist-of-nodes#)
s«1igt-of-connectad-line n}}
(it (equal (third a~bond) ‘out)
(satt suvrong? !streng))
(i (coubar ‘pone ~~hond)
(3ot number-w signed (+ 1 number—unaas;gaad)}))
(if (and (egual stromy? *strong) (> numhar-unasﬁigned o))
(sout stroug-and—nassigned t)}})

(defun strong-U-and-unassigned? (element-number)

This function is called by Tind-~0-with-strong-sanonlity, it checks +o see
whethar thers is an effort entering the junction, if so, strong? is seb
egual to strong. The sunber of nhassigned bonds attached bo the jenction
are then cowntoed. If etyomg? is strong and therae are mexe tham 1
unassigned oogds then strong-and-unassigned iz set true,
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(Lot {{number~unassigned 0)
(strong? ’weak)
(strong-and-unassigned nil)}
(dolist (a-bond (nth (position element-nvmber *list-of-nodes+)
*list~of-connected-lines«))
(if (equal (third a~bend) ’in)
{getf strong? 'strong))
{it (member ‘none a-bond)
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{sot? numbor-unassigned (+ 1 mumber-unassigned))))
(if {omd (equal strong® 'strong) > number-unassigned 0))
{metf strong~and-unasaignad '1)})))

{defun got~the~bond {elament-nunmbor)

;53 This function is called by findeO-with-ntrong-consality ond

+1; tind-i-with-stzong-cousality, i? eithor the O-junction ox i-~jmmetion hos a
;: strong comoality ond at least ome unassigned boend. This function gets the
i1 enuooigned bond ottached to the junction with strong causality and comsos

{; a ligt of the farn (element-pumbar slament-typebond~pvmber) cnte *stackt,

{dolist (a-bond {nth (pesition element-uvmbor *list-of-nodes*}
*list-of-connectad-linesk))
{if {member ‘monec a-bond}
(proge (oetf *stackx (cons (list slement-numbor
(nth (position element-number
*List-of~nodes*)
¥list-af-nodo-tLypast)
(tirst a-bond)} *stack+))
(ratura)))) _
3 The cone construct is used becausa thave may be other 0 or 1-junctions
;i dn * gtacke which are stxong and Ravs unasoignoed bonds, so wa cannot just
; clonx ratacks,
{valnes))

(dofun caugality-main~function ()

;i: This is the controlling function in the camsality assipument module, it
;43 displays the options availoble to the wser and depending on the wser’s
$i1 choice calls one of three functions

(init-cannal)

(loop

{cansal~opsions)

(sat? ans (zend))

{cond ({equal oms ’a)
(ospign-conaality))
((egual ams b}
{view=-cpnsal-implications) )
({oqual ano ’¢)
{viewbond-graph-structure))
(t (retuzn))}))

{dedun assign-causality ()

This function contrsls the assigunont of the enumality. The function culln
rond=-data~causal, which wends the hach tables from n file, The Tunction
got-node-causal is then called, which convexts the hash tables into thyse
global lista #list-of-nedop®, slist-af-pede-types* ond
sliot-of-connectod=linosw, *ntatod is mat to start-. Late and
sunucedrnodons, sunused-node-typc & and tunusod-conpected-lines® are pet

Ak ek Gk WA R s
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equal to *list-of-nodes*, #list~of-node-types* and
slist-of-connected-lines* respectively. The Yuaction then enters 2 loop,
which is exited if thers iz o exror in ths bow! graph struuiure or if
wghatas ix start-state and *unasedenodes* is nil. If sutatex is aganld

to start-state and sunused-nodes® is not nil then the fumction get-firast
is callad. The function invekes the rule-basc, gending it #stater and
the elawont typs. The function responass returned ie then avalwated. Also
if satatex iz equal to weak~1 the Zunction weak~y is called and if the
state im weak-0, the functicn waok-0 is called., Dn~n the caunaality
asgignment procedurs is completed, the storage elswc. . are checked for
derivative caunsality {find-derivabive-cansality) and tha tunction
updatewanduer11c~hashvtabla is ealled.
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{read-jiata-causal)
(get-node-data~caueal)
{aat-caugality~to-none)}

{lot ({»states 'start-atata))
{5912 *unusad-zodons *list~of-nodess)
{zotf sunusod-node-typoss sligt-cf-node-typast)

(set? *ynussd-connected-lines+ *1ist-ot-sonnoctsﬁ-l¢pas*)
{loap
{i? (egual *or;nrntlagﬁ erTOr)
{raturn)}
{if (and {equal *unusad-nodest nil) (equal *atates ntaxtwatata))
(retarn))
(it (and {equal sstates 'suar1-statu} {not (egual *unused-nodest nil)))
(get~tiray))
 {oval (run (list sstatex) (List (sscond (first *stack+)))))
(1t (equal *statev ’weak-1)
{wank-11} ,
(it (eygual *atate® ‘weak-~0)
{weak-0}})
(i? (oot (squal =error~flage *erroxr))
(progn (foxmat & ““ADOKE™Y™)
(tind-derivative~cauaality)
(update-and~write~hash-table)))

.

(valuen)))

{dofur pet~cungality-to-1ome 0O (

i1+ This function takes the list »list-of-connected-lines® and makes all tho
i3 causalitiezs equal to 'none

{dolist {(ncde<baad tliat-o!-counectadmlinea*}
{#a%f list-a~bond nil)
{dolist (a-bond node-hond) '
(set? a~bend (list (fizrst a-bond) (second a-bond) 'nonu)) )
(setf list-a-bond {cons a~bond List~a~bond))) TR
{zat? *ligt-of-connected=-linesy (substitute
{raverss list-a~bond) nndawband
*iist-of-connected-ligass)}))}

(dofun resd-data~cansal {)
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is functiion finds shick Tile the bond graph to ba assigned vouasality
s atored in

-

(if *iilanamo#
(i (not {y-er—u~p ""I|Do you want to assign or view the vausality for ~
the hend graph atored im the “Wfile ~a.data®
*Tileannat)) _
{progn (forwat t "4 %Enter the tile nume of the file to zread from, ~
don't iaclude an extension*¥it will be tnken %o be
toker to bs ‘dasa’ i)
~ (set® *filepame* (read))))
© {progn (foxmat % “"l¥nter the file mame of thoe fila to read from, ™
don’t inrclvde an extcuaion“¥it will he taken to be *
takon to be 'datn?"Y%")
{satf *2ilenamer (read))))
(ead-data~from-file~cousnl *filenamet}
(values))

(defun get-node-data-cousal ()

This function takes the data stored in the two hash tables and convarts
it into a form that ix wmors moxe suitaed to this progrim., This function
uraates thres global lists, #liat-of-nodesx, *list-of-node~types* and
slist~of-coptectad-liness. *list-of-nodess jr the same as #node~hash~Keym+
i.e. it containe a list of all tho bond graph element numbere.
tlistCof~node-typess contaius a list of all element types. The first
glemont in *ligt~of-node~types* corresponds to the first element in
#list-pf-nodess. The second element in *list-of-node-typess corresponds to
the second slament in *lizt-of-nodes® and sc on,
*listeof-connectad-Linos® contaizs a 1ist of all the bonds attached to each
bond graph elewent. *list-of-cunnectcd~linas* has the following format:
((..(.. ). 3 (.. (bond-numbey power-direction cansality-direction)...}...)
*list-of-connected-linoat therafore, conaists &f a lizt of Lists, The first
list in *list-of-~connached-linep® corres :~ds te the firat slement in
sligt=of-nodeak. The second list in *lix sf-cennected-liness
correspoadn to the gecond aleament in *list-of-nodas* and so on. In each
of these liatsz are numersus other lists., Each of these liszta correspends
to a boad attached to the slement, if tiere are two bonde attached to the
bond graph element, thera are %wo lista, if there is one bond attached,
there ip one liot, In.each of thess lisis corrssponding to & bond there
are thioe elements, the firat is tha bond nupber, the second iy the powar
direction and the third is tha causality divection (the direction of the
effert),
Consider an example
i "2
58 (L )m—me\] 1?2)-I-~-~~-««\ r{2)

13
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_ i(4) a ;

The three liats ars therstoxe ' ' :
aligtepfenodesk ig {i 2 3 4)

WA R WA W s WE e WA WA

B Gy me e WF B WL WA W RN s WA WE B we W R

W mE s wr mE R Wy mr my e dad mad e M e Wk RO WS s el MY MY WE s WS Wy ww my s SR WE M & my

E AN G WY BE MR WA mE WE WA e e e e W e e
e Wi o il Gl WE W dms My WA ME WA we wE ms mE WE K WE WE WMy W %k my we

210



o

13+ *¥list~of-node-types* is (se 1 x i}

137 *ligt~of-connected-linest is (({1 out out)}({i in in){2 out in)}(3 our outl})
HE ({2 in out))((3 in in)))

;i3 That is the firat #lement in *list-of-nodesv is numbor one, it is of type
1i: 88 {the first element in *list-of-node-typea®) and has one bond connected
517 Cthe first list in *list~of-connected~linaest), the bond iz number £, the
173 power is flowing out of the effoxt mource and the effoxt iz also flowing
11: out of the effort source ste, The second element in slist~ol-nodess is

117 number 2, it is of type i and has three bonds connected, bond 1, bond 2

i1 and bond 3, The power and the effoxt 1s the input to thy i-junction on

;33 bond 1, the power is leaving and the sffort entering on/ bond 2 and both

;44 the power and the effort are leaving on bomd 3. And oo on for the remaining
i3 2 slements.

(1et {{eurrent-node nil)
{current-noda-type nil)
(nede-lines nill)
{setf *list~of-nodes* nil)
(sotf *List-of-node-typess nil)
(setl *list-ef~connncted-lineus* nil)
{zatf *ligt~of-nodesg* *noda-hash-keynt)
(dolist (node~number *node-hash-keyg+)
(set? slictwof-node-types: (cone (node~type
(gathash node-pumbsyr #*nodes})
#]liat-of-node-types*)})
(sot? *ligt-of-nede-typeas {reverse *list-of-node~types*))
(dolist (node-nunber *node-hash-keyat)
(dolist (line=-number *line-hash-keyuk)
(it (mombexr node-number {line-node~pair (gethash line-nusber *Llinesx}))
(sott node-linss
{cona (list Line-nuwtber :
(power-direction~cansal
(pesition node-pumber {line-node-paiy
(gethush Line-number
*1ineg*))))
(causality-divegtion-caugal
{positior node~number (line-node-pair
{gethash line-number
*1inas*)))
(line-~causality (gethush 1iiu-number
*lines*))))
node-lines))))
{oet? *list~of~connestad-liness
{cons node-lines #list-of-connected-lines*))
{sotf node-linas nil))
(sotf *lipt-cf-connacted-linas* (reverse *list~of~connec¢tod-lines*))
{valueg)}}

(defun powor~dirsction~eansal (mum)

This Cunctien is called by get-node-~data-cousal, where nwm is the position
of the node in line-pode-paizr. Xf num is zexrs i.e. the first node is being
considered then tha power is flowing out of that nede, othoruise (it

num=j i.e. the sscond node iz baing c¢onsidered) the power is flowimg into
the node.

e e s we ma
L LTI I S T
e wmp wd wmp
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(iz (= num O)
(soud power-direction 'out)
(set? power-direction 'in}))

(defun causality-direction-causal (num direc)

This function is called by get-node~data-caunal, where num is the pesition
of the noda in lins-node~pair ond divec is line-caugality. If nom is zsro
the firnt node is holing considered and therefore power is flowing out

of the mede, if dirvoc i e i.e, the causal stxoke is at the same end

as the power hald arrow, then the cansality iz ‘out, but if diree is ‘b
i.a. tha caugal ptroke is at the oppesite end to the power holf arrow then
capgality iz *in. If num is 1 the power is Flowing inte the node, %then if

wE W wd Wy mm

mE WA MR WA WA WA M4 WA e
A WE BE wE G oy me wE wa
- e

fvut

(cond ((nnd {equal num @)
- {aqual direc ’e))
{sat? cansality-direction 'out})
({and (agual pum 0}
fequal, direc *b))
(mott causality~direction *in))
((and (equal num i)
{oqual direc ‘e))
(sett causalisty~direction *in))
{(and {equal num i)
{equal direc b))
{setd causality-direction ‘out}))}

{defun raod-data~from=-file~causal (filenama)

; This function reads the data stored in the file filenams.data. The format
; of the data file iz dimcussed at the beginning of the f£ile entar,iisp.

; & portion of ths function was originally written by U, Hartwann, The

; function was modified and added to by G. Grobhelaar

b
13
K]
LN ]
¥
[
K]
(K]

(nott filename (concatenate *agring "/usr/bondgraph/datas"
(atxing~-downcase Tilename) ".data™))
(vith-open~2ile (line~stxenm filename :direction ;input)
{sat? causality-assigned? {rend line-styaam))
(neL? *line-hash-ksys+ (rend line-ptream))
(set? line-kayz *line-hach-keyas)
{dolist (a-lina-number lino-keys)
(aet? (gethash a~line-nunber *Llinass)
{read line-straom)i)
(set? snode-hash-kays* (read lins-stream})
(set? node~Keys #node-liazh-keysk)
{dolist (a-node-number noda-keys*
(setf (gethash a-nodo-nunber snodest)
{raad line -strean)}))
{values)}
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(detun find-darivativo—causality ()

This tunction searchps through #*List-of-comnected-lines* and
*1iat-ot—noda—tgpo9¢ to find all storage elemonts with derivative
canzality assigned to them. If there are such elements, a 1list of the foxm
(olement-typs element-number hond-number) is consed onto the global list
*deriv-cansalityw

wa MR GE e e
wy wh e ws mw

- mad WA ma wmE

(Lot {(eounter 0))
(zetf sderiv-causality* nil)

{dolist (n-node *list-of-node-types*) ;
(if (oqual a-node &) A
(dolinmt (a-hond {nth counter #113t—o!-connectedﬁlinas*)}

Fots wa must Ulde a counter, we cannot uss pesition, becanzs if the element
appaars more thar onca in the list wo mny get the 1ucorrect one using
the lisp function position becauss
{position ¢ (1 2 ¢ 3 g}) is 2
(i2 {equnl (third a~bond)} *in)
{sett *deriv-camsality+
(cons (list ‘¢ (ath counter slist-of-podesk)
{(tirst a-bond)) sderiv-causality#)})))

- A
“e W usr me
e wa sy m

{if {equal a-nods *i}
{dolist (a~bond {(nth counter *list-of-connscted-Ilinas*))
Nota we must use a gountexr, ue cannot use position, baconss if the element
; appears moexa than once in the list we may get the incoryrect oke waing
the lisp function position becanss
; {position 7¢ *(1 2¢c 3 ¢}) is 2
(it (equal (third a~bond) ‘out)
{astf sdexriv-causality+
(cons (list ?i {nth counter *Llist-of-nodes+)
{first a~bond)}) *darivncausalmtg*)))))
(setZ counser (+ I #3unter)))))

- wmE wma we
- mw ww e
LR TR T 1

(defua update-aud-urite~hash-table ()
{add~causality-to~hash-tabls)
(write-hash-table~to~file-caugal ¢filenamet})

{dofun add~cousality-to~hash~table {)

331 This function takos the cansality assigmments in the list
p1: *listegf=connected=lines* ond tronsfers them to the hash toble *1lines#®
;13 uping the predefined format, i.e. i¥ the cousal stroks is at thoe same
;14 end as the poway half nxrow, the causality iz ’a, othevwise it is *h.
(et ((list-of-honds-used nil)
{current-nods nil)
{#irst-element-in~line-pair nil)
{gocond~element-in-line~pair nil)}
{dolist (node~bonds s1ist-of-gonnected-Llinag*)
(sot? curront-node (nth (position node-bonds wlist-of-connechbed-linest)
#1ist~of-nodagh})
(dolist (a~bond wode~bonds) _
{oetf tirst-element~in~line~pair (first (line-nede-pair
{gethash (first a~bond)
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*Llines+))})
{sotf sucond-element~in~line-pair (adcomd (line-node-pair
(gethash (first a~bond)
*1ines*)))}
(if (not (member {firat a-bond} list-of-bonds—used))
' fyprogn
(cond {(and (equal (third a-bond) ’emt}
{oqual ecurrent-noda firsi-element-in-line~puir)}
(setf (line~caumality (gethash {first a-bond) #linas*)) ?s))
{((omd (equal (third a-tond) 'in)
(oqual curvent-nede first-elsment-=in-line-paix)}
(set? (line-caunsalicvy (guthash (first a~bond) *1ines*)) 'b))
({and (egual {third a-bond} ‘out)
{equal current-neds second-slement—in-line-pair))
(cet? (line-cpusality (gethash (first a-bond) *limes+)) ’b))
(Cand {oqual {third a-bond) *in)
(egnnl current-node mecond-element~in~line-pair))
(set? (line-camsality {gethask (first a-bond} *linesg*))
te}}) :
* {Botf list-of-honds-used {cons (firmt a~bond)
Liat-of-bonds-used))}ININ)

{defun writu~hash-tabla-ta~£ilewcansalh(tilonana)

This funsction writes tite line nnd the node hash tables to a file
*filename® , data, In addition to tha hash tables, *lina~hnsh-keys* and
snode~hash~keys*, wvhich reference the hash tahles ara also written to the
1ila, as are sr-algerbraic—~loop*, *hond-algerbraic-loop* and
sdariv-consality*. A atatement, informing the modules that the causaliny
Las been assigned iam alse included in the file.

"y WA mE me W ma
- R W Wy WA we
-y e w4 my wy ma

(setq filepnme (comcateanate ‘atring “/usr/bondgraph/dotas
{svring-downcans filendme) “.data")j
{format + {concateonate ’string "“YData written t¢ file " filename "““%"))
{with~open-file {lins-stream filename
tdirection :output)
(print ‘causality-assigned line-stream)
(print *line-hash-keys* line-stresm)
{dolist (lins-nwsber s*lite-hash-~keysk}
(print (gethash line-number xlineo+) line-stream))
{print *uode~hash-keys¥ lino-gtream)
(dolict (nede snode-hosh-keyst)
{print {gethash swde *nodesk) line-stromm))
(print sy-algerbraic-locp* line-stresm)
{print *bond-algerhraic-loops Line-stream)
(print sderiv-causality* line-stream))}

(dofun view-gausal~implicationsz {)

;3 This function allows the user to view the cansal implications of al} the
1; elements on the scraon. All the data is written to a file and the file
13 3n viowed ueing the unix comnand “mors”, bacawas "moxre" controls the

i+ serolling.

214



(read~data-causal}

{get-node~data=-causal)

{vith-open-file (a~stream “fesr/bondgraph/cata/view.output
:dizection :output :if~exists :supersede)

(call-cack-node-type a~strean))

(run-unix-program "“mere" :input "/usx/bendgraph/data/view,output®)

(format t “"%"%Press ENTER to continus™%")

(read-¢har)

{valuea})

(defun view-bond-graph~structare ()

i3 This function allows the user to viaew the two hash tables #lines+ and
111 *nodes®, A1l the datn is written to a file and the file in viewed nming
33: the unix command “more", because "mors" coptrols the scrolling.

{read-data~causal)
(with~open~file (a~strean “{usr/bundgzaph/?aeu.output"
idirection zoutpat :if-exista :supernede).
{dolist (line-number *Lline-hash-keymk)
(lete ((noda-pair {lina-node-pasr
(gathashk line~number *lines*)))
(atazt-node (first node~pair))
(end-node {Becond ncde-pair)))
{format a~atieam V% %Bond "a is “a¥ _
line-number {gethash line-number *lines+))
{tormat a~stream "“%Elemept "a is ~a"
stort~nods {gethash atart-node #nodes*})
{if (eq atart-node end-nads) :
(format a-stream "“YEnd element is the same us ~
start element")
{format a-strsam “~YElement “a is "a" end-node
{gethash end-node *nodess)}})))
{run~unix~program *more” input "/usr/bondgraph/data/view.output™)
(tormatat n~Y%~%Press EHTER to cantinne‘%“)
{road~chiz)
(values))

(dofun causal—optiona {}
3i; This functlon displays the options availdble in this module,
(format € "] Do you want to*%")
(formet t "~ A Asmign cansality %o a bond graph.”¥")
(format v "% B View the causal implicaticms."%")
(format + "% ¢ View the bonud graph data stracture ")

(format t "% D Leave the causality assignment routisme.™%")
{toxmat + "% Prems the Xey corresponding to your choice and hit entexr "))

{defm call-each-node-type Ca-stréam)

;33 This function is called by view-causal-implications and sends onch elument
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;13 in #lipp~of-neden* to got-a-particular-noda.

(let ({por 0))
{dolist (node *iist-ovf-nodes*)
{get-a-particnlar-node node {nth pos *Llist—of-node-typas+)
{nth pos ¥ligt-of-connacted-linest) a-stream)
(aotf pos (+ 4 pos))))
{valuaa))

(defon get-a-~particuiar-nods (node-nmmber node-type connscted-line-data
: a~ghrean)

t: Thig function is called by call-sach-node~type. Depending of the node
i1 typa, node~typs being considered ene of nine functicns is called.

(case node-type
(‘r (r-slement node-number connected-line-data a-stream))
{*e¢ (c-element nodeé-number connectad-lins-data awetream)}
(*1 (i-olement noda~aumber comnocted-line-data a-styeam})
('tt (ti-element node-number connected-line~data a-stresm))
(*gy (gy-olement mode-number contscted-line-data a-stream})
(t3a (ge-element node-number comnected-line-data a-stream))
(?af (af-element node-number connscted-line~data a~stream)))

{values)) :

{defun r-elemant (node~number line-data a-~atroam)

157 I the olemont currently being considered is n resistor, this funetion is
;i1 called, The data for the element is written to the file asz well as the
;33 independent and dependent variables. .
{format a-gtream "“¥~%RESISTOR {ELEMENT NUMBER “a) GONNECTED TO -%"
node-numbar)
(dolist (a~iine lins-data)
{format a-stream "RUND ~a " {first a-line}})
{format a-stream “~%"YThe causality assigned implies that")
(dolist (carrent~line line~data)
{if (equal (“bird currenk-line} in)
(sotf e~fwoul ")
(actt e-f~ous “e")) _ ‘
(format a~stream " "% a"a ig a function of ¥ e~f-out (first eurrent-line))
(dolist (o-lime line-data)
(if {squal (third a-linej ‘*in)
(set? e~f~in “e"}
(wetd g-f-ip ""})
(format a-stream Y"&"a ¥ e~f-in {first a~line))}))

(defuyn so-element (pode-number line~data m-shpewn)
;3 It the elomont curvently baing congidered is an effort source, this

H \
13 Punction is ealled. The data for the element is written to the file as
i3 well as tha dependent variable.
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(let ((connected~line (tirst line~data))) _
(format a-stream "% Y%EFFORT SOURCE (ELEMENT XUMBER “a) CUNNECTED TO ~%»
noda~amaber)
{(format a-stream "BOND “a " {first connected-line}}
{format a~styeam *~%"¥The causality assigned iwplies that ea ia the
cutput" (first conmected-line))))

(defun pf-element (node-number line-data s-stream)

it; If the eloment currently being considered iz a flow source, this
;14 functien is called, The data for the element is writton te the file us
;11 wall as the dependent variable.

(lat {({conmected-line (first line-data)))
(format. n-stream "*%“YFLOV SODURCE (ELEMENT NUMBER “a) CONNECTED TO "%“
node~numnber)
{format a~stromm "BOED “a " (first comnected-line))
(format a-stream *"%~%The causality asaigned implies that f~a ig tha ~
output" (first comnected-line})))

{defun c-elemant (mode—mumber lins-dnta n-stream)

15 If the element cwrrently being comsidered is a capacitor, this function is
r1: called. The data for the slement is written to the file as well as the
}3; independent and dependent variables,

(format a~stream “"¥ %CAPAJITOR (ELEMENT NUMBER “a) CONNECTED To ~%¢
node-number)
(dolist (a-line line-data)
{format a~sgtream “HOND ~a ¥ (first a-lina}))
(format a-~stream ““}~%The causality assigned implies that")
{dolist {current-lime line-data)
(if Cequal (third curxent-line) ‘cut)
(sot? e~f~cut "a")
(sott e-fwont “g"))
{toxrmnt a~stream "% a"a is a function of " e—f-out {first current-linco})
(dolint (a-lina lime-data)
(if (equal (thivd a-line) ’out)
(sett e-f-in “g"}
(zetf e-f~in “u"})
{format a=gtream ""a~a " e~f-in {First a-line)))))

(dofun i-olemsnt {node-number line-data a-streom)

If the element currently being considered ia an inertin, this function is

HHH
" 33; called, The data for the element is written to the file as well as the
HHH

independent and dependent variables.
(format a~stream “"L NINERTIA (ELEMENT WUMBER "a) CONNECTED TQ ~¥*

node-numbox)
{dolist {z~line line-datn)
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(foxmat a-stream “BOND ~“a * (first a-line)))
(format a-styesm ""%*YThe causality assigned implies that")
{dolist (current-line line-data)
{if (equal (third current-line) ’1n)
(setd p~f-out "£")
(patf e-fwout "p"})
{foxmat a~strean "“%"a"a is a function of ¥ e-f-out (first current~11ne))
{dolist (a-lins line-data)
{if (egual (third a-line) ’in)
{2ot? e-f~in "“p")
(atf o-f-in "“£v))}
(format a-s*ream ““a~a * e~f-in {first a~line))}))

(defun tf-olement {nodq*uumbar Line~dato, a~stream)

It the element vurrently beding considered is a trassformer, th @ fumction
is called, The data for the element is writtan to the file as well as the
independent and dependent vaxiables.

(format a-stream "“¥"YTRAESFORMER (ELEMENT NUMBER “a) CONKECTED TO ~%v
fode-number)
(dolist (a-lins lins~data)
(format a-gtream “BOND “a " (first a-line)))
(foxrmat c-stream ""%"%The causality assigned implies that")
{if (equal (second (first line-data)) ‘out)
(progn {eetf pout ’0)
(asatf pin ’1})
{progn (set? pout '1)
{set? pin 20))) :
{if (equal (third (first liae~data)) ’out}
(progn {sett cout *8)
(aet? cin 1)}
{progn (satf coutr *1)
{set? cin ‘0))) '
{format a-stream "“Ye“a = m a“a whera ®m is the modulus ¥v
(#irst (ath pin line-data)) (first (nth pout line~data))})

{defun gy-element (node-numhér line-data a~stream)

;3: Ef the alement curréntly boing considered in a gyrator, this function 4s
113 called, The data for the element is writier to the file as wsll as the
{11 independent and dependent variables.

(formaz a~stream "“¥ YGYRATOR (ELEMENT NUMBER ~a) CONRECTED TO "4*
ncde-nugher}
{#0list (a~line line-data}
{format a~stream "BOKD “a " (firet a-line))})
(format u—stream ““%°%The csusality assigned implies thut™)
(it {equal (second (firgs iine~data)} Tout)
(progn (setf pout ’0)
(sett pin 1))
{progn (=&t peat ’1)
{setf pin ?0}))
(format a-~stream ""Yu"a = r 1°a whexre ¥ i3 the modulug™%"
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(tirst (ath pin line-data)) (first (nth pous line-data)))) - -

;boty
;i NOTB we con use-the lisp function pogition shan dealing with #list-cf-nodes#

155 or *list«otﬂcgfihected—linest becangy tha elements in the list are never
ii1 wepeated, i!hiél is not the case with #ligt-of-node-types# _ -

g
{

o
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D.4 ‘The module that controls the forward chaining algo-
rithn: (skell.lisp) '

(3
Th module ghirh controls the forward chainir  ajgoxithre,

(defvar srulest empty-stream)

(defvar *assertions® ’empty-atraam)

{defvar *rules-fired* nil)

(pot? file~1 "/usr/bondgraph/ssserts.data"
fyle-3 “/usr/bandgraph/resuiis.data™)

(format © ""YLoading rule interpreter...®)

(1oad “/usr/bondgraph/fehain, Ibin®)

(format ¢t “"YLoading rules...")

(load */usr/bondgraph/rules,lisp"}

(dafun run (fact-i fact-2)

» . ey

“This rung Winston’'s rule-based formard chaining prograw.”

{netf *consequent-listx nil)
(rvaet~rule ‘a)
(remember-agsexrtion fact-1i)
{remenber-asgarti» fagt- 2;
(Forward-chain)

(values {first *consequent-list*)})

(delfun aggerts? (Fawx {counter 0))

"Ihis ia a function which writes out {he contents of a stream
t» the file agserts.data. It can be modified to process any streom."

L]
*(with-opon-tile (asserts—used file—i
sdirection :output)
(fosnat asserts-used ";;top")
(format asperts-used “~YThe following assertions were gsed in the run:*%"}
(stream—transform #°(lambda (the-assortion)
v “ﬂﬁ (tormat asserto-usaed “'% “a" the-assertion)
; : (inef counter)) *asserticns*)
(format assorta-used “"YThere were "a assertiona altogither. %" counter)
o {Ioxmot asserts-used “;ibott"}))
(ed Pile-1))

(defun results? ()

H
: (with-open-£iie (conseq file-2

S tdixrection :output)
¢ : {tormat conseq ";itop™)

! (format conseq ""%The following conuaguents occ-rred in the zun:™H")
(dolist (the-comsey *comsequent-lists)
. ,,! (format conseq "*%"a" thew-conseq))

e (format conseg "“¥%;;boti™)))

P
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{defun rules? {}

{format ¢ ™
Tho following rules wers us-d in the run:
“a* synles-fireds) (values))

{defun roset-rule (kopticmal switch)

¥ -

(it {not swisch)
fprogn
{(Forumot & :
flnter a to rosot tosertions, ¥ ¢o veseb xules or b to raset hathM)
(ease (xozd) _
{*a (oetf sngoersionax Tenpuy-sizenn))
(*r {setf s+ulesw ’pmpty-~ntrean))
{’b (set? ®aszorticns Yempty-streait *#xnlos® *oupty-otroam))}))
sOTUERWISE. |
{sase suiteh
{?a {oovf wagsertions# ‘empty-otyenm))
{'r {oeif *xylest 'empty-straam})
(b (ot sasvertionas ’empiy~stfoni syuiesk ‘enpty-otremws)})))

i rhotd,

ag

.
=y
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D.5 The forward chaining algorithmn (f chéin.lisp)

};:********t***t**!chaln 1dsp LI e
[ 3 PRtk ks T L T T R R PRI Ty Wik
151 Winston's torwaxd chaining algorithm, written oy A.L. Stovens

1i;top

{defvar *consequent=1lats nil)

{defvar Tvla-counuer 0) ;FOL TESTS ONLY!
(dofvoy *ruloc-fiyvede nii) ;FOR TESTE ORLY!

{defun strem~cudp (atresw)
{oq styoam ‘enpty-sirenm))

{defun styeum~Pirst (otream)
(first strean))

{detun stream~yeot (oiwonm)
{zacond stream))

(defan stromm-cons (objeet strenm)
{liat object stroom))

£y

{defun svzsam-oppend (streaxi streamd)
(if (atream-endp streami} stroam?
{atreonm-cons (strenm-tirst atreami)
{stypam~appenl (stream-vest etreami)
strean2))))

(defun sureamemanbar (Chject straam)
(cond ({stream~endp stream) nil)
((equal objoct {atream~first stroom)) ,J
{t (stream-momber object (stream-rost stream)))))

{deimncre stroam-remenber {olbject voriabla)
f(unless (stroow-membor ,object ,wariunble)
{oat? ,voriobla
(stromm=append ,varinble (streame-cons ,otject fempty-streum))})
Jokject))

(defen stroum~concntonate (atroome)
(it {ovroam-ondp strooms) ?empiy-ctioam
{atroan-appond (stream-firet streams)
(atrecm~concatenute {Gtreamerest atreama)))})

{defun stream~transforn {procedure straeum)
(if (stroam-endp strenm) ’empty-5tream
(atraam-conn {funcnll procsduve {atrenm-first stroonm))
{stream-tzansform procgdurs {stream-reat stream)})})
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(defun add-binding (pattern-variable-expression davum bindings)
(if (eq *. (axtrzct-variable pabtexa-variahle-expression)}
bindings
(cona (amak>-binding
{oxtrart-variable pattern-variablo~exprecsion)
datum)
bindings)))

(dofun sxtract~variable (patterm-variable~oxprescicn) '
(geecond pattern-varioble-expreosion))

{dofen extract=key (binding)
{£irss binding))

{dofun extzact-valne (binding)
{second Linding))

(defun make-yinding (variable datum)
(iist variable datum))

(dofur find-binding (pattern—varinblava:press1on binding)
{unlegg {eg '
{e:tract varfabile pattern-voriable-expregoior})
(aosoc (extract-variable patterp~variable~expression}
binding)})

{dotun match-avoms (P U bindings)
(if {eql ? D) bindings '#ail})

{da2an match-variable (P D bindinge)
(Lot ({vindirg (find~binding P bindings)))
(if bvinding
{match (extract-value binding) D bindings)
(sda=binding P D bindings))))

{defun match-pisces (P D bindings)
(Lot ((reswit (match {fixst P) (first D) bindings)))
(32 {og *fail result) ‘fail (mateh (veat P) (rest D) regult)}))

{defun recursive-p (P D}
{and (Jistp P) Qistp 1Y)

{dofun variokle-p (P)
(and QQistp P) {eq ’? (first F}))

{defun elemonts-p (P D)
{and (atom P} (atom D}))

{dofun match (P D Xoptioral bindings)

{cond {(elemento~p P D) (watch-atoms P D bindings))
{(variabla-p P) (match~variable P D hindings))
{{re-ursive-p P D) {(match~piecea P U bindings))
{t “fail)))
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(dctun try-assertion (pattern agsertion bindings)
{let ({xesult (match pattern assertion bindings)))
(it (oq 'fail result) ’empty-strsom
(stream-cons result empty-streum)}))

{defun match-pattern-to-assertions (patter bindings)
{stream~concatenits
(stream-tranaform #?{lunbda {assertion)
{txy-aspertion pattern assortion bindings)) *assertions¥)})

(dofun filtoxr-hinding~strean (pattexn strean)
{stream-concatenate
{streon=trapsform #'(lombda (bindinga)
(natch~pattern~to~assertions pattesrn bindingr)) atreamd})

{defun apply-filtexs {patterns initial-input-straam)
{if {ondp patteras) initial-input--ntream
(apply~tilters (rest patterns} ,mext 2 limea added by ALS.
{if bagk~chain-flag
{fiiter~binding-stream-back {first pattesns) :n;t:al-input-atream)
(filter-binding-skredm (first patterans) iniiial anput-zstream) ))))

{defun inatonbiate-variables (patcoxn a-list)
(zond ((atom pattezn) pattorn’
(feg *? {tirst pavtern))
(oxtract-value (find-binding pattern a-lict)))
(t {cons (instontiote-variables {first patte-n} ~wliot)
{instantinte-variables {rest pattera} u~1i1t3))3)

{defun yomembax-assertion {(assaztion)
(streom~remember asssortion *agsextionas))

{defun rule~nama (xule} (First rule))

(detun rule-ifs {xule)
(outlast (rest zule)))

(detun rule-then {yule)
(firast {lost rule)))

(dafun new-ruls (rule) ;;;waz yemember-rule.
{streum-romember rule ¥rulaesw})

{defun moe-mle (rule)
{let ({binding~strenm apply"!iltaxa {rule~ifs rule)
(stream-cons nii ’empty-stream)}))
(do ({binding-stream hinding-strean (stream-rent hinding-strenm))
{succcss~cuiteh nil))d
{(strovm~endp bLinding-strsam) auacoss-switch)
(let ((resunlt
(it back-chain-flog
(inntantiate~variables~bock {rule-then rule)
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(stream-first bipding-strean))
(instantinte~variables {rule~then rule) R
(stresm-Tirat bxnﬂi“gustream}))))
{vhen (remember-assertion result)
:: (format ¢ “~%Rule "A haw fired” (rule-name ruie)) :;ADDED BY ALS,
; THE LINE ABOVE TAKEX DOT BY ALS FOR TESTS.
;; {tormat ¢ "~%Rule “A indicates “4." {yule-name rule} resuit)
{inct ranle~countsr) ;FOR TESTS QALY
{saty *rules-tirad* (coms (zule-names rule} *rulea-Zired*))
(satq *consequent-iists (~ons result *consequent*liat*)}
e THE ABOVE LINE ADDED BY ALS. ERRE R R Rk
{set? avccess~awitch t)})33)

(dotun forward-chain ()
{setf back-chair-flag nil)
{do ((rule~streax ¢rules* (stremm-rest rule~stream)}
(repeat-gwitch nil))
{{stream~endp xule-stream)
(if ropeat-switch
{forward-chain) )}
{vhen (use-rule (straam-first ruln*stream))
(et repsat-awitch t}))
(satt #yules-firad+ {remove-duplicates; srules-fireds+ :test #’aqual)))

iiibot
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D.6 The state transition tablé ruies {rules.lisp)

preidkdlules to bo uged with “fchain.ligp'wkikbedkke
; Hules written by G.3, Grobbelaar

iitop

(aow-rule ?(cuug~rnle«i
{start-state)
{sa)
(amay-next-effort)))

(now-zule *(cavs~rnle-2
(aftort-otate)
(sc)
{exxor~astop)})

{nav-rule ?(cous-rule-d
(£loy~atata)
{sa)
(ceversal)})

{new~rule ! {cans-rale~4
{(r-stata)
(se0)
{exror-atop)))

{now-rale ?{cava~rule-5
{x~opporite)}
(ae)
{sxxor-atop)))

(new-yule ! {caus-yule-8
(starg~gtata)
{s1)
(next-next~flow)})

{now-zule *{cans-rule~T
{aftort-atate)
(s}
(raversal)))

(new-ruole ! {cous-rule-g
(Ilow~state)
{s1)
(erxox~stop}))

(new-zule ! {caus-rule-t
(r—atate)
{s2)
(orrox-stop)))

226



(new=-ruls

{now-ruls

{now-rule

{new-ule

{new-rule

({new-rule

(new-riula

waw-rule

{now-xula

{new~-Tula

{naw-rule

? (caus~rule~10
{xr~oppoaite)
(a2}
(arxoz~stop)))

¢+ {caus-rulo~11
(stact~gtates)
{0)
{naxc~x))})

*(camg-rula-12
{affort-wtate)
1))
{avay-next-eftort}l)

+{eava~rula-12
(flou~atate)
() S
(wenk-0)))

! (caus~rule~14
(x-stats)
(o)

(away-previous-effort)))

H{eaug—rnle-15
(x~oppesite)
{0)
(naxt-previoug-flvwl))

t{eaus-yule~18
{start-state)
(1)
{next-r)))

{oang rulo~17
{affort-atate)
(1)
{waak~1})}

' (crug-rule-18
(flow-atate)
(1)
(next-next~fiow) )}

*{eaus-rule-10
(r-state)
1) .
{next~pravious-£low)))

? {cous~zule-20
{z-opposits)
3y
{away-previous~oifors)))
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(new-rule !{caua-rule-21
(start~stakto)
(1)
{riext~next~flow))}

(now-rule ?{cans~rule-22
{affort—-state}
(i)
(roversal))}

{new-rule ?{caus-rule~23
{2low=-state)
(i)

(reversall)))

(new~rule ?{caug-gule~24
{r-atate)
(i)

(ervox-atop)))

(new-rule ’(caua~zrule~45
(r-cpposita)
(i)
(arror-mtop)))

(new-rule '{caus-rule~26
{start-atats)
{c) '
(away-next-effort)))

{nav-rule ?{caua-rule-27
{effort-atate)
{e)
{reversal)})

(vew-rule '{caus-rule~28
(flow-state)
{e)
(revoraall))

{new-zule ?{caus-rule-29
(x-state)
{c)
{exTor-stop}))

{new-rule * {cong-rale~30
{r-apporite)
{e
{exrar-atop)))

{naw-ruls ?{caus~-rnle~3i
(ztart-state)
{x)
{naxs-r)))
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(neu-ruls

(now-rule

{noy-rule

(new-riule

{new-rule

{nay-rule

{naw~rula

(now-rule

{now-riyle

{new-rnla

{new~rule

Heaus-rnle-32
(affort~state)
(x)
(revarsal)))

*{caus-rula-33
{flow-state)
(x) .
{raversal)))

'{cans-rule-34&
(r~atate)
{r)
{erxor-stepl))

t{caus-rule-35
(xr-oppoaite}
{r)

{exror-stop)))

'{cana~rule-3&
(start-stata)
(1)
{naxt-r)))

! {caun~rule~37
(aftort~astate)
(rt)
(away-next-effart)})

2 {causwrule~38

(£lov-gtata)
{x1)
(next-text-flovw)))

' {cans~rula-30
{r~gtate}
(v1)
(away-previous-eftoxt)))

{eans-rula-40
" {y-opposita)
(tf)
{nazt~previous-flow}))

! {ecomr-rnle~4l
(start-state)

(ey)
(next~£)))

* (caus~rula-42
(effort-stake)

(ey)
{next-next~Floy))}
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{new~rule ’{eaug~rule—43
(flow-mtate)

{gy)
{(away-next-effort)))

{new=rule *{canc-rulsa-44
{r-utata)

(2}
(avay~previous—effors)))

(new-rule *{caus-rule—4&
(x-opposita)

(gy)
{next-previous-2low)})

Y

C
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The ACSL input file creation module (bondacsl.lisp)

Bond Graph Equation Formulation Module

Written by: Grant Grobbelaar
Last modified on: 07/08/91

E e dmy s w4 wma e s

This function obtains the bond graph structure, gats the aquations feor
; oach element in ths bond graph and produces an acsl input fils.

e we
- e
- e

Thiaz function reads the bond graph structure from a file, included in the
file is 2 list of all the bonds attached to xesistoxrs, which have an
arbitrary causality asaigned to them, o list of all the bonds attached to
junction structurs eleren%s, which had ar arbitrary cnusality assigned to
them and a list of all the bonds attached to storage slements which have
derivative cansality asaigned to them. Alse included in the file iz a
variable that is sev if the <aunsality has boen assigned to the bond graph
by the causality aspignment routina. If the equations for an slement have
previoualy beea entered, then these are displayed on the screen and the
uzer is prompted to enter whether these sguations still hold. T2 they do
they are inclunded in the equations contained in the acsl input file.

It the eyuations ayxe ne Jooger valid, then the user i8 required to enter
then from the keyboard. The equations caxt be snteved in ona of three
forms: If the constitutive ralation is* linear, the user nsed only enter
the liasar coafficient {the rerisgtance, capacitonce or inertancs). If the
causal relation is non linear, the user has to enter the entire relation
in the specilied causal orilentation. The user may zlse enter the data for
each alemont in th» foxm of a table, It there are any algebraic laoops one
of Mors equations are written in a form that emables them to be ecaleulated
implicitly. If there ars any stoxage elements with derivative causality,
uzer differentiated and pogsibly implicitly diffarentinted eguations are
included in the list of equations. Finally the acsl input file
(filename,.acal) is written.

— m Ml Wy ows wu o e e g et g M M e ek e W
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jtop

(defvar *r-algesbraic-loop* nil) A glebal list with information

about which honds attached to
resigtors hod the causality agsigned
arbitrarily, it is ndl if thero axe
no algsbraic loops.

A global list with intormpatior

about which bonds attached junciion
stxucture elements had the causality
ageigned arbitrarily, it is nil if
there are no algsbraic loops,

A global list with information alwut
bonda attachod to storage elements
that have derivative causalijty
agsgigned to thewm,

This global variable is not nil if

e e L T2

(defvar *h&hd—algarhraic—lenp* nil)

(detvar sderiv-zaucality* nil)

-r we Wi WE e wE WA Wi wE

(defvar ecausality-assigned?s mil)
ﬁ

w
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{detvar

{detvaxe

{detvar

(det¥ar

{dafvar

(defvar

(dofvar

{defvar

{dafvar

(defvar

varror~flag-num 1)

#table-vors 1)

#ligt~of-nodes* nil)

wiist-uf-node-typss* nil)

*1ist-af-connectod-linea* ail)

*2ilenamek nil)
*xLines* nil)

*line-hask-keys+ nil)

*nodes* nil)

apode-hash~keys# nil)

e W WE W We Wa Wy e md MA B WS WA G W ml Wa M W WA s WA e WS BE TR e W WF WY ws WE W WA BE RY WE ME WS kA W WA WA WE MA WE WMy A M We Wi WE W WY

the causality has alresady heen
asgigned to the bond graph _
If thera is an algebraic loop or
derivative causality, then an ACSL
implicit statement (IMPL) i=
reguired. Within this statement ia
an srror flsg, so that tue flag
variable is not respeated, it is
indexed, The variable is ef and
serrvor-fiag-pum* is the

index.

48 for the error flag, if the data

is in the form of a tabtle, the table
is named tab and indexed with the
vaxriabla *table-vars,

This iz & global lis%, which is
initially created and remains
uraluezad. It contains the numbers of
each bond graph element. Moxe
information on #list-of-npdes* ¢an
be Tound in the intyoduction to the
function get-node-data~-dump.
Coxreaponiding to each .. aent nupber
ir #lizt~of-nodesx, is the element
typs in *list~of-node-typas*,
coxresponding to the number. More
information on ¥List—of-node-typess
can ba Tound iy the antroduction

to the function get-node~data~dump,
Corresponding to each element nusmber
in slist-of-nodes* are all the bonds
connected to that elemént and are
stored in «list-of-connected-liness,
Nore informatinsu on
#iist-of~connectad~Iines* can

be found in the introduction %o the
function get-node-data-dump.

A global variable containing the
filenams, without the path, of the
woat racently read bond graph data
ile.

The hash table of the bonds, contains
the element nunbers at either end of
the bond and the causality assipned
o the hond. '
The list of bond numbere by which the
hoasgh table iz refurenced.

The hasgh table containing all the
bond graph elewentsz, containz tha
elenent type. the dovumentation
stxing and the eguationa for that
elemant,

.4 list ol element numbars, used to

roterance the hash table snodess,
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(defstruct line o ;Z’\\ﬁ;. .

i
This lisp structure is referencad by the list *line-hash-keys*. Ths hash
tabls contains the two elements that the bond joins in node-pair. The
Tirst element in node-pair is the alement at the end of the bond without
the power -alf arrow and the second clement in pede-pair iz the elument
that iunr is eatering. The causality can edjher be nil, e or b. It is
nil { | causality has been ossiguned, ¢ is the sansal stroke is a% the
game end as the power half orrow or b if the cawixl strovke is at the
opposite end to the power half arrow.

- wr wa

Me me WY WE s WE WE WA
-
e WE Wi mr uE W G WP

“-t we WA mm

{node~pair *(0 0))
{causglity nil))

{defstrust node

i1 This list structure contains the data for each Lord graph slement and is
333 referenced by snode-hash-keyo*. There hash table contain three entries,
;1 ths element type, the documentation skring for the bond graph slement and
i3 the equations fer the selement. The equations slot iz nil if no squations
t1; have yet been cbtainad. '

(type nit)
(doc-str mil)
‘o mations nil))

S

(defun reset-hash-dump ()
{cirhash *lines%)
{clizhash #nodesé))

{defun init~equ-dump {)

ii: Botk the hash table’s will be cleared and a new one creatsd

{astq *Lines* (moke-hash-table))
(setqg *nodes* (wake-hash~tahle))}
(raset-hash-dump)

{sotq #*line-hash keys* nil
*noda~hash-keys® nil
*directed~liness nil)

{values))

{datun raad—datnwfrom-tiie-—dump (filoname)

133 This function reads the data stored .n the file filename.data, The format
$1; of the datd #1l¢ ip discusced at the beginming of the file enter,)isp,
113 A portion of the functior was arxiginally written by C. Harumann. The

s+7 Tunction was wodified and addad to by G. Grobbelaar '

{setq filename (concutenata ’string “/usy/bondgroph/data/"
{string-downcase filename) *.data")}

233



‘()_

€

=

a

(with-open~£ils (line-gtream filenome :direction ;input)
{aatf *causality-assigne.?s (read line-strean))
{sot? *lins-hagh-keys+ (read line-stream))
{setf lino-%eys *Linc-hash-koysk)
{dolist {a-~line-number line-keys)
{50t? {gethash a-linc-number *1iness)
{zead 1line~stroam}))
{net? snpde-hooh-keys* (read lime-stroam))
(set? ncde-keys ¥node-hash-kays)
{deliat (n~node-pumber node-keys)
{xab2 (gothash a-node-numbes *nodesw)
(road line-ntream}})
(getf »p-algexbraic-leop* {road line-stremm))
(sotf *bopd~clgerbraic-loops (rond line-streom))
{ootd *doriv-cuisalisys (read linc-strean}))
{valuag)}

(dofun got-node-data~dump {)

This function tekos the data aterved in the two hiush tables and converts
it into’ o form that Ik more moxra suited to this program, This function
cxoates thres global lista, ¥list-cf-nodes+, *list-od~node~types* and
sLint-of~congested-Llineax, *list-of-nodes* is the some oy enode~hash-koya#
i.e. it contains a 1list of all the bond graph element rumbers.
¥liat~df-node-types+ ecntaing » list of wll element types. The first
clenment in sligg-of-node~types+ coxrasponds to the Zirst eloment in
#1int- of-nodeos. The second element in *list-of-pede~typesk corxesponds o
the necond eoloment in ¥list-of-modes* and se on.
slisirof-connocted-linoa® contains a list of all the hords atbached te cach
bongd yraph olewent. *list—of-gcomnouted-lines® has the follewing fezmni:
(.G G (bond-number pover-direction sousality-direstion)...)...)
*lict-pf-connested~lineo* therefore, consiots of u 1list of lists. The Lirst
liat in slist=-of-connocted-lines* corresponds to the fivst eloment in
¢list-nt-nodoo*, The saecond list in elist-od~somnected-linas+
corresponds to the socond element in #list-of-ucdess aud 2o en. In ench
of thene liotn are numerous cther ligta. Fach of these lists rorrespends
to & bong attoched to the clement, if thore are two bonds attachad to the
bond graph olcnont, thers are two ligts, if thers ia ons bond attoche’,
there i or Yigt. In each of thess Llists corresponding %o a bond thers
are threo orementa, the firgt is the bond number, the sesond is the power
dizroction mwl the thivd is the .ousality direction (the direction of tho
offort).
Counidox an oxample
1 2
go{1)mmmrnaal] 1(2) |escameasy {8}

|

! 3

i

/
if4)
ko three lists ave t orafore
*¥List-of-nodass iz (1 2 4 4)
*ligt-cf-pode~types* is (oo 1 x 1)
3 iat-of-ormuectad=linac® in ({{1 out ont))({1 in in){(2 out in){3 out ent))

wn s Wy M WS s WP WS wa el dmp md WA W e wa ma fk WE Gk Ne e ey e W LA WL e RE & UF W We WR W we

e WE WE WE W mE iy bk oy A W A wa ey i WE DA Tes WE WA RS WP e A e W N WE WS WA R A4S me S WA Wy
W s mm ey ww SR W AR WA mr e A Gy e WE e WE my wa o e NS WA s W WRE B me Ra MY WE W BE WE e
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((2 in out)){(3 in in)}))
That is the first elemant in *Llist-of-nodes® ia pamber one, it is of type
se (the 2irsy alemeat in klist-of-node-iypess) sud has one bond conneuted
(the 2irst list in *list~of-connscted-lines*}, the bond is number 1, thy
pover ix flowing out of ths eifort source and the affort is alse flowlng
out of the effort source ot:. The second element in #list-of-modest iz
number 2, it is of type 1 amd has three bonde cennscted, bond i, bond 2
and bond 3. The power and the effort is the input to the i-junction on
boud 1, the power is leaving and the efiort entering on bend 2 and both
the power and the sffort ars leuving on bond 3, And so on for the zemaining
2 elomants.

A WD omE WA ey W WE WS BA MR W
my WE WD WE s WE WE me W wa wa
WA WA mE W Wl wy A mw Wr Wk ome

{let ({eurreni~node nil)
(cuzrrens-node~type nil) t
(node-1iners nil))
Laot? slist-pi-nodesw spode-hash-keyss}
{dolist (node-number *node-hash-keys+)
{nott. wiist-cf-node~typeas {sons (node-Lype
(pothash nods-mmber spodesk))
*list-of-node~typas*)}))
(pett *list-of-node~types* (raverse *list-of-ncde~typest))
' (dolist (node~number encde-hash~koys+)
(Aolist (Lino-nusber sline~hash-keys*)
{if (member node-number (lise~node~pair (gethash line-number *lineaw)))
(setf node~lines
’ {cons {liat lins~number

{povex-direction-dump
(pogition node-number (line-node-pair
! vy . (gethash Iine-nunber

‘ ¥lines«))))
{cavaulity-divection—dump
{position nede~pumber {line-node-pair
(gethash line-number
#1inasw)))
(lime~caugality (gethash line~number °
*linenx})))
node-linas))})
{faot? *list-of-connectad-lines*
(conn noda-liues *list—o¥~counscted-lines*})
{set? node-lines nil)}
{aat? *Ligt-of~connected-linvss (reverse *list-of-conngcyed~linazx}}
{valves))) '

{dofun power-direstion-dwmp (num)

This funetion ip called by get~node-datno-dump, ghers rum ias tha position
of the nods in lino-node-paix. If num 18 26ro i.e. the first node is boing
considerad then the power io flowing sut of that node, otherwise (it

nunel &.4. the second node is being considorsd) the power is flowing into
tho node.

- wa we ma
s wr oma mw s
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(if {=.nun 0}
(setf pover-direction *eut}
(cotf pover-direction ’in}})
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{dofun causality~difactionmdump (num diraé}

Fhis Zunctiljn is called by get-mode-data-dunp, vhere num is the position of
the node iw/lins-node-pair and direc is lime-causality. If num is zero

the first wbde is being considered and therefore power is flowing ont

of the node, if direc is ‘e i,e. the causal stroke is at the same end

as the power half arrow, thes the causality is ‘out, but i direz is b
i.s. the cousol atroke is at the opposite end to the power half arrew then
cagsality 4s "in. If num is 1 the power is flowing into the node, then if
direc is 's the causality is ’'in otherwise if diree is 'b the causality is
Tout

by ww Mk WE W oms wE WA mr
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{cond ((aﬁd {aqual nun 9)
(squal divec ’e))
{setf camsality-direction *out))
{(and {equnl num Q)
(equal direc b))
(setf cangality-direction ’in))
{{and (equadl num 1) B
(equal direc ’e})
{sot? causality-diraction 'iu))
(fand Cequal num 1} .
(equal dires b))
{nas? cousality-direction.?out))))

{defun dwap-acsl-eguationa (}

This function is used to bagin the aguation formulntion routine. Initinlily
the hash tables are reset and the data is read from a file
(init-and-read-data). The function then checks to see if the causality hag
been asesigned, if not the user is prompted to run the causality assignment
routine, If the causality huy been agsipnsd to the bond groph, this
function shirzins the duta needed for the acsl inmput File (it calls
tunctiona gey-init-data, get-inter-data, got-node-equations and
get~ond-equations). If there are any algebraict loops, the function

calls either r-element-alge-loap or bond-alge~lovp depending on whether
the algebraic locp wam cansed by assigning an arbitrary causality to a
rasistor or a junction structure eloment. If there is & storags element
with derivative couaclity, the function derivative~causality is called.
£11 thrae of these functions modify and add squations to those equations
entarad by the vser, If any of the aquotions entered contain the acal
shatement "conssant”, thou these aquations are removed #rom tha list and
placed in a separate list so that they can be put in the “initial" section
in the ACSL input file. Finally all the lists are combined into one and
gant to the Yuuction dumpw-acsl—output. nc¢e the ACSL input 2ile has been
written, the hash tablea are re-written to tha dats fila. This iz so

that the squations entered by the user are stored with the xest of the
styuctural data, :

e e WR mp wa me W

-

A WE We WE MR R Rk WE WA MA WE W
-

Wy WE ma bk By w2 MA WE WD e e WA dmp M N

- MR WE W Wy WA WS e e BT TR ww

- s W Wy wm WY
my w4 WS oy me mE WE me Ew

(let {{*ligt-of-nodesk nil)
{*List-of-noda-types* nil)
{*1igt~of-connected-1linog* nil)
{iistl nil)

{1iat2 nil)
{1iot? nil)
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(Tist4 nil)
(lists nii)
{agu-1ist nii) ,
{output~-list nil)
(pas '03})
(1n;t~and~read—data}
(if (equal yeansality-asaigned?* ’causality-assigned)
(yrugn (get-node-data-dump)
{aet2 listi (5s'u-init-d'\ta))
(setf 1ist3 (got-intoer-datal)
"{doliast (node *list~of-nodecs (values lint2))
(snts aqu-list (append (get—-node~aquations
node

)

(nth pos *liat-of-node-typose}
{nth pos *list-of~comnacted-linesg+}}

squ-list))
N3 (setf pos (+ 1 pos)))
(it sr-algorbraic~laop*

(set? egu-list (r-elunamh-aigar~loop agqe-list) })

+  {if shond-slgerbraic-loop*
{sovs wqu-list (hond«alger—loop equ-list)))
(if *deriv~causalitys

(3otf equ-list (dexivative-causality aqu-list}))

{ant? ern-list (roverss agqu-list))
" {dolist (equ-string eyu-list)
- {i? (mearch “constant" aqunntring)
(setf lint2 (cons squ-string list2))
{setf liasv4 (cona equ-string list4))))
(zet? listE (get-snd-data})

{netf output~list (append listi 1ist2 1ist3 listd Iists))

(dump~acsi-output output-iist)
{yrite-hash-tabla=to=Tile~dump +f1lename*))

{progn (fortat t “"~|The camsality has not yet been assigned, plense *

¥un the cavaality assigoment”lprocedurs fxom the

main menu. "4")
{loop

{return)})))
{values)))

{dofun init-wmid-read-data ()

*011onamas,

(init-aqu~dump)
{if *filanama¥

-

(it (y-ox~p~p ""%Have you finished reading the massage")

;: The Tunction init~and-rsod-data calls the funetion init~squ-dump, which
3 resots the hash toablos and then reads in the datd storsd in the file

; ¢filenames.datn. The user has the optitm of retaining ox changing

H

{if (not (y-or-n~p "“i{Do you want to get the acel) eguations of the bond®
graph stored in the Tile“¥*a.data" *fiYenamet))

(progn {foxmnat t "~%"¥Lucer the 2ile nams of the file to read from, =

don’t include an extension™fit will be taken to be ~

taken to ba ‘data’*y")
{oot? *ilename {read))))
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(progn (foxmat t "“i{Enter the file name of the file to read fyom,
don’t inelude an extensisn"¥%it will be Zuken to be “
token to be ‘data’~¥")

(aatf sfilenames {read))))
{read-dati-trom-tile-dump *filename+))

(detan gos-node-equaticns (node-number ndd¥s~type counected-line—datu)

his fumction i collod by dump -acsl-equations. Depending of the node
ype, Beda-type, being considerad one of nine functions is called,

]

{let ({eguasion-list nil}}
{cose noda~type
{’r (setf eguation=-list (r-alement=egquations node-number
connacted-kine~data)))
(‘¢ (satf sguation-ligt {c—eloment—eguations node-number
connected-1ine-data)))
(*1 (setd equation-list {(i-wloment~squations node-numbsr
, copnected=lina~datau)))
(1 (zat? eguation-list {(i-elamept-s.,uativns node-number
' connetted-line-data)))
(0 (set? oguation-list (O~olement-equations mnode-nunber
. connocted-ling-data)))
('u2 {aetf equat;onrl:st (tf—alemant~aquntionn nodg~nuber
coznectad-1ine-data)})
('gy (mot? eguotion-list (gy-slement-squations nods-nuzhexr
connected-line=dota))}
{'se (et aquutlon—list {se~slument-equations node-number
connected~Lline~-duta)))
(st (sscf equation-list (sf-element-equatjons nods-number
colln  -ed-line-datn))))
{valunes aguaticn-list)))

Becoauge it is necessary to hive paruvntheses in the element eguationsy,
a method must bo used to sntor thesse without cauaing a lisp srrox.

The only way a paventhesis is not doteacted is if it is inside a string,
precadsd by a back-alash or if it.is enclosed by vertical lines i),

The last twe options ars not viable as these wili have to be removed
before writing the acsl fils, which is clumsy ond slow. & abring was
therefore chogen, It iz occasionally necessary te chack if the

ctring contains only numbers, thia can be accomplished by converting
the string to ar object using rend-from-string.

A s oy md WS e WA W s
-y be ma WA WE e wa Wt ome
- mE W mE W e s W

{dofun y~element-oquations (node-pumber line-data)

This function is colled by get-node-squotions if the elenment currently
being considered iz a resistor. The function informs the user for vhich
vlement the squatic.s are baing entersd. If eguations have previcusly

boen antered for the element, thasa and the cuzrent causal implications
axo output to the acreen. The uasr is then raguired to enter whethax

these equoatlons are still valid. If they are, thie squations in the hash
table are sssighed to final-equation. If the egquations stoxed in the hash
table ara ne longar valid or if thero were no egnations stored, tha user
iz prompted to enter she dota for the resistox., If the resistor is a

WY ME WE WA ma Wk We R Ews
4 s s Wy WmE ws om

- e
e e ME WA s e wa we e
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i-port the data can by written in one of three forms: If the constitutive
ralation ia linear, jykt the resistance need ba antersd., Tf the

caugal relation is mga-linear, the entire non~tinear equatior, in the
gorrech cavnsal farnﬂ{tha user is given the required causal form) pust be
entorsd. Finally thp data for the rasistor can be entered in the form of
a table, If a only & wwrbexr is entered (the resistance) sguation? is
asaigned the value {"zonstant x* .. "=" gum} vhers .. reprozents the bong
purber and num, the nuwbexr entersd by the user. squationi is assigned the
valus (Pe" ., “=x" .. " ., J or (" .. "=(1.0/z" .. ")}*e" ..)
depending en the causality, If an squation is enterad a list is formed of
the anuation and assigned to squationl. If the user snters the word
“gabla®, requesting ithat the data he emtered in {he form of a table,
2inal-squation is anaigned the output of the funetion muke-acsl-table. If
tha registor is a multiport the data con be written in one of two ferms:
Eithex each eguation is written out iz full, when prompted or the data
for sach squation can be written in the form of & table. The variahle
aszignments and Function calls are & for the I-port case. Each equation
is corverted to & string. The egmaticns axe sntersd ix the hash table and
all ampty strings axe removed. :

(let ({final-eguation nil))

{format % "°|RESISTOR (ELEMENT NUMBER “a) CONNECTED TO “%" node-rumber)
{(dvlist {(a~line line-data) .
{format + "BOND ~a " ({irst a=line)))

" {print-doc-str node-number)

(it (node~synations {gathush noduununbar anodens) )
(progn (foxmat t ““Y“iThe caunsa. .oy assigned lmplies that")
{dolist (current~lins Line~data)
(it (equal (thixd cuxrent-line) ‘in)
(set? a~feput ")
(zatf o~f-out "s"))
(format ¢ "“% a"a iw a function of ¥ e-f-pub
{tirst cuxreat-line})
(dolist (a~line line-data)
(it (egual (third a~line) ’in}
{nett a~f~in “a")
(et e~f-in “£v)) :
{format & ““a"a " e-f-in {first 2~Iine})))
(tozmat ¢ “"%*%The last equations storsd wewe")"
(doliut (an~aquation (node-squations (gethash node-numbex
*nodas*) )
{format t "*%"a" an-squacion)) ’
(it (y-ox—=n-p "“%~iDc these agoutigny otil), hoid ")
(progn (sets {inol-sguation (node~squations
{gethash node~nunber +nodent)})
{aott ans ’yes))
{setf any ‘no)})) - '
{it {oxr {not {node—equations (geothash nede-number *mdes*)'ﬂ)
{equal anz *no))
(progn (doliat (curront-line line-data)
(i {equal (largth Lins-data) 1)
tprogn {toxmac t ““%*/Enver the data for vesistance Ra.™
. {(firet cnrrent-lins})
(format © ""%If the sguation is linsor, entar
only the resistzace coefficient.")
. (format & {"}I? ths sguation is mon-linear snter ©
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the antire equation with~%"))
(format ¢ »~¥"Enter "})
(it (equal {third current-line) ?in)
(zetf e-f-omt ") .
(ot e~f-out "e"))
(Zormat ¢ "~a~a as a function of “'a—r—one {5iest
. ewsgenb-line)}
{dolist (a-line line-dats) '
{it (equal (thir! a=1line) ‘in)
(zat? a~f~in “e")
{sgt? e~f-in ")
(format ¢ "~a"a " a-f~in (Lirst a~line})} "
{Zoxmat t "I the data is in the form of a table enter ~
\“table\"*"%")
(zetf ationl (read-line))
: ROTE read-line raads in a stzing not an cbject, thareforn
;35 o left or right or both parantheses may bs read in
“equal squatiomi "4nble")
(format + **|The tabls will be nawed tub*a %"
Atable-vur:)
We will call the tablez tabi, tab2, tab3 etc, incrementing a cauntar
svery time, so that the tables are unique. _
(formot t “~%I* the resistor im not modulated the *
. independant wariables are noxwally~%"}
{doliat f{a~line line-data)
(it Cequal (third a-line) *4in}
(setf o~f-in "o")
(gat? o-f~in “I"))
{tormat t ""a"a " e~f~inm (Zirst a~linel)))
{set? tinal-equrtion (wake-nesl-table e~fe-out
nods-numbar -
(first
_ current-line)))
(set? »tablo~var* (+ 1 stahle-var?,,)
{(numberp (reac~from-stxing equationi})
i1+ NOTE read-from-siring comverts a sixing %o an object
(satt eguation2 (list "constant r*
(first current-line) "=V
equatiani})
(i {aqnal {third current~line) out)
(st eguationl (Llist “a"
{Lirst currunt—line) Maph
{tirct curvent-lines) e
(2irst cuzzrant-iine)})
(satf equaticnl {lizt "i* (first enrrant-line)
' “=(4.0/x"
o : (tirae
currant~%ine)
n)*ﬁu .
) _ (tixnt current<line))))
(9x3% tinal-eguation (append (List
' i (torm-string equationl)
' (form-string equation2))
!*nal—aqnatian)))
{t (set? equationt (1ist equationi))
(zeut final-aquation (append (list
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(torm-string equationi})
tinxl-oquation})}))))
(set! (node-aguations (gethash pode-number *nodess)) tinat-sguation)

{zett Tinal-sguation (remove “¥ final-squation :test #'agual)}
(values final-equation}))

(defun se~slement-equations (node~uumber Line—data)

This functien is called by get-node-equations if the alement currently
being considered is an effort souwrce. The function informs the user for
which element the equntiions are being anterad. If equations have previously
been entered for the element, these and the current cansal implications
are output to the screen. The user is then reguired to enter whether

these equations are still valid, if they are, the syuationa in the hash
table axre aasigned to fiunl-equation. TY the equations satored in the hish
tabls are no longar valid or if there"were no equations stored, ths uaur
is prompted to snter the data for the effort mource, The data can be
written in one of three forms: IZ the input is a step 2t time t=0, only
tha magnitude of the step nesd be sntered. IT the input is not o step at
time t=0, the user is regquired to snier the entire equation. In addition,
the data for the source moy he written in the form of a thble. If X number
is enteaad, aquation iz set sgual to (“constant o' ., "= num) where ..
reprosants the bond nutther and num tha nuwbar entwrsd by the yser, If an’
equation ia entexrod, a list is formed of the input and aaazgnud to
squatdon, T2 the user enters the word “tabla“, xequesting that the data be
enterwd in the form of a table, Finad-equation is amsigned the cutput of
the function wake-acsl-table. Finally the egmations are ontered in the
hash table. '
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(let ((comnacted-line (first line-data))) ;
(format ¢ "*|EFFORT SOURCE {ELEMENT NUMEER a)__ COYNECTED TO ~%v
node-nuxber) '
{format t "EOND “a * {first connactadriine))
{print-doc~str node~number)
(i1 (ncde-syuationz {gethash node .ber ¥nodexx))
(progm {format t "*%~¥The causslity assignsd implies that e™a ig,the -
output® {firat connected-1line})
(tormat t “*¥“WThe last wguaticn: dtored wora)
(dolist (an-equation (node-equations (gethash node-pumber
*nodes*)))
(tormatlt u=%"a" an-equation))
{if (y-or-n~p ""% %Do thesas oquations still held ™)
{progn (setf final-aquation (node~equations
‘{gethash node-nunber *nodes+)))
{set! ans 'yes))
(astf one *no}))}
(if (or (n.t (node-eguavions (gsthash node~number *nodeat)))
{aqual ans ‘ne))
(progn (formas t n=4~YEnter the data for offort mource SE*a."
(tirst commected-iine)}}
(tormat t "“%IT the effort input is a~$"@p at t=0 then ~
entax only the height of the step.")
(tormat & “"UIf the effor: imput is anything but a vtep ~
at t=0 then snter th. antire™)
{tormat ¥ "“Yequation, using the form a™a=,.,, "
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{tirst connocted-line}) _
(foxmat ¢ "~%If tho data is in the form of a tawle enter -
\"ta.bla\"“"r{") .
(setf equation (read-line)}
13: NOTE read=-line reids in a string mot an chjact, shersfore a
i1t left or Tight or both parenthasces may be read in
{cond ({equal squation "table")
{forwat © ""[The table will be named tub a~§"
stablo-var+)
753 We will call the tobles tabl, tab2, tab3 ete, incrementing s counter
i+ avary tima, so that the tablea are wnigua.
{format t "“%If the sffort source is not modulased the ~
independant variable im moxmally time~¥(t)")
{setf final-equation (make-acsl-tabla “se"
node-nunber
{firat
: connscted-Line)j)
{aott *table-vars (+ § *table~var+)))
((nunberp {read-from-string eguation})
i3: WOTE read-from-string converts a strisg to an object
(setf equatiion (limt "“constant e" {first connected-line}
Hatt gquation))
(sete Tinal-cquation (list (form-string oquation))))
(t (set? mquation {iist equation))
(setf finol-squation (Iist (form-striug equation}))))))
{set? (node~equations (gethash node-pumbexr #ncdes)) final-squation)
{values Pinal~sguation)))

e

{defun si-eloment-equations {node-nusber line-data)

This function im called by get~node-sjquations 1f the slement currently
being conaidered is an fle4 souxce. The Tunction informa the uazey for
which element the equations aye being enterad. If equationa have previcusly
been entered for the element, thess mxd the current causal impticationa
are output to the screen. The usax is 1. .s reguired to entexr whather

thesa equations are still valid, iff they are, the aquations in the hash
tuble ore assigned to final-squation, X %he oquatione stored in the hash
table are no longer valid or if there wery no egquations stored, the user
is prompted to snter the dota Zor the flos souxze, The daba tan be
vrittern in ome of three forma: If tha Input is a step at time 50, only
the magnitude of the step nesd be entered, If the input iz not o stop at
time $=0, the user is required to enter the entirs squation. In addition,
the data for the source muy be weritten in the forw of a tuble. If o number
is enteved, sguation is sei squal to (“constant £* ., "= aum) vhere ..
repreasnts the bond nuwber and aum the nuwber entered by the user. If an
aquation is entared, a list is formed of the input and assigned to
aguation, If the user enters the word "teble!, requesting that the data
ba entered in the forwm of o table, final-squation is assigned the output
of the function make-acsl-table, Finally the aquntions ace entarsd in the
hosh table.

—d me W s wa e e my WA Wk
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{let {(connected-line, (firat line-data)))
{format & "“|FLOW SOURCE (ELEMENT XUMBER ~a) CONNECTED TO ~%* node-number)
(foxmat t “DOWD *a * {first comnected-lire))}
(print-doc-gtr node-numbaor)
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(if (node~equations (gethash noda-numbsxr *nodast))
(progn (format t *~%*%The cauzality assigned implies that r~a is the ~
: cutpat” {first conmscted-line)})
(2ormat £ "% %The last equaticns stored ware")
{dolist (an-sguation (node-squations (gethash node-numher
#nodeav)))
(Zoxmat & ""%"a" an-squation)} )
{it (y-or-u~p "~% VDo these squations atill hold “)
{(progn (eett? final-equation {nede-aguations
{getbash node-anmber knodest))}
{setf ana 'yes))
(setf ans ’uno))))}
(i (or (not (node-sguations (gathash noda«numhar *podegs) ) )
(equal ans ‘no))
(progn {format t "“%"%Enter the data for flow sourca BF-a.”
(fizst connected-line})
{foxmat t “"UIf the flow input is a atep at =0 them sptor *
only the height of the step.") _
(forwak t *~%lf the flow input is anything butl a step at ¢<0 ~
ther enter the sniire")
{forpat € ““Yequation, veing the form fa=....."
{tirst connectod-line))
= (format t "~%If the data ig in the form of a table, entsr -
\Mtable\""%")
(2akf eguation {rsad-line})
1i; NOTE read~line reada in a string not an objact, theretors a
177 left or right or both parentheses may be xead in
{cond {(equal equation "tablaY)
{format ¢ " |The table will be named tab” ’K“
»¥table~vary)
;13 We will eall the tables tabl, tahl, tab3 stc, incramenting a counter
53+ evury timo, so that the tables are unigue,
B {format t "%If the flow source is not modulated the
independant variable is mormally tinn'x(t)‘%“)
ltatt final~equation (uaka*anal-tabln it
nede~number
{tirst
connected-line)})
{setf *Gable-vax® (+ 1 *table-var#))})
((oumborp (read~from-string squation))
}33 ROTE read~from-string converhs a string to an object
{set? sguation (list “constant #* (first copnected-line)
=i aquation})
(mets final-equation (list (form-string aquatzon))})
(t (oetf equation (list aguation))
(aett final-equation (list (formeatxing equation)))))))
{sott (node~equations {gethash nodea-number #nodes*)) final-equation)
{velues tinalwequation)))

{dofun c-element~sguations (node-number line-data)

;;; This function is called by get-node-aguations if the element currently
31} belng considered is a ~apacivor. The function infoxms the uscx for whieh
141 olemont the squatiovne oxe being: aptezed. If aguations have previously

: baen entered foxr the element, these ond the current cansnl implications

1
.
L}
.
¥

243



e

wa wWe WE mE s wr o dmn S RN MR WA WA B Gy Sy WA RS A EE WE RE Wy mr e wd W e

— A A R Ws D wm R W e

Ba me Wa WE wp W MU WE ME W kel mk h Gk WA e Wl WE WS WY WE W W W e WE WE WY WS W my Snd e me W G

Ak WE WA WS WE M wR WA s WE WE WE W We E mm o dmk i Wt ded e E e ) el WS WA We W We mE e e

- e

-

1,

are output to the scresn, The naer im then required to enter whethar
thess squations are 2%ill valid. I? they are, the sguations in the hash
table sxs wssipgned to final-equatior. If tha. equationz storad in the hash
table are no longer valid or if there were no aguations stored, the user
is prompted to enter the data for the capacitor. If the capacitor is a
i~port the data can be written in ona of thres forms: If the constitutive
ralation iy linear, just the capacitance need ba entered. If the

sausal relation is non-linear, the sntire non-linear equation, in the
sorrect causal form (ths user is given tha reguired causal form) must be
entored. Finally tha data for the capacitor can be entoered in the form of
a tablo. IT a orly a number is entered {ths capacitonce) squation? is
assigned the valus {"conatant ¢* .. "=" nur) where .. represents the bond
nunbar and nuk the number sntered by the user. equationl iz assigned the
valus (Yo .. "=201.0/c" .. "jeq® ., ) oz ("g" .. "sc" ., "wa¥ [.)
depending on the causality. IF an equation is sntexed a list is formed of
the saquaticn and assigned te aquatieni. If the umsr entera tha word
Wgabla, requesting that the datm be entered in the form of a table,
final-equation i¢ assigned the citput of the function make-acsl-table. If
the capacitor has integral causality assignsu to it, the uger is reguired
to anter the initial value of the displacement {at time t=0). If the user
sntera only a nunber, sguationd iz set squal to (“constant g™ .. "i=" num)
and equation3 iz set equal to (Mg" .. "sinteg(2" .. “,q" .. "i}"), where
.+ voprasents tha bond nuwber and num tha number entered by the user, If
the user entsexs an exprassion fox the initial displacement equation3s is
set agual to {"g" .. "=integ(?" .. *,“ expr ")"), where .. zepresentz the
btond nuxber and expr the axpiession entered by the user, aguationd is set
squal to th ampty string. If the capacitor has derivative causality
agsigned to it, aguationd im sat egual te {"I* .. “=g" .. "4"), whecs ..
reprasents th bLond number and & the dexrivative {note the acsl derivative
function is not used, instead the squation is differentiated implicitly),
eguationd ix set egqual to the swpty string. I¥ the capacitoer is a
multiport the data can be written in onc of two forma: Either each
eguation is written out in full, whén prompted or the data for each
eguation can be writtan in the form of a table. The yariahle as:ignnonﬁa,
initial displacement assignment and function calls are as for the i-port
sege. Eachh equation is converted to a string. The squaticns are enverad
in ¢ha hash table anl all empty strings srs removed.

Lot ((?inal—qquat;an nil))
{format ¢t “"|CAPACITOR {ELEMEN™ NUMRER "a) GOHIEGTED ™ ~H» noda-nnmbur)
(delizgt (a<line linewdata)
(forwat t “BOND "a ¥ (first a—-line)))
(print-dog-str node-nuwber)
(it (node-eguations {gathash node-number *nodeat))
{progn {fermat t "<%"%The causality assigned implies that")
(dolist {cnrrent-lina line-data)
(it (equal (third currsnt-lina) ’out)
(setd a~f-out “a")
(satd e-f-out “g"))
{toxmat t "“¥"a"a iz a functior of ™ e~f-gut
(2irst current-line)})
{dolist {a-line line-data)
{if (equal (thirxd a-line) ’out)
{setf ea~f~in "q")
(zot? a~f-in “a"))
{format ¢t "“a"a " e~f-in {first a-1line))))
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{format ¢ "“%"Y%The laat equaticns wtored wera™)
(doligy (ue-sguation fnpdu—aqpations (gethash neds-nraber
*nodes®)))
(format t “*Y~a¥ u—aquation))
(if (y~ox-n-p ““%"Y%Do these oguaticns still hold "} »
{progn {sat? finol-equation (node-equationc
{gethack node-number #nodas+)})
{sotf ans 'yes))
{satf ans ‘noj}))}
(i (or (not {node-equations (gethash node-nucber *nodes+)))
© {egual oms ‘no))
(progn (dolist (cursent-1ine lina-data)
(if (equal {length line-data) 1)
(progn (foxmat ¢ "% YEnter the data for ca1acitanca £ a.%
{first currept-lina))
(Tormat £ “~%if the oquation is linear, enter
only -the capacitance coefficient.") "
ATt 6 *RIE | e symation is non-linear enter *
: . the sntirs nqgataon with*¥"})
. (format 't ““%"Yknter *))
(it (ogunl (third current~line) ‘out)
{ wk a-f~out Me')
{ - e-l-out "gq))
oopmat t a"s & function of " e-f-ous
{axxst cuczent-line))
(dolist {a-lins line-data)
(it (egual (third a-line) ’ont)
(ant? a-f-in "g*)
{setf e~f~in "a"))
{format t *"aa " e-f~in (first a-line}))}
. (format t "~YIf the dota is in th= form of a tabla. anter
i \"table\" %"
" (set® synationi (Tead-l us))
34 NOTE yead-lins rea. in a string not an objact, thereafors
it a left or right or hoth parenthases nmay be read in
cond ({ogual eguationi "table")
(foxrmat t "~ |The table wlil be nﬂmad tab~a "
stable-vare)
We will call the tahles tabi, tab2, tabd ete, :Acrementxng a counrar
; overy time, so that the tables are unique.
{format t ""AIf the cupacitor ia not modulaved the
indopendant variables axe normally“¥"}
{dolist (a~line line~datal
(it (equal (third a~3lim.) %)
(sntd e-f~in "g%)
{setf s~f~in "a"))
{tormat t "“a"a " e~f~in (Lirst e*line)})
. {setf squationil (make-acel-table e-F-out
node-punber
(fizat
currank~line))}

(
(

{saﬁx equation2 (1ist"“))
(Bott +table-var* (+ 1 wtabla-var+)))
((auwborp {vead~froa-string equation1))
i1} NOIR xeund-frow-string converta a stying tc an object
(set? sgquation? (list “comstant oV

245



=

(fixst cutrent-liie}
_ "% pquationi))
, (if (aqual (third survent-line) ‘out)
5 (setf equationi (list (form-string (lisk
o vg" {first current-line)
u_( 1. WC“
(tirst curzent~lime} “)&q*
g (tirst current-line)})))
(sety squationi (list (form string (List
' q" (first current-line)
e M
(first cucrent~line) “¥e*
(firat cnrrent-lina)))))))
{t (gsetf aguationt {1ist sguationi))
(get? sguation2 (list “*})}))
(if (equal {thizd curreat-line) ‘aut)
(progn (format ¢ "“"YBnter tha value of g°a at time t=(~%"
. . {firat currsnt~line)) :
. (sett initial-value {read-~line))
© (if (aumberp {rsad-frow-string initial-value})
{progn {setf agquationt (list “consstant q" _
{Tiret
waxreni-line)
1=Il
:!.nitia.l-valua} )
{aett aqmtion& (1iat "q"
(Rirss
surrenb-ine)
“=intog(L"
(£irst
cervant-line)
- L
(firen
curyent~lire)
1] i) n) ) )
(progn {setf squativngd (Liat "))
(satf eguationd (List “g* .
{(fizrst
current-line)
weintep{f"
{first
curxont~line)
. ", initial-value

"))
(orogn {set? squationd (1iss "»))
(set? equation? (list “#" (Pirst currant-line) Haqg"
(tivat cuzrent-Xine) “d"))))
(setf finalweguation (aprend equakionl

(list (form-strung equatical))
(List (form-string aquation3))
Alist (form-string .quationd))
final-oquation))))) ,

{sotf (node-equntiocns (gethash nada—number #nodes*)) :1na1~aquax;on)

{set? final-equation (remove “* final-equation :test #’aquai)}

(valves 1ina1~eqnatian)}) .
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(dofun i-elepent-eoquations {node-numbsx line-data)

This functlon is called by got-node~equations if the elomant currently
being considered is am imertin, The functisn informs the user for which
elemant the eguations axe being enterad. XI ogustions hove previously
boen enterod for the element, these nnd the cuxrent eawsal implications
ars output to the screen. The uaer is then reguired to enter whether
thaoe squations ave still volid. %I they ara, the eguations in the hash
takie ave asgmigned to final-aquation. If the squations stored i the haeh
tabls nre no longer valid or if thers wers ao squakions stored, tlu user
is premptad %o enver the data for the inertiz. I2 the inertln g a

i=port the data can be written in omo of three forma: I the constitotive
relation is linear, just thy inertancs need ba entered. IF the

canoal relotion i nen-linesy, tha satirs non-linear aguation, in the
caxrect cousal Torm (the user is given the regquired causal form) muat be
entered. Finally the data £ox the inertia may be enteved in the form of

n table. I o only a auwber is entersd (tha iasxiance} equatien2 ia
assigred the valua (Yconatans i" .. "= mun) where .. represents the bond
number and nom the nurbar sntered by the usex. sgpationl is assigne! the
value (Mt ., "={1.071% .. Tiep" ..} oox (Mpt .. MmAM L. tegT L)
deponding on tha causality. FT ak equation is entered a liast is forwed of
tha eguaticn and asmigned to equationi. XIf the user ontsrs-the word
"table®, remesting that the data be entersd in the form of a table,
final-sguation is assigned the output of the function make-acal-table. If
the inertia hos integral causality assipned $o it, the user iz regquired
to enter the initial valua of the momentun {at time t=0}. II the user
anters oply a number, squationd is set equal to [“conatamt p" .. “i=" pom}
and equationd is set squal to (“p" .. “=integl(e" .. ",p" .. "i)"), whers
v« ropresenta the bond number and num the number snteared by the nuop. If
the usex anters as sxpression for the initial momentun equationd is

sqt aqual te (Yp" .. Y=anteg{e™ ,. "," axpr "}"), vhare .. represonts the
bond musber and expr the exprasaion ontornd by the uker, sguationd is set
aquRl to the aupty string, If the inertia has deyivative cavsality
agsigned to it, oguationd is seb squal te (“e" ., Tsp" .. ¥d“), whars ..
represents the bond number and 4 the derivative (note the acsl dexrivasive
function 18 not used, instead the oquation iz diffarenviated dmplicitlyl},
equationd is st squal to the empty string. If the inertia iz a
waltiport the data can be writtsn in one of two fovme: Either sach
aquation im written out im full, when prompted ox the data for each
equotion ¢an be writtsn in the fuxa ol a table. The variable agsigamonts,
inisinl momentum assignmant and function calls are as for the i<port
cane. Each squation iz convertad to a stiring. The agquakions are ennered
in the hash table and ali empty strings ares removed.
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(et {(finsl-equation nil))
(format & "~ |IRERTIA (ELEMENT FUBER “a) CONNECTED TO =% nudn-nunbar)
(dolist (n-line line-data)
(format ¢ "DORD ~a ¥ (firsy a~lime))}
{orint~dos~str noae-numba }
(it (node~equations (pethash nods-pumber *nudess})
(progn (format & *"%"%The causality assigned implies that™)
{dolist {curzent-line Jine-data)
{ir (egual (third current-line} *in}
(astf a~f-oui "f")
(sett a~f-out "p"})
(foxmat t ""%"a"a is a function of " s-Zwout



R

| ""‘.i\\

(!irﬂ% .nrrent-l:na})
. {doliat (a~1ine line-data) .
(it (equal (third a line) ’in}
(satf e-f-in "a") :
(setf e-f~in “4*Y} 4 4
{foxmat @ "“a‘a ¥ a~fin frarb“ a~line))))
(format £ % 4Ths 1186 gue avte £7 Ced vers")
(dolist (an~stjuation (gede ~rguwtior {gethash node-number
) *nodes*)})
(format t “"%"a" an-equationg}
(if (y=nr-n-p "*%"%Do those ssuaiions still hold ")
{proga (aetf tinal-—oqmnon (node~sguations
| {gothash node-number *anodes+}))
(sets anc ‘yes))
{set? ans 'mo}))) '
{i? (or (uot {(n~de-egtiations {gethushk node-number énodes+})}
(equal an= *ho)}
(progn ldeoiiwt (current~line line-data)
. {47 (equal (length line-data) 1)
H fprogn {5 -ymat ¢ "% YEnter the data for inertiance I-a.v
' . (Firat coxrent~line))
P S {format t "~4If the eguation i3 linear, enter ~
: ' only the insrt‘ance coefficisnt.”)
(format © “"%It the equation ie nop-linear enter “
the entire égquation with ¥"})
(format t “~Y"YEnter ")) _
(if {aqual {third current-line) ’in)
{net? e-~f-~out “I#"}
(sett s-f-out “p"})
(format t *“a"a as & function of ¥ e~f~out
(tirst current-line))
{dolist {a~Iline line-data)
{if {squal (third a-line) ’in\
(setd a~f-in-"p")
{satf w-f-in “£%)) :
(format © "~a"a " e-f-is:{firat nrlinu))}
{format t “~%If the data is in the fofm of a table, enter °
‘“'l: abl .\n *zn J
(set? squationi (read-line))
11 NOTE read-line veads in a string not an objoct. therelore
133 a left or right ox both pacentheses may be read in
{cond ((equal eguationi "tablie®)
: (foxmat ¢ ““IThe table will he namad tab a "
talle~vart)
i We will call the tables tabi, Labl, tabd st¢, incrementing a counter
i ovaxy time, @o that the tahies axe unique.
. (foxmat ¢t "“%I7 the inertia iz not modulated the *
© jndependant variables ars norma:l.ly W
(dolist (a~line lina~data)
(32 (equal {thizd a-lins} tin)
(setf e~Poin "p¥)
{aetf a~I-in "))
{Tormas t “"a*a * a-f-in {first a<linel))
(sstf squationl (mak#~zcsl table e-f-sut
node~nunber
{tirgt

28
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currant~line})}
{setf eguation2 {liat ™)}
{setf stable-vars (+ 1 *table-var«)})
({numberp {read-from-string sgnationi))
i 71 FUTE read-from-string converts a string to an objecs
(setf equation2 (ilst “eunstant i
{first current-line} “=*
equasioni))
(if (equal (third currant-line} *in)
{setf agrationi (Llist (form-string (lisy
w* (fixst currvent-line}
T IR 7 A
(first current-line) “)+p"
. {#irst current-lina})}})
(satd equationg {list (foxm~string (liat
Uph (first current-line)
=i (firsu current-line)
l(*t“
(tixss aurrant—l:ne)))))))
{t (sett equation? {list ¥))
(set? equationl {list oquationi))))
(if (equal (third curremt\line) ’*im) ;
{progn (format t “"%Enler the value of p“a mt tine 1=Q"YUn
{tixat cyrrent-line)) g
. (metf initial-wzlue (read-lina))
(ig Cnun fp “(rend-from-string inxt;al-valua}i
{pro (:atf equations {(iist "copstant p"
{firas
current~lina} “i="
: B initial~valae))
{aotf squationd (1iat “p¥ (Pirst
- current~line}
"zinteg(e"
{firat
current=lina)
v e ot
. (tircst
cnxrrent-line} .
. ) ni)ll)))
(progn (set? equationd (List "*)})
{aeti aquationd {list "p" (xivst
. . currert~line)
vointeg{e"
{tirat
curyeut-lina}
"M initiai~value
IMN

(progn (set? squationd (list "))
(set? wquation® (Liet “e¥ (first current-line)
' Yept {firet current-line)
“d*)))
{setd final-squation (append eguationi
(List (forw-string aqnation2)}
{1ist (foxm-string squationd))
(1ist (Zo¥m-string eguationd))
tinal-equation)i}))
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(setf (node-equations {gethash node~nusber *nodes¥)) final-equation)
(setf final-eyuation (remove "* final-equation :test #'equal))
{valuea final~equation)))

(defun tf-element~eguations (node-number line-data)

This fupztion is callea by get-nedo-equations if the elewment cuxxently
being sospidered iz a transformer. The Tunction informs the user for which
element the eguations uve being entered, If equations have previously hoen
entored for the elomeit, these and the current camsal implications

are gutput to the acresn, The user is then required to enter whether
those equaticns are wtill walid. I they are, tha seynations in the hash
table wte mssigned to final-eguation. If the equations stored in the hash
tabie ars no longer valid or if thore vers no sguations stored, the wger
is prompted o enter thy data for the transformer modulus, The ussr is
informed, based on which .port the power is entering, of the definition of
the modulus in texms of the two efforte. The data for the transfoxmer
modulus con be written in*ﬁi; of three forms: If the transfcrmer is not
modulaved the nser needs o to enter tha values of the modulus. IF &he
transformer iz modulatsd, ha user has to snter the expression for to .
modules. The data for tthWndulus can #lso be written in the form of a
e . If only a number As entered ejuatiend is aszigned the value

~{" gotant w® .. =" nué; where .. rapreseats the pode numbey and pum
tis nunber entered by the user. equationi and equation? are the two
constitutive relations, the form they take, being dependent on the powar
and causalisy direction. If an expreasion is entersd equation? is net
agiat to the empty string, equationi and eyuation2 are as bafoye, If the
user enters the word “table", aquationd is set squal to the outpud from
the function make-acii-tably, squationi and squation? are aghin the mame,
Each equation is convexta) €9 a string. The equarions ara entersi in the
hzsh %able and all smpty strisgs are removed.
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(format & ““|TRANSFORMER (ELEME¥T NUMBER “a) CONMEGCTED TO "%" node-numberx)
(goligt (a~Tine lins-data)
{foxmat t “"BOND ~a " (fixst a~line))) o
(print-dac-svr node-number)
(i {node-squations (gethash node-numbex *nodagk))
{proga (foxmat v "% UThe causality assigned implies that")}
{if (equal (sscend {first line~data)) ’out)
(progn (oet? pout '0)
(setf pin 71))
(progn (setf pout 1)
{get? pin ‘4)))
(i (oqual (third (Zirst line-data)) ‘out)
(progn (sett cout '0)
{set? cin 1))
(progn {sat? count 1}
(sat? cin '0)))
(format t "“Hea*a = m ¢"a wheru m is the modulus“¥"
(first (nth pin line-data}) (first (ath pont line~data)))
(format t "~ %Tho last equations storsd wera")
{dolist (ap-eguation {noda-stuations (gathashk nods~npumber
knodess)))
(format t ""%"a" an-equation})
(it (y-or-n~p "“%"%Do thess equations still hold ")
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. (progn (setf final-aguation (pode-equations
{gethash node~number *nodesx)))
(petf anm ‘yes)) :
-{awtt ang ‘no)))} -
(it (ox (mot (nocde~aquations (gathash node-nusber *modss+)))
{equal anz *no))
(progn (if {sgual (second (firet line-data)) ‘omt)
(Progn (cett pout '0) g
{setf pin '1))
(orogn (se%f pout 1)
{astf pin *0}))
(if {oqual (thizd {first line-data)) ‘out)
(progn (setf cout 0)
(gat? cin '1))
(progn (swt? cout 1)
{oatf cin 20)))
{format t "% %Enter the moduluz w of the transformer betwaen “
linag "a and “a" (first (first line-data))
{zirst (second line~data)))
{foruat t ""Y%The swdulus m is defined such that e”a = m a"a"%"
(first {nth pin line-data}) (first (nth pout lins-data)))
(format £ “"%If the data Tor the modvlux iz in the form of a ~
table, sntsr \"table\"*%")
{sdtf modulus {read-1line))
475 NOTE read-line w.ads in o string dot an object, therefore a
\ ;13 laft or wight or hoth paxonthasca way be read in .
\ {cond {[agual mcdulus “table") v
(format & "“[It the tyansformer is wodulated, only the ~
aodulus can ke enteresd im ihe form
of @ Jable, this is to ensure that the transtormur .
remains enargy conserving. Y} i
(format ¢ ""%The table will be named tnb'a‘k“
*tnblg—!ar*) 0
i3 We will call the tables sabd, taﬁh, tabd ete, incysmenting a counter
11t evary time, so that the tablez aré unigue.
- (set? squationd (make-agyl-table "m" node-number
nodeﬂnumber))
(sotf stable~var® (& § table-var+)}
{i2 (enual (second (first line~data,)
{thizd (tirst line-data)))
. {progn (sesf equationl (iist "
(tirst (ath cin line-data))
"z(1.0/m" node-number .
n}*! n . “;,ﬁ
(first (nih cout
. (v line~data))))
{notf mquation? {liat "eM \)
' - (tirst (nth sout .
line~data))
"z{1.0/u" nede~nunber
||)*°n . .
(first (nth cin .
1ine-data})}))
{progn {setf cquationy {(Lisc "
(first (uth qin
- lins~dasal))
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C V' podarnumber “sf"
(tixax
) {uth cout line-data)}))
(set? squation? (st "e
: (tirst (uth cout
Iine-data))
"z node-number e
(tivat
{uth cin
~ line-data}))})))
((numberp (road-from-string medulus}))
{sett equationd (list (form-string
(list “constant m" node-numbar
et modulns))))
{32 (equal (second (first iine-datal))
{third {(first line~data))})
(progn (set? sguationi (list “L"
(first (nth c¢in line-data))
“={1,0/x" node-number
lls) it
(firat (nth cout
line~data))))
(set? aguation? (list “e"
{tirst (uth cout
1ine-data})
"z(1,0/%" node-number
il} gt
{(tirst Inth cin
Line~data}))))
(proga (setf equationl (liat "f¥
{first (nth cin
line-data)}
Yot nede-nunber “af"
{Lizat .
o {nth cout line-data))))
(aatt squation? {1ist "e*
: (first {nth cont
1ine~data))
tzgd node-number Hwa"
{first
{nth cin
linodata))))}))
(t (set® equationd {1list "))
(if (equal {zecond {first line-data))
(third (first line-data)))
(progn {setf equationi (list ™1
: - {first (ath sin
line~data))
“=(1,0/{" modulus
lo‘j ) *f“
{tirst ‘nth cont
Llina=-data))))
(et squation? (liat “e"
(first
{nth cout Lime-data))
n={1,0/{" medulua
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ll))*al!
(fizat
) {ath cin line-data)))})
{progn (setf equationi (limt £ -
) (first (nth cin
1ine-data))
Mea M wodniug ")
(tirst
{nth ¢out line-data})))
(set? equation? (Iist “e®
(Tirst
{nth cout Lline-data})
ilﬂ(“ moduelus u}*eu
(tirst
{nth cin
_ Lline-data)}))})))
(sett firalwequation (append (list {form-string equationi))
{list {form-string equation2})
aquationd)) )}
{sotf (node-equations (gethach node-number *nodes*)) final-sguation)
{zetf finmal-equation (remove "" final-aquation :test #?aquai))
{valuex tinal-equation)}

Ki

(defun gy-element-equations (node-number line-data)

3 This fanction ie called by gat-nude-squations il tha eisment ctrrently
“being ctapidersd is a gyrator. The function iuforms the user for which
alement ﬁﬁn equations axe being entered. Iy equations have praviocusly been
entored fod, the element, these and the current causal implications

are output ip the sersen, Tha user is then reguired to anter whather
thoze arfuations are still valid, I¥ thay are, the eguations in tha hash
table are assigned to final-squation. I? the eguations storsd in the hash
table wra no longer walid or if there wers no eyuations stored, the user
is prompted to enter tha duta for the gyrater modulus. The user is
informed, bagsed on which part the powar is entering, of the definition of the
modulus in teyma of the twe efforts. The duta for the gyrator modulus
can be writtcn in one of three formas: If the gyrator is not modulated
the usexr needs only %o enter the values of the podulus. If the gyrator
is modulated, the yuser has Yo enter fhe eypression for to modulus. The
data for the modulus can almo be writies in the form of a tabla, If a
only a number is entered sguation3 is acsigmed the value

{("constant * .. “=" num) where ,. ropresents the node mumber and pum
Lho number entered by the user. squationl and equatlon? are the two
congtitutive relations, the form they take, baing dependent on the power
and caneslity dirvection. If an oxpression im entersd aquation2 iz met
agual to the empty string, oquationl and squation? are as before, If the
user enters the word “table", esquationd iz set equal to the cutput from
the function mike-acsl-table, equasioni and equation? are again the come.
Each equation is converted to a string, The equations are entered in the
hash table amd all ampty strings ara removed, '
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S WA R WS WE WE o mE ma w4 dmE

e wmd R S WE

A e WA wF WE We Wy my R me wmd

Ma e wr mu dd den WE BE WE WA A s mWA i e der Wa el Wl WA me WE g TR omR
e R W W M me mE Wy iy wn wA ws

- e dmr my mm Rk

(format + »"|GYRATOR (ELEMENT NUMBER “a) CONXECTED T0 *%" node-number)
{dolist (a-line line-dnte}

{format 4 "BOND “a * {first a~line}))
(print-doc-str noda-number)
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(if {(node-aquations {gethash node-numbar nodest))
(progr (fozmat € "“%~YThe causality asgignred implies that’ '}
(if (equal (yecomd {fiz. ¢ */rce~dau%a)) ‘out)
{progn {set? pout '¢)
{get? pin 1))
(progn {satl pout 1)
{sett pin '0))}
| (foxmat t ""Ye"a = r f°a where r is the medulus~y»
{first (nth pin line-data)} {fizrat (uth pout 1ine—da1:a)))
(format © #"%"%The last equations stored were"}
(dolist (wi~equation (mode-equacions (gethash nade—nmnber
” *nodes*))} .-
{foxmat t ““%-a" an-equation)) ..f'
(if {y-or~n~p ““%“%Do these ejnations still hold ™)
(progn (setf tinal-aquation (node-squations
(gethash node-number wnodas¥))} .
{netf ans ‘'yes)) "
(aeti ans *no)}))
{i? {or (not (node-oquations {gethash node-nnxber *nodes+)})
{agual ann ’no})
{progn (i? (aqual {aacond (fivet line-data)) 'eut}
(progn {msest pout *0)
(sett pin 1))
{progn (setf pout *1)
{gett pin 70))) ’
(formag t "% ¥Enter the modulus r of tha gyrator Lgtween Linwg ¢
*a and *a" (Pixst {first line~data)) - ‘1_'.\
: (tirst (second iine-data))). o
(foxmat € "~%Thé modulus r is defined such that e"a = r £"8*%"
(tirsx (nth pin lins-data}) (Zirst (nth pout line-data))}
(format € "“%If the data Tor the modulus is jn tho form of a
£able, eunter \"table\*¥M)
{set? modulus (Tsad-line})
;31 BOTE read-line rewds in a stying not aﬁ ehject, tharafore a
131 dleoft orx ri{;at or both paranthasen nay &e rezd in
{cond ({ugnal modulua “table")
(format ¢ ™"|it the gyrator is modulated, oix:‘,y the *
woduled rno ba entered in the form * -
of & tablu, this is to snauve that tho gyrato”r -
remains energy conserving,“%") :
(format © ""{The table will be pamed tab~a %"
*abla-yars)
We will ¢a]l the tubles tabl, tabl2, tab3 eiy, incrementing a counter
avery time, so that the tables are unique, _ .
{nat? equationd (moke-zcel-table "z*
node-numbexr
' noda~runber))
(zetf stabla-vars (+ 1 *table-vars))
{if (equal (third (firat line-data)) ‘i) /
(progn (set? equationl (list g™ i
(tirst {nth pin line~datu))
"=2{1.0/x" noda~purber
llj*on _
{firss
{nth pout line-data}}))
foet? eguation? (liat "av

-
-
~ we

]

kL
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(tirst (nth pout

§ ' line-data})
“ e, 0/e" pede-number
. !tJ *ﬂ“
{Tirat

_ (nth pin line-data))?r))
kproga (satt sguationl (Aist “a" .
‘ ' (tirat (nth pin -
iine-data})
Ryt snde-numbey ”*!” '
(tirat
(rth pout lxna-data*i}:'
{set? equation? (List “e® )
(first (ath powt ~ -

line-data))
. . Pyt poede~number t4iP
a0 e, (first R

(nth pin lzna—data))JJ))J
. ({mumberp (read-from-string modulus)) -
(sett aqpaxiona (tist (form-sitring =
(Llist “comstant r* neds-nutber
"= moduius))))
{iz (qual (third (Zirst line-data}) *in)
{pxogn (set? equationy (list wge
(firat (ath pin line-data))
_ “a(f.0/" node-nusber
o lt)*alt i
a (firat
{(ath pout 1iuo—ﬂatn)))]
. (get? eguation? (liat "

~\ (2irst (nth pout
/4 L Line—~datal)
S 1 et/ nade-nunber
A ’ u)*'u
(tivst

_ {nth pin line-data))}))
{progn (set? equationi (list "e" '
' (first (nth jpin
7 1ine~date) )
Ilﬁrl. nﬂdﬂ
T (diret f
(uth pon& 1ine-data))))
(xetr aguxtion2 (1ist “e* ;
(first (uth. ” t
- L line~data))
var® node-pumbar Magr
] Lrives
: (nth pin 1me-de.ta))ﬁ))))

'll'lﬂﬁ["l' Hypw

(t (sot? eguation3d (list "¥))
(ir (equal (third (first lina-data)) ’in)
(progn (metf equationi (List "gv
o (#irst (nth pia

. Aine~data))
_ *=2(1,0/(" wodulue
K ||J) g
(tirgﬁt

7N

it



)

; (ath pout line-data))))
(satf aquatinnz (List “Iv
(first (uih prab

ino-data))
wz{4.6/(* wodulus
u) ) “G"
{first

(ath pin line~data))))}
(progn {set? sguationi (list Me
{tarat (ath pin
- line-data})
p={" modulus )L
{2iras
{nth pout line-data)}})
(sutf egnation? (liat "e"
: {irst (ath pout
tins-data))
mz(" modulus *)ws
(firat
{nth pin :
lins~data))))))))
 {sot? fimal-eyuation (append (list (form-string equationi))
(Lint .(form-string equation2))
. eguation3)) )}
{gotf {node-sguations (gethash node number *nodes+)}) Tinal-eguation)
{netd final-aquation {remove "¢ t:nal*aquat1on tbest #aqual})
(values Tinal~equakj- “)

{defun {-element-equations (node-munber 1ine-data)

If the element being co idered is of type 1 this function is called by
got-node~aquations. Th. Junction tokes the liat passed to it and finds
which 1ist in i% hus the sffort as the omtput. This innexr list/is removed
and ronsed ento the front of the list. All the lirts but the firat ia
lins-daca are considersd in turn, T2 the power direction of the list
boing considexed is the same as the power direction of the first list then
the sign is set fo "-* otherwise the sign i3 zet to ™+", The mign, “e"
and the bond numbsr corresponding to each list but the Tirst in line-data
is consed onte the list equation. Flnally “=*, the bond nunter ot the
firat 1list in'Jiune-daka and "e" ure consed obGo equation, sguation ia
convertad into 2 string and consed onto timal-equation. Each list byl

the first in line-datn is again considersd. squation 1s assigned the
valua ("#" .a, “=f" .b.) wher( .a. is the bond nuwmber in list being
congidersd and .b. of the bond in the Lirst list. A string iz Yormed of
egnation and it is consed onte final-equation. The oquations are then
added into the hash tabla,

WME Wy Wa ms we WA s my Wa W WE W ma wa
e e wE Al WS WS WP WS We e Wi R oy e md WS
Wk my A R mi WA Wd o my Wk WA B WA W WEF Wy mE

(1ot ({equation nil)
(tinal-equation nil))
{Aolist (single~Line line-data)
{i? Vequal {third single~line) ?out)
(setf pos (position ainmgle-line lino-data))y)
(setf Line—data {ocems {nth pos line-data)
{remeve. ‘nth pos line-data) lina-data)))

{dolist (p~line (rest line-data})
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(it (aqual (secend (first lino-data)) (second a-line))
{se%t mign *=")
» (set2 sigm “+)}
(satt equation (cons wign {cons "e“ (conn (fivst a.—line) aquation)}}))
(setf aquation (cons “e" (gomna {first {firast line-~data))
{cons “=" aguation))})
" {setf final-equation (cons (form-string equation) fimal-equation))
{dolizt (a~line (rest liine-data) (valuss 2inal-oquation))

(sotf equation (list "£" (first a~lina) “=£" (Zirst (fixst line~data))))

{set? final~equation (cons (foxm-string equation) final-ecj. ation)))
{setf {node-equations {gethash node-number *nodest)} finalwequat;on)
{values tinal-equation)))

(defun O-slement—aguations (hode~ry ther line-data)

%% the slement being considered is of type 0 this functiun is called by
got-node-equations, The function takes the list passed o it and finds
which list in it has the effort as the input. This itner list is removed
and consed onte the front of the list. ALL the lists "mt the firat in
line-data axe considered in tuyn. If the power dirsction of tha Liat
baipg copnsidexred is the same as the power direction of the firsgt list then
the sizn 18 set to " othexwize the sign is set to "+", The sgign, "“t"
and the bond number sorresponding te¢ each iist but the first in Jine-data
is consed opto the list eguation. Finally "=*, the bond number o2 the
first List in line-data and *f" ars ccnsed onto equation. equation is
converted into n string and conesd omg: fipal~squation. Bach list buk

the first in line~data i3 again corsidored. equatien ix assigned the
value ("e* .a, "=¢" .b.} whers .a. iz the bond number in list being
congidered and ,b. of the bond ir the firat list. A stying iz formed of
equation and it is comsed onto fimal~equation. The equations are then
added to the hash tabile.

e wE e s e me
- Gwe e WS Ma wm Gd 4 By WA A TR me W W Wy

W Wi W we ms ma R ma iy my M s WE WE WA we

- AR R WE W WA WS W WE W

(Lot {(eguation nil)
{final-agquation nil))
(dolist (slngle-line linm-data)
{(if {equal (third single~line) ?in)
(wat? pos (position single-line line-datal))))
(satt line-data (cons (ath pos lineddata)
{reitove {nth pos line~data) line-data)})
(dolint {a-line (rest line-data))
(it (equal (second (first line-data)) (second a~line))
{aatt sign "-Y)
{aet? nign "+"))
(sest aquation (sons sign {cons “¢® {coms (first a~line) aquation)})))
(set? equation (coms "i* (coms (fizst (Zirst line-data))
(cons =" eguation)}))
{aotf final~equation (cona (form-string equation) ‘1na1—euuat1on))
{dolist {a-line (rest line-data) {values final-equation))
(sotf squation {list “a" (firat a-line) "=e¢" (Lirst (first line-data))))
{setf final-equation (cons {Foxm-string equation) final-aquation)))
(sett (node~squations (gethash noda-number *nedes«)} final-equation)
{values final-squation}})

{defun make-table~the-right-size (acsl-tablae)
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Thiz fumction is called by the functiom make acul-table, the aim ia
divide acsl«table into a number of portiens so that each portion fits
onto ona fortran line. The lines are terminated after the tenth
occurrence of a comma, Each poxtion iz placed in a separate lis¢ within
al % callad aized-table, Each list in sized-table, with exception o?
the iext is terminated with three dots indicating that the aczl statemont
continues na ths following line. '

A m e WE mE W wE
- wE wa e sy W
e M4 mE s ws wE wWJ

(lot (7 =ed-table nil)
© Luartecount 0)
{stuxt-comt2 0)
(halt-var ‘go)
(pomi 0)
(final-table nil))
{loop
{if {wgual halt-vay *stop)
(return})
(setf start-count 0)
(dotimes (a-~count 10)
(it (ot (> start-count (length acsl~table}))
(seti posi (position #\, acsl-table :start start~count)})} -
{if poli
(setd start-count (+ yposi 1))
{setf halt-var ’stop)))
{if posi
{aetf end-count?2 posi)
{netf end-count2 {length acsi~table}))
{set? pized-table (cons (subseq acel~tabls start-count2 end-count?)
gizad-tabla))
(sett acgl~table (subseq acsl-table end-count?)});
(setf sized~table (raeverse aized-tabla))
(doliast (table-paxt sized—taple)
(i? (not (equal (list table-part) (last sized-tablae)))
{aatf tipal-table (cons (concatenate ’string table-part “. )
Linal-table))
{net? final-table {cons table-part final-table))})
{sot? fimal-table (reverse final~table})))

{defun make-acsl-tavle {s~f-out noda-number bond-number)

This function is called whom the user wants to enter the data for a
particular element in the form of a table. Thrae variables are passed to
the function, the output variable name, the number of the element and tho
bond number, The user is proupted to enter th: independent variables in
the form of a list. Next the user is reg.lua’ to enter the numbar of data
points for sach indepsndent variable. The user then enters all tho data
points for sach independent varioble. The value of the dependent

variabla (e-f-out nudcnumber) for each combination of independent variable
date is then entered. The function then forms a list, called table-liat
which contains the acsl statement “table", the table name, she numbsr of
independent voriables, the number of data points for each indepandent
variable, ths data points of each indopendent variabla and the values

of the dupendent variable corresponding to each combination of
independent; variabla. Another list called eguationi iz then formed, it

v

e Ay d ek M WA S WA WY ma ms e G el
e md GmA den MR MY we ma

wa WE WE W4 ma mp FH my W wd A WA W me

mr s wWE Wy Wy Ew
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has the fozm {dependent vaxiable = table name ( independent vaviables

gepbrated

tiy commaa }). Ths function make-table-the-right-size is then

called, this fiaction divides table-list into portions that will fig
onto om, foriran line. The two lists ave then appended together.

(1ot ({dimlist nil)

(tablelist nil)

{one~ind-list nil) g
{ind=var nil) "
{ind-dim nil)

(dims nil) .

{ind-list ©il)

(data~Llist ail)

Cind-var-cerma nil)

{dimcounz D))

d
1
(tormat ¢

imlist is a lizt of tﬁa dimensions of the variablas and tablelist is a’
iat containing all the table data

“'%'%?nber the independant variablas in the form of a list =

eg {23 &5 21)7Y")
{sett ind-var (tsad})
{dolist (au-ind-wyoy ind-var)
(format t *"}Exzpt the nusber of data points for "a~%"

{string-downcase an-ind-var},

(sat® ind-dim {rons (read) And-dim}))
(oatf ind-dim {resorse ind-dim))
(dolist (am~ind-dim ind-diw)
(nat? ind~liat-pap nil) '
(de ((a~count 1 {+ 1 a-count)}) ((= a~count (+ 8 an-ind—ﬁim))}
(:nrma& t “*%En ap value "a for "a"¥" a-count (string-downcase
. (nth dimeount ind-var}))
[ TUT ind-i:.&st-sep (cons (xaad) ind-dimt-gap}))
{aete? ind-1list (eons (reverse ind-list-sep) ind-list))
(set? dimcount (+ 1 dimecownt)))
(setf ind-liat (reverss ind~list))
(case (length ind~var) .
- {4 (dolimt (f~var (first ind-list))
(formet ¢ *“%Enter the valua of "a"a when “a is "a"¥%"

&-f~out bond-number
(string-downcase (tirst ind-var)) f-var)

(s@ft data-list (append (list (read)) *{»,") datar11st)))3
(2 {dolist (a~var (second ind-list}) .
(dolist (f-var (first ind-list))

{foxmat t “~}Bnter the valus of "a"a when “a is “a and “a ix ~a"¥v

a-f-oat bond-aumbex )
(atring-dewncase {firat ind-vax)} f-var
{string-downcase (second ird-var)) a-var)

(aatst data-list (append (list (read)) *(",") data-list)})))
(3 {dolist (t-var (third ind-list))
{dolist {e-var (mccond ind-liss))
{dolist {f-vaxr (firxst ind-1ist)) -

{format t ""YEnter the valus of “a"a when “a is "a, “a is ”&yﬁ”

and *a 1s 2"} s-f-out bond-aumber
{string-doyncans (firat ind-var}) f-var
{stri meass (sacond ind~var)) g-vay
(string-dovncase (third ind-var)) t-var)
{setf data-liet (appesd (Llist (read)}) *(*,"} data=-Iist}))I)))
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(doliat (f-vax (firat ind-list))
(set ong-ind-list {uppend (lisz f-var) ’(“ ") one-ind-1i.t}))
(dolist (a~var (second ind-1ist))
(setf one~ind-liast (append {1lict s-var) '(“ ") one~ind-2ist)))
{dolist {t~var (third ind-list))
(sot? one-ind-list (append (list t-var) *(",") ome-ind-list}))
(2et? data~iist (list {atring~left-trim *,"
(form-string
(append (reverse one~ind-list)
{raverse data~1list))})))
{aats tablo-nane (concatenate ‘string “tablo tab® {princ-te-string
#tablo~-vars) })
{dalist (an-ind-din ind-dim)
(set? diwms (append (list an—ind-dim) *(",") dime)))
{satt dims (reverae dimg))
{aats tablcniist (toxm-string (append (list table-name) *(",")
(list (lergth ind-var))
dins (/") data-list *{"/*)})>
{dolist (an~ind-var tad~vax})
(setf ind-var-comma {append (list (string-dowatase an-ind-var)) *(*,"}
ind-var-comma)})
{setf squationl (form-string (limt e-f-out bond-nunber 'ztab* *tuble-var
n(% (string-Lleft-trim ",
(form~stzing
(raveoxrsze
ind-var-comma
1 "MN
{setf table-list (moke-table-the-yight~size tauhle~list})
(sotf final-squation (append table~list {list eguationi)))))

{defun print~doc~str {(node-number)

315 This function prints the document.. ion string

{format t ""% %The documentation for this olemant is:")
{print (node-doc~str (gethash node-zumbexr #nodast)))})

(dofun gat~inis-data ()

; This function is called by dump-acsl~sgquations. This progrom sstn up the

; firgt part of the acsl 2ile, prompts for the progrom name, the integration
; Blep length ond the simelarion time and sety up the necesnary equations

1 involving these.

(let ((romulting~lisgt nil)
{a=list nil))
{Zoxmat t “"%°¥Bnter %he acsl progroam nams."%")
(setf u-liot {eons "program “ {cons (read-line) a-list)))
(sot? resultini~list (cons {form-string a-list) resulting-list)}
(set? resulting-list (cons “initial" resulting-liat))
{set? resulting-list {conz "conatant points=1000% reswlting-list))
(s6tf a-list aid)}
{Format & "% YEnter the integration step size, ceale"%")
{vot? a-list {cons “constant ccale=" (cons (rend-line) a-list)))

3 260



(setf ywsulting-list (cons (form-string a-list) resnlting-listd).
(satf a~list nil)

{(forrat t "~“Y"YEunter the Jduration of the simulation, sintim. '%“i
{wet?! a~liet {cons "comstant simtim=* (cons (read-lins) a-liast)})
{set? pesulting-list (cons (ferm-string a-list) resulting~list))
{set! reculting-list {cona “pimend=simtim-ceale™ resmlting-list))
(get? vesulting-list (cons “¢int=simtim/points" resulting-list))
(oetf resulting-list (coms "natp=cint/ccale" vesulting-list)}

(sesf yosulting-iist (raverse rasulting-list)))})

{datun get—xntex-dnta (3

133 This Zunction is called by dump-scsl-equations, This function forxms a list
i3+ containing the ead of the initial section und the stort of the dynomic
it and depivativu sections.

(let {(resulting-list nil))
{set? resulting-Iist (coms Yemd F\"imitial\" resulting-list))}
{set? resulting-1ist (coms “dynamic" resulting~liat))
(satf resulting-liat (cons “derivative" resnliing-list))
(astt Yezsulting-list (reverse zesulting-list))))

(defun get-snd-data {}

{; This function ir called by damp-acal-syustions. This Tunction forms n
+1 liast of the atatements to tarminate the simulation and end the gectiona.

(let ((resulting-list nil))
{satf vesulting-list (cons "termt(t.gt.simend)" resulting-list))
{net? wesulting-lise {cons "end §\"derivative\"" resulting-list))
(aet? resulting-list (cons “end $\“dynamic\"" resulting-list,.
(vot? »asulting-list (cons “terminal” resulting-list)}
(mot¥ remulting-list (comx “ond $\"terminal\"" resulting-iist))
(aatf resulting-1ist (cona "end $\"program\"" resulting-list))
(sot? resulting-list (reverse resul.ing-list))))

(dofun Zorm-string (any-list)

s This function is called by numerots other funstions, It tokes as its iapat
; vy list. The function Forea a string of ea~h element in tha list amd
; concatenates them all together to form one string i.e. Tf the input im

¢ (™" 5 +=(1.0/x" 5B "}wa™ B) the output will bs “#5={1.0/x5)xeb",

(let ({resulting-string "))
(dolist (ele {reverso any-list) (values resulting-string))
{aots rosulting-string (concatanste ’‘string {princ-to-gtring ele)
(princ~te string
resultingestring))})))

yina~to-gtring takes any object and converts it to string, note the

ivi B
i35 lunction string omly converts ntrings and symbols to stringas not ether
1i: data types eg numbers.
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(defun dump-scel-ontput (sutput-list)

;3 This function iz called by dump-acsl-saquations. It opens a file
i *filename*.ucsl ond dumps sach alement (a string) in the list
; output-list te the file,
(sotf filenume {concatenate ’stxing */usr/bondgroph/acsliile/*
(string~downcase *filename*) “.acsl"))
(with-cpon-file {output-mtraam Filename :directien :outpus)
{doliat {a~string output-list)

. (tormat output-stzoam """} o arstrxng)))
{format t "“[Acal input file dumped to the file "a™4" filenomae)
{values))

{defun get-lha (a-string)

;31 This function tokes a string input for exanple “£2 = sqrt {1 — Sse2)"
i: and retuxns all the character tm the laft of the equal sign. It also
ii; reomoves all the gpoces., Considey the string above the functlon would
i1 veturn MW,

{remove #\space (submeqg a-string O (pusih:an #\= p-ovxing ttest #*equal)l
itest #'equal))

{defun get-rha (a-string)

1i1; Thie functior tinkes a string :npub for exampla 2 = ggrt {1 - BeeZl®
131 and zeturns all the charset. - $o the right of the aqual sign, Consider the
i3 string above the function would weturn ™ agrt (1 - Bve2)“.

{oubseq a~string (+ 1 (position #\= a-ubring :test #’aqual)))})

{(defun T-element-alger-lesp (list-of-equations)

It the causality had t¢ be compleked by assigning an arbitrary camsality
to & resixtor then this function is called, this cecurs when the global
variable sr-nlgerbraic-loop* has o value, This function gets the dein to
the lefl of the equal sign (salls fumztion get-lhs) of ench string in
List-cf~equations, If it is squal t5 a string of “e" .. where ,. iz tlhe
bond to which the cawsality way assignaod arbitrarily then this strdng is
aazignad to wem~str and g new string mow~str is formed. now-str consisto
of ap acsl implicit function replacing rem-atr. rem-str is romoved from
list=of-aquations and mew~str insexrted into it. #error-flog-numk is the
index of the exxox flag variable im the acsl implicit statement, so thav
sach flag variable is unigue. seyror«flag-num* is incremonted hy one
every time it is umed Censtant default valwes for sach variabla found in
tha acel implicit atoicment are given; but the use~ has e optiwn of:
specifying the value of aarh variable or the exprauz.on uied to
salelads it,

W e dmEm mr Wk wm ek wmA me wa Wi e
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{dolist {an~y-algsr~loop *x—algorbraic~loop*)
{dolist (equ-sty liat~of~equations}
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(if (eqnal (got-lhx squ-sty)
{concatenate ’atring “e" (prins-te-string
(third an-r-alger-loop)}))
33 It an R element iz uoed to complete the causality it dossn’t
3;; matter if the effors or the flow is wade implisit, in thiwm prugran
1i+ the affort is alvays made iwmplicit for convenlence only
{progn {format t "“|The equiation “a has to he calculated ”
implicitly %" aqu-str)
(format t "~%That is it will be written in the 49!M“%“)
(format & ““%"a = impl{yz, o, m, of"a, “a, ydl)A"
{got-1hs egu-otr} %exror-flag-pums (gei~rhs aqu~str))
{format © "“Y%where yz is the initicl guess“)

(tormas + “"% s is tha exror bound")

(format + "% o is the maximum nuwber of iterations ~
to try")

{format ¢t "% of~n is the error flag variabls"

. *grror-flag-numk}

(foxmat t "~% ydl is the value used to incramart the *
initial walus to satimate the -
derivative~4")

. (format t “~%"VPlease entor yz (3 constant or axproaa;on) -

defauls 0.0 )
{net? yz {read-line))
(i1 (ogual yz ")
(sett yz “0.0 ¥})
{forpat t *"Y%Ploaze onter a (a constant or a:prassion) -
defaylt ¢.0001 ")
(2ot a (read~line))
(it (equal o ™)
(setf o "0.0001 ™})
{format t ““WPlease enter m (an integer coratant)
default 50 ")
{sot? m (remd-line})
(if (egual m "")
(sett m “50 ™)) ;
(format t "~%Plaase enter ydl (a constant o axpraasion} .
defaull §.001 *}
(aatt wdl (read-liua))
(if {equal ydl "v)
{ast? ydi "0.001%))
{aet? yom-sty equ-ptr)
{setf naw-ctr {list {(get-lha aqu-stx)
“”impi(“ yz l!'" a Il‘ll m “'81"
sarrer-flog-nume ¥, * (get-rhe aqu-str)
"L oyal MY
{oetd new-sty (forw-string nev-sir))
(aetf list-of-equations (Temove rew~str list-of-equations itest #'ec-al))
(setf list-of-equations {cons new-str list-of-equations)}
(setf *arror-flag-num* (+ 1 error—'lag-num+}})
{values }iss-ofwsquations))

(defun bond~alger-leop {list-of~equations)

;3 I the causality had %o ha completed by aszigning an arbitrary causality
ji to a bond attached only to junetion strmcture elements, them thiz funetion
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is called, this ocrurs when the global variabls sbond-algerbraic-loops
‘has a value assigned to it. Thism function gets the data to the left of the
oquals mign (calls function get-1ha) a. ach string in list~of-equations.
It the string is equal to a stying of “#" ., where .. is the bond to which
the caurality wos assigned arbitrarily then this string is assigned to
rem~atyi and a new string new-strl is formed. new-gtxil consiatz of an acsl
implicit funetiom, replacing zem-stri. If the left hand side of the string
i equal te ™" .. where .. is the bimd vo which the causality woe
assigned srbitrurily then this string is assigned to rem~atr2 amnd o new
stxing nev-str2 is formed. new-str2 cobaists of un acsl implicit function.
rom=stri ond rem-gix? are removed from lisu~of-equations and new~sbrl amd
uaw~str2 ave inserted imtc it. Becauss thers are twe implicit funetions
¥orzoc~flag-nun* is incremented twice, Constant defanl: valwes for each
variable found in the acsl implicit statement are given, but the usar has
the option of specifying The value of each varialle or an expression used
to culenlate ik,

(dolist (a~bond-aignr-loop *band-algerbraic-leops)
{dolist (aqu-astr list-of-eguations)
(if (equal (get-lhs equ-str) (concatemate ’gtring "a"
: {princ-to-siring
(third a~bond-alger-locp))))
(progn {tormat t ““|The eguation “a has to be calenlated ~
implicitly~%" squ-str)
{format & "“YThat is it will bo written in the Texm™%4)
(Zormat ¢ ““%}“a = impl(yz, o, M, ef™a, "z, ydi)=¥"
{got~1hs equ-atxr) ¥exrror-flag-num+ (gat-rhs squ-sir})
(format ¢ ""Ynhere yz is th. initial guoss")

(foxmat ¢ "X o is the arver howm.dh)
{foxwat t ““% . w iz the aaximum numbex of iterations *
to Lxy™)
(format € "% of"s is tha srror flng variable
#aryor-flag-aums) :
{(format & "% y31 im the valua used to increment the *
: initial value to estipate thae -

derivative %"}
{toxmat t "“¥*YPlease enter yz {a conatant ox axpransion) -
default 0.0 ")
(antf yz {read-line))
(it (equal yz )
{sett yz “0.0"))
(format t “~YPlease enter e {(a constunt or expressian)
default Q.0001 ™)
(set? & (read-line))
(it {equal o *")
(zetf & ",0001%})
{format t "“%Please entar m (an integer constant) -
dafault B¢ )
{ett m {read-Tine))
(2 (aqual m )
4 (set? m “50"))
{ormat t ""%Please enter yal (a constant or exprassion)
EY dafault 0.001 )
{set? ydl (xsad-line))
(32 Cequal ydl ")
{sat? ydl *0.0010))
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{sot? ram-strl equ~str) .
(sotf naw-strl (list (pei~lhs equw-str)
"ﬂhﬁpl(" & u'n o l!'u m ",Bf"
sprror~flag-num* “," (get-rhs equ-ntr)
u‘u jdl Dl}tl))))
(if (equal (get-lha squ-str) (concatenate ’'string “f"
(princ-to-string
(thirxd a-bond-alger-Ioop})})
{progn (format t “~|The equation “a hoa to be calealated *
implicitly %" squ-str)
(format t ""%That is it will be written in tho Loxm™%")
(format t *“%~"a = impl(ym, e, m, ef"a, “n, ydl) %"
{got-1hs equ-atr) (+ 1 *ervor-flag-nums)
(get-rhs equ-str)}
(format t ““Yvhere yz is the initial guesa"}

(Zoxmat t v"¥ e is ths exror bound")

{format & "% m iz the maximom nuwsber of iterations
to try™)

{format t "% ef"a iz the errer #lag variablae®
(+ 1 *eryvor-£lag-num+)) _

(format + "% ydl is the vaiue used to increment the *
indtial value to satimate the ' -
dezivative )"}

(format £ "} "WPlease enter yz (a4 cohstant or expression) *
default 0.0 ")
(aotf y2 {read-line})
(it Cequal yz ")
{sets yz “0.0%))
{format t "~%Plenne enter » (a comptant or expression)
default 0.0001 )
{sotf e {zroad~line})
(it (equal a ")
(sat? e "0.0001")) _
(format ¢ "“~%Please enter m (an integer constant) *
default BO ")
(sat? m (read~lina))
(it (equal m "7}
{aott m “E0"))
(foxmat & ""¥%Pleasw entor ydl (u constent or expression) -
default 0.001 )
(setf ydl (read-line))
(if (equal ydL ")
(metf ydi “0.091"))
(pet? rem-str? agu-gtr)
(setf new-str2 (1ist (got-lhs aqu-gtx)
ngimpltlt Yﬁ LU u‘u m “,Bf“
{(+ 1 sarror-flug-num*) ",
(getv-Tho equ~str) "," ydl ")"))}))
(set? new-strl (form-string new-stri))
(s2tf new-str2 (foru-string nev-strl))
{sot# list-of-equations (remove yem-strl list-of-equations :test #'egual))
(sat? list-of-pguations (remove rem-stx2 lish-of-squations itest #'equal))
(sotf liot-of-equations (cons new-gtrl list—of-equations))
(sett ligt-of-equations (cons new-ntr2 list-of-oquationsa))
(cotf *error-flag-numé (+ 2 *exrroxr—-Fflag-num#)})
{values Lintwof-equaticns))
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{dofun rhe-search {zho-stx)

i This functlon given the right hand mide of an equation gets a list of
7 all the bond graph variables in that equation, for axample if

;i rhao-str ia "eT+eS-I8+qd3+(p3g+eT)"

i it would return (o =9 I8 423 p34),

; The functior finds the position of each bonrd graph variable name (e, £,
i P» ) where it is followed by a number in rhs-str. The function get-var
; iz cnlled to got each variable name.

A WE e my me wd s
e BA ME W mE MR R

(let {{pos-iist niit)
{var-list nil)
{(fincl-list nil))
{vot? rha-atyr (substitute #\[ #\( rha-str))
{sett rhe-str (substitute #\] #\) rhe-str))
(zetf rha-sty (substitute #\k #\, rha-stx))
;17 Thir substitution is done 3o that o parenthesis iz maever read oii its own
111 to determime if it is a number,
(do ((num 0 (+ num 1))} ({= num (- {leagth rha-atr) 1)))
{if (and {ur {squal (princ-to-string {slt rhs-ptr num)) "4}
{equal {princ-to-atring (elt rha-str num)} "e”}
{equal (princ-to-string (elt rhs-str num)) "q")
(aqual (prine-to-string {elt rhs-str aum)} "p"))
(numberp (read-from-string (princ-to-gtring
{elt xha=sty (+ 1 nu))))))
(nott pos—iisa {eons muw pos-list})})
(dolist {pos-n pus-list)
(sety var-list {cons [get-var rha-sty. pog-m} var-list))}
{satf var-list (reverse war-list)})
{doliast (each-ele var-list)
{if (not (member sach-sle Pinal~list :bust #'equal))
(ses? final~list (cons sach-ela Zinal-list))))
{1 Hakes aure that there is only ons of each variable in the list
(values Tinal~-list)))

(defan get-var (r~string pos)

7 This function iz called by rha-search and is pagaed as pryameters, the

i stying oand the starting position of m bond praph vaxiable nome. Tha

; function first removes the bond graph variable lotter and increments the
: position by one. The function then thecks to sgs whethex the end of the
y string has been renched, if so, all the variables that were removed are
; placed into one atring and this ie the reawlting bond graph wariabla, It
; the end of the string has not been reached the function checks to see

; whether the next element is a number, if so it iz zemoved, the position
1 counter is incramented by one and the provess yepeats itzelf. It the

; olement is not u number, the locp is exited,

(get? a~var (list (princ-to-string (elt r~string pos))))
{setf pos (+ 1 pos))
(Lobp
(it (= pos (length r—atring}]
{rotuzn))
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(defun derivative~causality (list-of-sguations}
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{3t {(numberp (zead-from—siring (princ-to-string (elt r-atring pos))))
(satt a~var (cons {prmc-to-s'l:ring (olt restring pos)) a~vax)y
{return))

{set? pos (+ % pas))}

{zot? a~var (raverss (form-string a-var}i)))

i
H
f
i
3
i
i
{
¥

IZ ome or wors storage olements have derivative causality assigned to them
the this function is called, this occurs when the global vaxiable ;
*deriv-causality* has a value assigned to it. This function takez the k
displacement or momentun correspoading to the storage almment with . -
derivative causality and ssarches through the list of all the equations :
to get the aguation where the momentum or displacement is the ouiput.

The function then takes the right hang side of the es gtion and if it

contains the word “integ", informs the user that the “brivative of the

squation has to be calculated implieitly. Coustant dersult valuas for sach

variable found in the avsl implicit siatement are given, but the user has

the option of specifying the value of aach variable or an expresaion used

to calenlate 1t. For exampla, if the sguatisn wam "q3=integ(f3,q3i}", then

the naw aquation to be added to the list of equations would be

*q3d=impl{ y=z, e, m, efx, 3, ydl)", vhexre yz, e, m and ydl ave the

variables the user has the option of acsigming a value to, x is the

srror flag index. Vhere g3d is the dexivative of g3. If the word “integ®

is not in the egnation for which the womentum or displacemont is the

output, then the user is prompted to enter the time derivative of the

right hand side of the equation. For example, if the equation was "gqi=E,D*el3+eb",

the user would be prompted to senvexr the time derivative of 5,0kaeld+eb,

The users responas would be 5.0%s3d+eBd where ¢3d and e5d is the

termificlogy used to repressent the derivative of e3 aud eb respectively.

The aew eguation included in the list o equations would be

“q3d=5,Q%e3d+ebd". The user differentiated xight hand side iz sent to

the funetion rhe-seaych, which rewovas the bond graph variablea from the

string. In thiz example the function rhs=-search would return (e3 8B),

The process is now repsated with aach of the variables returaed by

rha-saarch., This process is complete when there are ;o more bond graph

variablea left in the liat lhs~batck. This list contains all the

; bond graph slements yeturned by rhs—search,

(Lot ((o=var "go"))
(delist {a~deriy-cans ®deriv~causality+)
(it (equal (first a-deriv-caus} ’c)
{setf lhs-bateh (list (form-string (list "q" (third a-~deriv-caus)))})
(set:? lhs-bateh {list {form—string (List "p" (third a-deriv-cans)))}}):
(Loop
(if (not lha-batch)
{return)) ;
(setf lhs-strings Lha<batch)
(aetf lhs~batch nik)
{doliat (lhs-str Iha-sirings)
(dolist (an-equa list-of-equations) :
{if (equal (fm-uzring (iist Ihg-str "'} (got-lhs un—equa))
{set2 s~var “dd-nothing")))
(it (not (equal s~var “do-nething"))
(progn {dolist (an-equa lxat—otﬂaqua.titma)
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(it (oqual 1hs-str (get~lhs’ aw-oqua))
{setf rha-str {get-rhs an~equa)))}
{if (search “integ" rha-str)
(progn (format t ""|Tha equatiom “ad = “a has to %e ~
calewlated implicitdy~%" lhs-str
{first (rhs-search rhs-str)))
{format t *“%Tkat is it will be writtem in -
the form“%")
(foxmpt t “"%"ad = impi(yz, o, m, ef"a, ~
*a, yd1)“%" lha-atr
*error-flag-num*
(first (rhz-gearch rhs-aty}))
{tormat t "“¥wherea yz im the initial guess")

{foxrmat t " e is the error bonnd")

(format ¢t "% m is the mavximum nusber of
iterations to try") )

(foxrmat t "% of"a is the exror flag =
variable® *error-flag-num+)

{format t "% ydl is the valus used to ~
increment the initial value to ~
astimate the -
dexivative~}")

{format t "“¥"YPleans enter yz {a comstant or *
expression) default 0.0 %)
{satt y= (read-line))
(if (equal yz ")
{sest yz "0.0"))
{tormat t " %Fleouse snter e (a constant oxr ~
sxpression) default 0.0001 ")
{asat? & (raad-line))
£if (equal e ")
{netf & "0.0001M))
{format t “"¥Pleass entey m {an jnteger
constant) defanlt 50 ")
{set? m {xread-line))
(if (egual m ")
(sotf m “E0))
(foxmas t "“%Please enter ydl’ (a ¢wnstant or ~
expression) defauzt 0,00x “)
(setf ydl {read-line})
(it (equal ydl ")
(sat? yel *0.001i"))
(sett new-str (list lhs~sir
"doimpl (" yz ", o U, n
", et Rarror-flag-nnmk
e (tiret (rhs-search
rha=-gtxr))
. ar n ydl ﬂJll))
(set? *error—:tlag—-num* (+ 1 *error—flag-num*))
(aatf new-equation (form-siring new-str})
{satf list-of-squations (cons
new-squation
list-of-equations)))
(progn {format t ""|Enter the time derivative of the ”
function "a"%" rha-aty)
(setf naw-yha-str (read-line))
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(aott nw—tqmtion {form-atring
(ligt Ihs-str “d="
new-rha-gtr)))
(aetf list-of~aquations
(cons new-equation list-of-equations))
(setf lhs-hatch
(appord {rhe-gearch now-rhs-str)
. lhs-batch)}})) )
{valnes list-cf~aguations}})

{defnn write-hash-tsble-to-file-dump (tilu_snane)

This function writes the line and tha node hash tables %o a file
*filenamet.data. In addition to t¥. lash tables, *line-hash-keys# and
snode-hash-keys*, which reference the hash tables are almo written to the
file, as are sr-algorbraic-loop* , *bond-algerbraic-iosop* and
*deriv-causality+. 4 statement, informing tho modules that the cauertity
“hasg been assigned is also included in the file,

ma wa M R W
M mE MR mp me wa

T T L. 1.

{setq filema {cogcatanats 'string “/usr/bondgraph/data/"
(atring-downcase filename} .dana"))
{format ¢ (cma.tena.te ‘atring ““YHash table written to f£ils ™ filenama “~%"))
{with~open-file (line-stream filsname
sdirectior :outmut)
(print 'causality-assigned Line-ptream)
(print *line-hash-keya* line-stream)
(dolist {line-number *line-hash-keys+)
{print (gethash line-mthber *lines} 1ina—-stre:'.m))
(print snode-hash~keya* line-stresm)
{dolist (node *ncde-hazh~keys*)
{print (gethash node *nodes*) line-stroam))
{print *r~algerbraic-loop* line~gtrexm}
{print #bond-algerbraic-loop* line-atream)
{print *deriv-causality* line-stream)))

shot

269



D.8 The ACSIL execution module (m-&ésl.lia?)
(défvar *2ilenome* nil)

(defun rup-ac=l ()
(if *rilenane+
{i? {(not (y—or—n-p " woi want to simulat . the system stored in the *
E\J,le }/ a, el *1ilename*,) )
(progr {fcrmat t %Y YEnter the Tile name of the file to simulate, *
don’t include an extension”¥it will bae taken to be *
taken to be facal?TY")
{sat? *filenames (read))))
(progn (format t *~|Entexr the file nawe of the file o simulate, ~
don’t include an extension“¥it will be taken to be *
taken to be ‘acsl’*¥M)
{sott #2ilename* {read)})}
(setf filenamel {concatenate ’stxing “/usr/bandgra.ph/acslﬁla/“
(atring-downcase *filenamex) “.acal"))
{set? filename2 (concatenate *atring "/usr/bondpraph/acsifile/"
(string-downcage sfilenames) “,csl®)}
{run—m:.::-prbgram "adder” :input filemamei :cutpnt filenameZ2
:if~outpui—axista :superseda :wait nil)
{urite~-run-acsl.bat)
(run~unix~program "vpix")
(remove-contenia~of~run~acsl, bat)
(vaines))

(datur writs-run-acsl.bat {)
(with-open-tile {lina-stream “/usr/bondgraph/run-acsl.bat"
idivection output) <
(tormat line-stream "Key-fake \"acslexac\"+chr(13)+" ;
\"acslclg “a\"+chr(13)" (string-downcasa *!ilaname“ ))
{deun vemove-contents-of-run-acsl.bat () ' \.?
(with«-opan—ﬁle {lins~streanm ";’uar/bondgraph/m—a.al bat"
idirection :output)))
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